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Preface  

The main aim of this book is to educate learners and enhance their research focus by presenting diverse topics 
covering this vast field. This is an advanced book which compiles significant studies by distinguished experts. This 
book addresses successive solutions to the challenges arising in the area of application, along with it; the book 
provides scope for future developments. 

The discipline of animal health and nutrition focuses mainly on the dietary habits and nutritional requirements of 
animals. This book discusses the fundamentals as well as modern approaches of animal nutrition. Latest researches 
on pathogens, host and microbe interactions, infectious diseases, development of vaccines, etc. are included in this 
book. It consists of contributions made by international experts. It will also provide a number of innovative topics 
for research which interested readers can take up. This book is meant for students who are looking for an elaborate 
reference text on animal health and nutrition. 

It was a great honour to edit this book, though there were challenges, as it involved a lot of communication and 
networking between me and the editorial team. However, the end result was this all-inclusive book covering diverse 
themes in the field.

Finally, it is important to acknowledge the efforts of the contributors for their excellent chapters, through which a 
wide variety of issues have been addressed. I would also like to thank my colleagues for their valuable feedback 
during the making of this book.

Editor
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Brucellosis, genital campylobacteriosis and other
factors affecting calving rate of cattle in three
states of Northern Nigeria
Hassan M Mai1,2*, Peter C Irons1 and Peter N Thompson1
Abstract

Background: Reproductive diseases limit the productivity of cattle worldwide and represent an important obstacle
to profitable cattle enterprise. In this study, herd brucellosis and bovine genital campylobacteriosis (BGC) status, and
demographic and management variables were determined and related to predicted calving rate (PrCR) of cattle
herds in Adamawa, Kaduna and Kano states, Nigeria. Serum samples, preputial scrapings, questionnaire data,
trans-rectal palpation and farm records were used from 271 herds. The Rose-Bengal plate test and competitive
enzyme-linked immunosorbent assay were used for Brucella serology and culture and identification from preputial
samples for BGC. A herd was classified as positive if one or more animals tested positive. The PrCR was determined
as the number of calvings expected during the previous 6 and next 6 months as a percentage of the number of
postpubertal heifers and cows in the herd. A multilevel linear regression model was used to estimate the herd-level
effect of Brucella abortus seropositivity, Campylobacter fetus infection and other factors on calculated PrCR.

Results: The reproductive performance of the cattle herds was generally poor: Only 6.5% of the nursing cows were
pregnant and 51.1% were non-pregnant and acyclic; the mean annual PrCR was 51.4%. Brucella abortus and C. fetus
infection of herds were independently associated with absolute reduction in PrCR of 14.9% and 8.4%, respectively.
There was also a strong negative association between within-herd Brucella seroprevalence and PrCR. Presence of
small ruminants, animal introduction without quarantine and the presence of handling facilities were associated
with lower PrCR, whereas larger herd size, supplementary feeding, routine mineral supplementation and care during
parturition were associated with higher PrCR.

Conclusions: Brucellosis and BGC may be largely responsible for the poor reproductive performance of indigenous
Nigerian cattle. Farmer education and measures to improve the fertility of cattle herds are suggested.

Keywords: Bovine genital campylobacteriosis, Brucellosis, Calving rate, Reproductive efficiency
Background
Cattle are the largest livestock enterprise in the agri-
cultural sector in Nigeria, with a national herd of about
15.3 million [1]. However, the productivity and repro-
ductive efficiency of indigenous Nigerian cattle are low
[2,3]. About 95% of all food animal populations in Nigeria
are in the hands of nomadic and semi-nomadic tradi-
tional farmers, who utilise relatively inefficient production
* Correspondence: hassanmai@hotmail.com
1Department of Production Animal Studies, Faculty of Veterinary Science,
University of Pretoria, Private Bag X04, Onderstepoort 0110, South Africa
2Animal Production Programme, School of Agriculture and Agricultural
Technology, Abubakar Tafawa Balewa University, P. M. B. 0248, Bauchi,
Nigeria
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systems [4]. Therefore, the causes of poor productivity
need to be identified and addressed [5].
Reproductive indices reported in nomadic cattle herds

in Nigeria include age at first calving of 60 months, calv-
ing interval of 17 to 24 months, annual calf crop of 40%
and total lifetime number of calves produced by a cow
of 2.5 [6]. Other reported indices include age at puberty of
40.2 months [7], calving to first conception of 7.8 months
[8] and first service conception rate of 46.7% [9]. These in-
dices are affected by several factors such as poor genetic
material [2,3], adverse environmental factors [10], inad-
equate veterinary services [3], age and parity of the dam
[5], inadequate nutrition [11], suckling [8], inadequate
HNOLOGIES________________________
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oestrus detection [12] and widespread infectious and para-
sitic diseases [3,13,14].
Measurement of annual calving percentage is a good

measure of herd reproductive performance; however, it
involves visiting the farm at least monthly for a period of
one year to monitor and record calvings as they occur,
and even then it depends on the farmer’s records, which
are often poor and inadequate, or their recall. Predicted
annual calving rate (PrCR), on the other hand, is a ro-
bust indicator of breeding performance and herd fertil-
ity, taking into account the number of pregnant animals
and estimated ages of foetuses based on trans-rectal pal-
pation, as well as estimated ages of calves in the herd at
a single time point [5,15,16]. It is also independent of
the season in which the data are collected, which can be
a confounder when other indices are used in herds with
seasonal calving patterns [17]. However, single-day
examination of a herd and prediction of calving rate may
be prone to bias in that it cannot account for future
cases of abortion and is dependent on accurate aging of
pregnancies.
Brucellosis, caused by Brucella abortus, and bovine ge-

nital campylobacteriosis, commonly caused by Campylo-
bacter fetus venerealis [18], are known to be prevalent in
Nigeria and have been implicated in infertility [13,14].
They result in huge economic losses due to abortion, re-
peat breeding, decrease in number of calves, culling and
replacing affected animals and decreased milk produc-
tion due to clinical mastitis [3,13,19-22]. In contrast,
studies of trichomonosis in Nigeria have revealed a low
or zero prevalence [23-25]. These venereal diseases are
transmitted by communal bulls in management systems
commonly found in various locations across Africa [26];
however, their influence on reproductive performance
has not been well studied on a herd basis in communal
farming systems [27,28].
The purpose of this study was firstly to estimate the re-

productive efficiency of cattle herds in Northern Nigeria,
as reflected by PrCR, and secondly to investigate the effect
of brucellosis, BGC, and other managemental and envir-
onmental factors, on PrCR.

Methods
This study was performed in conjunction with a survey to
determine prevalence of and risk factors for brucellosis,
BGC and trichomonosis in cattle herds of Northern
Nigeria [23,29,30]. The research protocol was approved
by the Animal Use and Care Committee and the Research
Committee of the University of Pretoria (Protocol no.
V073-08).

Study areas and study design
Three states, namely Adamawa, Kaduna and Kano, were
selected from the 19 Northern states of Nigeria. Adamawa
__________________________ WORLD TEC
state is situated at 8-11°N and 11.5-13.5°E, Kaduna state at
9-11.3°N and 10.3-9.6°E, and Kano state is at 12°N and
9°E (Figure 1). All three states have Sudan or sub-Sudan
savannah in the north and tropical grasslands of Guinea
savannah in the south.
The study design was previously described [29]. Briefly,

a cross sectional study was conducted using multistage
cluster sampling. Sample size was calculated to estimate
a 40% herd prevalence of brucellosis with 10% absolute
precision and using a design effect of 2.8 to account for
the multistage sampling design. Each of the three se-
lected states was divided into three administrative geo-
graphical zones, and two local government areas (LGA’s)
were randomly selected from each zone, giving a total
of six LGA’s from each state, using as sampling frame a
list of all LGA’s in each zone. Approximately 50% of
wards were randomly selected from a list of all wards in
each selected LGA (Figure 1). Since no sampling frames
were available for selection of herds within wards,
herds were selected by visiting the farms and enrolling
them as they consented to participation. An average of
three herds was selected per ward, giving an average of
15 herds selected per LGA. A total of 271 herds was
sampled.

Animal and herd classification
Selected herds were visited once each between July 2008
and June 2009. Herd and individual animal data collec-
tion, and animal sampling were done during this visit.
All the postpubertal bulls, postpubertal heifers, breed-

ing bulls and cows were sampled in each selected herd.
A postpubertal bull was defined as a bull that had been
successfully mounting other cows or heifers by achieving
intromission. A postpubertal heifer was a female that
had been observed exhibiting oestrus or standing to be
mounted by a bull or on trans-rectal examination had
either of the functional structures, i.e. corpus luteum or
follicle, on their ovaries.
Four management systems were encountered during

the study. The pastoral management system was char-
acterized by cattle grazing on fallow land close to the
place of settlement of the owners during the rainy sea-
son but covering long distances, some even migrating,
during the critical period of the dry season in search
of natural pasture. Agro-pastoral management was cha-
racterized by cattle grazing locally and supplementa-
tion with mostly crop residues particularly during the
dry and pre-rainy seasons. Commercial management
systems were organized farms that were usually fenced
with paddocked, improved pastures and concentrate
provided as supplementary feeds. Zero-grazing sys-
tems were farms in which the cattle were confined or
even tethered with restricted movement and feed was
provided.
HNOLOGIES________________________



Figure 1 Map of Nigeria showing the three States, 18 LGA’s and 89 wards sampled in Northern Nigeria.
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Sample collection and testing for Brucella abortus
Animals selected for blood sampling for brucellosis were
first calf heifers which had calved at least six weeks pre-
viously, cows and postpubertal heifers and bulls. About
10 ml of blood was collected from the jugular, coccygeal
or saphenous veins into Vacutainer® tubes, and placed
into an ice bath and transported to the laboratory for
centrifugation, serum separation and storage at -20°C
until ready for analysis. The Rose-Bengal plate agglutin-
ation test (RBPT) for brucellosis using RBP antigen
(VLA, Weybridge, UK) and confirmation of RBPT-positive
samples with competitive enzyme-linked immunosorbent
assay (c-ELISA) (VLA, Weybridge, UK) were carried out
__________________________ WORLD TEC
as recommended by OIE [31]. Sampling and testing
methods are discussed in detail in Mai et al. [29], where
the estimated animal-level sensitivity and specificity of the
applied test system were calculated to be 87.9% and
99.8%, respectively.

Sample collection and isolation of Campylobacter fetus
from bulls
Preputial scrapings were collected from all breeding
bulls and other postpubertal bulls in the herds as de-
scribed by Irons et al. [32] and used to isolate C. fetus as
described by OIE [31]. At 72 h, a representative of a dew-
drop colony that was Gram-negative, vibroid in shape and
HNOLOGIES________________________



Table 1 Herd structure, breed, management system and
reproductive status of cattle sampled from three states
of Northern Nigeria

Variables and categories Total Proportion
of group (%)

Herd structure

Bulls 602 6.0

Heifers 1,134 11.3

Cows 3,068 30.4

Bull calves and growers 1,285 12.8

Young bulls 1,038 10.3

Heifer calves and growers 1,276 12.7

Young heifers 1,663 16.5

Totala 10,066

Breed

Bunaji 3,097 64.4

Gudali 870 18.1

Other Bos indicus 448 9.3

Bos taurus 120 2.5

B. taurus x B. indicus 272 5.7

Totalb 4,807

Management system

Pastoral 1,263 26.3

Agro-pastoral 2,793 58.1

Commercial 650 13.5

Zero-grazing 101 2.1

Totalb 4,807

Reproductive status

Suckling 1,818 43.3

Non-pregnant 1,545 36.8

Cyclic 609 14.5

Non-cyclic 936 22.3

Pregnant 273 6.5

Non-Suckling 2,384 56.7

Non-pregnant 1,290 30.7

Pregnant 1,094 26.0

Totalc 4,202
aTotal number of animals in the sampled herds.
bNumber of mature animals.
cNumber of mature females.
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oxidase- and catalase-positive was transferred to a blood
agar base (Oxoid, CM0055), streaked for purity and incu-
bated under microaerophilic conditions for 72 h. Each cul-
ture and incubation was verified by using control strains
of C. f. fetus and C. f. venerealis (ATCC 33247 and 19438
respectively). These isolates obtained were subjected to
biochemical testing for H2S production using TSI agar
(Oxoid, CM0277B), aerobic growth, growth at 25°C and
42°C and in the presence of 1% glycine, 3.5% NaCl and
sensitivity to cephalothin and nalidixic acid.

Additional data collection
Interview-based, structured questionnaires were admin-
istered to the livestock owners on each farm at the time
of sample collection, in order to gather information on
potential animal-level and herd-level factors affecting
PrCR. As far as possible, the herdsmen were interviewed
in the presence of the owner or farm manager for about
30 to 45 minutes. Interview questions were focused on
events on the farm over the past 12 to 24 months. Ma-
nagement, herd structure, location and environmental
variables with a potential impact on PrCR were recorded.
The reproductive status of each animal, such as suckling/
non-suckling, age and parity, as well as method of breed-
ing, feeding, breed, etc. were obtained.
Age was estimated using farm records, dentition and,

in some cases, cornual rings. Body condition score (BCS)
was obtained as described by Pullan [33] and assigned by
the same veterinarian for all animals. Pregnancy diagnosis,
including age of foetus, and cyclicity were determined in
all mature females using trans-rectal palpation as de-
scribed by Arthur et al. [34]. All data were stored in a
Microsoft Excel spreadsheet (Microsoft Corp., Redmond,
WA, U.S.A.).

Determination of predicted annual calving rate
For the calculation of PrCR in each herd, the formula of
Voh Jr and Otchere [5] and Stonaker et al. [15] was used
to determine the number of animals likely to calve dur-
ing a 12-month period (the previous 6 months and the
next 6 months), as follows:

PrCR ¼ Number of calvings due in one year

=No: of postpubertal heifers and cows

¼ bþ eþ g þ 2hþ ið Þ
= aþ bþ cþ d þ eþ f þ g þ hþ ið Þ

where:

a is the number of open, dry cows
b is the number of open cows nursing a calf under
6 months of age
c is the number of open cows nursing a calf 6 months
of age and over
__________________________ WORLD TECH
d is the number of pregnant dry cows under 2 months
of gestation
e is the number of pregnant cows under 2 months of
gestation and nursing a calf under 6 months of age
f is the number of pregnant cows under 2 months of
gestation and nursing a calf 6 months of age and over
g is the number of pregnant dry cows at 2 months of
gestation and over
NOLOGIES________________________



Table 2 Reproductive status of heifers sampled from the
three states of Northern Nigeria

Age (years) Cyclic Acyclic or
reproductive problem

Pregnant Total

< 2 2 5 0 7

2 21 (21.2) 65 (65.7) 13 (13.1) 99

3 208 (54.6) 92 (23.1) 81 (21.3) 381

4 212 (44.2) 54 (11.3) 214 (44.6) 480

5 54 (36.2) 10 (6.7) 85 (57.0) 149

6 1 10 2 13

7 0 5 0 5

Total 498 241 395 1134

5Brucellosis, genital campylobacteriosis and other factors affecting calving rate of cattle in three states of...
h is the number of pregnant cows at 2 months of
gestation and over and nursing a calf under 6 months
of age
i is the number of pregnant cows at 2 months of
gestation and over and nursing a calf 6 months of age
and over.

The numerator for calculating annual PrCR therefore
includes calves of 6 months of age or less (b, e and h)
and all females which were pregnant on trans-rectal pal-
pation, i.e. were more than 2 months in calf (g, h and i).
This was considered the best period to choose as the
pregnancy diagnosis results were accurate (carried out by
an experienced veterinary surgeon and theriogenologist)
Table 3 Age and parity of cattle sampled from three states of

Age Parity

(years) 0 1 2 3 4

<2 7 0 0 0 0

2 99 4 0 0 0

3 381 46 0 0 0

4 480 241 21 0 0

5 149 581 131 40 2

6 13 284 285 65 21

7 5 50 204 107 25

8 0 6 91 143 57

9 0 2 6 78 50

10 0 0 6 33 50

11 0 0 1 8 14

12 0 0 0 6 7

13 0 0 0 0 0

14 0 0 0 0 1

15 0 0 0 0 0

Total 1134 1214 745 480 227

% of total 28.5 30.5 18.7 12.1 5.7

__________________________ WORLD TEC
and most farmers/herdsmen could remember calves of
less than 6 months old [5,15,16]. The ‘h’ group was likely
to produce two calves in one year and was therefore
counted twice.

Statistical analysis
The unit of analysis was the herd and the outcome vari-
able was the PrCR. Each independent variable (brucellosis,
BGC and the management and environmental variables)
was tested for bivariable association with the outcome
using Student’s t-test or ANOVA. Variables associated
with the outcome at P < 0.2 were selected for the mul-
tivariable model. A multilevel, mixed-effects linear re-
gression model with state as a fixed effect and nested
random effects for LGA and ward was then construc-
ted. Backward elimination was applied until all remai-
ning variables were significant (P < 0.05), after which all
other predictor variables were tested by adding them
back into the model and retained if significant. Signifi-
cance of the random effects for LGA and ward was
assessed by comparing models with and without ran-
dom effects using a likelihood ratio test. Fit of the final
model was evaluated using a plot of residuals versus fit-
ted values and a normal probability plot of residuals.
The association between within-herd Brucella sero-
prevalence and PrCR was also determined. All statistical
analyses were done using STATA 12 (Stata Corporation,
College Station, TX, USA) and a significance level of
α = 0.05 was used.
Northern Nigeria

5 6 7 8 9 10 Total

0 0 0 0 0 0 7

0 0 0 0 0 0 103

0 0 0 0 0 0 427

0 0 0 0 0 0 742

0 0 0 0 0 0 903

0 0 0 0 0 0 668

6 0 0 0 0 0 397

10 2 0 0 0 0 309

22 5 1 0 0 0 164

36 7 1 0 0 0 133

13 8 6 1 0 0 51

15 9 10 6 1 0 54

2 3 3 1 1 0 10

0 0 0 0 0 1 2

0 0 0 0 1 3 4

104 34 21 8 3 4 3974

2.6 0.9 0.5 0.2 0.1 0.1
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Table 4 Bivariable analysis of categorical predictors for
predicted calving rate in herds in three states of
Northern Nigeria

Predictor and level No.
tested

Calving
rate (%) P-value
Mean SD

Brucella infectiona <0.001

No 59 76.8 9.2

Yes 192 43.6 21.8

Campylobacter fetus infectiona <0.001

No 166 57.3 22.2

Yes 66 33.1 18.0

Statea 0.033

Adamawa 87 46.1 23.5

Kaduna 98 55.2 22.8

Kano 66 52.7 25.8

Method of breedinga 0.026

AI and natural mating 44 52.5 24.0

AI only 11 70.1 25.0

Natural mating only 196 50.1 23.8

Use of AIa 0.11

No 196 50.1 23.8

Yes 55 56.0 25.0

Management systema <0.001

Zero-grazing 3 76.2 12.3

Commercial 26 66.2 25.4

Agro-pastoral 146 58.1 21.3

Pastoral 76 32.6 17.3

Supplementary feedinga <0.001

None 25 21.9 7.6

Fodder/bran 105 46.3 22.1

Concentrate 121 62.0 21.5

Mineral supplementationa <0.001

No 69 32.2 17.6

Yes 182 58.7 22.2

Pasture establishmenta 0.122

No 187 50.0 23.8

Yes 64 55.5 24.9

Water sourcea <0.001

Piped 69 63.2 21.2

Natural flowing 112 46.6 22.5

Natural static 70 47.6 25.8

Housinga <0.001

Open barbed wire 153 46.4 23.3

Open half way and roofed 66 63.1 24.6

Open solid enclosure 32 51.5 18.9

Table 4 Bivariable analysis of categorical predictors for
predicted calving rate in herds in three states of
Northern Nigeria (Continued)

Hygiene/floor typea <0.001

Floored 63 63.1 23.0

Unfloored/natural bear earth 188 47.5 23.3

Isolation and observation of the
cow during parturition and
removal of afterbirtha

<0.001

No 94 35.1 19.1

Yes 154 61.4 21.4

Regular herd prophylactic measuresa <0.001

No 97 40.0 22.1

Yes 154 58.6 22.5

Borrow/share bulla <0.001

No 166 60.4 21.8

Yes 85 33.9 18.2

Presence of small ruminantsa <0.001

No 97 65.6 19.5

Yes 154 42.5 22.5

Presence of dogsa 0.036

No 227 52.9 24.5

Yes 24 37.5 13.7

Presence of chickensa 0.0002

No 161 55.7 23.3

Yes 90 43.8 23.9

Multiple herdsa 0.013

No 166 54.1 23.6

Yes 85 46.1 25.3

Purpose of keeping animalsa 0.0002

Small scale local dairy 187 52.5 24.1

Dairy and Beef 29 61.3 23.2

Beef 35 37.5 18.9

Initial purchase of stock from a marketa <0.001

Inherited 118 55.1 24.0

Other farms 14 71.5 21.2

Market 119 45.4 27.7

Buying-in new animals and quarantinea <0.001

Buy <3 + quarantine 30 68.4 11.8

Buy >3 or no quarantine 147 38.3 20.2

Close herd 74 70.6 15.9

Socio-economic status of farmera 0.031

Full-time 176 53.6 23.7

Part-time 75 46.4 24.9

Specialist attending to animalsa <0.001

No 48 32.6 17.9
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Table 4 Bivariable analysis of categorical predictors for
predicted calving rate in herds in three states of
Northern Nigeria (Continued)

Yes 203 55.9 23.3

Presence of crush/local chute
or other means of handling/
restrain at the farma

0.061

No 187 49.8 23.9

Yes 64 56.3 24.9
aVariable significant (P < 0.20) for calving rate and therefore considered in the
multivariable model.
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Results
Herd structure
The structure of the 271 herds sampled is shown in Table 1.
The average bull: female ratio was one mature male to eight
mature females. The herd size ranged between 7 and 119
animals (median: 34; interquartile range (IQR): 25, 43).

Reproductive parameters
Because a few herds had no postpubertal heifers or cows,
PrCR could be calculated for only 251 herds. The mean an-
nual PrCR was 51.4%, ranging between 0% and 100%, while
the pregnancy rate, defined as the proportion of cows and
postpubertal heifers that were pregnant, was 32.5%.

Reproductive status and BCS
A total of 4,202 females consisting of 1,134 heifers and
3,068 cows were studied. The proportion suckling, and
pregnancy and cyclicity status are shown in Table 1. The
BCS ranged from 2 to 5 (median: 3; IQR: 3, 4). Using
two categories of BCS (≤3 and ≥3.5), there was a signifi-
cant difference in the BCS between cyclic and non-cyclic
cows (P < 0.0001) and between suckling and non-suckling
cows (P < 0.0001) (data not shown).

Reproductive status of heifers and parity of cows
and heifers
The reproductive performance records of heifers indi-
cated that at <2 years some heifers started cycling; peak
cyclicity (55%) and pregnancy (57%) were attained at 3
and 5 years respectively. The median age at puberty was
between 2 and 3 years (Table 2). Table 3 shows the dis-
tribution of parity by age. The median age at first calving
was between 4 and 5 years.

Number of calves per cow lifetime in the herd and
productive life of the cows
A total of 2,840 cows were examined for which we had
complete information about their ages (Table 3). The
cows had produced a total of 6,054 calves, i.e. 2.1 calves
produced/cow. Furthermore, Table 3 shows that very
few animals were kept beyond 10 years.
__________________________ WORLD TEC
Factors associated with PrCR
The distribution of the various environmental and man-
agemental factors and their bivariable association with
PrCR at the herd level are shown in Table 4. The crude
absolute difference in PrCR between Brucella positive
and Brucella negative herds was 33.2%, while that be-
tween C. fetus positive and C. fetus negative herds was
24.2%. All of the 59 herds that were Brucella negative
had a PrCR of over 50%, while 124/192 (65%) of the
Brucella positive herds had a PrCR of <50% (Figure 2).
The mean PrCR for Brucella positive, Brucella negative,
C. fetus positive and C. fetus negative herds were 43.6%,
76.8%, 33.1% and 57.3% respectively. In addition, there
was a strong negative association between within-herd
Brucella seroprevalence and PrCR (P < 0.001) (Figure 3).
The final regression model of factors associated with

PrCR is shown in Table 5. The random effects for LGA
and ward were not significant and therefore the normal
multiple regression model without random effects was
used. The residuals were normally distributed and the
residual vs. fitted plot showed no evidence of non-linearity
or heteroscedasticity. After adjustment for confounding
by the other variables in the model, Brucella herd infec-
tion was associated with an absolute reduction in PrCR
of 14.9%. In addition to this, C. fetus herd infection was
associated with a further reduction in PrCR of 8.4%.
Herds that gave fodder and bran were associated with

6.5% higher PrCR (P = 0.044) and herds that gave con-
centrate with 7.9% higher PrCR (P = 0.037) than herds
that did not. In addition, mineral supplementation and
isolation and observation of cows during parturition and
removal of afterbirth were associated with higher PrCR
than herds in which these practices were absent. Fur-
thermore, the presence of small ruminants, the presence
of a handling facility and the introduction of new ani-
mals, particularly the introduction of >3 animals without
quarantine, were significantly associated with lower PrCR
in such herds (Table 5). Herd size was initially not signifi-
cant in the bivariable analysis but after adding it to the
final model and adjusting for other variables there was a
significant positive association with PrCR.
Discussion
Reproductive indices are vital in the determination and
management of herd fertility. It is apparent from this
study that several factors are responsible for poor repro-
ductive efficiency of cattle in Northern Nigeria. Previous
studies on the reproductive performance of cattle in tra-
ditional herds in Northern Nigeria are more than two
decades old [5] and there is a lack of data quantifying
the impact of infectious causes of infertility [13,14]. This
report provides current information on reproductive ef-
ficiency and factors affecting calving rates in cattle in
HNOLOGIES________________________
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Figure 2 Predicted calving rate in Brucella abortus positive and negative herds, and Campylobacter fetus positive and negative herds in
three states of Northern Nigeria.
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Nigeria. It is the only report that considers various man-
agement systems in one study.
The average herd size of 37 in agro-pastoral produc-

tion systems obtained in this study is similar to 38.3 re-
ported by Voh Jr and Otchere [5] in agro-pastoral herds;
but the herd size of 34.1 in pastoral herds (data not
shown) is lower than 45.9 reported by Otchere [35] in
the same management system.
From the global perspective, the previous few decades

have witnessed a steady rise in bovine infertility [36]. The
__________________________ WORLD TEC
overall calving rate of 51.4% found in this study is similar
to the 52 to 55% calving rate reported in Colombia [15]
and the 55% observed by Voh Jr and Otchere [5] in the
traditional agro-pastoral system in Nigeria. The pregnancy
rate of 32.5% in this study is lower than the 42% reported
by Voh Jr and Otchere [5]. Nevertheless, our study does
not provide conclusive evidence to support a decline in
fertility of the study population in Northern Nigeria.
It is apparent from this study that brucellosis and

BGC have a significant impact on PrCR, and that there
HNOLOGIES________________________
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is a clear negative relationship between within-herd
Brucella seroprevalence and PrCR. The outcome of bru-
cellosis such as abortion, retained afterbirth, stillbirth and
birth of weak calves or calf mortality affect the overall
calving rate of infected herds. This tends to agree with re-
ports by Aguair et al. [37] and Degefa et al. [38]. It is also
consistent with the report that a 10% decrease in the num-
ber of calves was observed in Brucella positive cows [19].
Bovine genital campylobacteriosis causes similar clinical
signs and therefore may be associated with infertility
thereby lowering calving rate and other reproductive indi-
ces [39,40]. Due to the fact that almost all C. fetus positive
herds were also positive for Brucella, it was not possible
to accurately quantify the impact of BGC alone. However,
a combination of brucellosis and BGC was associated with
poorer PrCR in this study than brucellosis alone (Figure 2),
which would suggest that BGC has an additional negative
effect. Despite this, our data confirm that it is possible to
maintain good calving rate with only brucellosis or BGC
infections, and even with both infections present a PrCR
in excess of 70% is possible, provided that the within-
herd seroprevalence of brucellosis is below about 20%
(Figure 3). The fact that females often abort once and
following that they reproduce normally in the case of
brucellosis, and the acquired immunity conferred by C.
fetus challenge, may explain the acceptable PrCR ob-
served in some infected herds.
Although management system was not significant in

the multivariable analysis of PrCR, the model showed
that the observed difference in PrCR between the ma-
nagement systems was partially accounted for by the
other variables in the multivariable model. In the bivari-
able analysis, the PrCR differed significantly between the
__________________________ WORLD TEC
various management systems (P < 0.001). The crude PrCR
being lowest in the pastoral system may be as a result of
the movement of the pastoral Fulani herdsmen and inter-
action of their cattle with other Fulani herdsmen particu-
larly at watering points during the dry season which may
expose them to infection thereby lowering the PrCR. In
previously published data from the same study we showed
that the presence of brucellosis was positively associated
with the pastoral management system [29].
It was shown from this study that providing supple-

mentary feeding and mineral supplementation were as-
sociated with higher PrCR, as were the isolation and
observation of cows during parturition and removal of
the afterbirth, and the presence of a handling facility
were associated with lower PrCR. Such effects may be by
proxy, in that the education level of the herd owner,
availability of other sources of income, focus on other
activities may all have impact on the general level of
management, condition and health of the herd. Likewise,
larger herd size is likely to be associated with increased
animal movements, with the associated increased risk of
contact with infectious agents. Indeed, farmers that in-
troduced > 3 animals without quarantine were found to
have 15% lower PrCR than farmers that did not. In the
initial crude analysis, the association with herd size was
obscured due to confounding; in the multivariable ana-
lysis PrCR was significantly associated with herd size,
with larger herds having higher PrCR. The reason for
this is not clear. The commercial and zero-grazing herds
showed higher PrCR but had smaller herd sizes.
It was observed that over 61% of the multiple herd

owners introduced >3 animals without quarantine in their
herds. This is a risky practice due to the potential for
HNOLOGIES________________________



Table 5 Factors associated with predicted calving rate in
cattle herds in Northern Nigeria: results of a multiple
linear regression model

Risk factor and level Coefficient 95% CI P- value

Brucella infection

No 1 - -

Yes -14.9 -20.01, -9.62 <0.001

Campylobacter fetus infection

No

Yes -8.41 -12.93, -3.88 <0.001

State

Adamawa 1 - -

Kaduna 1.76 -2.84, 6.35 0.452

Kano -0.24 -5.40, 4.92 0.928

Supplementary feeding

None 1 - -

Fodder and bran 6.54 0.46, 12.63 0.044

Concentrate 7.86 0.46, 15.30 0.037

Mineral supplementation

No 1

Yes 6.45 1.71, 11.20 0.008

Isolation and observation of
cow during parturition and
removal of afterbirth

No 1

Yes 7.54 3.09, 11.98 0.001

Small ruminants

No 1 - -

Yes -7.81 -12.41, -3.22 0.001

Buy in new animals

Closed herd 1 - -

Buy <3 + quarantine -6.44 -12.53, -0.38 0.038

Buy >3 or no quarantine -15.23 -20.31, -10.16 <0.001

Presence of crush, chute or
other form of restraint on
the farm

No 1 - -

Yes -9.97 -16.08, -3.76 0.002

Herd size

≤ 15 1 -

> 15 4.98 1.17, 8.80 0.011
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introducing infections that may lower the calving rate.
Reports indicate that ownership of multiple herds po-
tentially increases the risk of a herd being infected with
brucellosis [41], which may also affect the calving rate.
Herds that had small ruminants had significantly lower

PrCR. Cross infection of infectious reproductive disea-
ses may be possible between species thereby lowering the
__________________________ WORLD TEC
PrCR. This tends to agree with findings by Megersa et al.
[19] regarding mixed herds/flocks. The association bet-
ween presence of a handling facility and lower PrCR may
be due to the fact that such farmers may be likely to share
their facilities with other farmers, leading to increased
contact with other herds.
The median age at puberty observed in this study (2 to

3 years) is shorter than reports by Mukasa-Mugerwa [3]
who showed average age at puberty of Bos indicus as
40 months. However, the median age at first calving
agreed with estimates of 4 to 5 years reported by Voh Jr
and Otchere [5] and 5 years by Zemjanis [6]. In addition,
the reported age at first calving in indigenous tropical
cattle of between 3 and 5 years, between 4 and 7 years
for the second time and between 5 and 8 years for the
third [42] are consistent with our findings. This study
also revealed that age at first calving in cattle in Northern
Nigeria can also be as low as 2 to 3 years, meaning that
some animals attained puberty and conceived at about 1
to 2 years old. Oyedipe et al. [11] indicated that under im-
proved management where seasonal nutritional stress is
reduced, it is possible to achieve average age at first calv-
ing a little over 3 years.
The previously reported reproductive lifespan of cattle

in Northern Nigeria of up to 10 years [5] is consistent
with our findings. Almost all of the cows had been
culled by the age of 10 years. We can therefore conclude
from this finding that the productive life of cattle in this
study area is up to 10 years. The low lifetime number of
calves per cow may be attributed to late age at first calv-
ing, long calving intervals and early culling age. It is an
underestimation of true lifetime production in that it in-
cludes animals which are still in the productive state.
Suckling and nutrition are in a large part responsible for
this reproductive inefficiency [5].
Body condition score is a management tool that has

proved useful in the assessment of the nutritional status
of dairy and beef cows [43,44]. Poor BCS of cows, mainly
caused by poor management, was also considered to play
a major role in reducing pregnancy rates [45]; their results
further suggest that an abrupt loss of nutritional status
postpartum can impair uterine involution, and cause preg-
nancy failure in the early foetal development period when
the placentomes develop. In addition, a one unit reduction
in BCS from previous partum to 30 days postpartum re-
sulted in a 2.4-fold increase in pregnancy loss [45]. Highly
significant associations between BCS and pregnancy status
(P < 0.0001) and BCS and cyclicity status (P < 0.0001) were
observed in this study.
The limitations to this study were that the determin-

ation of age at puberty and age at first calving relied on
observations of the farmers and herdsmen who are mostly
uneducated, and on the herd size, the management
system, etc. These may introduce some bias to the study.
HNOLOGIES________________________
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Conclusion
The reproductive performance of the cattle herds studied
in Northern Nigeria was generally poor. Brucella abortus
and C. fetus infections were associated with reduced PrCR.
In addition, presence of small ruminants, lack of quaran-
tine and presence of handling facility were also associated
with lower PrCR. Suckling and nutrition contributed to
the high prevalence of anoestrus. However, improved
feeding, attention during parturition and herd size im-
proved the PrCR. Herd health management programmes,
proper feeding and care during parturition should be
encouraged while failure to quarantine, sharing handling
facilities and mixing herds with small ruminants should
be avoided.
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Epidermolysis bullosa in Danish Hereford calves is
caused by a deletion in LAMC2 gene
Leonardo Murgiano1, Natalie Wiedemar1, Vidhya Jagannathan1, Louise K Isling2, Cord Drögemüller1

and Jørgen S Agerholm2,3*
Abstract

Background: Heritable forms of epidermolysis bullosa (EB) constitute a heterogeneous group of skin disorders of
genetic aetiology that are characterised by skin and mucous membrane blistering and ulceration in response to
even minor trauma. Here we report the occurrence of EB in three Danish Hereford cattle from one herd.

Results: Two of the animals were necropsied and showed oral mucosal blistering, skin ulcerations and partly loss of
horn on the claws. Lesions were histologically characterized by subepidermal blisters and ulcers. Analysis of the
family tree indicated that inbreeding and the transmission of a single recessive mutation from a common ancestor
could be causative. We performed whole genome sequencing of one affected calf and searched all coding DNA
variants. Thereby, we detected a homozygous 2.4 kb deletion encompassing the first exon of the LAMC2 gene,
encoding for laminin gamma 2 protein. This loss of function mutation completely removes the start codon of this
gene and is therefore predicted to be completely disruptive. The deletion co-segregates with the EB phenotype in
the family and absent in normal cattle of various breeds. Verifying the homozygous private variants present in
candidate genes allowed us to quickly identify the causative mutation and contribute to the final diagnosis of
junctional EB in Hereford cattle.

Conclusions: Our investigation confirms the known role of laminin gamma 2 in EB aetiology and shows the
importance of whole genome sequencing in the analysis of rare diseases in livestock.

Keywords: Cattle, Epidermolysis bullosa, Laminin gamma 2, Hereditary, Congenital, Skin
Background
Heritable forms of epidermolysis bullosa (EB) constitute
a heterogeneous group of skin disorders of genetic aeti-
ology that are characterised by skin and mucous mem-
brane blistering and ulceration in response to even minor
trauma. EB is classified into four major types based on the
level of blister formation in the dermo-epidermal inter-
face, i.e. within the epidermis, basement membrane zone
or uppermost dermis. In EB simplex, blisters develop
within the epidermis, while for junctional and dystrophic
EB cleavage occurs in the lamina lucida or below the lam-
ina densa, respectively. The fourth major type, Kindler
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Syndrome, is characterized by blisters in the lamina lucida
and below the lamina densa. In humans, many subtypes of
which some have extracutaneous lesions have been identi-
fied [1-4].
In contrast to the situation in man, where more than

1000 mutations in at least 18 genes encoding structural
proteins have been associated with EB and thousands of
EB patients have been thoroughly diagnosed [3,4], rather
few cases have been characterized to the molecular level
in domestic animals. In cattle, EB simplex was associated
with a mutation in keratin 5 [5] and dystrophic EB was
associated with COL7A1 mutations in cattle [6] and dogs
[7] while junctional EB has been diagnosed in sheep
(LAMC2 mutation) [8], horses (LAMC2 and LAMA3
mutations) [9-11], and dogs (LAMA3 mutation) [12]. In
addition to these, genetically uncharacterized EB cases
in animals have been reported [13].
In addition to genetically characterised cases in cross-

bred Holstein calves [5] and Rotes Höhenvieh cattle [6],
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sporadic [14-17] and multiple genetically linked cases
within single herds have been reported [18-20]. In these
cases, a presumptive diagnosis of EB was based on pres-
ence of congenital blistering of the skin and mucous
membranes and histopathological detection of dermo-
epidermal cleavage and in some cases supported by
transmission electron microscopy (TEM) findings. Here
we report the occurrence of EB in a Danish herd of
Hereford cattle and its genetic characterization using
positional cloning and whole genome sequencing.

Methods
Cases
The first case of EB, a female Hereford calf with a body
weight of 30 kg, was born in March 2007 (case 1). The
calf was euthanized four days old by intravenous injec-
tion of an overdose of pentobarbital sodium and submit-
ted for necropsy. A second case of unregistered sex was
stillborn in December 2007 (case 2). EB was diagnosed
retrospectively based on the owner’s description of le-
sions as the calf was destroyed. The third case was a
male Hereford calf with a body weight of 48 kg that died
immediately after parturition in July 2009 (case 3) and
was submitted for necropsy. The herd consisted of four
breeding females in 2007. None of the parents of af-
fected calves had signs of a blistering skin disorder. The
study was performed according to Danish legislation and
the cases published with the consent of the owner.

Pathology
A complete necropsy was performed in both calves and
specimens of skin and mucous membranes were sam-
pled for histology. Samples were taken from within le-
sions, from the border between lesions and adjacent
grossly normal tissue and from normal skin areas distant
to lesions. Specimens were fixed in 10% neutral buffered
formalin, processed by routine methods, embedded in
paraffin, sectioned at 5 μm, and stained by haematoxylin
and eosin. Selected sections were stained with periodic
acid-Schiff (PAS).
DNA samples and genotyping
Four-generation pedigrees of the cases were obtained
from the Danish Cattle Database and analysed for in-
breeding loops. Tissue samples were collected from the
one of the available affected calves (case 1). In addition,
blood samples were gathered from both parents of case
1 and the sire of case 3. DNA was extracted using
standard methods. Genotyping of these animals was
performed using the BovineHD BeadChip (illumina),
including 777,961 evenly distributed single nucleotide
polymorphisms (SNPs) and standard protocols as rec-
ommended by the manufacturer.
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Homozygosity mapping
PLINK software [21] was used to search for extended in-
tervals of homozygosity with shared alleles as described
previously [22]. Individuals and SNPs were selected
using the commands --keep, and --extract while final
files were generated through the --merge command.
Homozygosity analysis was carried out on all cases using
the commands --cow, --homozyg and --homozyg-group.

Whole genome re-sequencing and searching for variants
A fragment library with a 300 bp insert size was pre-
pared and collected in a single lane of Illumina
HiSeq2500 paired-end reads (2 × 100 bp); the fastq files
were created using Casava 1.8. We obtained a total of
487,657,379 paired-end reads, which were then mapped
to the cow reference genome UMD3.1/bosTau6 and
aligned using Burrows-Wheeler Aligner (BWA) version
0.5.9-r16 [23] with default settings. The mapping showed
that 403,122,849 reads had unique mapping positions.
The SAM file generated by BWA was then converted to
BAM and the reads sorted by chromosome using sam-
tools [24]. Polymerase chain reaction (PCR) duplicates
were marked using Picard tools [25]. We used the Gen-
ome Analysis Tool Kit (GATK version 2.4.9, [26]) to per-
form local realignment and to produce a cleaned BAM
file. The genome data have been made freely available
under accession no. PRJEB7527 at the European Nucleo-
tide Archive [27].
Search for variants was then made with the unified

genotyper module of GATK. The variant data for each
sample was obtained in variant call format (version 4.0) as
raw calls for all samples and sites flagged using the variant
filtration module of GATK. Variant filtration was per-
formed following best practice documentation of GATK
version 4. The snpEFF software [28] together with the
UMD3.1/bosTau Ensembl annotation was used to predict
the functional effects of detected variants. The Delly pack-
age was used to detect larger deletions in cleaned BAM
files [29]. Delly uses variation in pair-end reads distance
and orientation to find deletions. Structural variation soft-
ware that are based on coverage and orientation are un-
able to detect variations larger than the insert size as read
mapping software usually requires the library insert size as
an argument for aligning within range. Hence, in order to
avoid missing large inserts, deletions and false positives all
detected variants in the candidate region were also manu-
ally inspected by visual control of the BAM file using IGV
browser [30].

Sanger sequencing
The LAMC2 deletion was verified in the case and the
available parents by re-sequencing of targeted PCR prod-
ucts using Sanger sequencing technology. PCR primers
were designed using PRIMER3 [31]. PCR products were
HNOLOGIES________________________
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run on 0.8% agarose gel, 0.5 μg/ml ethidium bromide.
PCR products were amplified using flanking primers for
the LAMC2 exon 1 deletion (F) GGCCTATAGAGAGT
GGCATGA, (R) CAAATGAAGCCCTTTGAGGA and a
second Reverse primer exclusive for the region deleted in
the mutants TTCCTTCCCTCACCATCATC with Ampli-
TaqGold360Mastermix (Life Technologies) and the prod-
ucts directly sequenced using the PCR primers on an ABI
3730 capillary sequencer (Life Technologies) after treat-
ment with exonuclease I (N.E.B.) and rAPid alkaline phos-
phatase (Roche). Sequence data were analyzed using
Sequencher 5.1 (GeneCodes).

Results and discussion
Phenotypes
Lesions in the skin were in principal similar in the two
necropsied calves, but more widespread and severe in
case 1 than in case 3 – probably reflecting the age dif-
ference (4 vs. 0 days of age). In case no. 3, skin lesions
were restricted to bilateral absence of horn on the front
limb dew claws and an area without horn affecting most
of the hind limbs’ lateral main digit (Figure 1a). The ex-
posed dermis was hyperaemic but without exudation.
The border was sharply demarcated and the adjacent
epidermis seemed normal. The few days old case (no. 1)
had skin lesions in the distal parts of all limbs. The horn
wall was absent on all dew claws exposing a hyperaemic
corium covered by crusts (Figure 1b) and the horn on all
main digits was defective. The horn wall was totally absent
in one hind limb digit and partly absent in the others and
the exposed corium showed intense hyperaemia (Figure 1c).
Figure 1 Gross lesions in Hereford calves with epidermolysis bullosa.
b) Loss of the horn of the dew claws with inflamed corium (case 1); c) Abs
digits exposing a hyperemic corium (case 1); d) Local absence of the lingu
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The horn wall was loosened in both front limbs and sepa-
rated from the corium in the coronet band with suppur-
ation. Fistulas opened either in the coronet band or
penetrated the sole. Skin ulcerations covered by crusts
stretched proximally from the coronet band to the fetlock
region in both hind limbs and were also found above the
coronet band in the right front limb, in the left lateral
metatarsal area and locally in the ventral part of the trunk.
Mucosal lesions were present in both necropsied cases.

Case 3 had a large ulceration of the nasal plate with
loosening of epidermis and stretching into the nostrils.
In the oral cavity, both calves had extensive ulcerative le-
sions including a circular ulceration in the tongue
around the anterior part of the torus (Figure 1d), and
ulcerations in the palate, dental pad and adjacent area of
the upper lip, gingiva, and cheeks.

Histopathological changes
Histopathological examination of the skin from the
distal limbs of case 3, which died immediately after par-
turition, revealed an abrupt ulceration that was bordered
by a hyperplastic epidermis. The skin proximal to the
zone of epidermal hyperplasia was normal and without
signs of dermoepidermal separation. The ulcerated area
adjacent to the zone of epidermal hyperplasia showed
acute mild suppurative inflammation, while more distant
areas were dominated by an inflamed granulation tissue.
Ulcerated areas where mostly without skin adnexa, i.e.
glands and hair, although isolated hairs were rarely seen.
Skin lesions of case 1 were dominated by ulcerations
with superficial dermal necrosis, debris, and profound
a) Congenital absence of most of the hoof of a main digit (case 3);
ence of part of the lateral aspect of the horn of the hind limb main
al epithelium (case 1). The border of lesions is indicated by arrows.
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suppurative inflammation. The epidermis adjacent to the
ulcerative area was necrotic and separated from the der-
mis and the dermis had diffuse suppurative inflamma-
tion. This zone continued into areas with subepidermal
blisters with a purulent content (Figure 2a) and in more
distant areas by subepidermal blisters with just a few
neutrophils and decreasing degrees of dermal inflam-
mation (Figure 2b). Remnants of skin adnexa were
present in the ulcerated areas.
Lesions of the dental pad and upper lip of case 3 were

characterised by an abrupt transition from normal epithe-
lium to an ulcer with peripheral acute inflammation and
distant granulation tissue formation with sparse inflamma-
tion. Beneath ulcerated lesions, profoundly located mero-
crine sweat glands were present. In case 1, dental pad and
nasal plate lesions were characterised by severe fibrino-
necrotising and suppurative inflammation of the denuded
Figure 2 Microscopic lesions in Hereford calves with
epidermolysis bullosa. a) Subepidermal blister with a purulent
content and inflammation of the superficial dermis (case 1, hematoxylin
and eosin, obj x 20); b) Subepidermal blister with just a few neutrophils,
slight suppurative inflammation in the superficial dermis that is also
covered by an eosinophilic material. The clear space may be artificial due
to autolysis and tissue shrinkage during processing (case 1, hematoxylin
and eosin, obj × 40).
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dermis and bordered by areas with subepidermal blisters.
In the tongue, lesions corresponded to those observed in
the dental pad of cases 1 and 3, respectively. PAS staining
revealed a basement membrane apparently located at the
bottom of some blisters, while a distinct basement mem-
brane was not present in others. An EB type/subtype was
not established as appropriate materials were not available.
Tissues were autolysed due to prolonged time between
the death of the calves and necropsy and cryopreserved
specimens for immunofluorescence antigen mapping were
not sampled. Typing of EB is severely compromised if op-
timal specimens for immunofluorescence antigen mapping
are not sampled and diagnostic based on formalin fixed
tissues and suboptimal TEM examinations may be mis-
leading [1,32] in microscopic typing of EB.
The calves had a severe congenital blistering disorder

affecting the skin and mucous membranes, and the
claws and dewclaws had either total or partial loss of
horn. Histologically, blisters were present in the areas of
the skin affected in EB although the precise localization
of the spitting plane could not be determined. In com-
bination, these findings are consistent with EB and the
cases share many features with established or suspected
cases of EB in cattle [6,16-20].

Pedigree analysis and mapping
The close familiar relationship between cases strongly
indicated a genetic aetiology; we therefore decided to
analyse the pedigree data to infer an inheritance mech-
anism. Pedigree data were not complete, but the avail-
able information regarding ancestors allowed us to draw
a genealogical diagram (Figure 3). Analysis of the dia-
gram indicated that inbreeding and the transmission of a
recessive mutant allele from a common ancestor; either
cow IV/A or Sire IV/B (Figure 3) could be the founder
or the distributor of the responsible mutation. These an-
imals had been mated and produced a son (III/A), who
was bred to his own mother (IV/A). This inbreeding
loop produced case 1; III/A was also bred to his sister
(III/B) and produced case 2 and got a son (II/C) with a
cow of unknown descent (III/C). The son II/C was
mated to his mother (III/B), who gave birth to case 3.
III/C and IV/A could share a common ancestor - pres-
ence of other common ancestors could not be excluded
due to incomplete pedigree data. These data suggested a
monogenic recessive inheritance mechanism; therefore,
we hypothesized a simple Mendelian recessive inherit-
ance was the most likely explanation for the condition.
We initiated a positional cloning study to unravel the
underlying genetics. We assumed that the affected calves
were expected to be identical by descent (IBD) for the
causative mutation and flanking chromosomal segments.
We initially genotyped 777,961 evenly spaced SNPs one
family trio (case 1 plus its parents). We searched for
HNOLOGIES________________________



Figure 3 Genealogical diagram showing three Hereford calves
affected by epidermolysis bullosa and their parents. Males are
represented by squares, females by circles, animals of unknown sex
are shown rhomboid. Affected animals are shown with fully black
symbols and carriers with a half-filled symbol. Note that four of the
animals were not genotyped since the DNA was not available (IV/B,
II/2, III/B and III/C, indicated with an asterisk). Individuals III/B and
III/C are shown with half-filled symbols since they are obligate
carriers. The sequenced case is indicated by an arrow.
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extended regions of homozygosity and compared the
homozygous region between the case and the parents.
Interestingly, in the genotyped affected animal about
37% of the genome is homozygous as expected in a con-
sanguineous son-mother mating (Figure 3). We excluded
any homozygous regions already present in the parents.
Thereby, we found 40 genome regions greater than 1
Mb that fulfilled these criteria (Additional file 1).
In the light of the few reports of EB causing mutations

in livestock we hypothesized that a causative variant
might affect one of the known EB candidate genes. Eight
out of 18 EB candidates mapped in the identified homo-
zygous regions (Figure 4). We sequenced the whole gen-
ome of case 1 at 17.5× coverage of the genome and
proceeded to screen the candidate genes present in the
mapped homozygous intervals for possible variants. This
allowed us to identify 118,014 single nucleotides and short
insertion/deletion variants within the whole exome. From
this point, we decided to use a candidate gene based ap-
proach. We carefully checked for all the variants present
in the coding sequence of the 8 remaining EB candidate
genes, which were located in the previously identified
homozygous candidate regions (Figure 4). We found no
homozygous private variant in all EB genes in the se-
quenced affected animal after comparison with available
data of 40 sequenced control cattle genomes (Additional
file 2), which were sequenced in the course of other
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ongoing projects in our group (variants exclusive of the se-
quenced animal after this filtering step are reported in
Additional file 3).
Using these controls genomes we went on searching

for larger deletions and found a total of 349 private dele-
tions occurring only in the genome of the affected calf
(Additional file 4). Interestingly, among these deletions
the only variant detected overlapping with an annotated
coding region found was a 2,433 bp deletion on chromo-
some 16 (g.65,704,617_65,707,049del) affecting an EB
candidate gene. This homozygous deletion encompasses
the region more than 900 bp upstream and 1.1 kb down-
stream of the first exon of the annotated transcript
ENSBTAT00000061289. This annotated bovine tran-
script corresponds to the human LAMC2 gene encoding
the laminin gamma 2 protein. The variant causes the
complete deletion of the entire LAMC2 exon 1 contain-
ing the start codon and the first 79 coding bases of the
transcript (Figure 5). We genotyped the available family
members (dam of case 1, IV/A; sire of case 1, III/A; sire
of case 3, II/C) and found the mutation present in het-
erozygosity in these animals (Figure 5). This confirms
the assumed recessive inheritance of the EB mutation
within this cattle family. The mutant allele was absent in
normal controls. A homozygous mutation completely re-
moving the start codon of the evolutionary conserved
LAMC2 wildtype transcript is highly likely disruptive
and almost certainly negates completely the presence of
a functional LAMC2 protein. Alternatively, the possible
usage of a second start codon located approximately 900
nucleotides further downstream is predicted to lead to a
truncated protein lacking about 25% of the wildtype
LAMC2 including three conserved domains. Therefore we
speculate that this mutant protein will, if really expressed,
probably not compensate the physiological function of the
wild type protein. The LAMC2 loss of function mutation
affects a well-known candidate gene associated with junc-
tional EB in humans [33-40] and domestic animals like
sheep and horse [8,9]. For this reason, we concluded that
the observed EB type in this cattle family was caused by
the detected LAMC2 deletion.

Clinical and molecular characterization of EB
Diagnostic of EB in animals, including classification in
major types, has been done in several studies based on
histology and TEM. However, routine histological process-
ing of skin is not recommended by human pathologists
for EB diagnostic due to the difficulties in distinguishing
at the light microscopy level between several types of EB
[4]. Furthermore, correct sampling and processing of spec-
imens is crucial to avoid artifactual blistering. Also fresh
blisters should be induced by gently rubbing the skin ra-
ther that sampling older blisters as this may lead to a
wrong diagnosis [41]. TEM examination has been used in
HNOLOGIES________________________



Figure 4 Homozygosity mapping and position of known epidermolysis bullosa candidate genes in the cattle genome. Extended segments of
private homozygosity in case 1 are shown in blue. Note, that 8 out of 18 EB genes including LAMC2 are located in homozygous regions.
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several studies on EB in animals but require samples
without autolysis. This may be difficult to achieve as an-
imals often die or are euthanized on the farm by hu-
mane grounds before appropriate sampling is possible
as for the cases reported here. Furthermore, processing
of skin biopsy specimens for TEM and interpretation of
EB ultrastructural changes require extensive experience
and expertise that is available only in a very few recom-
mended reference laboratories worldwide. Otherwise
findings may be quite misleading and should be inter-
preted with caution [4]. Immunofluorescence mapping
for antigens associated with EB in cryopreserved skin
specimens taken from fresh spontaneous or traction-
force induced blisters is the recommended diagnostic
method, especially if samples are shipped to a reference la-
boratory [4]. The recommendations by experts in EB in
__________________________ WORLD TEC
man [4] shows that there are many pitfalls in non-
molecular diagnostic of EB that are obstacles in veterinary
diagnostic, especially due to suboptimal materials and lack
of experience with the highly specialised EB diagnostic.
Congenital localised absence of skin (CLAS) and mu-

cosal epithelium was apparent in the calf that died im-
mediately after parturition (case 3). CLAS has been
reported as a manifestation of EB in man, e.g. Bart’s
Syndrome [42-44] and although CLAS and mucosal
epithelium defects may be due inadequate develop-
ment, CLAS in association with EB merely reflects
intrauterine loss of tissue due to foetal development of
EB [43].
Congenital blistering disorders in the mucous mem-

branes, muzzle and skin, especially the distal part of the
limbs, have been reported in cattle through decades and
HNOLOGIES________________________



Figure 5 LAMC2 deletion associated with epidermolysis bullosa in Hereford cattle. a) Screenshot of the next generation sequence reads
mapped against the reference sequencing and visualized with Integrative Genome Viewer. Note the 2433 bp deletion including the first exon of
LAMC2. b) We used a common forward primer in combination with a reverse primer specific for the deleted region (Rev1) and a reverse primer
located immediately downstream of the deletion (Rev2) for PCR based deletion genotyping. Detected genotypes of the LAMC2 deletion. c) The
diagnostic PCR performed on genomic DNA allows genotype differentiation. The gel picture shows the affected calf (del/del), three heterozygous
parents (wt/del), and a normal control (wt/wt).
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usually referred to as “epitheliogenesis imperfecta” (EI)
as proposed by Hadley [45]. Many of these cases have
occurred in familial patterns associated with inbreeding
and likely transmission of an autosomal recessive mu-
tant allele from a founder animal [44-46] and many cat-
tle breeds have been affected [15,45-51]. However, EI
probably comprises of two distinct entities, namely
congenital cutaneous aplasia (CCA) and EB and taking
the current knowledge on the genetic background and
variation even within subtypes of EB in man into
consideration, the reported cases are likely to have dif-
ferent etiopathogeneses. Investigation of CCA has
demonstrated that this is not a blistering disease and it
is striking that cases resembling EI (except CCA cases)
have turned out to be EB if investigated to the molecu-
lar level [5,6,9,10,52]. Furthermore, it is worth remem-
bering that EI was introduced to veterinary medicine
based on gross lesions only [44]. It is therefore pro-
posed that EI is no longer used as a disease entity but
replaced by either CCA or EB as also suggested by
others [6,53].
EB is a rare disease known in man and many animal

species. However, in livestock subtypes with recessive in-
heritance have the potential to become of significance if
the defective allele is present in important sires used for
artificial breeding through several years as seem for
other genetic diseases in cattle [54-56]. It is therefore
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important that cases are diagnosed to subtype level
when the first cases are recognised to enable rapid de-
velopment of genetic test that allows screening of the
sire population. However, subtyping of EB is a task for
clinicians and pathologists, but it starts with clinical
examination and sampling and processing of adequate
materials for microscopic and genomic analysis [41].
The quick identification of an highly disruptive mutation
in a known candidate gene allowed us to unambiguously
identify and classify the EB cases in Hereford and thus
(I) allow for possible screening of the mutation in the
Danish Hereford population as preventive measure (II)
giving a new animal model for EB caused by a mutation
in laminin gamma genes.
Conclusions
The study reports for the first time the occurrence of
EB in Hereford cattle. Our investigation confirms the
role of a recessively inherited LAMC2 loss of function
mutation in EB aetiology. Next-generation sequencing
offers a powerful tool for understanding the genetic
background of rare diseases in domestic animals with
an available reference genome sequence. Verifying the
causative mutation allowed us to confirm to the diag-
nosis of EB and allows breeders to eliminate this gen-
etic defect from the population.
HNOLOGIES________________________



20 Animal Health and Nutrition
Additional files

Additional file 1: Private regions of homozygosity detected in
epidermolysis bullosa case 1. Only homozygous regions exclusive for
the case are shown.

Additional file 2: List of all the control cattle genomes and
their breed.

Additional file 3: List of all the private homozygous variants of the
sequenced epidermolysis bullosa case 1.

Additional file 4: Private larger deletions detected in epidermolysis
bullosa case 1. Deletion in encompassing LAMC2 exon 1 is highlighted.
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Assessing the seasonal prevalence and risk
factors for nuchal crest adiposity in domestic
horses and ponies using the Cresty Neck Score
Sarah L Giles1*, Christine J Nicol1, Sean A Rands2 and Patricia A Harris3
Abstract

Background: Nuchal crest adiposity in horses and ponies has been associated with an enhanced risk of metabolic
health problems. However, there is no current information on the prevalence of, and risk factors specific to, nuchal
crest adiposity in horses and ponies. In addition, the cresty neck score has not previously been utilised across
different seasons within a UK leisure population, it is not know whether nuchal crest adiposity shows the same
seasonal trends as general obesity.

Results: A Cresty Neck Score (CNS, 0–5) was given to 96 horses with access to pasture (>6 h per day) at the end of
winter and at the end of summer in order to obtain two prevalence estimates. Risk factors were assessed using the
single outcome cresty neck/no cresty neck in either season (binary), from owner questionnaires and analysed using
a mixed effects logistic regression model (outcome variable CNS <3 or CNS ≥3/5). Agreement between winter and
summer scores was assessed using weighted Kappa methods.
Winter CNS values were significantly higher than summer CNS values (p = 0.002) indicating a systematic bias. The
prevalence of a CNS ≥ 3/5 was 45.83% at the end of winter, falling to 33.33% at the end of summer and was higher
in ponies (<14.2 hh) than horses (≥14.2 hh) in both seasons. This may reflect a real winter increase in regional fat
deposition, or an increased difficulty in obtaining an accurate estimate of regional adiposity in winter months.
Breed was the strongest risk factor for CNS ≥3/5 in both seasons, with native UK breeds appearing to be most at
risk (p < 0.001). In a separate, small validation study, the CNS showed good inter-observer reliability.

Conclusions: The prevalence of a CNS ≥3/5 was higher at the end of winter than at the end of summer, which
was the opposite pattern seasonal variation to that observed for general obesity. Further studies are required to
investigate the potential influence of time of year upon CNS interpretation and studies utilising the CNS should
consider potential seasonal variability in nuchal crest adiposity.

Keywords: Horse, Pony, Equine, Cresty neck, Cresty neck score, Obesity, Season, Body condition, Prevalence,
Risk factors
Background
It has become recognised in the human obesity literature
that some patterns of regional fat accumulation have
particularly damaging health consequences. Abdominal
fat in humans has been linked to changes in circulating
blood glucose levels, and fat accumulation in this area is
a risk factor for insulin resistance, diabetes and other
metabolic complications [1-4].
* Correspondence: sarah.giles@bristol.ac.uk
1School of Veterinary Science, University of Bristol, Langford, Bristol BS40
5DU, UK
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Increased fat deposits along the crest of the neck in
horses and ponies (nuchal crest adiposity) has similarly
been associated with an altered metabolic state [5,6] and
an increased risk of certain metabolic disorders such in-
sulin resistance [7-9]. A scoring system which targets
this region specific adiposity has been developed by
Carter and colleagues [5], named the ‘Cresty Neck Score’
(CNS), and in several studies a CNS score of ≥ 3/5 has
been associated with an increased risk of laminitis
[7,10,11]. It is not currently known whether this associ-
ation with laminitis is due to the presence of additional
fat in this nuchal crest region (potentially resulting in a
HNOLOGIES________________________
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more inflammatory profile [12,13]) or whether nuchal
crest adiposity is a proxy for e.g. increased abdominal fat
(potentially leading to abnormal insulin dynamics [12])
which is not detected via external Body Condition Scor-
ing (BCS) systems. It has been suggested that certain
breeds may more at risk of nuchal crest adiposity and
associated metabolic disorders [6,14], particularly pony
breeds [15], but evidence is currently limited.
The Cresty Neck Score [5] has become the most com-

monly used method of distinguishing nuchal crest adi-
posity [16-19]. Whilst this method has not been formally
validated using post-mortem methods, there is a lack of
gold standard measure for this type of specific, regional
adiposity. Previously authors have utilised a neck cir-
cumference [8,12,20], but due to a lack of reference as to
what a cresty neck or non-cresty neck circumference
should be for any particular breed or size of horse or
pony, this measure is only really useful as a ratio to neck
length, or basis for assessing change, and thus has obvi-
ous limitations.
Previous studies have explored the prevalence of and

risk factors for obesity in horses and ponies [21-26]. The
prevalence of general obesity has been shown to vary be-
tween winter and summer in UK horses and ponies,
with lower values at the end of winter [25]. It is not
known whether the prevalence of CNS ≥3/5 differs from
general obesity, or whether there is similar seasonal
variation. Our hypothesis is that there would thus be
similar seasonal changes in neck crest adiposity, with
higher values during summer months. Neck crest
adiposity may be a site of long-term fat storage, with
previous studies reporting that fat reserves in this region
(along with the rump) appear not to vary greatly with
short term changes in energy intake at different times
of the year [26]. It is therefore possible that the pat-
tern of seasonal change observed in neck crest adipos-
ity may be different from that seen with more general
measures of obesity.
The overall aims of this study were: 1) To assess the

prevalence of CNS ≥3/5, both at the end of winter and
at the end of summer in a domestic population with
daily access to pasture; 2) To examine the risk factors
associated with CNS ≥3/5; and 3) To use seasonal CNS
measurements from the same individual horses and po-
nies, and the same human observer, to assess the
between-season agreement of the CNS.

Methods
Animal and materials
The study population was outdoor, herd-living leisure
horses in North Somerset, UK. Making the assumption
that seasonal body condition trends are clearest in out-
door living animals, inclusion criteria specified that
horses and ponies had to live outdoors on green pasture
__________________________ WORLD TEC
for at least six hours per day. The target population was
leisure horses and ponies in the UK, with daily access to
pasture, the study population was thus likely to be fairly
representative of this. The sampling frame consisted of
horses and ponies whose owners attended a riding club
membership renewals evening in January 2011. A cluster
sampling strategy was used, where herds were randomly
selected from the sampling frame using random number
tables and all individuals were measured in that herd.
127 individual animals were initially recruited and mea-
sured between 5th February – 24th March 2011. Of these,
96 individuals remained with the same owners and were
therefore were available for follow up. Second measure-
ments were taken between 20th July – 1st September
2011 in these 96 individuals, which made up our study
population.
Data on risk factors was obtained via two owner

questionnaires which were completed at the same time
as measurements were taken (for questionnaires see
Additional file 1 in [25]). Owners completed risk factors
questionnaires alone and in their own time to minimise
observer bias. Questionnaires covered individual animal
information such as breed and age, as well as management
risk factors such as grazing and turnout routine, rug wear-
ing, dental history, as well as a detailed breakdown of sup-
plementary feed and exercise. Grass quality could not be
measured due to horses moving pasture several times
throughout the duration of the study and management
routines such as strip grazing meant the quality of the
grass forage varied daily. Height was measured at the
withers using a measuring stick with spirit level. Horses
and ponies were defined according to their height, where
horses were >148 cm (equivalent to 14.2 hh) and ponies
were ≤148 cm. Baseline descriptive statistics and study
population demographics are presented in our related
paper [25].
Nuchal adiposity was measured using the CNS [5]

and scored by a single trained observer for both winter
and summer measurements. This involved a visual
assessment of the neck as well as a tactile assessment
of the nuchal crest area. The Cresty Neck Score is
shown in Figure 1. Animals were considered to be
cases if they had a CNS of three or above in either
season (a binary outcome variable), this is the cut-off
value recommended by Carter et al. [5]. This binary
variable was the outcome variable used for the risk
factor analysis.

Statistical analysis
For the risk factor analysis, data were initially checked
and missing values dealt with using complete case ana-
lysis, where incomplete units were removed. Response
rate to the questionnaires was 100%. Age was considered
as both a continuous variable and as a binary variable
HNOLOGIES________________________



Figure 1 The cresty neck score, descriptions and illustrations. Reprinted from Carter RA, Geor RJ, Burton Staniar W, Cubuitt TA, Harris PA:
Apparent adiposity assessed by standardised scoring systems and morphometric measurements in horses and ponies. Vet J 2009, 179:204–210,
Copyright 2009, with permission from Elsevier.
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(‘youngster’/‘not youngster’), where not young was defined
as an adult animal over four years of age). Height was also
considered as both continuous and binary, so as to compare
horses (≥148 cm) and ponies (<148 cm). Breed was
initially coded into seven categories: native ponies (except
Shetland), Shetlands and miniature breeds, lightweight
breeds (Arabians and Thoroughbreds), heavyweight draught
horses, cob types, sports horse breeds, and ‘other’. Due to
low sample size in both the heavyweight and miniature
breed categories (just 4 individuals in each), Shetlands were
added to the native ponies category and heavyweight breeds
were added to ‘other’, giving five final breed categories.
Quantity of both supplementary feed and forage was

coded into categories for analysis. The categories of
supplementary feed represented: category 1, no supple-
mentary feed at all; category 2, no energy-providing feed
(concentrate) but vitamin and mineral supplements given;
category 3, less than 1.5 kg day−1) of ‘concentrate’ feed;
and category 4, at least 1.5 kg day−1 of concentrate feed.
These categories were analysed separately for horses and
ponies, to account for the size of the animal. Hay was split
into 3 categories, none, small amount (less than 5 kg day−1),
and large amount (at least 5 kg day−1).
Risk factor variables were initially analysed univariably

using χ2 tests, analysis of variance (ANOVA) or linear re-
gression (all two tailed). Variables with evidence of associ-
ation with CNS ≥ 3/5 were taken forward into multivariable
analysis (screening p value ≤ 0.07). A mixed effects logistic
regression model was then forward-fitted using a positive
stepwise approach, based on strength of univariable associ-
ation. Explanatory variables were included as fixed effects
and retained both on the basis of their p values and also on
the strength of their contribution to the model fit, assessed
__________________________ WORLD TEC
using the likelihood ratio test. Herd group was included as
a random effect, to account for the clustered study design.
Collinearity was assessed using pairwise correlations and
the likelihood ratio test, and the possibility of non-linear or
quadratic associations was also considered and assessed
using the likelihood ratio test for all continuous explanatory
variables.

Cresty neck score in summer and winter
The same animals were measured in both seasons (n = 96)
by the same observer. The extent of agreement between
these two sets of results was assessed, using a Bland-
Altman plot on the paired winter and summer CNS scores.
A Wilcoxon signed rank test was then used to assess
whether or not the differences between winter and summer
measurements were significant. A weighted Cohen’s kappa
statistic indicating level of agreement was also generated
(using a squared weighting system equivalent to 1 - {(i-j)/
(k-1)}2, where i and j refer to the row and column index,
and k is the maximum number of possible ratings). All stat-
istical analyses were performed in Stata 11.2 (Statacorp,
College Station, Texas).

Inter-observer reliability of the cresty neck score
An additional 31 horses and ponies were recruited post
hoc from the Royal Veterinary College, University of
London, to obtain a measure of inter-observer reliability
in summer CNS scores and to assess this as a potential
source of error. Made up of 18 ponies, native types and
13 horses, mostly Thoroughbred types. Inter-observer
agreement has not previously been reported for this
score. These 31 horses were deliberately a mixture of
ages, breeds and body condition scores. Three trained
HNOLOGIES________________________
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observers, including SLG (observer 2) assigned a CNS to
the individual animals and all data collection was com-
pleted on the same day, 29/07/2014. One observer only
assessed 29 animals. All observers were blinded to the
results of the other observers. The agreement between
the observers was then assessed using Cohen’s kappa
statistic using the weighting described above.
All experimental work was approved by the University

of Bristol Ethical Review Group (university investigation
number UB/10/049).

Results
Prevalence of CNS ≥ 3/5
The prevalence of CNS ≥3/5 within our study population
(n = 96) varied between winter and summer measure-
ments and there was strong evidence for a seasonal dif-
ference in nuchal crest adiposity (χ1

2 = 16.45, p < 0.001).
The prevalence was 45.83% (95% CI 36.76% - 54.90%) at
the end of winter, falling to 33.33% (95% CI 26.76% -
39.90%) at the end of summer. Of these 96 individuals,
20 (20.83%) had a CNS ≥3/5 in the winter and not in the
summer, whereas only 8 (8.33%) had a CNS ≥3/5 in the
summer and not in the winter.
The 20 individuals which had a CNS ≥3/5 in winter

but not in summer were evenly spread across both
height and breed categories.
Table 1 shows the observed differences between horses

and ponies, ponies had a higher prevalence of CNS ≥3/5
during both seasons. At the end of the winter months
ponies had twice (2.00) the odds of CNS ≥3/5 compared
to horses, but this was not significant. There was how-
ever strong evidence of a difference in the number of
cases between horses and ponies at the end of the sum-
mer months (OR 2.83 p = 0.02).

Risk factors for CNS ≥3/5
Risk factors which showed an initial univariable associ-
ation with nuchal crest adiposity are summarised in
Table 2. Height was associated with CNS ≥3/5, both as a
categorical and binary (horses/ponies) variable (p = 0.04
Table 1 A comparison of CNS ≥3/5 prevalence between horse

Winter Total number of
subjects (%)

Number of
cases (%)

Horses 46 (47.92) 17 (38.64)

Ponies 50 (52.08) 27 (61.36)

Total 96 (100) 44 (45.83)

Summer

Horses 46 (47.92) 10 (31.25)

Ponies 50 (52.08) 22 (68.75)

Total 96 (100) 32 (33.33)

Odds ratio
(winter/summer)
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and p = 0.02 respectively), where ponies, and more spe-
cifically ponies between 114–134 cm appear to be at
greatest risk. Horses or ponies with a history of laminitis
were more likely to have CNS ≥3/5 (p = 0.04). Breed
showed strong evidence of association (p < 0.001), native
UK breeds had the highest odds of CNS ≥3/5. Although
feeding supplementary hay during the winter months
was relatively rare in our study population (6.38%), this
increased the odds of CNS ≥3/5 (p = 0.06). Those indi-
viduals with a complete change in feeding regimen be-
tween seasons showed the highest odds of CNS ≥3/5
(p = 0.005) however this is likely to be an issue of cause
and effect, through owners attempting (and failing) to
implement preventative strategies in at risk individuals.
Herd size was also associated with cresty neck (p = 0.01),
as herd size increased there were fewer cresty neck cases
(CNS ≥3/5).
The final risk factor regression model for CNS ≥3/5 is

presented in Table 3. The final model contained the vari-
ables, breed category and herd size. Native ponies had
19.72 times the odds of CNS ≥3/5 (p = 0.006), compared
to lightweight breeds (as referent), and native cobs
appear even more at risk with 31.48 times the odds
(p = 0.004). As herd size increases, the odds of a CNS ≥3/5
are reduced by 18% per extra individual.

Cresty neck score in summer and winter
Figure 2 shows the Bland-Altman plot for the extent of
agreement between winter and summer CNS measures.
The mean winter CNS score was 2.5 and the mean sum-
mer score was 1.9. A mean difference above of 0.32
(95% CI 0.12 – 0.52) indicates a consistent tendency for
winter CNS measurements higher than summer CNS
measurements, indicating a systematic bias.
There was strong evidence of a difference between win-

ter CNS and summer CNS measures using a Wilcoxon
signed rank test (T = 3.03, N =96, p = 0.002) confirming
winter measurements were significantly higher. There was
a moderate agreement between winter and summer CNS
(κw = 0.51, Z = 5.25, p < 0.001).
s and ponies during winter and summer

Odds ratio
(ponies/horses)

95% CI χ2 p

- - -

2.00 0.87 – 4.61 2.77 0.09

- - -

2.83 112 – 7.14 5.29 0.02

0.71
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Table 2 Univariable risk factors associated with CNS ≥3/5

Exposure variables

Total number of
horses and ponies (%)

Number of CNS ≥ 3/5
cases (%)

Odds (CNS <3/5/
CNS ≥ 3/5)

95% CI χ2 p

Height (cm,
categorical)

≤113 8 (8.33) 2 (6.25) 0.33 0.06 – 1.65

114 – 134 20 (20.83) 12 (37.5) 1.50 0.61 – 3.67

135 – 146 22 (22.92) 8 (25.0) 0.57 0.24 – 1.36

147– 159 22 (22.92) 5 (15.62) 0.29 0.11 – 0.80

≥160 24 (25.0) 5 (15.62) 0.26 0.09 – 0.70 9.91 0.04

Breed (categorical) Native ponies 34 (35.42) 15 (46.88) 0.79 0.40 – 1.55

Lightweight 25 (26.04) 1 (3.12) 0.04 0.005 – 0.31

Native cobs 12 (12.50) 7 (21.88) 1.40 0.44 – 4.41

Sports horse 13 (13.54) 1 (3.12) 0.08 0.01 – 0.64

Other 12 (12.50) 8 (25.0) 2.0 0.60 – 6.64 – <0.001*

Seasonal change in
feeding regimen

No change 13 (13.98) 8 (25.0) 1.60 0.52 – 4.89

Reduction in
quantity only

13 (13.98) 3 (9.38) 0.30 0.08 – 1.09

Change Parts 57 (61.29) 14 (43.75) 0.32 0.17 – 0.60

Complete Change 10 (10.75) 7 (21.88) 2.33 0.60 – 9.02 13.04 0.005

Laminitis No 82 (89.13) 23 (79.31) 0.38 0.24 – 0.63

Yes 10 (10.87) 6 (20.69) 1.50 0.42 – 5.32 4.22 0.04

Fed hay or other
supplementary
forage during
winter months

No 88 (93.62) 26 (86.67) 0.42 0.27 – 0.66

Yes 6 (6.38) 4 (13.33) 2.00 0.37 – 10.92 3.56 0.06

Height binary Pony (≤148 cm) 50 (52.08) 22 (68.75) 0.78 0.44 – 1.37

Horse (>148 cm) 46 (47.92) 10 (31.25) 0.28 0.14 – 0.56 5.34 0.02

Herd size 96 (100) - - - −2.48 0.01**

Total 96 (100) 32 (100)

*indicates probability estimated using Fisher’s exact test. **continuous variable assessed for a univariable association using logistic regression.

Table 3 Final multivariable model for risk factors
associated with CNS ≥3/5

Risk factor Odds ratio SE 95% CI p

Breed

Native ponies 19.72 26.42 2.31 – 168.73 0.006

Lightweight
(baseline)

1 - - -

Native cobs 31.48 37.61 3.03 – 327.30 0.004

Sports horse 1.75 2.58 0.09 – 31.34 0.70

Other 40.03 48.21 3.78 – 424.31 0.002

Herd size (number
of individuals)*

0.87 0.05 0.77 – 0.98 0.02

Constant 0.10 0.12 0.01 – 0.92 0.04

*decrease CNS for every extra individual in the herd.
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Inter-observer reliability of the cresty neck score
The inter-observer agreement of the three trained ob-
servers was good (Table 4), with moderate agreement
between observers 1 and 2 and observers 1 and 3, and
substantial agreement between observers 2 and 3. When
the scores for horses and ponies were examined separ-
ately inter-observer reliability remained good, though
agreement was lower for horses than ponies.

Discussion
The prevalence of CNS ≥3/5 was significantly higher at
the end of the winter months, 45.83%, compared to
33.33% at the end of the summer. Nuchal neck adiposity
therefore shows the opposite seasonal pattern to that
previously demonstrated for general obesity in the same
study population [25], where general obesity prevalence
was found to be highest at the end of the summer
HNOLOGIES________________________



Figure 2 Bland-Altman plot showing agreement between winter and summer CNS measures.
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months. This disproves our original hypothesis. There
are two possible major reasons why neck crest adiposity
differs to general adiposity in this way: this is either a real
physiological effect, or a methodological anomaly with the
Cresty Neck Score itself. First a potential methodological
explanation will be considered, and then the biological re-
sults can be more clearly deliberated in light of this.
It is possible that the differences in the seasonal preva-

lences seen may be due to errors with our application of
the CNS. There was a systematic variation between the
winter and summer measures, where winter measures
were significantly higher. Time of year appears to some-
how affect the application and interpretation of this
score. This was a non-blinded study, and so there is a
potential that this could have biased the summer mea-
surements, however even if observer bias did occur due
to non-blinding, we would expect summer estimates to
be an over rather than under-estimate, so this does not
explain the results observed.
A lack of between-season agreement would not have

been surprising in itself; it is the pattern of seasonal
Table 4 Weighted Cohen’s kappa showing the inter-observer
assessing 31* horses and ponies

Observers compared Observed agreement (%) Expec

Observer 1 and Observer 2 95.86 89.57

Observer 2 and Observer 3 97.16 90.28

Observer 1 and Observer 3 94.61 88.30

*note one observer only assessed 29 horses and ponies.

__________________________ WORLD TEC
variation observed here which was unexpected. We
argue that observer error is ultimately unlikely to fully
explain the extent of differences in the prevalence of
cresty neck observed between seasons in this study
population. However we do suggest that errors with the
between-season repeatability of the score may partly
contributed as a minor influence. It may be that the
CNS is less effective at distinguishing neck adiposity
during the winter months when horses and ponies have
a fluffy winter coat (although measuring neck circumfer-
ence using a tape measure would encounter similar is-
sues). A large study conducted during the winter
months, containing a number of different breeds with
varying winter coat lengths and BCS systems, would be
required to investigate this. This was beyond the scope
of this particular study. As the CNS is a relatively new
measure, and the seasonal variation in nuchal crest adi-
posity has not previously been investigated. These re-
sults may therefore have important implications for the
future application of the CNS, particularly with regards
to considering potential seasonal variability. Based on
agreement results between the 3 trained observers

ted agreement (%) κw SE Z p

0.60 0.16 3.69 <0.001

0.71 0.17 4.09 <0.001

0.54 0.16 3.26 0.001
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the between-season variability observed here , we would
recommend that alongside an investigation of the influ-
ence of breed, the repeatability of the Cresty Neck Score
be tested using test-retest methods at several key sea-
sonal time points, to see if it is a suitable measure for
such investigations. It may be that this measure is not
appropriate to compare adiposity in outdoor living ani-
mals measured at different times of year.
As far as we are aware this is first study to have inves-

tigated the inter-observer reliability of the CNS score.
Notably the agreement between observers, at a single
moment in time, was greater than agreement between
the results of the same observer at the two different sea-
sonal time points. It was reassuring to discover that all
observers had good agreement, indicating that the score
has good inter-observer repeatability. However the sys-
tematic variation in scores observed may have other im-
plications. Whilst discrepancies by just one scoring level
would not contribute greatly to a perceived ‘lack of
agreement’ using weighted kappa methods, they may
have more serious clinical consequences. An observer
that scores 2 instead of 3, or vice versa, could inadvert-
ently alter the results of a clinical study dramatically if
this is the cut-off criterion being used to distinguish a
‘cresty neck’ case from a non-‘cresty neck’ case. These
two scores are the most commonly used by observers,
occupying the middle of the scorable range. There is
therefore still the possibility, regardless of the generally
good agreement scores, that the final results were influ-
enced by the cut-off used. Further investigations are
certainly required to fully understand the possible implica-
tions of this.
Despite this systematic difference between winter and

summer measures, our results suggest that the reliability
of the CNS is generally good. It therefore is just as likely
that there is a biological explanation for the pattern of
seasonal variation observed in nuchal crest adiposity. It
is possible that nuchal cresty adiposity could have a
functional physiological role as an indicator of individ-
uals coming out of winter in good breeding condition,
but this is just speculation. Previous authors have sug-
gested that tissue within the nuchal region in horses and
ponies is akin to visceral abdominal fat in humans
[10,27]. If nuchal fat is indeed similar to abdominal fat
in humans, then the type of fat stored in the neck crest
may be structurally different, and have different func-
tional properties to that of fat stored elsewhere. In
humans, visceral abdominal fat is more strongly associ-
ated with metabolic abnormalities such as type-2 dia-
betes mellitus, insulin resistance and hyperinsulinemia
[1-4]. It has been suggested that adipose tissue in this re-
gion represents ‘dysfunctional’ adipose tissue in individ-
uals unable to store excess energy effectively [28]. In
humans this defect in energy partitioning leads to an
__________________________ WORLD TEC
altered metabolic profile and inflammatory state, and the
same could be true in horses and ponies with excess nu-
chal crest adiposity.
Evidence regarding these physiological mechanisms in

horses is still mixed. Burns and colleagues [12] found no
evidence of a difference in gene expression for proin-
flammatory cytokines in the nuchal (neck crest) region
between insulin resistant and insulin sensitive animals
but did find higher levels of some interleukins (IL-1β
and IL-6) in the nuchal crest region suggesting it was a
more active proinflammatory cytokine depot. Bruynsteen
and colleagues [13] found evidence of higher leptin
mRNA expression in adipose tissue from the nuchal re-
gion compared to mesenteric adipose tissue, but in con-
trast to Burns et al. [12], the highest levels of IL-1β were
found in abdominal adipose tissue, suggesting that this
region, similarly to humans, may in fact be more import-
ant than the nuchal crest adipose tissue in determining
circulating levels of cytokines. Potentially nuchal crest
adiposity could simply be a proxy measure which is as-
sociated with increased internal abdominal adiposity not
detectable by visual body condition scoring methods.
Note that both of these studies rely on gene expression
and thus results may be influenced by the reference
genes chosen, studies relating directly to protein expres-
sion and circulating proinflammatory cytokines are
clearly required to further investigate these mechanisms.
In horses and ponies, insulin resistance has been

strongly associated with neck crest adiposity and gener-
alised obesity [7,8,11]. Insulin sensitivity, like body con-
dition, has also been suggested to vary seasonally
[7,14,29,30] especially in hardy native pony breeds, in
which the prevalence of nuchal crest adiposity was high-
est in the current study. Studies have shown a higher in-
sulin sensitivity during the autumn and winter and a
lower insulin sensitivity during the spring and summer
[7,30]. Interestingly the results presented here show the
same seasonal physiological pattern in nuchal crest adi-
posity. As we did not measure insulin sensitivity in these
animals, any discussion of insulin responsiveness here is
purely speculative.
The neck crest area of fat storage takes longer to de-

velop and deplete than other fat storage sites in horses
and ponies [6,26]. Changes in nuchal crest adiposity may
therefore not fit within seasonal patterns of food avail-
ability and may instead reflect longer-term management
trends. This could offer another explanation as to why
the seasonal variation in nuchal crest adiposity is differ-
ent to that of general obesity.
We examined whether the higher winter prevalence of

CNS ≥3/5 could be explained by exercise. On average
ponies carried out less exercise than horses and fewer
ponies carried out any form of structured exercise (see
[25]). It is possible this exacerbated the higher
HNOLOGIES________________________
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prevalence of CNS ≥3/5 in ponies over horses. On aver-
age, horses and ponies that were ridden received around
1.5 hours more exercise per week during the summer
months than the winter months (see [25]). These sea-
sonal changes in structured exercise may act to reduce
nuchal crest adiposity during the summer months
through a combination of higher amounts of exercise
alongside increased metabolic rate and improved insulin
sensitivity. Although exercise did not appear to explain
variation within nuchal crest adiposity in our study
population, but a high percentage (over 60%) did not
carry out any regular structured exercise.
The prevalence of CNS ≥3/5 in ponies at the end of

winter was 61%, representing a real potential welfare
issue if a CNS ≥3/5 is shown to be truly associated with
an increase risk of serious health consequences. Risk fac-
tor analysis revealed that native cobs as well as native
ponies appear to have a strong breed predisposition to
nuchal crest adiposity. This is similar to the breed asso-
ciation seen with general obesity [25]. This demonstrates
that breed needs to be considered when CNS measure-
ments are taken. Previous authors have also suggested a
breed predisposition to an enlarged nuchal crest [6,15],
and our results support this. Native UK breeds naturally
live in nutritionally sparse winter environments, such as
on mountains or moorland [31], and nuchal crest adi-
posity may therefore be an adaptive mechanism of fat
storage for survival during periods of nutritional scarcity.
These results support this, the described adaptive strat-
egy may be less clear in domestically selected lines, with
sports horse and lightweight breeds appearing to be at a
lessened risk . It must be noted that lightweight breeds
within this particular study population of UK leisure
horses, refers mostly to Arabian and Thoroughbred types
and there were few American stock horse or Spanish
breeds, which previous authors have suggested may also
be at higher risk of nuchal crest adiposity [6].
It must be considered however, that whilst the genetics

of these native breeds may be similar to their wild or
feral counterparts, and thus possess similar seasonal
fluctuations in body condition, the management of
domestic native breeds is often very different to their
‘natural’ environment, with food often plentiful year
round. The seasonal pattern of nuchal crest variation ob-
served here, could therefore just be a consequence of
the unnaturally nutrient rich captive environment in
which domestic native breeds are kept. It would certainly
be of interest to investigate seasonal variation in nuchal
crest adiposity in feral herds. The results of this study
also focus purely on a study population with daily access to
pasture, it is not know how applicable these results would
be to horses and ponies kept in a predominantly stabled
environment, which plausibly do not have the same sea-
sonal variation in food supply and body condition.
__________________________ WORLD TEC
The effect of herd size upon body condition in horses
has not previously been reported. Our results suggest that
as the number of horses in the herd increase, there is an
apparent decrease in neck crest adiposity. With an in-
creased group size there is likely to be greater competition
between individuals for forage resources, individuals are
likely to be interrupted from grazing more often due
to socially mediated interference [32] and spontaneous ac-
tivity levels may also be higher in larger groups. It was
noted that generally large groups did have a larger pasture
area, as would be expected, but this was not measured ex-
plicitly. An alternate management related explanation
could be that laminitis prone horses and ponies, which are
also likely to be those with the largest neck circumference,
may be removed from the main herd or managed separ-
ately in smaller groups on smaller pasture areas.

Conclusions
Our study demonstrates that winter and summer cresty
neck scores vary within the same population of animals.
Several possible explanations for this have been outlined.
These differences could represent a physiological phe-
nomena, where neck crest fat is larger at the end of win-
ter and depletes during the summer possibly due to a
higher metabolic rate, higher activity and possibly a
change in insulin sensitivity. Alternatively these results
could represent an anomaly with the CNS itself. Further
studies are required to validate the score for clinical re-
search use, especially in outdoor living horses and po-
nies. Using the CNS system alongside the Henneke et al.
[33] BCS system may enable potentially different types
of obesity with different risks for health to be monitored
more accurately.

Additional file

Additional file 1: Risk factor questionnaires.
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Changes in the equine fecal microbiota associated
with the use of systemic antimicrobial drugs
Marcio C Costa1*, Henry R Stämpfli2, Luis G Arroyo2, Emma Allen-Vercoe3, Roberta G Gomes4 and J Scott Weese1
Abstract

Background: The intestinal tract is a rich and complex environment and its microbiota has been shown to have an
important role in health and disease in the host. Several factors can cause disruption of the normal intestinal
microbiota, including antimicrobial therapy, which is an important cause of diarrhea in horses. This study aimed to
characterize changes in the fecal bacterial populations of healthy horses associated with the administration of
frequently used antimicrobial drugs.

Results: Twenty-four adult mares were assigned to receive procaine penicillin intramuscularly (IM), ceftiofur sodium
IM, trimethoprim sulfadiazine (TMS) orally or to a control group. Treatment was given for 5 consecutive days and
fecal samples were collected before drug administration (Day 1), at the end of treatment (Days 5), and on Days 14
and 30 of the trial. High throughput sequencing of the V4 region of the 16S rRNA gene was performed using an
Illumina MiSeq sequencer. Significant changes of population structure and community membership were observed
after the use of all drugs. TMS caused the most marked changes on fecal microbiota even at higher taxonomic
levels including a significant decrease of richness and diversity. Those changes were mainly due to a drastic
decrease of Verrucomicrobia, specifically the “5 genus incertae sedis”. Changes in structure and membership caused
by antimicrobial administration were specific for each drug and may be predictable. Twenty-five days after the end
of treatment, bacterial profiles were more similar to pre-treatment patterns indicating a recovery from changes caused
by antimicrobial administration, but differences were still evident, especially regarding community membership.

Conclusions: The use of systemic antimicrobials leads to changes in the intestinal microbiota, with different and
specific responses to different antimicrobials. All antimicrobials tested here had some impact on the microbiota, but
TMS significantly reduced bacterial species richness and diversity and had the greatest apparent impact on population
structure, specifically targeting members of the Verrucomicrobia phylum.

Keywords: Horses, Antibiotics, Intestinal microbiota, Intestinal bacteria, Microbiome, Antimicrobial associated diarrhea
Background
The intestinal microbiota performs important roles in
the maintenance of health and on the pathophysiology
of several diseases [1]. In the horse, the intestinal bacterial
microbiota is particularly important due to its role in cel-
lulose fermentation and short chain fatty acid production,
which comprise the main energy sources for this animal
species [2]. Gastrointestinal disease is one of the leading
causes of morbidity and mortality in the horse [3], yet,
despite its importance, the equine intestinal microbiota
has not been extensively investigated. However, new
* Correspondence: costamc@gmail.com
1Department of Pathobiology, Ontario Veterinary College, University of
Guelph, Guelph, Canada
Full list of author information is available at the end of the article
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molecular technologies, especially next-generation se-
quencing methods, have become more available of late,
and recently a number of publications have brought
new insights into this complex microbial community
[4-9]. Yet, much about the equine intestinal microbiota
remains to be discerned.
Several factors have been shown to induce profound

changes on the gastro-intestinal microbiota of horses
including diet [10,11], intestinal disease [5], fasting [12,13]
and transportation [14]. Of special interest are the effects
of antimicrobials, as this group of drugs can have major
impact on the intestinal microbiota of horses [15], and
colitis is an important (and potentially life-threatening)
complication of antimicrobial exposure in this species
[16-18].
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Changes in the intestinal microbiota induced by the
use of antibiotics can be present as soon as 24 hours
after administration of the drug in humans, with pro-
found changes around 4 days [19,20] and partial recov-
ery of the intestinal microbiota occurring around 30 to
40 days after treatment [19,21,22]. However, structural
changes in bacterial communities may take years to
return to pre-treatment baseline following antibiotic
induced disturbance [23].
To date, many investigations of the effects of anti-

microbial usage in horses have been limited to culture-
based studies [15,24,25], which have yielded conflicting
results. Gustafsson et al. [25] found no effect on the
fecal microbiota of horses treated with oral or intra-
venous trimethoprim-sulfadiazine (TMS). Conversely,
Harlow et al. [15] showed dramatic disruption of the
culturable microbiota concurrent with increased shed-
ding of enteropathogens after administration of TMS
or ceftiofur sodium in horses. Moreover, a study using
DGGE failed to detect changes caused by the use of an-
tibiotics [26]; however, it is unclear whether there was
no true difference or whether results simply reflect the
limited resolution of this technique. While culture-
dependent methods are necessary to characterize new
bacterial species and can give better resolution for the
identification of microorganisms, sequencing methods have
become the elective choice for a broader characterization
of the intestinal microbiota.
The objective of this study was to evaluate changes in

the intestinal microbiota of healthy horses in response to
administration of commonly used antimicrobials using
next generation sequencing.

Results
Metrics
A total of 4,275,413 reads from 96 samples (mean:
47,431; SD: 29,796) passed all quality filters and were
assigned into operational taxonomic units (OTUs). A
subsample of 10.482 reads per sample was taken in order
to normalize the number of reads across all samples and
six samples were excluded from analysis because of low
read numbers. These belonged to the groups: penicillin
(Day 30), TMS (Day 1: two samples and Day 14: two
samples) and control (Day 5). The number of OTUs in
the subsampled population varied between 1,333 and
3,628 per sample (mean: 2,671; SD: 488). The number of
OTUs found in each sample is presented in Additional
file 1.
The average of the number of reads found in each

group after subsampling of 10,000 reads is represented
by rarefaction curves in Figure 1. Results from the
Good’s coverage achieved after subsampling are presented
in Additional file 1 (mean: 85%; SD: 4%) and are also
supportive of good coverage.
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Relative abundances
The relative abundances at the phylum, class and genus
levels found in each group at the different sampling
times are represented in Figure 2. Sequences were classi-
fied into 25 different phyla, of which, only eight accounted
for more than 1% of sequences. The majority of bacteria
found in all groups throughout the trial were assigned to
the Firmicutes phylum. Verrucomicrobia represented the
second main phylum, followed by bacteria that were un-
classified at the phylum level. At the genus level, “5 genus
incertae sedis”, a genus from the Subdivision 5 class of the
Verrucomicrobia phylum, predominated followed by bac-
teria unclassified at the phylum level. Figure 3 represents
variation of the main genera overtime in each treatment
group.
No statistical changes in relative abundances were

observed at the phylum level in response to ceftiofur
administration. A decrease of Spirochetes followed by
a significant increase on Day 14 (P = 0.017) was observed
after treatment with penicillin. Oral TMS significantly
reduced the relative abundance of Verrucomicrobia
(P = 0.012), unclassified bacteria (P = 0.025) and a trend to
reduce Proteobacteria (P = 0.052) and increased the abun-
dance of Firmicutes (P = 0.012) after 5 days of treatment.

Population analysis
Results of Simpson’s index estimating samples’ diversity,
and of Catchall estimation of richness are presented in
Additional file 1. Table 1 contains results from the com-
parison of those results at different sampling times within
each group. There was a significant decrease in richness
(P = 0.017) and diversity (P = 0.018) after the use of TMS
(Day 1 × Day 5), but after 30 days, both estimates were
similar to the beginning of the trial. No other differences
in diversity or richness were identified.
Figures 4A and B represent the dendrograms obtained

with the Yue and Clayton and the Classic Jaccard analyses
that respectively represent population structure (taking
into account the number of OTUs and their relative
abundances) and community membership (taking into
account the number of OTUs). Figure 4A indicates
that samples collected before treatment had more
similar microbial population structure to each other
and to samples collected on Day 14 and 30. In general,
samples collected after treatment (Day 5) are observed
at the lower part of the tree and interestingly, samples
tended to cluster by the drug administered, indicating
a somewhat consistent effect of each antibiotic, with the
exception of animals treated with penicillin. Conversely,
penicillin and ceftiofur seemed to have a strong effect on
community membership, as represented by Figure 4B, in
which samples from animals receiving those drugs were
more distinct from other samples, even at Day 14. The
changes caused by TMS and ceftiofur administration on
HNOLOGIES________________________



Figure 1 Rarefaction curves representing the average number of OTUs (y axis) by the number of reads (x axis).
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community membership were also consistent, as sam-
ples after drug administration (Day 5) tended to cluster
together.
Results from the Parsimony and AMOVA tests com-

paring each group at the different sampling times for ei-
ther population structure and community membership
are presented in Table 1. Overall, population structure
and community membership were significantly different
after the use of antimicrobials, regardless of the statis-
tical test applied. The results also indicate that after 14
and 30 days population structures were still different
from the beginning of the trial. Considering each group
individually, penicillin had no impact on population
structure and community membership evaluated by the
Parsimony test, but a significant difference was identified
using AMOVA. Ceftiofur and TMS induced significant
changes 5 days after drug administration, but changes
tended not to last for more than 14 days, indicating a re-
covery of population structure and community member-
ship in the studied animals.
The graphical representation of the PCoA is shown in

Figure 5A and B, for the Yue and Clayton and the Classic
Jaccard respectively. Despite the two first axes of the
PCoA explained only 28% and 3.7% of the dissimilarities
between samples respectively for the Yue and Clayton and
__________________________ WORLD TEC
the Classic Jaccard, clustering of samples by date of sam-
pling and by drug administered is still evident, reinforcing
the strong impact caused by antibiotics administration on
the intestinal microbiota of those animals, which is further
supported by the significant results from the AMOVA test
(Table 1).

Potential confounding factors
A moderate lameness was noticed in one mare in the
penicillin group on Day 4 of the trial due to a sole ab-
scess on the right front limb. The mare was transported
(approximately 10 km) to the Ontario Veterinary College
Health Sciences Centre (OVCHSC) after collection of
the Day 5 sample and the last antimicrobial treatment
was given at the hospital. The diet of that horse was un-
changed (with the exception of feeding from a different
batch of hay). Treatment with 2 g of phenylbutazone
was given and the mare returned to the research station
on Day 9. Another dose of phenylbutazone was given on
Day 15, as the mare became mildly lame again. On Day
22 of the trial, another mare from the ceftiofur group
was found with a deep laceration on her chest and was
therefore shipped to the OVCHSC for treatment. Cleaning
with topical antiseptic solution was started with no sys-
temic antimicrobials required. The mare recovered well
HNOLOGIES________________________



Figure 2 Relative abundance of predominant bacteria at the phylum (A), class (B) and genus (C) levels. Figure legend: penicillin (PEN),
ceftiofur (CEF) and sulfa trimethoprin (TMS) and control group (CON). Day 0: before treatment; Day 5: last day of treatment.
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Figure 3 Variation in relative abundance of predominant
bacteria in feces of healthy horses treated with antibiotics.
Figure legend: A: penicillin; B: ceftiofur; C: sulfa trimethoprin; D:
control group. Day 0: before treatment; Day 5: last day of treatment.

35Changes in the equine fecal microbiota associated with the use of systemic antimicrobial drugs

__________________________ WORLD TEC
and was discharged from the hospital after the end of the
trial.

Discussion
Antimicrobial administration produced variable but
detectable changes in the fecal microbiota. Differences
were noted in specific taxonomic comparisons as well
as broader evaluation of community membership (or-
ganisms present) and population structure (that takes
into account the organisms present and their relative
abundances). The presence of an impact of antimicrobial
administration of a bacterial population is not unexpected,
but the types of changes, the differences between different
antimicrobials and the duration of impact are noteworthy
and provide important insight.
The composition of the microbiota before antibiotic

administration was not surprising, as the predominance of
Firmicutes is in agreement with other studies [5,6,8,9].
The “5 genus incertae sedis” was the most abundant
genus. This unculturable organism has been recently clas-
sified and it has been found in high abundances in feces of
healthy adult horses [8,9], but its role on the equine GI
tract remains to be elucidated.
The most profound effects of antimicrobials on the

intestinal microbiota were observed immediately after
treatment (Day 5), which is in agreement with reports
in humans [20,27] and horses [15]. It was not surprising
to see the main effect during antimicrobial treatment.
Cessation of antimicrobial administration did not result in
an immediate return to the baseline microbiota, as signifi-
cant changes were still present 9 days after the end of
treatment (Day 14). A similar effect has been previously
observed after the use of ampicillin in humans [22] and of
TMS or ceftiofur in horses [15]. By day 30 the microbiota
was more similar to baseline than it was in the day 5 or
day 14 samples, yet a discernable difference was still
present, also evidenced by the significantly different
AMOVA comparison in the group treated with penicil-
lin (P = 0.021) and a trend in the group treated with
TMS (P = 0.066). Immediate restoration of the microbiota
was not expected, based on human data [21,22,27]. There
was also limited apparent clustering of the day 1 and day
30 samples in the treatment group based on the dendro-
grams, as opposed to the control group, but further statis-
tical comparison were not possible due to the low number
of animals in the control group.It is assumed that there is
more inter- than intra-individual variation and serial sam-
ples from the same individual typically cluster together
HNOLOGIES________________________



Table 1 P values from the Parsimony, AMOVA and t tests
comparing groups at different sampling times

Treatment Day 1- 5 Day 5- 14 Day 14- 30 Day 1- 14 Day 1- 30

Yue and Clayton

Overall

Parsimony <0.001 <0.001 0.137 0.005 0.053

AMOVA <0.001 <0.001 <0.001 0.060 <0.001

Penicillin

Parsimony 0.263 0.052 0.865 0.059 0.114

AMOVA 0.042 0.010 0.272 0.141 0.021

Ceftiofur

Parsimony 0.004 0.065 0.704 0.305 0.298

AMOVA 0.786 0.038 0.024 0.786 0.141

TMS

Parsimony 0.002 <0.001 0.214 0.858 0.674

AMOVA <0.001 0.002 0.028 0.119 0.066

Control

Parsimony 1 1 1 1 1

AMOVA 1 1 1 1 1

Jaccard

Overall

Parsimony <0.001 0.003 0.753 0.068 0.054

AMOVA <0.001 <0.001 0.007 <0.001 <0.001

Penicillin

Parsimony 0.063 0.714 0.836 0.698 0.408

AMOVA <0.001 0.012 0.669 0.172 0.260

Ceftiofur

Parsimony <0.001 <0.001 0.701 0.281 0.683

AMOVA <0.001 0.006 0.140 0.037 0.074

TMS

Parsimony <0.001 <0.001 0.682 0.878 0.67

AMOVA 0.003 0.003 0.033 0.025 0.096

Control

Parsimony 1 1 1 1 1

AMOVA 1 1 1 1 1

t test

Penicillin

Simpson’s 0.181 0.898 0.607

CatchAll 0.163 0.172 0.794

Ceftiofur

Simpson’s 0.628 0.370 0.321

CatchAll 0.385 0.068 0.206

TMS

Simpson’s 0.018 0.008 0.876

CatchAll 0.017 0.002 0.508

Table 1 P values from the Parsimony, AMOVA and t tests
comparing groups at different sampling times (Continued)

Control

Simpson’s 0.400 0.554 0.495

CatchAll 0.278 0.680 0.266
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[13,28], and clustering of control horse samples was evi-
dent. Here, the lack of clustering of day 1 and 30 samples
from the same horse provides further evidence of an
ongoing impact of antimicrobials. This provides more
evidence of an ongoing impact on the microbiota, as
intra-individual similarity would be expected in serial
samples if the microbiota had reverted to its baseline.
Among the antimicrobials chosen for this study, TMS

induced the most marked changes in population structure.
Possible reasons for this are the route of administration
used for this drug (oral) and its broader spectrum of ac-
tion, especially when compared to penicillin, which has a
narrower spectrum and is mainly excreted by the urinary
tract. Oral administration can result in delivery of a large
amount of active drug to the intestinal tract; however, the
degree of absorption and local inactivation would have a
major impact on exposure to the microbiota of the distal
hindgut. Conversely, parenterally administered drugs can
potentially achieve high intestinal concentrations, par-
ticularly those that undergo extensive hepatic excretion.
Indeed, several classes of antimicrobials have been shown
to induce changes on the luminal bacteria after intra-
muscular administration [29,30] and some of the horses
receiving penicillin and ceftiofur in this study had marked
changes observed on community membership (Figure 4B).
It is worth mentioning that the dose of ceftiofur sodium
used in this study is an extra-label dose, but it was used as
it reflects common dosing in the field. Further studies
comparing oral versus parenteral administration of TMS
would help answer the question of whether changes ob-
served here were induced by route of administration or by
the spectrum of action of this drug.
Factors such as the antimicrobial spectrum, drug levels

in the gut and inactivation of the antimicrobial in the
gut could all influence the impact of individual antimicro-
bials. TMS is one of the few drugs that horses tolerate
after oral administration, and it is also available as a paren-
teral formulation, so comparison of the parenteral and
oral routes would be useful in a future study to determine
the impact of route of administration of this drug.
While TMS produced the most identifiable impacts,

some degree of change was noted with all of the tested
antimicrobials. A lack of understanding of the pathophysi-
ology of antimicrobial-associated colitis and the clinical
relevance of the gut microbiota hamper direct clinical as-
sessment of the relevance of these changes. It is reason-
able to postulate that more profound microbiota changes
HNOLOGIES________________________



Figure 4 Dendrograms representing the similarities between
population structure addressed by the Yue and Clayton
analysis (A) and community membership addressed by the
Classic Jaccard (B). Figure legend: Dendrograms were generated
based on phylip-formatted distance matrixes using the UPGMA
algorithm. The number after the name of the horse represents the
day of sampling and the color of the tree brunch represents the
drug used: Penicillin = blue, Ceftiofur = green, TMS = red and
Control = black.
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result in a greater risk of disease, yet ‘change’ and ‘clinically
relevant change’ are not necessarily the same thing, and it
is certainly possible that some less evident changes could
be more relevant clinically. This highlights the need for
more study of the intestinal microbiota in health and
disease, to identify specific populations or population
changes that have a greater influence.
The methods used in the present study allowed for dif-

ferentiation between population structure addressed by
the Yue and Clayton measure of dissimilarity that takes
into account relative abundance in each sample and
community membership addressed by the classic Jaccard
index that takes into account the number of species.
Interestingly, as it can be observed on the dendrograms,
there was greater alteration of population structure
compared to community membership. Thus, changes
that were encountered were less likely to be addition or
loss of specific community members, but rather changes
in the relative abundance of existing members. This is
consistent with the concept of ‘overgrowth’ of certain
members in response to antimicrobial exposure.
Significant changes in the relative abundances at the

phylum level observed in horses treated with penicillin
and especially TMS, emphasize the potential those drugs
have in causing disruption of the normal resident intes-
tinal microbiota. Interestingly, the dramatic decrease
(from 21.2% to 0.8%) of organisms classified as “5 genus
incertae sedis” and unclassified Verrucomicrobia after
the used of TMS is suggestive that this drug has a strong
action against Verrucomicrobia, which allowed several
genera belonging to Firmicutes to increase in abundance
and it may be related to the resilience of the intestinal
microbiota during recovery from severe disturbances
[31]. The degree of change noted here is in contrast with
earlier culture-dependent or DGGE studies, something
that is not surprising because of the much greater depth
that high throughput sequencing technologies allow. For
instance, Gustafsson et al. [25] reported minimal effect
of TMS on streptococci, Bacteroides and Veillonella
counts in feces of horses, with a concurrent decrease in
total coliforms. White and Prior [24] found no impact of
this drug in coliforms, but a large increase of coliforms,
Bacteroides, Clostridium perfringens, and streptococci after
treatment with oxytetracycline. Moreover, Grønvold et al.
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Figure 5 (See legend on next page.)
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Figure 5 Principal coordinate analysis (PCoA) of bacterial communities present in feces of horses treated with antibiotics. Figure
legend: Bidimentional representation of the principal coordinate analysis of bacterial communities structure addressed by the Yue and Clayton
analysis (A) and bacterial membership addressed by the Classic Jaccard analysis (B) found in feces of healthy horses before (Day 1), after (Day 5)
treatment with antibiotics and at Days 14 and 30.
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[26] found no significant differences in the DGGE profile
of horses after treatment with penicillin, but differences in
specific bacterial groups were present in the same study
when investigated by qPCR. Therefore, the conflicting re-
sults found in the literature may reflect differences based
on drugs used, horse characteristics or geography, but
are more likely a result of variable fidelity of the chosen
methods.
Conflicting results can be found in the literature re-

garding the predictability of changes induced by specific
antimicrobial drugs. Vancomycin has been reported to
induce consistent changes on intestinal microbial struc-
tures of humans treated with that drug [32], but another
study reported unpredictable changes caused by the same
drug [33]. Another report [27] found different individual
responses to antimicrobial therapy despite identical dos-
ing. This disagreement might be related to the presence of
other factors impacting the intestinal microbiota in those
subjects. Further, since there tends to be some variability
in the microbiota between individuals, it is possible that
some individual microbiotas are more or less susceptible
to alteration by individual antimicrobials. This study used
horses that were co-housed, fed an identical diet and with
other management similarities (e.g. exercise, environmen-
tal exposures), something that might minimize the inter-
individual variability.
A few limitations must be considered. While consistent

with many other microbiota studies, the sample size was
low, which may have affected the ability to identify certain
differences through limitations in statistical power. How-
ever, numerous changes were still identified. Also, we used
a carefully controlled population in order to minimize
other effects on the gut microbiota of these horses; there-
fore, caution is required for the extrapolation of our re-
sults to horses managed differently or living in different
regions. In addition, it would have been interesting to con-
tinue to sample the horses in our cohort for a longer
period to see when, or if, the microbiota would return to
‘normal’ for the individual animals. Finally, despite the fact
that fecal microbiota have been suggested to represent the
microbiota present in the large colon of horses [6], use of
fecal samples may limit the study of changes occurring in
more proximal compartments of the GI tract.

Conclusions
The use of systemic antimicrobials leads to changes in the
intestinal microbiota, with different and specific responses
to different antimicrobials. All antimicrobials tested here
__________________________ WORLD TEC
had some impact on the microbiota, but TMS significantly
reduced bacterial richness and diversity and had the great-
est apparent impact on bacterial structures, specifically
targeting members of the Verrucomicrobia phylum.

Methods
Animal selection
Twenty-one healthy adult horses and three ponies with
no history of gastrointestinal diseases or antimicrobial
administration during the previous six months were
enrolled. The animals were kept on pasture and fed
grass hay twice a day. All horses received hay from the
same batch throughout the trial and were moved into a
pen 5 days before the beginning of the trial for
acclimatization. Seven horses were randomly assigned
to each of three treatment groups that received
procaine penicillin (20.000 UI/kg intramuscularly (IM),
q12h (Pen Aqueous®, Wyeth, ON, Canada)), ceftiofur
sodium (2.2 mg/kg IM, q12h (Excenel® Pfizer Animal
Health, QC, Canada)) or trimethoprim sulfadiazine (TMS)
(30 mg/kg orally, q12h (Uniprim Powder®, Macleod Phar-
maceuticals Inc., CO, USA)) for 5 days. The sites of intra
muscular injections were alternated with a maximum
volume of 20 mL per site. Trimethoprim sulfadiazine
was mixed with approximately 20 mL of warm corn
syrup in order facilitate administration. Three individ-
uals (one pony, one Belgian and one Thoroughbred)
were assigned to the control group, which received no
antimicrobials. The date of sampling, breed, age and
treatment given for each horse used for the trial are pre-
sented in Table 2.
Fecal samples were collected by rectal palpation using

one rectal sleeve per animal. Samples were stored in plas-
tic sterile containers and frozen at −80°C within 2 hours
after collection until DNA extraction. Samples were col-
lected before drug administration (Day 1), on the third
and fifth day of treatment and again on Days 7, 14, 23 and
30 after the onset of treatment.
Table 2 lists the breed, group of treatment and dates

when the trial was performed in each group. The study
was approved by the University of Guelph Animal Care
Committee.

DNA extraction, 16S rRNA gene PCR and sequencing
DNA extraction was performed using a commercial kit
(E.Z.N.A. Stool DNA Kit, Omega Bio-Tek Inc., USA)
following the manufacturer’s “stool DNA protocol for
pathogen detection”.
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Table 2 Breed, age, treatment group, and date of sampling of each studied horse

Breed Year of birth Treatment Date

Anne Standardbred 2006 Pen Nov 12 – Dec 12

Betty Standardbred 2003 Pen Oct 9 -Nov 8

Daphne Standardbred 2000 Pen Sep 4 – Oct 4

Gertrude Standardbred 2006 Pen Sep 4 – Oct 4

Jenny Standardbred 2000 Pen Sep 4 – Oct 4

Paige Standardbred 2003 Pen Nov 12 – Dec 12

Tia Pony 2006 Pen Sep 4 – Oct 4

Autumn Pony 2006 Ceftio Sep 4 – Oct 4

Butter Cup Standardbred 2003 Ceftio Sep 4 – Oct 4

Dragon Standardbred 2003 Ceftio Sep 4 – Oct 4

India Thoroughbred 1996 Ceftio Sep 4 – Oct 4

Jackie Standardbred 2007 Ceftio Oct 9 -Nov 8

Lauryn Standardbred 2004 Ceftio Nov 12 – Dec 12

Lucky Standardbred 2001 Ceftio Nov 12 – Dec 12

Beauty Standardbred 2004 TMS Nov 12 – Dec 12

Fire Standardbred unknown TMS Oct 9 -Nov 8

Finch Standardbred 1999 TMS Oct 9 -Nov 8

Iris Standardbred 2004 TMS Nov 12 – Dec 12

Lilly Belgian/Paint 2005 TMS Nov 12 – Dec 12

Lovie Standardbred 1997 TMS Oct 9 -Nov 8

Missy Standardbred unknown TMS Oct 9 -Nov 8

Daisy Belgian/Paint 2005 Control Nov 12 – Dec 12

Jane Standardbred 2002 Control Sep 4 – Oct 4

Jersey Pony 2005 Control Sep 4 – Oct 4
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PCR amplification of the V4 region of the 16S rRNA
gene was designed based on Klindworth et al. [34] study
using the primers forward S-D-Bact-0564-a-S-15 (5′-AY
TGGGYDTAAAGNG-3′) and reverse S-D-Bact-0785-b-
A-18 (5′-TACNVGGGTATCTAATCC-3′). The forward
and reverse primers were designed containing an over-
lapping region of the forward and reverse Illumina se-
quencing primers (TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAG and GTCTCGTGGGCTCGGAGAT
GTGTATAAGAGACAG, respectively) in order to anneal
them to primers containing the Illumina adaptors plus the
8 bp identifiers indices (AATGATACGGCGACCACCG
AGATCTACAC-index-TCGTCGGCAGCGTC forward
and CAAGCAGAAGACGGCATACGAGAT-index-GT
CTCGTGGGCTCGG reverse). For a final volume of
50 μL, 2 μL of each DNA sample was added to a solu-
tion containing 18.7 μL of water, 25 μL of Fast HotStart
ReadyMix 2X (KapaBiosystems, USA), 1.3 μL of BSA
(Invitrogen, USA), and 0.5 μL of each 16S primer and
1 μL of each Illumina primers (100 pmol/μL). The mix-
ture was subjected to the following PCR conditions:
5 min at 94°C for denaturing, and 25 cycles of 30 sec at
__________________________ WORLD TEC
94°C for denaturing, 30 sec at 46°C for annealing and
30 sec at 72°C for elongation followed by a final period
of 7 min at 72°C and kept at 4°C until purification.
PCR products were evaluated by electrophoresis in 2%

agarose gel and purified with the Agencourt AMPure
XP (Beckman Coulter Inc, Mississauga, ON) by mixing
22 μL of amplicon with 72 μL of AMPure on a 96 well
plate. After 5 min at room temperature, beads were sep-
arated and washed twice with 80% ethanol and eluted in
30 μL of water. After purification samples were quanti-
fied by spectrophotometry using the NanoDrop® (Roche,
USA) and normalized to a final concentration of 2 nM.
The library pool was sequenced with an Illumina MiSeq
for 250 cycles from each end at the University of Guelph
Genomics Facility.
Data was made publicly available at the NCBI Sequence

Read Archive under the accession number PRJNA264726.

Sequence analysis and statistical analysis
Bioinformatic analysis was performed using the Mothur
(version 1.31.2) package of algorithms [35] following the
MiSeq SOP accessed in January 2014 [36]. Briefly, original
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fastq files were assembled into contigs and sequences that
were longer than 275 bp in length, contained any ambigu-
ous base pairs or had runs of homopolymers greater than
8 bp were removed. Sequences were aligned using the
SILVA 16S rRNA reference database [37]. Chimeras were
identified and removed using uchime [38]. Sequences
were then assigned into operational taxonomic units
(OTUs) using a cutoff of 0.03 for the distance matrix and
into phylotypes by clustering all sequences belonging to
the same genus. Taxonomic classification was obtained
from the Ribosomal Database Project (RDP – March
2012) [39].
A subsample from the main dataset was used for rich-

ness and diversity calculation in an attempt to decrease
bias caused by non-uniform sequence depth and some
low sequence number samples. The minimum number
of reads that would not compromise coverage and would
eliminate the fewest samples as possible from the analysis
was used (10.482 reads per sample). Good’s coverage after
sub-sampling was calculated in order to ensure represen-
tative sub-samples. Diversity was estimated by the inverse
Simpson diversity index and richness by using CatchAll
[40]. Comparison among groups was performed using a t-
test. Sampling effort was evaluated by calculation of Good’s
coverage and visual assessment by rarefaction curves.
The dissimilarity between groups was measured by a

phylip-formated distance matrix using the Yue & Clayton
measure of dissimilarity (taking into account the relative
abundance of OTUs present in each group: population
structure) and the classical Jaccard index (taking into ac-
count the number of shared OTUs between the groups:
community membership). Dendrograms comparing the
similarity of the bacterial profiles among all samples were
generated using the Jaccard index and Yue & Clayton
measures and figures were generated using FigTree (ver-
sion 1.4.0). Population membership and structure present
in the dendrograms were compared by the parsimony test.
Clustering of samples was evaluated by plotting the

resultant vector of the Principal Coordinate Analysis
(PCoA) with 2 dimensions. Analysis of molecular vari-
ance (AMOVA) was used to determine significance of
clustering between the groups.
Bar charts representing the relative abundance at the

phylum, class and genus levels of each group at the dif-
ferent sampling times were generated for visualization of
population structure and relative abundances were com-
pared at the different sampling times by the Steel-Dwass
test controlling for multiple comparison error.
Additional file

Additional file 1: Table S1. Good’s coverage, and alpha diversity
indices after subsampling of 10.482 reads per sample.
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Natural Besnoitia besnoiti infections in cattle:
hematological alterations and changes in serum
chemistry and enzyme activities
Martin C Langenmayer1*, Julia C Scharr2, Carola Sauter-Louis3, Gereon Schares4 and Nicole S Gollnick3
Abstract

Background: The emerging disease bovine besnoitiosis is caused by the apicomplexan parasite Besnoitia besnoiti.
Clinical signs of acute besnoitiosis are pyrexia, anorexia and subcutaneous edema. In subacute and chronic
besnoitiosis parasitic cysts arise in a variety of tissues and affected cattle display skin lesions and weight loss. In all
stages of bovine besnoitiosis, lesions can be found in many organ systems and therefore presumably alter a variety
of laboratory parameters. In this study, the impact of naturally acquired acute, subacute and chronic bovine
besnoitiosis on hematologic parameters, serum chemistry, and enzyme activities was investigated. Laboratory
parameters of two Simmental heifers and two Limousin cows were monitored during acute, subacute and chronic
besnoitiosis and in another Simmental heifer during subclinical besnoitiosis. To determine aberrations of laboratory
parameters, values were compared with reference ranges obtained from B. besnoiti negative Simmentals (224
samples of nine animals) and Limousins (41 animals). Further, laboratory parameters of B. besnoiti seropositive
Limousin cows (54 animals; 32 of these showing clinical signs) and healthy B. besnoiti seronegative Limousin cows
(41 animals) were compared.

Results: During acute and subacute besnoitiosis, a reduction of leukocyte and erythrocyte concentrations,
hematocrit, serum albumin, urea, magnesium, and calcium concentrations were observed. Serum total protein,
globulin, total bilirubin and creatinine concentrations were increased and aspartate transaminase (AST) and creatine
kinase (CK) activities were elevated. In chronic besnoitiosis, erythrocyte parameters were statistically significantly
lower, and total protein and globulin concentrations were significantly higher in B. besnoiti seropositive compared
with B. besnoiti seronegative Limousin cows.

Conclusions: In this study, altered laboratory parameters during the course of naturally acquired acute, subacute
and chronic bovine besnoitiosis are described for the first time. Only a few animals were examined in acute and
subacute besnoitiosis, however the alterations of laboratory parameters during these stages reflected i) the acute
inflammatory state (e.g. high levels of serum globulin fractions), ii) clinical findings such as disturbed condition
(e.g. bilirubin concentrations), and iii) lesions such as muscle necroses described in the literature (e.g. AST or CK
activities). Chronic besnoitiosis led to typical alterations of chronic inflammatory diseases like hyper-(gamma)-
globulinemia or reduced erythrocyte concentrations.
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Table 1 Overview of B. besnoiti affected Simmental (SA 4,
SA 6, and SA 8) and Limousin (SA 20 and SA 22) cattle

Animal ID SA 4 SA 6 SA 8 SA 20 SA 22

Breed S S S L L

Age (months) 20 19 13 53 49

Pregnancy status np np np p p

Study entry (td) 1 1 1 3 51

Acute stage: start (td) 36 29 - unknown unknown

Acute stage: end (td) 47 41 - 7 51

Seroconversion (td) 45 35 73 4 -

Chronic stage: start (td) 64 67 - 27 63

Course of disease mild mild subclinical severe severe

SA= Study animal, S = Simmental, L = Limousin, np = non pregnant, p = pregnant,
td = trial day.
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Background
Besnoitia besnoiti, a cyst-forming apicomplexan proto-
zoon, is the causative agent of bovine besnoitiosis. Bo-
vine besnoitiosis has spread within Europe in the past
few years, with latest outbreaks in Hungary [1],
Switzerland [2], Italy [3], and Germany [4]. In 2010, the
disease has been classified as “emerging disease” by the
European Food Safety Authority [5]. Clinical signs of in-
fected cattle in the early stage of the disease include
fever, edema, enlarged lymph nodes, anorexia, weight
loss and, in bulls, swollen and painful testes [6-8]. In the
chronic stage, parasitic cysts arise in various organs, in-
cluding skin, vascular walls, scleral conjunctivae, and
other non-intestinal mucous membranes [9-11].
Clinical signs, morphological changes, pathological le-

sions, parasitological examinations and diagnosis of bo-
vine besnoitiosis have been in the focus of researchers
[6,9,12-16]. However, the effects of the parasitic infection
on laboratory parameters during acute and chronic
stages of the disease were not investigated.
B. caprae, a parasite very closely related to B. besnoiti

[17,18], causes similar clinical signs in goats [19,20] and
data on altered laboratory parameters in caprine besnoi-
tiosis are already available. In naturally acquired caprine
besnoitiosis in Iran, alterations of various hematological
and biochemical parameters as well as enzyme activities
have been observed [20,21]. However, similar examina-
tions regarding bovine besnoitiosis are missing, and
metabolic disturbances caused by tachyzoites and brady-
zoites are unknown.
We hypothesized that pathological alterations during

the acute stage like hemorrhages, necroses or degenera-
tive lesions in different organs, for example muscle and
liver cells, and activation of lymphatic tissues [15] lead
to alterations of laboratory parameters connected to
those lesions. Hemorrhages may affect erythrocyte pa-
rameters, muscle and liver necroses may lead to an in-
crease in organ specific enzyme activities, and
alterations of lymphatic tissues or multifocal inflamma-
tion may affect leukocyte parameters.
In the chronic stage, we hypothesized that emaciation

and the huge number of tissue cysts partially surrounded
by chronic granulomatous inflammation in different or-
gans [4,9,22] may negatively affect serum albumin con-
centrations (emaciation) or elevate serum globulin
concentrations (chronic inflammation).
The objective of the present study was to monitor la-

boratory parameters during acute, subacute and chronic
naturally acquired bovine besnoitiosis and to connect
those findings to already obtained clinical and sero-
logical findings in the same animals [13,23,24]. In
addition, we aimed to compare these findings with la-
boratory parameters of B. besnoiti seronegative cattle
and altered parameters of a larger group of chronically
__________________________ WORLD TEC
infected seropositive Limousin cattle from a German
cow-calf-operation (Herd-BbGER1) [13,23].

Methods
Animals
Chronology of acute, subacute, and chronic bovine
besnoitiosis monitoring infected Simmental and Limousin
cattle
Animals were part of a longitudinal study focusing on the
different stages and disease progression of naturally ac-
quired bovine besnoitiosis [13,23]. Permission for this
study was granted by the responsible authorities (Animal
ethics committee, regional government of Upper Bavaria,
TV Az. 55.2-54-2531-83-09). The study consisted of a 12-
week cohabitation period (August 18, 2009, until Novem-
ber 9, 2009). Five healthy German Simmental heifers
(Study Animal [SA] 3, SA 4, SA 6, SA 8, and SA 9) and
one healthy German Simmental bull (SA 1) were kept on
a pasture with three chronically infected and B. besnoiti
seropositive Limousin cows. Six healthy Simmental heifers
(SA 2, SA 5, SA 7, SA 10, SA 11, and SA 12) between 11
and 20 months of age were kept on a paddock 20 m away
as a control group [23]. Prior to the trial, the Simmentals
tested negative for B. besnoiti and Neospora caninum anti-
bodies in immunoblots and IFAT [24].
On trial day (td) 3 and td 51, two Limousin cows (SA

20 and SA 22) of Herd-BbGER1 suspected to be in the
acute stage of bovine besnoitiosis, were added to the
pasture. Infection of SA 4, SA 6, SA 20, and SA 22 was
confirmed clinically, histologically, and serologically. In
the case of SA 8, infection was confirmed serologically
(Table 1) [23]. Although SA 22 had already serocon-
verted on the day of admission, this day was regarded as
day of seroconversion to make inter-animal comparison
possible for data analyses.
The acute stage was classified according to clinical cri-

teria. Animals had to show fever (body temperature >
39.0°C) or at least two of the following clinical signs/
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diagnoses of acute besnoitiosis: depression, conjunctiv-
itis, subcutaneous edema, lymphadenitis, lameness. As
soon as cysts were clinically observed in the scleral con-
junctivae, the term ‘chronic stage’ was used (Table 1).
The subacute stage was defined as stage between the
end of the acute and the beginning of the chronic stage.
Blood samples were collected twice a week during the

whole trial period and daily for 21 days after animals
showed signs of acute besnoitiosis. On day 225, SA 4,
SA 6, SA 8, SA 20, and SA 22 were bled during a routine
herd health status examination.
In total, 224 samples collected from the control heifers

and SA 1, SA 3, and SA 9 were used to determine refer-
ence ranges for Simmental hematology, serum chemistry
and enzymes activities. Values outside of three times
interquartile range from the 25th and 75th percentile
were defined as outliers and eliminated. Thereafter, the
reference ranges were determined non-parametrically as
interval between the 2.5th and 97.5th percentile.
Hematological and biochemical parameters of SA 4,

SA 6, and SA 8 were compared with these reference
ranges. Values of SA 20 and SA 22 were compared with
those of B. besnoiti seronegative Limousin cattle (see
below).

Herd-BbGER1: monitoring of B. besnoiti seropositive
Limousin cattle
In total, 75 samples were collected from 54 female Li-
mousin cattle (one to eleven years old) during routine
herd health status examinations in the years 2008, 2011,
and 2012. The sampling of these animals was conducted
according to international guidelines and national law
concerning animal welfare. Limousin cattle were free of
BHV-1 and BVD infection and did not show clinical
signs of gastrointestinal helminthoses or lung worm dis-
ease. All animals were seropositive for B. besnoiti anti-
bodies in immunoblots and IFAT [24] and 32 animals
displayed cysts in the scleral conjunctivae and/or vaginal
vestibula. Only single animals showed large numbers of
parasitic cysts in the vaginal vestibula and the scleral
conjunctivae as well as visible and palpable lesions in the
skin of the trunk, limbs and udder.
Values outside of three times interquartile range from

the 25th and 75th percentile were defined as outliers
and eliminated. After that, the 2.5th and 97.5th percen-
tiles were determined non-parametrically.

Herd-BbGER1: monitoring of B. besnoiti negative Limousin
cattle
Samples were collected from two groups of female adult
cattle of Herd-BbGER1. Fifteen samples from 14 healthy
female Limousin cattle (one to eight years old) were col-
lected during routine herd health status examinations in
2008, 2011 and 2012. The sampling of these animals was
__________________________ WORLD TEC
conducted according to international guidelines and na-
tional law concerning animal welfare.
Twenty-seven Limousin cows (two to 14 years old)

without a history of bovine besnoitiosis were introduced
into Herd-BbGER1 in spring 2013. Samples from these
animals were collected as part of the quarantine health
check. Limousin cattle from both groups were free of
BHV-1 and BVD infection and did not show clinical
signs of gastrointestinal helminthoses or lung worm dis-
ease and sera were negative for B. besnoiti antibodies in
immunoblots and IFAT as previously described [24].
To determine Limousin reference ranges, values out-

side of three times interquartile range from the 25th and
75th percentile were defined as outliers and eliminated.
After that, reference ranges were determined non-
parametrically as interval between the 2.5th and 97.5th
percentiles.
Blood sample collection and processing
Blood samples were collected from the tail or jugular
veins. Immediately after sampling, a blood smear was per-
formed on a glass slide for differentiation count of cells.
All blood samples were stored at approximately 8°C for up
to 6 hours until transferred to the laboratory. Sera for anti-
body detection and serum protein electrophoresis were
frozen at −80°C until transferred to the Friedrich-Loeffler-
Institut (Wusterhausen, Germany) and Vet Med Labor
GmbH (Division of IDEXX Laboratories, Ludwigsburg,
Germany) for further examination. Samples for serum
chemistry, hematology and enzyme activities were kept
overnight at 8°C and were processed the next day.
Biochemical analysis and hematological examination
Urea, creatinine, total protein (TP), albumin, total biliru-
bin, conjugated bilirubin, calcium, magnesium, phos-
phor, sodium, chloride and potassium concentrations,
aspartate transaminase (AST), glutamate dehydrogenase
(GLDH), gamma-glutamyl transpeptidase (GGT), creat-
ine kinase (CK) activities were analyzed in sera with a
Hitachi 912 Chemistry Analyzer (Boehringer Mannheim,
Mannheim, Germany) in the laboratory of the Clinic for
Ruminants. Globulin, albumin/globulin (A/G) ratio and
unconjugated bilirubin were determined arithmetically.
A complete blood cell count was performed using

EDTA-anticoagulated blood, analyzed with a hematological
analyzer (pocH-100iV DIFF, Sysmex, Norderstedt,
Germany). Air-dried slides for differential blood count were
stained using a Pappenheim stain (Haema Schnellfaerbung,
LT-SYS® Labor +Technik Eberhard Lehmann GmbH,
Berlin, Germany). Mean corpuscular hemoglobin concen-
tration (MCHC), mean corpuscular volume (MCV) and
mean corpuscular hemoglobin (MCH) were determined
arithmetically.
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Table 2 Mean, SD and percentiles for laboratory
parameters of B. besnoiti negative Simmental cattle
(9 animals, 224 samples)

Hematology Mean ± SD Percentiles

2.5th 97.5th

RBCs (T/l) 7.45 ± 0.8 6.28 9.29

Hemoglobin (mmol/l) 6.5 ± 0.5 5.6 7.6

HCT (%) 32.6 ± 2.8 27.9 38.3

MCV (fl) 43.8 ± 3.1 36.1 48.9

MCH (fmol) 0.9 ± 0.1 0.7 1.0

MCHC (mmol/l) 20.0 ± 0.7 18.6 21.6

WBCs (G/l) 7.90 ± 1.7 3.80 10.70

Serum chemistry

Total protein (g/l) 75.2 ± 4.7 66.3 83.0

Albumin (g/l) 34.8 ± 2.5 30.5 39.2

Globulin (g/l) 40.4 ± 5.2 29.2 49.3

A/G ratio 0.86 ± 0.16 0.64 1.24

Urea (mmol/l) 5.2 ± 0.9 3.5 6.8

Creatinine (μmol/l) 97.5 ± 16.5 70.4 128.2

Total bilirubin (μmol/l) 1.4 ± 0.7 0.1 2.8

Sodium (mmol/l) 142.3 ± 2.6 137.0 147.0

Potassium (mmol/l) 4.2 ± 0.4 3.4 5.0

Calcium (mmol/l) 2.4 ± 0.1 2.3 2.7

Phosphorus (mmol/l) 2.4 ± 0.3 1.8 3.1

Magnesium (mmol/l) 0.9 ± 0.1 0.8 1.1

Chloride (mmol/l) 100.8 ± 2.6 96.0 106.0

Enzymes

AST (IU/l) 70.4 ± 9.7 50.6 89.4

GGT (IU/l) 18.9 ± 4.8 11.0 27.8

GLDH (IU/l) 12.5 ± 7.4 4.2 31.5

CK (IU/l) 217.0 ± 65.0 133.2 377.0

SD = standard deviation.
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Serum protein gel electrophoresis
Sera from SA 4, SA 6, and SA 20 were examined on the
day of seroconversion, 2 days post seroconversion (dps),
5 dps and on day 225. Sera from SA 8 and SA 22 were
examined likewise with the exception of serum from 2
dps. In addition, three sera from SA 4 and two sera from
SA 6 were analyzed during the febrile phase before sero-
conversion. Serum protein gel electrophoresis was per-
formed at Vet Med Labor GmbH (Division of IDEXX
Laboratories, Ludwigsburg, Germany) with a semi-
automated agarose gel electrophoresis system (HYDRA-
SIS®2, Sebia, Norcross, USA).
Reference ranges were calculated from the 24 samples

of SA 1 to SA 12 from the beginning and the mid of the
trial as described above. In order to exclude possible ef-
fects of parasite circulation on the determined parame-
ters in SA 4, SA 6, and SA 8, only samples taken before
the calculated incubation period of 13 days [6] were
used.

Serological examinations
To detect B. besnoiti antibodies in serum, three tests
were performed as previously described: one IFAT and
two immunoblots either based on B. besnoiti tachyzoite
or bradyzoite antigen. A reciprocal positive cut-off titer
of 200 was used in IFAT and recognition of at least four
of ten bands in both immunoblots was regarded specific
[24]. Animals were regarded as positive if two of the
three serological tests yielded a positive result.

Statistical analysis
Hematological results, serum chemistry and enzyme ac-
tivities of B. besnoiti seronegative and B. besnoiti sero-
positive Limousin cattle were compared statistically.
Additionally, the same parameters of B. besnoiti sero-
positive subclinically affected and B. besnoiti seropositive
clinically affected animals were compared statistically.
To assess normality, D’Agostino and Pearson omnibus
normality test was applied. To compare the two groups,
the non-parametric Mann–Whitney-Test was per-
formed. P values below 0.01 where considered signifi-
cant. Data were analyzed using the software Graphpad
Prism 5.04 for Windows.

Results
Chronology of hematologic alterations during acute,
subacute, and chronic bovine besnoitiosis
Shortly before seroconversion, infected animals SA 4, SA
6, and SA 8 showed a period of decline in white blood
cell (WBC) concentration followed by an increase. SA
20 and SA 22 showed only a consistent increase in WBC
concentrations after seroconversion. In SA 4 and SA 6,
the decline was below the Simmental reference range
(Table 2) for four days shortly after entering the acute
__________________________ WORLD TEC
stage (Figure 1A). Reduced WBC concentrations con-
sisted of an equal reduction in the concentrations of
neutrophils and lymphocytes.
A decline in red blood cell (RBC) concentration was

observed in SA 4 lasting for 20 days (Figure 1B). RBC
concentrations of SA 20 fluctuated below the lower limit
of the Limousin reference range (Table 3) for the whole
trial period.
SA 4 and SA 6 showed a decline in hemoglobin con-

centration and HCT shortly before seroconversion. SA
20 showed strong fluctuation below or around the lower
limit of the reference range for the whole trial period
(Figure 1C and D).
Mean corpuscular hemoglobin concentration (MCHC)

showed strong fluctuations above the lower limit of ref-
erence range in all infected animals (data not shown).
Mean corpuscular volume (MCV) and mean corpuscular
HNOLOGIES________________________



Figure 1 Chronology of hematologic parameters of study animal (SA) 4, SA 6, SA 8, SA 20, and SA 22. A Concentration of white blood
cells (WBCs). B Concentration of red blood cells (RBCs). C Hemoglobin concentration. D Hematocrit (HCT). Blue continuous vertical line: Beginning
of acute stage of SA 4. Red hashed vertical line: Beginning of acute stage of SA 6. Black continuous vertical line: Day of seroconversion. Hashed
horizontal lines delimit Simmental reference range. Continuous horizontal lines delimit Limousin reference range (B-D only lower limit displayed).
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hemoglobin (MCH) concentrations were within the ref-
erence range in all infected animals with few borderline
values (data not shown).
Chronology of changes in serum chemistry during acute,
subacute, and chronic bovine besnoitiosis
Elevations of TP and globulin concentrations plus decline
in A/G ratio were detectable shortly after seroconversion
in SA 4, SA 6, SA 20, and SA 22 (Figure 2A and B).
Albumin concentration declined within reference

range shortly after the beginning of the acute stage in
SA 4. SA 20 displayed fluctuating albumin concentra-
tions around the lower limit of the reference range dur-
ing the whole trial period. SA 20 and SA 22 showed
increasing albumin concentrations for few days after
seroconversion.
On day 225, albumin concentrations were within refer-

ence range in SA 20 and SA 22 and borderline in SA 4,
SA 6, and SA 8.
__________________________ WORLD TEC
Total bilirubin concentrations were above the reference
range in SA 4, SA 20, and SA 22 (Figure 2C). In SA 20
and SA 22, this elevation was mainly caused by an elevated
unconjugated bilirubin concentration (data not shown).
Urea concentrations were below the reference range

for five days in SA 4 starting 4 days ante seroconversion
(das) and for four days in SA 6 starting 4 dps. Lowest
values were 2.8 mmol/l for SA 4 and 3.1 mmol/l for SA
6. SA 20 displayed an increased urea concentration on 1
das (7.9 mmol/l). SA 22 showed decreased urea concen-
tration (2.4 mmol/l) for one day 5 dps (data not shown).
Creatinine concentrations were above the reference

range in SA 4 for five days starting 8 das (147 μmol/l)
and for three days starting 3 das in SA 6 (135 μmol/l).
On day 225, total bilirubin, urea and creatinine concen-
trations were within the respective reference ranges in
all animals except creatinine concentration in SA 22
(100.8 μmol/l) (data not shown).
Concentrations of magnesium (except SA 4, see below),

phosphate, potassium, sodium and chloride displayed
HNOLOGIES________________________



Table 3 Mean, SD and percentiles of laboratory parameters of B. besnoiti seronegative and B. besnoiti seropositive
Limousin cattle

Seronegative Seropositive

Hematology Mean ± SD Percentiles Mean ± SD Percentiles

2.5th 97.5th 2.5th 97.5th

RBCs (T/l) 8.44 ± 1.9a 6.13 13.70 7.08 ± 1.2a,b 5.08 9.76

Hemoglobin (mmol/l) 7.5 ± 0.7 6.1 8.9 7.9 ± 1.3a 5.8 10.7

HCT (%) 35.5 ± 3.5 30.0 41.3 36.3 ± 5.6a 23.0 45.4

MCV (fl) 43.9 ± 9.4 25.9 58.1 52.2 ± 3.9b 43.9 58.8

MCH (fmol) 0.9 ± 0.2 0.5 1.3 1.1 ± 0.1b 0.9 1.3

MCHC (mmol/l) 21.2 ± 0.9 19.8 23.2 21.5 ± 1.4a 19.2 24.6

WBCs (G/l) 7.34 ± 1.6 4.90 11.00 7.31 ± 2.94a 2.83 14.44

Serum chemistry

Total protein (g/l) 68.4 ± 5.9 60.1 81.7 76.0 ± 6.9b 63.1 89.1

Albumin (g/l) 32.9 ± 4.4 26.0 41.2 36.4 ± 2.7b 31.5 41.3

Globulin (g/l) 35.3 ± 4.3 28.7 43.8 40.3 ± 7.0a,b 28.5 55.5

A/G ratio 0.95 ± 0.18a 0.73 1.39 0.94 ± 0.19a 0.63 1.38

Urea (mmol/l) 3.9 ± 1.3a 2.6 7.0 5.2 ± 1.9a,b 2.2 9.6

Creatinine (μmol/l) 163.6 ± 21.2 124.7 207.7 164.4 ± 27.1a 125.4 214.6

Total bilirubin (μmol/l) 2.6 ± 0.9 1.0 4.4 2.9 ± 1.2a 0.9 5.5

Sodium (mmol/l) 145.8 ± 3.4 139.0 153.0 141.1 ± 3.1b 135.5 146.5

Potassium (mmol/l) 5.3 ± 0.9 3.6 6.7 4.8 ± 0.7b 3.4 6.0

Calcium (mmol/l) 2.3 ± 0.1 2.1 2.6 2.3 ± 0.2 1.9 2.6

Phosphorus (mmol/l) 1.6 ± 0.3 1.1 2.3 1.9 ± 0.4b 1.3 2.8

Magnesium (mmol/l) 0.6 ± 0.2 0.3 1.1 0.9 ± 0.1a,b 0.7 1.1

Chloride (mmol/l) 99.2 ± 2.3 95.6 103.2 96.7 ± 2.6b 91.6 101.5

Enzymes

AST (IU/l) 155.1 ± 61.9a 68.9 323.4 102.2 ± 31.6a,b 58.2 166.0

GGT (IU/l) 16.6 ± 6.6 6.8 28.7 19.5 ± 9.1 1.7 35.4

GLDH (IU/l) 14.7 ± 7.1a 5.2 29.6 12.7 ± 8.1a 4.0 33.2

CK (IU/l) 702.8 ± 466.8a 78.0 2092.0 331.9 ± 283.1a,b 106.5 885.0

Samples from B. besnoiti seronegative Limousins comprise 41 samples from 41 animals, samples from B. besnoiti seropositive Limousins comprise 75 samples
(hematology) respectively 65 samples (serum chemistry/enzymes) from 54 animals. SD = standard deviation, a = normality test not passed, b = significantly (P < 0.01)
different versus seronegative Limousins (Mann–Whitney-Test) highlighted in bold.
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strong fluctuations within the respective reference ranges
in all infected animals, with single values lying outside the
upper or lower limits (data not shown). SA 4 displayed a
decline of magnesium concentrations starting 6 das for
four days below reference range. Calcium concentrations
declined in all three Simmentals shortly before serocon-
version and were below the reference range in SA 4 and
SA 20 (Figure 2D).

Chronology of serum protein gel electrophoresis during
acute, subacute, and chronic bovine besnoitiosis
During the acute stage, SA 4 displayed no alterations of
serum protein fractions compared with the Simmental
reference range (Table 4). SA 6 displayed a slightly ele-
vated α1-globulin-fraction (7.1 g/l) and a diminished α2-
__________________________ WORLD TEC
globulin-fraction (2.4 g/l) 7 das. Alterations of serum
protein fractions on the day of seroconversion and
thereafter are depicted in Figure 3A-D.
Chronology of enzyme activities during acute, subacute,
and chronic bovine besnoitiosis
AST activities are depicted in Figure 4.
CK activities were elevated for one day 3 dps in SA 4

(1,115 U/l) and 1 das in SA 20 (2,900 U/l). Serum activ-
ities of GGT and GLDH remained below the upper limit
of the reference range in all infected animals.
On day 225, activities of GGT, GLDH, and CK

remained below the upper limit of the reference range in
all animals.
HNOLOGIES________________________



Figure 2 Chronology of serum chemistry parameters of study animal (SA) 4, SA 6, SA 8, SA 20, and SA 22. A Total protein (filled symbols)
and globulin (empty symbols) concentrations. B Albumin/globulin (A/G) ratio. C Total bilirubin concentration. D Calcium concentration. Blue
continuous vertical line: Beginning of acute stage of SA 4. Red hashed vertical line: Beginning of acute stage of SA 6. Black continuous vertical
line: Day of seroconversion. Hashed horizontal lines delimit Simmental reference range (thick upper lines for total protein and thin lower lines for
globulin). Continuous horizontal lines delimit Limousin reference range (thick upper lines for total protein and thin lower lines for globulin).
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Herd-BbGER1 monitoring: significant differences in
laboratory parameters between B. besnoiti seronegative
and B. besnoiti seropositive Limousin cattle
Means, standard deviations and percentiles of hematology,
serum chemistry and enzyme activities for B. besnoiti sero-
negative and B. besnoiti seropositive Limousin cattle are
shown in Table 3.
The RBC concentration was significantly higher and

MCV and MCH were significantly lower in B. besnoiti
seronegative Limousins. TP, albumin and globulin con-
centrations were significantly higher in B. besnoiti sero-
positive Limousins.
AST and CK activities were significantly lower in B.

besnoiti seronegative Limousins (Table 3).
There were no statistical significant differences be-

tween parameters of B. besnoiti seropositive subclinically
affected and B. besnoiti seropositive clinically affected
Limousin cattle.
During chronic besnoitiosis, laboratory parameters of

SA 20 and SA 22 were within the percentiles of the B.
__________________________ WORLD TEC
besnoiti seropositive Limousin group, except RBC and
albumin concentrations which were lower in SA 20 and
globulin concentration which was higher in SA 20.

Discussion
The results of this study present the chronology of la-
boratory parameters during a longitudinal clinical trial
monitoring five cattle with naturally acquired acute, sub-
acute, and chronic bovine besnoitiosis. In addition, the
laboratory parameters of B. besnoiti seronegative and B.
besnoiti seropositive chronically infected Limousin cattle
from a herd naturally affected by bovine besnoitiosis are
compared.
Variations exist between reference ranges of different

laboratories, cattle breeds, age groups, lactation and
pregnancy status [26-31]. Thus, reference ranges for the
evaluation of laboratory parameters of B. besnoiti in-
fected Simmental cattle were calculated from values of
healthy B. besnoiti negative Simmental study animals.
Although larger animal cohorts are usually used for
HNOLOGIES________________________



Table 4 Mean, SD and percentiles of serum gel
electrophoresis of B. besnoiti negative Simmental cattle
(12 animals, 24 samples) and comparison with results
from the *2-year-group (24 animals) of Alberghina et al.
[25]

Data obtained in the present study Literature data*

Serum Gel
Electrophoresis

Mean ± SD Percentiles Mean ± SD

2.5th 97.5th

Total protein (g/l) 64.92 ± 3.55 59.58 70.85 68.10 ± 10.13

Albumin (%) 49.4 ± 4.6 40.3 56.1 Not given

α1-globulins (%) 5.7 ± 0.8 4.5 7.3 Not given

α2-globulins (%) 9.4 ± 1.4 6.5 11.2 Not given

β-globulins (%) 13.2 ± 2.1 8.2 16.7 Not given

γ-globulins (%) 22.4 ± 6.0 14.3 36.1 Not given

Albumin (g/l) 32.04 ± 3.35 25.45 36.85 31.79 ± 5.12

α1-globulins (g/l) 3.67 ± 0.42 3.06 4.54 5.92 ± 2.54

α2-globulins (g/l) 5.96 ± 0.68 4.68 7.19 5.77 ± 1.73

β-globulins (g/l) 8.54 ± 1.47 5.58 11.43 7.50 ± 1.16

γ-globulins (g/l) 14.55 ± 4.22 9.45 23.85 16.81 ± 3.72

SD = standard deviation.
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calculation, these reference ranges were regarded repre-
sentative for this study, because housing, feeding and
handling were similar and examination of cattle samples
of the same breed were examined in the same laborator-
ies. For the same reason, laboratory parameters of SA 20
and SA 22 were compared with reference ranges calcu-
lated from healthy B. besnoiti seronegative female Li-
mousin cattle of Herd-BbGER1. Furthermore, we could
not find appropriate up-to-date reference values for
adult Limousin cows in the literature and application of
older data could have caused misinterpretations because
reference values may change due to genetic and environ-
mental factors [32].

The effect of bovine besnoitiosis on hematological
parameters
Several hematological parameters were altered during
acute bovine besnoitiosis. In the acute stage, leukopenia
was observed in SA 4, SA 6, and SA 20. Leukopenia is a
common finding in cattle with viral, bacterial and
protozoan infections [33,34] and is due to the low stor-
age neutrophil pool of adult cattle as well as increased
margination and tissue emigration during acute
inflammation.
For the low RBC concentrations in SA 4 and SA 20

there are two possible explanations: First, multifocal
hemorrhages, which have been described in acute bes-
noitiosis [15] and were also clinically observed in SA 4
[23] and in multiple consecutive histological skin sec-
tions taken during acute besnoitiosis in these animals
[35]. However, total bilirubin concentrations - although
__________________________ WORLD TEC
of limited value as a confirmation of hemorrhages in sick
cattle (see below) - returned to the normal range after a
few days, indicating that hemorrhages are not the only
reason contributing to this finding. Second, anemia can
also be a result of a chronic inflammatory disease
[36,37]. The constantly low RBC concentrations of SA
20 and the lower RBC concentrations in the seropositive
Limousin group are most likely caused by the chronic in-
flammatory state. Reticulocyte stains of blood smears to
assess the origin of anemia were not performed and retic-
ulocytes were not observed in conventionally stained
smears. Similar significant differences in hematological
parameters, namely increased MCV and MCH and de-
creased RBC concentrations were also observed in Iranian
goats infected by B. caprae [21].

The effect of bovine besnoitiosis on serum chemistry
values
The initial hypothesis of increased globulin concentra-
tions during chronic bovine besnoitiosis proved true.
However, the effect of besnoitiosis on albumin concen-
trations was different than expected.
A decrease in albumin synthesis, albumin loss or hemo-

dilution can be the cause of SA 20′s hypoalbuminemia
[38]. However, clinical examinations and the results of la-
boratory tests did not reveal evidence for albumin loss or
hemodilution. Two effects probably caused the decreased
albumin synthesis in SA 20: inflammation and a negative
energy balance. Albumin is a negative acute phase protein
and inflammatory hypoalbuminemia can develop after on-
going inflammatory states and is usually expected to be
mild [38]. Moreover, it is tempting to speculate that the
massive development of numerous B. besnoiti cysts in the
tissues of SA 20 led to an increased demand in nutrients
and subsequently to a negative energy balance. The hypo-
calcemia in this animal is very likely associated with hypo-
albuminemia [39], as clinical signs of hypocalcemia were
not observed.
The increased globulin concentrations are most likely

due to increased antibodies against B. besnoiti, since re-
ciprocal IFAT titers displayed a similar increase post
seroconversion [23]. This hypothesis is supported by the
electrophoresis findings displaying increased γ-globulin
fractions 5 dps in SA 20 and on day 225 in SA 20 and
SA 22.
The increase in the α1-fraction (α1-lipoprotein, α1-

antitrypsin, and α1-antichymotrypsin) during the febrile
phase of SA 6 and the increase in both α1- and α2-frac-
tions (α2-macroglobulin and haptoglobins) of SA 4, SA
6, SA 20, and SA 22 shortly after seroconversion are
most likely a response to the acute inflammation. Inter-
estingly, the α-fraction was only elevated during the fe-
brile phase in SA 6 on one day. A reason for this may be
the rather mild clinical course of the disease in SA 4 and
HNOLOGIES________________________



Figure 3 Chronology of absolute concentrations of serum globulins of study animal (SA) 4, SA 6, SA 8, SA 20, and SA 22. A α1-
globulins. B α2-globulins. C β-globulins. D γ-globulins. Serum protein gel electrophoresis, horizontal lines delimit Simmental reference range.
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SA 6. The increase in the β-fraction of SA 6 and SA 22
on 5 dps is most likely due to an increase in IgM-
antibodies or complement proteins, because transferrin,
a main part of the β-fraction is expected to be low dur-
ing acute inflammation [40]. SA 20′s elevated γ-globulin
fraction (mainly IgG) displayed a two-peak pattern 5
dps, and elevated γ-globulin fractions of the other days
displayed only one peak. This is indicative of a poly-
clonal hypergammaglobulinemia shortly after serocon-
version changing into a monoclonal or oligoclonal
gammoglobulinemia in the chronic stage.
The significant hyperproteinemia of B. besnoiti seroposi-

tive Limousin cows of Herd-BbGER1 compared with B.
besnoiti seronegative Limousin cows is mainly caused by
hyperglobulinemia. These findings correlate with the re-
sults obtained from the trial animals. Elevation of
γ-globulin concentration is common during chronic in-
flammatory diseases [38], and similar results have also
been reported in goats suffering from natural chronic
caprine besnoitiosis [20]. Unexpectedly, albumin
__________________________ WORLD TEC
concentrations were higher in B. besnoiti seropositive
Limousins. Albumin tends to decrease during inflam-
matory states (see above), and decreased albumin con-
centrations have also been found in cases of caprine
besnoitiosis [41]. Maybe the higher albumin concentra-
tions are due to a slight dehydration of these animals,
which is also indicated by slightly higher urea concen-
trations of B. besnoiti seropositive Limousins com-
pared with B. besnoiti seronegative Limousins. Severely
infected Limousins in this study had a tendency to
have higher total protein and globulin concentrations
as well as lower A/G ratios. The former two observa-
tions were also made in goats naturally infected with
B. caprae in Iran [20].
The hyperbilirubinemia of SA 4, SA 20, and SA 22

most likely has two main causes: A prehepatic icterus
following hemorrhages (see above), or anorexia and sick-
ness, which are common reasons for hyperbilirubinemia
in different species (including cattle) and can include el-
evated unconjugated bilirubin concentrations [42-45].
HNOLOGIES________________________



Figure 4 Chronology of aspartate transaminase (AST) activities of study animal (SA) 4, SA 6, SA 8, SA 20, and SA 22. The empty symbols
depict the days on which creatine kinase activities were above the respective reference range. Blue continuous vertical line: Beginning of acute
stage of SA 4. Red hashed vertical line: Beginning of acute stage of SA 6. Black continuous vertical line: Day of seroconversion. Hashed horizontal
lines delimit Simmental reference range. Continuous horizontal lines delimit Limousin reference range.
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The decrease in urea concentrations in SA 4 and SA 6,
as well as low and borderline magnesium concentrations
observed for 7 das in SA 4 can be associated with a
period of anorexia in these animals, too. The elevation
of creatinine concentrations in SA 4 and SA 6 are most
likely due to dehydration [46]. SA 4 and SA 6 showed
clinical dehydration on several days and the dehydration
period coincides with the anorectic period [23]. Urea/
creatinine ratio to further assess azotemia was not help-
ful in these cases, because urea concentrations were
reduced.
Electrolyte concentrations in blood are influenced by

feed intake, hydration status or sweating and are subject
to daily change, as it was observed in the trial animals.
These factors are also a plausible explanation for the oc-
casional changes observed in the two Limousin groups.
Using our data to conclude that bovine besnoitiosis af-
fects electrolyte concentrations seems inappropriate at
this point and further studies should be conducted to as-
sess the importance of these alterations.

The effect of bovine besnoitiosis on enzyme activities
The increased AST activities of SA 4 and SA 20 are most
likely associated with a loss of muscle fiber integrity, be-
cause CK activities were elevated at the same time and
GLDH and GGT displayed no elevated activities. The
longer half-life of AST [47,48] explains the relatively
rapid decline of CK activities and the slow removal of
AST from serum. Muscle fiber damage may be caused
by prolonged recumbence, because B. besnoiti affected
cattle show apathy and are more likely to lie down and
rest [49]. Or elevated AST activities could be a result of
__________________________ WORLD TEC
mild muscular degeneration and necrosis, lesions which
are described in cattle during acute besnoitiosis after ex-
perimental infection with high parasite doses [15].
Although lower AST and CK activities are of little clin-

ical significance, it is surprising that AST and CK activ-
ities were lower in B. besnoiti seropositive Limousins
compared with B. besnoiti seronegative Limousins. Tis-
sue cysts surrounded by severe chronic inflammatory re-
action can be found in the musculature of diseased
cattle [9], and loss of muscle fiber integrity due to cysts
or inflammation seems likely. Maybe the effect of tissue
cysts on muscle fiber integrity is too low to get noticed
or leads to mild, gradual release of muscle enzymes,
which cannot be detected due to the short half-life of
CK. In comparison with the results obtained from the
trial animals, loss of muscle fiber integrity seems to play
only a role during acute and subacute besnoitiosis.

Conclusions
This study provides detailed results of laboratory param-
eters obtained during the course of naturally acquired
acute, subacute and chronic bovine besnoitiosis for the
first time. Even though a low number of animals were
examined in acute and subacute besnoitiosis, it could be
shown that hematologic parameters were altered espe-
cially during acute and subacute besnoitiosis, leading to
reduced red and white blood cell concentrations. Fur-
thermore, during acute and subacute besnoitiosis, eleva-
tion of serum globulin fractions reflected the acute
inflammatory state, clinical parameters like disturbed
condition resulted in increased bilirubin concentrations
and lesions like muscle necroses, which are described in
HNOLOGIES________________________
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the literature led to increased aspartate transaminase
and creatine kinase activities. Chronic besnoitiosis led to
reduced concentrations of red blood cells and to hyper-
(gamma)-globulinemia most likely due to the chronic in-
flammatory condition caused by the parasite.
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Hematological and histopathological effects of
swainsonine in mouse
Chenchen Wu, Xiaoxue Liu, Feng Ma and Baoyu Zhao*
Abstract

Background: Livestock that consume locoweed exhibit multiple neurological symptoms, including dispirited
behavior, staggered gait, trembling, ataxia, impaired reproductive function and cellular vacuolar degeneration of
multiple tissues due to toxicity from plant-derived alkaloids such as swainsonine.

Results: Swainsonine was administered to F0 and F1 mice by intraperitoneal injection before, during and after
pregnancy at the following doses: 0.525 mg/kg BW(I), 0.2625 mg/kg BW(II), 0.175 mg/kg BW(III) and 0 mg/kg BW(IV).
Hemosiderin deposits were observed the lamina propria of endometrium in uterus and the red pulp of spleen.
Ovary corpus lutea counts in F0 mice were higher in swainsonine-treated mice compared to control mice. Indirect
bilirubin content and reticulocyte numbers were increased in swainsonine-treated F0 and F1 generation mice
compared to control group (P < 0.05). Lactate dehydrogenase, alkaline phosphatase, aspartate aminotransferase
and alanine aminotransferase content in F0-I and F0-II mice were significantly increased compared with F0-IV
group mice (P < 0.05). Red blood cells, hemoglobin and mean corpuscular hemoglobin levels were significantly
decreased in F0 and F1 mice compared with the control group (P < 0.05).

Conclusions: Swainsonine exerts effects on estrus period and reproductive ability, and offspring of dams
dosed with swainsonine were affected in-utero or from nursing. Damage to liver, uterus and spleen, as well
as hematological changes, are observable before neurological symptoms present.

Keywords: Swainsonine, Locoweed, Hemosiderin deposits, Mouse
Background
Locoweeds are perennial herbaceous plants of the
Astragalus spp and Oxytropis spp. containing the toxic
indolizidine alkaloid swainsonine [1]. Locoism causes
significant economic losses to the livestock industry on
western grasslands in China and the United States [2].
Swainsonine, a trihydroxy indolizidine alkaloid, is the
primary toxin in locoweeds [1]. Astragalus and Oxytropis
species that contain swainsonine are found on multiple
continents, and have poisoned animals in South America
and Asia [3,4]. Early studies demonstrated that natural
or experimental long-term ingestion of swainsonine-
containing plants causes serious disorders in reproductive
functions of livestock (cattle, sheep, horses and goat), in-
cluding failure to conceive and early embryo loss or abor-
tion, resulting in great economic losses to the livestock
industry [5-8]. Therefore, various animal models have
* Correspondence: zhaobaoyu12005@163.com
College of Animal Veterinary Medicine, Northwest A & F University, Yangling
712100, Shaanxi, People’s Republic of China
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been used to study the toxic effects of swainsonine on
reproduction and development, including goat, sheep and
cattle. Locoweed poisoning is usually chronic, and the
toxic symptoms are observed after a few weeks of loco-
weed feeding. Mice were fed a small quantity of locoweed
for four months, demonstrated that pathological and clin-
ical damage to internal organs and neuronal processes
were reversible [9]. In this study, we then selected four
groups of mice to treat with either vehicle control or
swainsonine (10 each group, F0-I: 0.525 mg/kg BW; F0-II:
0.2625 mg/kg BW; F0-III: 0.175 mg/kg BW and F0-IV:
0 mg/kg BW). After treatment with swainsonine for two
weeks, female mice were mated to untreated male mice,
and pups were kept with dams for one month. We sacri-
ficed dams and offspring and observed swainsonine toxicity
effects on internal organs via histopathological analysis as
well as altered hematological and blood biochemical pa-
rameters in both parent and offspring mice.
HNOLOGIES________________________
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Results
TLC detection
All extracts were collected using column chromatography,
which was placed on the thin layer plate using the capil-
lary sample. Figure 1 show a developed TLC plate. This
purple colored spots are swainsonine, the rose red colored
spots are the swainsonine analogs as determined by com-
parison with the swainsonine standard.

Histological effects of swainsonine treatment in F0 and F1
mice
Examination of heart, lung and kidney of treated F0 and
F1 mice revealed no marked changes (data not shown).
Histological changes in liver from swainsonine administra-

tion are shown in Figure 2 (a-d). Livers of F0 swainsonine-
treated mice displayed few differences compared with their
controls, with cellular infiltrates consisting mostly of in-
flammatory cells, neutrophils and granulocytes in F0-I, F0-
II and F0-III mice. No histopathological differences were
noted between F1-I, F1-II, F1-III and F1-IV control mice
(Figure 2 (e-h)).
Histological analysis indicated important alterations in

the spleen and uterus. As evident in Figure 3 (a-h), dose-
related expansion of splenic red pulp was characterized by
large numbers of inflammatory cells and lymphocytes,
hypertrophy of splenic cells and a considerable number
of macrophages and megakaryocytes. Increased extrame-
dullary hemosiderin deposition were also observed in
the red pulp of spleen in F0 and F1 mice (Figure 3 (a-c)).
Figure 1 Thin-layer chromatography of swainsonine. The
standard swainsonine sample (left arrow). The swainsonine is
represented by the deep purple spots (right arrow).
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Hemosiderin deposition in the spleen of F1 mice was not
observed (Figure 3 (e-h)).
Histological alterations in uterus of mice exposed to

swainsonine were more noticeable, and this effect was inde-
pendent of dose (Figure 4). Hemosiderin deposits were
observed in the lamina propria of endometrium in uterus
of F0 generation mice treated with swainsonine compared
with their controls (Figure 4 (a-d)). Focal collection of large
numbers of neutrophils were seen in uterus mucosa of F0
generation mice (Figure 4 (a-c)). However, no noticeable al-
terations in uterus of F1 mice were observed (Figure 4 (e-h)).
Histopathological analysis of ovaries in swainsonine-

treated mice revealed dose-dependent changes compared
with controls (Figure 5 (a-d)). F0-I and F0-II mice dis-
played decreased numbers of primordial and primary
follicles compared to F0-IV controls. F0-I and F0-II mice
exhibited increased numbers and size of corpus lutea
compared with F0-IV control mice (Figure 5 (a-d)). How-
ever, no histopathological changes in the ovary of F1 mice
were observed (Figure 5 (e-h)).

Biochemical marker characterization of
swainsonine-treated mice
Indirect bilirubin (IBIL) content of F0-I, F0-II and F0-III
mice was significantly increased when compared with F0-IV
controls (P < 0.05). Lactate dehydrogenase (LDH), alkaline
phosphatase (ALP), aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) content of F0-I and F0-II
mice were significantly increased compared with F0-IV con-
trols (P < 0.05). Furthermore, indirect bilirubin (IBIL) level
of F1-I, F1-II and F1-III mice were significantly increased
compared with F1-IV controls (P < 0.05). Examination of
lactate dehydrogenase (LDH), alkaline phosphatase (ALP),
aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) content in swainsonine-treated F1 mice com-
pared with controls revealed no statistically significant
differences (Table 1).

Hematological characterization of swainsonine-treated
mice
Examination of F0 dams revealed that WBCs in F0-I,
F0-II and F0-III treatment groups were not significantly
different from F0-IV controls (P > 0.05). RBCs, and levels
of Hb, HCT, PLT, and MCH in F0-I, F0-II and F0-III treat-
ment groups were significantly decreased compared with
F0-IV controls (P < 0.05). MCV and reticulocyte levels in
F0-I, F0-II and F0-III treatment groups were significantly
increased compared with F0-IV controls (P < 0.05). Exam-
ination of F1 mice revealed that reticulocytes in F1-I, F1-II
and F1-III treatment groups were significantly increased
compared with F1-IV controls (p < 0.05). WBCs counts in
F1-I, F1-II and F1-III treatment groups were not signifi-
cantly different from F1-IV controls (P > 0.05). RBCs, Hb
and MCH levels in F1-I, F1-II and F1-III treatment groups
HNOLOGIES________________________



Figure 2 Histological changes in F0 and F1 mice after swainsonine treatment. a-d represent changes in the liver of F0-I, F0-II, F0-III and F0-IV
(×400); e-h represent changes in the liver of F1-I, F1-II, F1-III and F1-IV (×400).
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were significantly decreased compared with F1-IV controls
(P < 0.05). HCT levels in F1-I group mice were signifi-
cantly decreased compared with F1-IV control mice
(P < 0.05), and MCV levels in F1-I and F1-II mice were
significantly increased compared with F1-IV control mice
(P < 0.05) (Table 2).
Figure 3 Histological changes in F0 and F1 mice after swainsonine tre
F0-IV (×400); e-h represent changes in the spleen of F1-I, F1-II, F1-III and F1-I
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Discussion
Swainsonine, a trihydroxy indolizidine alkaloid, is the
main toxin in locoweed. The structure of the swainso-
nine cation is similar to the structure of mannose, and
it has a higher affinity than mannose for mannosidase
[10]. Swainsonine is a well-known inhibitor of lysosomal
atment. a-d represent changes in the spleen of F0-I, F0-II, F0-III and
V (×400).
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Figure 4 Histological changes in F0 and F1 mice after swainsonine treatment. a-d represent changes in the uterus of F0-I, F0-II, F0-III and
F0-IV (×400); e-h represent changes in the uterus of F1-I, F1-II, F1-III and F1-IV (×400).
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ɑ-mannosidase and Golgi ɑ-mannosidase II. Swainsonine
induces toxicity through inhibition of ɑ-mannosidase
and subsequent glycoprotein synthesis. This enzymatic
dysfunction causes accumulation of complex oligosac-
charides in lysosomes as well as the production of a mix-
ture of mannose and asparagine polysaccharides, resulting
Figure 5 Histological changes in F0 and F1 mice after swainsonine tre
(×100); e-h represent changes in the ovary of F1-I, F1-II, F1-III and F1-IV (×40
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in vacuolar degeneration in multiple cells [11]. Clin-
ical symptoms in livestock are characterized by neuro-
logical and behavioral disorders, gait abnormalities,
difficulty standing, abnormal posture, emaciation, re-
productive disorders and cellular vacuolar degener-
ation of multiple tissues by pathological observation
atment. a-d represent changes in the ovary of F0-I, F0-II, F0-III and F0-IV
0).
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Table 1 Serum marker assessment in swainsonine-treated mice

LDHU/L ALPU/L ASTU/L ALTU/L IBILmg/dL

F0-I 783.9 ± 96.2* 269.84 ± 31.58* 184.32 ± 12.5* 65.87 ± 8.57* 0.43 ± 0.03*

F0-II 718.5 ± 95.7* 221.47 ± 32.85* 178.7 ± 10.8* 59.78 ± 9.55* 0.37 ± 0.05*

F0-III 623.8 ± 99.3 193.58 ± 35.87 120.87 ± 11.8 48.47 ± 8.77 0.029 ± 0.02*

F0-IV 587.2 ± 95.8 188.97 ± 27.31 98.11 ± 9.36 41.05 ± 9.58 0.11 ± 0.011

F1-I 547.54 ± 93.25 214.85 ± 7.5 116.58 ± 9.32 47.32 ± 8.50 0.28 ± 0.03*

F1-II 551.87 ± 90.58 218.55 ± 8.1 111.56 ± 9.65 45.36 ± 8.01 0.20 ± 0.01*

F1-III 569.65 ± 85.79 203.51 ± 7.5 105.8 ± 12.21 42.11 ± 7.59 0.18 ± 0.02*

F1-IV 554.88 ± 80.69 198.65 ± 6.8 92.34 ± 8.65 38.25 ± 7.20 0.095 ± 0.02

The values are the mean ± S.D.
*Significantly different from the control group at same generation (P < 0.05).
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[12,13]. However, we observed two generations of mice
and show organ selective vacuolar degeneration by mice
given swainsonine via pathological observation. We found
hemosiderin deposition in spleen and enlargement of
spleen in F0 and F1 mice, and a large amount of hemosid-
erin deposition in uterus in F0 mice. When animals are
fed a dose of swainsonine arrive to a certain time, the
vacuolar degeneration of pathological change will show in
the internal organs [9]. Therefore, we think that this
experiment period did not arrive to a certain time that
vacuolar degeneration found in organ. However, in our
previous experiment, we also found hemosiderin depos-
ition in spleen of rat and goat using a different dose of
swainsonine [14]. We posited that some tissue bleeding
occurred after swainsonine administration and found that
hemosiderin deposition leads to damage in some tissues.
Whether the presence of hemosiderin deposition can be
used as a pathological marker of swainsonine poisoning
requires further research.
The experiment results showed that two ways were not

significantly different between irrigation and intraperito-
neal injection by Liu Tianya [15]. Therefore, we selected
the way of intraperitoneal injection for give mice to swain-
sonine. In this study, we demonstrate that swainsonine ex-
erts hepatotoxicity in F0 mice. Alterations in liver weight
and histopathological changes in liver of swainsonine-
Table 2 Hematological assessment in swainsonine-treated mi

WBC × 109/L RBC × 1012/L Hb g/L HCT %

F0-I 7.98 ± 1.12 6.01 ± 1.54* 100.58 ± 21.58* 0.36 ± 0.03*

F0-II 7.21 ± 1.08 6.37 ± 1.23* 108.58 ± 25.46* 0.40 ± 0.03*

F0-III 7.19 ± 1.10 6.58 ± 1.15* 112.87 ± 26.54* 0.41 ± 0.02*

F0-IV 7.85 ± 1.75 8.45 ± 1.12 153.77 ± 20.58 0.53 ± 0.05

F1-I 7.89 ± 0.95 6.58 ± 1.12* 121.69 ± 25.41* 0.51 ± 0.025*

F1-II 7.01 ± 0.65 7.05 ± 1.25* 125.6 ± 23.15* 0.59 ± 0.035

F1-III 7.95 ± 0.85 7.55 ± 1.30* 139.85 ± 32.15* 0.60 ± 0.04

F1-IV 7.75 ± 1.23 8.36 ± 1.05 149.85 ± 23.56 0.62 ± 0.04

The values are the mean ± S.D.
*Significantly different from the control group at same generation (P < 0.05).
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treated mice were slight. Liver from swainsonine-treated
mice showed cellular infiltrates consisting mostly of in-
flammatory cells and neutrophil granulocytes. Significant
increase of liver weight and significant alterations in levels
of AST, ALT and ALP in plasma may indicate hepatic in-
jury in F0 mice given swainsonine. The elevations of ALT,
AST and ALP observed in swainsonine-treated mice may,
in part, be due to the hepatic hypertrophic effect of swain-
sonine and/or may also represent borderline chronic liver
toxicity [16,17]. Increased LDH activity levels have been
observed in conditions of chemical stress when high levels
of energy are required in a short period of time [18]. In
the present study, LDH was significantly increased in F0
mice. However, no significant differences in biochemical
markers were found between treatment and control mice
F1 mice. This is consistent with the lack of histopatho-
logical changes in liver of F1 mice.
The present study identifies important histological al-

terations in the spleen in F0 and F1 mice, namely expan-
sion of red pulp with vascular congestion. Furthermore,
the endometrium of the uterus displayed notable depos-
ition of hemosiderin granules in a swainsonine-treated
dose-dependent manner in F0 mice. The molecular
weight of swainsonine is small enough to penetrate the
placental barrier and expose offspring in-utero. A major
function of the spleen is to remove aged and damaged
ce

MCV fL PLT × 109/L MCH fl Reticulocytes %

78.32 ± 6.58* 519.74 ± 53.9* 39.95 ± 7.58* 5.54 ± 0.78*

76.32 ± 6.68* 523.8 ± 48.5* 40.01 ± 6.52* 4.85 ± 0.85*

72.58 ± 6.98* 548.9 ± 51.25* 42.11 ± 7.56* 4.56 ± 0.96*

54.25 ± 5.44 624.88 ± 58.5 52.10 ± 7.01 2.13 ± 0.58

69.58 ± 6.32* 588.39 ± 56.21* 40.88 ± 7.85* 4.38 ± 0.29*

65.32 ± 7.32* 605.81 ± 63.5* 42.02 ± 7.96* 4.18 ± 0.74*

60.25 ± 5.91 632.87 ± 65.21 44.32 ± 8.81* 3.66 ± 0.95*

58.65 ± 5.64 658.2 ± 63.9 53.53 ± 8.21 2.07 ± 0.66
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erythrocytes from the blood [19]. Excess hemosiderin
deposition in spleen can result in the destruction of
macrophages and the release of the contents such as
iron, toxic compounds and/or its metabolites into spleen
[20]. Toxic effects in both F1 and F0 mice include reduc-
tion of RBCs, reduction in levels of Hb, HCT, PLT and
MCH, as well as an increase in the number of reticulo-
cytes, suggesting the development of anemia [21]. Sig-
nificant increases in IBIL were observed in F0 and F1
mice given swainsonine. The increase of IBIL further in-
dicates that swainsonine could be damaging red blood
cells. When organs bleed, red blood cells are phagocy-
tized by macrophages and degraded by lysosomes; Fe3+

of hemoglobin from lysed red blood cells can combine
with protein to form hemosiderin. Because we observed
decreased RBCs, and decreased levels of Hb, MCH and
MCV as well as an increase in reticulocytes, we suspect
that our dose levels of swainsonine may lead to anemia.
Swainsonine is water-soluble and rapidly distributed to

many parts of the body. In previous studies, swainsonine
concentrations varied widely in various tissues and or-
gans of sheep that had ingested locoweed [22-24]. In this
study, uterus of swainsonine-treated F0 mice was heavily
damaged. This was characterized by the presence of he-
mosiderin deposits in the lamina propria of endomet-
rium in uterus of F0 mice in this study. In ovary, F0-I
and F0-II mice displayed decreased numbers of primor-
dial and primary follicles compared to F0-IV controls. In
addition, F0-I and F0-II mice displayed increased size and
number of corpus lutea compared to F0-III and F0-IV.
The lesions in ovary and uterus were dose-dependently
observed in F0-I, F0-II and F0-III treatment groups. How-
ever, F1 did not display notable histopathological changes
in the uterus and ovary. Swainsonine easily accumulates
in uterus at high concentrations, which may impair uterus
and ovary function and cause toxicity. In the present
study, the uterus suffered noticeable damage, which led to
a decline in the rate of conception, an increase in the rate
of abortion and increases in stillborn births. It is suspected
that significant early embryonic loss occurs in cattle and
sheep grazing locoweed, and there are documented effects
of swainsonine on oocyte maturation, fertilization and
subsequent embryonic implantation and development
[24]. Increased numbers of corpus lutea in ovary can lead
to delayed or halted estrus. The pathological lesions we
observed, combined with altered hematological and serum
biochemical parameters in swainsonine-treated mice, sug-
gest that exposure to swainsonine may lead to inhibition
of reproductive performance under certain doses.

Conclusions
Based on sub-chronic toxicity results, our data estab-
lishes effects of swainsonine on reproductive toxicity in
a mouse model. In addition, we found that swainsonine
__________________________ WORLD TEC
can cause hematological changes and lesions in spleen,
uterus, ovary and liver. Furthermore, we provide evi-
dence of trans-generational swainsonine toxicity through
placental barrier and milk. Spleen, heart, liver, lung, kid-
ney, uterus and ovary were among the organs affected in
offspring of dams given swainsonine. Large amounts of
hemosiderin deposition in uterus and spleen were ob-
served in the parent generation. We present evidence that
hemosiderin deposition may preclude vacuolar degener-
ation in some tissues of mice given swainsonine. Alter-
ations in hematological and histopathological parameters
suggest a link to anemia and decreases in reproduction
ability. Our data suggest that anemia and organ-specific
hemosiderin deposition followed by destruction of red
blood cells are clinical features of swainsonine-treated
mice. However, further research is needed to elucidate
specific mechanisms of swainsonine toxicity.

Methods
Ethical statement
Female Rattus norvegicus mice were supplied by the
Animal Center of the Fourth Military Medical Univer-
sity. During the experiment, mice were housed individu-
ally in polypropylene cages with laboratory grade pine
shavings as bedding. Mice were maintained in a con-
trolled environment with temperature maintained be-
tween 19-25°C, relative humidity maintained between
40-70%, >8 air changes/hour, and with a 12:12-h light: dark
cycle. The experimental procedures were in accordance
with the Ethical Principles (Animal [Scientific Procedures]
Act 2012) in Animal Research adopted by the China
College of Animal Experimentation and were approved
by the College of Veterinary Medicine- Northwest A&F
University.

Study design
Extraction of swainsonine from locoweed
The aerial portion of Oxytropis kansuensis was collected
from the grassland in Tianzhu city, Gansu province in
July 2011. The plants were then taxonomically identified by
Zhao Bao-Yu, College of Veterinary Medicine, Northwest
A and F University, China. The plants were subsequently
dried in the shade, finely ground and comminuted.
The extraction and analysis method of swainsonine

from Oxytropis kansuensis was conducted as previously
described [25].

Analysis of swainsonine
Thin-layer chromatography (TLC) detection was per-
formed on silica gel G precoated plates with the developing
solvents chloroform:methanol:ammonia:water (70:26:2:2,
V/V), chloroform:methanol:ammonia:water (70:26:10:10,
V/V), and methanol: ethylacetate: ammonia (4:1:1,V/V)
and modified potassium heptaiodobismuthate reagent or
HNOLOGIES________________________
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H2O2/10% acetic anhydride in EtOH/Ehrlich’s reagent was
the chromogenic agent.
The extracts were dissolved in methanol, spotted onto

the GF254 silica gel G precoated plates. The plates were
developed with an ascendant run after saturation with
the mobile phase in a s glass chamber for 5–10 min. The
plates were dried when the mobile phase was 10 mm from
the front edge of the plates. The plates were stained suc-
cessively with a spray of H2O2 (heated for 10 min in an
oven at 115°C), a spray of 10% acetic anhydride in dehy-
drated alcohol (heated at the same temperature until the
smell of acetic anhydride disappeared) and finally a spray
of Ehrilich’s reagent (heated for 15 min at 120°C). The
color of the spots in each plate was recorded, and the Rf

was determined [25].

Animals to experimental groups
Female mice (N = 40, six weeks old) were divided into four
equal groups of 10 mice (10 each group, F0-I: 0.525 mg/kg
BW; F0-II: 0.2625 mg/kg BW; F0-III: 0.175 mg/kg BW and
F0-IV: 0 mg/kg BW). All mice were administered swainso-
nine by intraperitoneal injection 14 days before the mating
period followed by re-administration every three days.
After this pre-mating period, the treated mice were trans-
ferred to the home cage of a male in the same group and
cohabited on a 1:1 basis until achievement of successful
mating. During the mating period, mice were examined
daily for presence of vaginal plugs, and a vaginal plug was
considered evidence of successful mating. Pregnant dams
continued to receive swainsonine every three days via
intraperitoneal injection throughout parturition and the
lactation. Upon weaning of four-week-old pups (F1), the
dams (F0) were sacrificed, and the liver, kidney, heart,
spleen, lung, uterus and ovary were collected. In total, F0
mice were given swainsonine for six to eight weeks in the
whole experiment.
Female offspring (F1) of treated dams were selected

from each of the four treatment groups (40 F1 mice in
total, 10 from each F0 treatment group). The F1 offspring
were not treated with swainsonine, however, the dams
continued to be dosed while nursing their F1 pups. The F1
offspring were then sacrificed after approximately 1 month
of nursing. The liver, kidney, heart, spleen, lung, uterus,
and ovary were collected.
All F0 group mice received intraperitoneal injections

of swainsonine once every three days under aseptic con-
ditions. Upon sacrifice, the liver, kidney, heart, spleen,
lung, uterus and ovary were trimmed of extraneous fat
and weighed immediately.

Histopathological preparation
All tissues were removed and fixed in 10% formaldehyde
at room temperature. The tissue samples were then dehy-
drated and embedded in paraffin according to standard
__________________________ WORLD TEC
histological procedures. Serial cross-sections of 3 μm were
prepared from each organ. The sections were mounted
and stained with hematoxylin-eosin.

Hematological assessment
White blood cells (WBCs), red blood corpuscles (RBCs),
hemoglobin (Hb), hematocrit (HCT), mean corpuscular
volume (MCV), blood platelets (PLTs), mean corpuscular
hemoglobin (MCH) and reticulocyte counts were deter-
mined by automatic hematological analyzer, MEK-8222 K
(TOA Medical Electronics, Kobe, Japan).

Blood biochemical analysis
Blood was collected when mice were sacrificed. Lactate
dehydrogenase (LDH), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase
(ALP) and indirect bilirubin (IBIL) were quantitated using
the Beckman Synchron CX7 Delta Chemistry Analyzer
(Beckman, USA).

Statistical methods
The statistical software “Statistical Product and Service
Solutions” (SPSS V11.3) was used to determine statisti-
cally significant differences between treatment groups and
the control group. A one-way ANOVA was used to evalu-
ate the homogeneity of the data, and a least squared dif-
ferences model or Dunnett’s multiple comparison test
were then used. Values of p < 0.05 were considered signifi-
cant. The data are presented as the group mean values ±
SD (standard deviation).
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Suitability of sentinel abattoirs for syndromic
surveillance using provincially inspected bovine
abattoir condemnation data
Gillian D Alton1*, David L Pearl1, Ken G Bateman1, W Bruce McNab2 and Olaf Berke1,3
Abstract

Background: Sentinel surveillance has previously been used to monitor and identify disease outbreaks in both
human and animal contexts. Three approaches for the selection of sentinel sites are proposed and evaluated
regarding their ability to capture overall respiratory disease trends using provincial abattoir condemnation data
from all abattoirs open throughout the study for use in a sentinel syndromic surveillance system.

Results: All three sentinel selection criteria approaches resulted in the identification of sentinel abattoirs that
captured overall temporal trends in condemnation rates similar to those reported by the full set of abattoirs.
However, all selection approaches tended to overestimate the condemnation rates of the full dataset by 1.4 to as
high as 3.8 times for cows, heifers and steers. Given the results, the selection approach using abattoirs open all
weeks had the closest approximation of temporal trends when compared to the full set of abattoirs.

Conclusions: Sentinel abattoirs show promise for integration into a food animal syndromic surveillance system
using Ontario provincial abattoir condemnation data. While all selection approaches tended to overestimate the
condemnation rates of the full dataset to some degree, the abattoirs open all weeks selection approach appeared
to best capture the overall seasonal and temporal trends of the full dataset and would be the most suitable
approach for sentinel abattoir selection.
Background
There are various approaches to conduct disease surveil-
lance including sentinel and syndromic surveillance.
Sentinel surveillance is a form of surveillance which in-
volves a limited number of recruited participants or or-
ganizations, such as farms, veterinarians, abattoirs,
healthcare providers or hospitals, which report on cer-
tain health events to give an indication of what may be
happening in the general population [1]. Sentinel surveil-
lance is a strategy used to sample timely data in a rela-
tively inexpensive manner rather than collect information
on the general population, when population-based data
collection is unfeasible in a timely or cost-effective man-
ner [2]. Syndromic surveillance involves the amalgamation
of signs/symptoms using data from non-traditional data
sources [3]; the signs/symptoms are grouped into
* Correspondence: altong@uoguelph.ca
1Department of Population Medicine, Ontario Veterinary College, University
of Guelph, Guelph, ON N1G 2 W1, Canada
Full list of author information is available at the end of the article
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classifications called ‘syndromes’ and are used to track dis-
ease trends in populations and signal a possible outbreak
that warrants further investigation [3].
Sentinel surveillance has been previously used in both

human and animal health settings for a variety of disease
outcomes. Sentinel surveillance has been used to moni-
tor or identify outbreaks of infectious diseases and to
monitor the activity of certain health conditions which
can change due to environmental conditions. Though
used less often in animal health applications than in hu-
man health, sentinel surveillance has been used success-
fully for surveillance in various applications. For example,
following the emergence of Bluetongue virus serotype 8 in
Central Europe in 2006, causing a large scale outbreak in
2007 in several countries in Europe, a Bluetongue sentinel
surveillance program was established in Belgium in 2010.
This surveillance program was intended to demonstrate
the absence of Bluetongue virus [4]. This program ran-
domly selected a total of 300 dairy herds, with 30 herds se-
lected from each of the Belgian provinces. The criteria for
HNOLOGIES________________________
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selection of herds was based on dairy herds that were ex-
pected to have a minimum of 15 animals present between
4 and 12 months of age at the start of the sentinel pro-
gram [5]. Other studies have combined both sentinel and
syndromic surveillance and utilize data from sentinel vet-
erinarians or veterinary practices [6,7].
Animal health data including abattoir condemnation

data have emerged recently as a novel data stream for
syndromic surveillance of diseases of animal and public
health importance [6,8-13]. Ontario provincial abattoir
data have been recently explored as a potential source of
information for food animal syndromic surveillance
[8-10]. Data from Ontario provincial abattoirs are par-
ticularly appealing as they can provide a more regionally
specific picture of emerging diseases in Ontario, as the
cattle shipped to these abattoirs originate from farms
from approximately a 100 km radius [9]. However, there
are approximately 100–150 provincial abattoirs in On-
tario, many of which are open sporadically and have dif-
fering processing capacities, which may bias the results
of quantitative methods for disease surveillance. It may
be beneficial to conduct enhanced and targeted surveil-
lance at select abattoirs in order to gather more accurate
data for syndromic surveillance. In addition, by selecting
specific sentinel abattoirs for inclusion in a sentinel
syndromic surveillance system, it would allow for more
intensive and specialized training of inspectors for syn-
dromic surveillance. Furthermore, if sentinel abattoirs
were selected properly, they could help to reduce the
cost of surveillance while still being representative of the
overall condemnation trends in all Ontario provincial
abattoirs. Cost efficiency could result from limiting the
number of abattoirs requiring investigation during
potential aberrations in condemnation rate, and by redu-
cing the number of abattoirs requiring targeted surveil-
lance and specialized training of inspectors. The criteria
used to select sentinel abattoirs require consideration.
We proposed three sentinel site selection approaches
and compared their ability to detect respiratory disease
trends in bovine abattoir condemnation data for use in a
sentinel-based syndromic surveillance system.
Pneumonic lung condemnation rates from all Ontario

abattoirs processing cattle throughout the 2001–2007
period were compared to those collected from sentinel
sites based on three selection approaches: (1) abattoirs
processing cattle all weeks of the year; (2) abattoirs pro-
cessing at least 6500 cattle per year (based on data from
abattoirs in the upper 95th percentile in processing cap-
acity); and (3) multi-criteria selection approach of abat-
toirs that met a predefined set of criteria related to abattoir
processing capacity, and animal classes represented.
The goal of the study was to compare abattoir selec-

tion approaches for a sentinel surveillance system based
on provincially inspected abattoirs in Ontario. Specific
__________________________ WORLD TEC
objectives of this study were the following: (1) determine
the suitability of sentinel abattoirs for food animal syn-
dromic surveillance using provincial abattoir pneumonic
lung condemnation data as an example; and (2) deter-
mine which design is most efficient and representative
for pneumonic lung condemnation rate in terms of
spatial distribution, temporal trends and relative differ-
ences between animal classes when compared to data
from all the abattoirs over the study period.

Methods
Data source
Pneumonic lung portion condemnation data were ob-
tained from the Food Safety Decision Support System
(FSDSS) database maintained by the Ontario Ministry of
Agriculture, Food and Rural Affairs (OMAFRA). The
database contains information regarding the number
and reason for daily organs/body systems condemna-
tions in provincially inspected abattoirs in Ontario. The
condemnation category of pneumonic lung was selected
for these analyses, as this category represents a major
health issue for beef cattle and was among the most fre-
quently reported portion condemnations by provincial
inspectors during the study period. Pneumonic lung
condemnation refers to bovine lungs which were con-
demned for lesions indicative of a previous localized and
resolved antero-ventral pneumonia infection (personal
communication Abdul Rehmtulla, DVM, OMAFRA, Stone
Road, Guelph, Ontario).
Data were extracted from the Food Safety Decision

Support System (FSDSS) database for cattle animal clas-
ses: bulls, calves, cows, heifers, and steers from January
1, 2001 to December 31, 2007. Within the FSDSS data-
base, calves are defined as any animal under 396 lbs
dressed weight. All other animal classes are classified at
the discretion of the inspector based on age, weight,
breed and sex (personal communication Alexandra Reid,
DVM, PhD, OMAFRA, Stone Road, Guelph, Ontario).
Missing geographical coordinates for abattoirs were
approximated using postal codes and/or addresses with
the address geocoding software GeoPinpoint Suite 6.4
(DMTI Spatial Inc., Markham, Ontario, Canada). Using
the FSDSS database, further variables were created for
each month: geographical coordinates of abattoir, year,
season, number of weeks an abattoir was operating each
year, total number of pneumonic lung condemnations,
total number of cattle processed each year, and animal
class. Animal class included five categories: bulls, cows,
calves, heifers, and steers. Bulls were excluded from sub-
sequent analyses due to missing data and inconsistencies
in the use of this classification. The number of weeks an
abattoir was operating each year was determined by the
total number of weeks in which at least one bovine
animal was processed. The total number of animals
HNOLOGIES________________________



Table 1 Summary of sentinel abattoirs selection
approaches for Ontario provincial abattoirs (2001 – 2007)

Sentinel site selection
approach

Selection description Number of
abattoirs

Full dataset Abattoirs processing at least 1
bovine carcass each year of study
period (2001 – 2007)

98

Abattoirs open all
weeks

Abattoirs processing at least 1
bovine carcass 52 weeks per year

45

Multi-criteria Selection of abattoirs meeting
the following criteria: processed
at least 499 cattle per year,
processed at least 1 bovine
carcass 44 weeks or more per
year, processed cattle
representing all animal classes
(calves, cows, heifers and steers)

44

Large abattoirs Abattoirs processing≥ 6500 cattle
per year

7
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processed each year was calculated from the total num-
ber of condemned cattle plus the number of cattle fit for
consumption. The agricultural region where an abattoir
was located was classified as: central, eastern, northern,
southern or western Ontario using the Ontario Census
Agricultural Region boundaries (Statistics Canada, Census
Agricultural Regions, Census year 2001). The regional
location of each abattoir was determined using the point-
in-polygon technique with geographic information system
software ArcGIS 9.2 (ESRI, Redlands, California, USA).
This study conducted statistical analyses utilizing a pre-

existing government database. As no experimentation or
use confidential information for people or animals was
used in this study, no ethical approval application was
needed.

Descriptive analyses
Monthly bovine pneumonic lung condemnation rates were
calculated using data from all abattoirs slaughtering cattle
during the study period of January 1, 2001 – December 31,
2007. Condemnation rates were calculated by dividing the
total number of pairs of lungs condemned under the pneu-
monic lung classification each month by the total number
of slaughtered bovines for each animal class (e.g., calves,
cows, heifers and steers).
During the study period, the number of abattoirs in

operation varied from year to year, which was likely due
to economic and regulatory changes in the cattle indus-
try. There were a total of 211 provincial abattoirs slaugh-
tering a total of 1,155,535 cattle from 2001–2007. The
monthly cattle slaughtered per animal class have been
reported in Alton et al. [8]. During the study period
there were 36,883 lungs condemned representing ap-
proximately 9% of all portion condemnation and among
the most frequently reported condemnation in cattle.
Further discussion of these data can be found in a previ-
ous study by Alton et al. [8]. However, there were only
98 abattoirs that remained in operation for the entire
study period and were therefore used to represent the
full set of abattoirs in this study. This number is consist-
ent with the current number of abattoirs processing cat-
tle in Ontario in 2014 [14]. There were a total of 33,182
lungs condemned and 856,467 cattle processed during
the study period at these 98 abattoirs. Three different
design approaches for a sentinel syndromic surveillance
system were compared to all data from the full set of 98
abattoirs. The first sentinel selection approach, which we
refer to as abattoirs open all weeks, uses data from abat-
toirs processing cattle 52 weeks per year. The second ap-
proach, which we refer to as large abattoirs; uses data
from abattoirs in the upper 95th percentile in processing
capacity (processing at least 6500 cattle per year). The
third approach, which we refer to as multi-criteria ap-
proach, uses data from abattoirs that met the following
__________________________ WORLD TEC
criteria for each year of the study period: processed at
least 499 cattle per year (representing the median total
number of cattle processed based on data from all 211
abattoirs open from 2001 – 2007), processed at least 1
bovine carcass 44 weeks or more each year (representing
the median number of weeks cattle were processed
based on data from all 211 abattoirs open from 2001–
2007), and processed cattle representing all animal clas-
ses (calves, cows, heifers, and steers).
Data obtained using the three design approaches were

summarized graphically using the raw monthly condem-
nation rates of each animal class. In addition, data were
summarized in terms of the number of abattoirs in-
cluded in each selection approach, percentage of shared
abattoirs between each selection approach, and geo-
graphical representativeness of each selection approach
according to the distribution of abattoirs among census
agricultural regions in Ontario.

Statistical analyses
To evaluate the overall condemnation rates within each
animal class, a univariable negative binomial model was
used to compare monthly pneumonic lung condemna-
tion rates from all sentinel site selection approaches and
the full set of abattoirs using a categorical variable for
each of the 3 sentinel design approaches. To determine
whether the overall seasonal and temporal trends of the
full dataset were being captured within each sentinel se-
lection approach, separate multi-level negative binomial
regression models were used with a random intercept
for abattoir using the xtnbreg command in Stata. This
model allows the random effect to follow a beta distribu-
tion and for the overdispersion parameter to vary by
abattoir. The negative binomial model was used to
evaluate the association of monthly condemnation rates
of pneumonic lungs for each sentinel selection approach
HNOLOGIES________________________



Table 2 Percentage of shared abattoirs between sentinel selection approaches

Selection approaches Full dataset1

(N = 98)
Abattoirs open all
weeks2 (N = 45)

Selection criteria3

(N = 44)
Large abattoirs4

(N = 7)

Full dataset1 (N = 98) 100% (98) 45.9% (45) 44.9% (44) 7.1% (7)

Abattoirs open all weeks2 (N = 45) 45.9% (45) 100% (45) 71.1% (32) 15.6% (7)

Selection criteria3 (N = 44) 44.9% (44) 71.1% (32) 100% (44) 6.8% (3)

Large abattoirs4 (N = 7) 7.1% (7) 15.6% (7) 6.8% (3) 100% (7)
1Abattoirs processing at least 1 bovine carcass each year of study period (2001 – 2007).
2Abattoirs processing at least 1 bovine carcass 52 weeks per year.
3Selection of abattoirs meeting the following criteria: processed at least 499 cattle per year, processed at least 1 bovine carcass 44 weeks or more per year,
processed cattle representing all animal classes (calves, cows, heifers and steers).
4Abattoirs processing ≥ 6500 cattle per year.
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with year, season and animal class. All covariates were
evaluated for statistical significance individually and then
in a multivariable multi-level negative binomial model.
All covariates were forced into the models regardless of
univariable significance, due to the identification of these
variables as important predictors for pneumonic lung
condemnation rates in a previous study [8] and to evalu-
ate overall temporal trends in the data. All statistical
models include the log of the number of animals slaugh-
tered for a specific animal class in the offset.
For all regression models, the decision to use a nega-

tive binomial model instead of a Poisson regression
model was based on evaluating the Akaike Information
Criterion (AIC) value of both models and the signifi-
cance of the over-dispersion term of the negative bino-
mial model. The offset of the negative binomial model
was the natural log of the total number of slaughtered
cattle for the abattoirs included for each sentinel site se-
lection approach for each animal class and month-year
period during the study period. All statistical analyses
were conducted using Stata 12 (Stata Corp., College
Station, Texas, USA).

Results
Descriptive statistics
Three approaches for sentinel abattoir selection were
compared to pneumonic lung condemnation rates for
each animal class from the full set of abattoirs (Table 1).
Abattoirs for each sentinel selection approach were
Table 3 Distribution of provincial abattoirs 2001 – 2007 amon
sentinel selection approaches

Selection approach Number of abattoirs Central Ontario East

Full dataset1 98 18% (18) 15%

Abattoirs open all weeks2 45 18% (8) 13%

Multi-criteria3 44 9% (4) 18%

Large abattoirs4 7 29% (2) 0% (
1Abattoirs processing at least 1 bovine carcass each year of study period (2001 – 20
2Abattoirs processing at least 1 bovine carcass 52 weeks per year.
3Selection of abattoirs meeting the following criteria: processed at least 499 cattle p
processed cattle representing all animal classes (calves, cows, heifers and steers).
4Abattoirs processing ≥ 6500 cattle per year.
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chosen from a total of 98 abattoirs processing cattle for
the entire study period. The number of abattoirs selected
for each sentinel selection approach varied from 7 to 45
(Table 1). In assessing the percentage of overlap of the
selected abattoirs among the sentinel site selection ap-
proaches, the percentage of shared abattoirs ranged from
approximately 7% to 71%, with abattoirs open all weeks
and multi-selection criteria approaches having the high-
est percentage of abattoirs in common (Table 2). All se-
lection approaches led to surveillance systems based on
sentinel abattoir condemnation rates representing all
census agricultural regions across Ontario with the ex-
ception of using the large abattoir criterion, which did
not include abattoirs from eastern and northern Ontario
(Table 3).
The temporal condemnation rate graphs for all data

indicate a gradual decrease in pneumonic lung condem-
nation rates over time in calves from approximately 100
condemnations per 1000 slaughtered calves in 2001 to
approximately 20 condemnations per 1000 slaughtered
calves in 2007 (Figure 1). In comparison, pneumonic
lung condemnation rates in cows, heifers and steers
remained much more stable over the study period
(Figures 2, 3 and 4). The overall monthly condemnation
rates for the full set of abattoirs compared to the 3 senti-
nel site selection approaches for each animal class had
similar distributions for calves, heifers and steers
(Figure 1, 3 and 4), with the exception of the large abat-
toir selection approach, which tended to have more
g census agricultural regions in Ontario based on three

ern Ontario Northern Ontario Southern Ontario Western Ontario

(15) 7% (7) 36% (35) 23% (23)

(6) 7% (3) 38% (17) 24% (11)

(8) 5% (2) 39% (17) 30% (13)

0) 0% (0) 43% (3) 29% (2)

07).

er year, processed at least 1 bovine carcass 44 weeks or more per year,
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Figure 1 Comparison of pneumonic lung condemnation rates in calves for sentinel site selection approaches and full dataset
2001–2007.
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variability when compared to the other selection ap-
proaches and full set of abattoirs.
Based on descriptive plots for calves (Figure 1), the

multi-criteria selection approach did not show a good fit
with the full dataset, with alternating trends of either
Figure 2 Comparison of pneumonic lung condemnation rates in cows f

__________________________ WORLD TEC
overestimating or underestimating the condemnation
rate of the full dataset. However, the other two alterna-
tive selection approaches tended to approximate the
overall secular trends of the full dataset, but generally
overestimated the condemnation rates of the full dataset
or sentinel site selection approaches and full dataset 2001 – 2007.
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Figure 3 Comparison of pneumonic lung condemnation rates in heifers for sentinel site selection approaches and full dataset 2001–2007.
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throughout the study period. Based on the descriptive
plots for cows, heifers and steers (Figures 2, 3 and 4), all
three design approaches tended to overestimate the con-
demnation rate relative to the full set of data, however,
the large abattoir selection approach had the largest
overestimation in all animal classes.
Figure 4 Comparison of pneumonic lung condemnation rates in steers
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Negative binomial models
We used a negative binomial regression model to com-
pare the monthly pneumonic lung condemnation rates
from the 3 sentinel surveillance system selection ap-
proaches for each animal class to the full dataset. The
model involving calves (Table 4a) found a difference
for sentinel site selection approaches and full dataset 2001–2007.
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Table 4 Negative binomial regression models comparing
monthly pneumonic lung condemnation rates for all
abattoirs for each animal class with three methods of
sentinel abattoir selection

Sentinel selection method IRR 95% CI P-value

a) Calves

Full dataset1 — — —

Abattoirs open all weeks2 1.12 0.95 – 1.32 0.16

Multi-criteria3 0.90 0.76 – 1.06 0.21

Large abattoirs4 1.25 1.06 – 1.47 0.01

b) Cows

Full dataset1 — — —

Abattoirs open all weeks2 2.08 1.49 – 2.91 <0.01

Multi-criteria3 2.06 1.47 – 2.89 <0.01

Large abattoirs4 3.83 2.73 – 5.38 <0.01

c) Heifers

Full dataset1 — — —

Abattoirs open all weeks2 1.61 1.35 – 1.94 <0.01

Multi-criteria3 1.70 1.42 – 2.04 <0.01

Large abattoirs4 2.86 2.38 – 3.43 <0.01

d) Steers

Full dataset1 — — —

Abattoirs open all weeks2 1.39 1.20 – 1.61 <0.01

Multi-criteria3 1.48 1.28 – 1.72 <0.01

Large abattoirs4 2.02 1.74 – 2.34 <0.01
1Abattoirs processing at least 1 bovine carcass each year of study period
(2001 – 2007).
2Abattoirs processing at least 1 bovine carcass 52 weeks per year.
3Selection of abattoirs meeting the following criteria: processed at least
499 cattle per year, processed at least 1 bovine carcass 44 weeks or more per
year, processed cattle representing all animal classes (calves, cows, heifers and
steers).
4Abattoirs processing ≥ 6500 cattle per year.
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between the large abattoir selection approach and the
full set of data. In comparison, negative binomial model-
ling of cow data (Table 4b) found that all 3 design ap-
proaches overestimated the condemnation rate by a
factor of 2 to 4 times, when compared to the full dataset.
Similarly, relative to the full dataset, all the sentinel se-
lection approaches overestimated the condemnation
rates for heifers (Table 4c) and steers (Table 4d).
There were similar seasonal and temporal trends noted

among all sentinel site selection approaches and the full
set of abattoirs (Table 5a – d). However, the abattoirs
open all weeks sentinel selection approach tended to
have coefficients and trends which best resembled the
seasonal and temporal trends of the full dataset. Abat-
toirs open all weeks also tended to have the closest ap-
proximation of coefficients when compared to the full
dataset for the animal class variable.
__________________________ WORLD TEC
Discussion
Three sentinel site selection approaches for a sentinel
syndromic surveillance system using abattoir condemna-
tion data were proposed and compared to the full set of
provincially inspected abattoirs in Ontario from 2001–
2007. While pneumonic lung condemnation data were
used as an exemplar in this study, the process of sentinel
abattoir selection could be extended to other disease cat-
egories as well. While all selection approaches tended to
overestimate the condemnation rates of the full dataset
to some degree, the abattoirs open all weeks selection
approach appeared to best capture the overall seasonal
and temporal trends of the full dataset and would be the
most suitable approach for sentinel abattoir selection.
This selection approach utilizes data from 45 abattoirs.
It may be advantageous to conduct enhanced surveil-
lance at carefully selected sentinel abattoirs rather than
at the approximately 100 abattoirs slaughtering cattle in
Ontario [14]. This allows for more intensive and special-
ized training of inspectors for syndromic surveillance.
Furthermore, if sentinel abattoirs were selected properly,
sentinel abattoirs could help to reduce the cost of sur-
veillance while still being representative of Ontario pro-
vincial abattoirs.
While there was not one design approach that per-

fectly fit the full dataset in all analyses, the results of the
descriptive and quantitative analyses found a fairly good
fit between abattoirs open all weeks and the full dataset.
This sentinel selection approach utilizes less than half of
the abattoirs from the full set of abattoirs. By collecting
data from fewer abattoirs, the cost of data collection and
analysis is reduced. This approach also allows for the use
of targeted training of inspectors to reduce any presence
of inspector bias on the data, which appeared to be a
possible issue with these data based on previous studies
[9,10]. The multi-criteria sentinel selection approach
also utilizes data from approximately the same number
of abattoirs as the abattoirs open all weeks, however, this
approach had larger amount of overestimation for
heifers and steers than abattoirs open all weeks and did
not approximate the overall seasonal, secular and animal
class condemnation trends of the full dataset as well as
the abattoirs open all weeks. This suggests that the num-
ber of abattoirs selected is not necessarily as important
as the criteria used to select the abattoirs. While the ab-
attoirs open all weeks sentinel selection approach dras-
tically reduced the number of abattoirs needed to
conduct syndromic surveillance involving provincial ab-
attoir condemnation data compared to the full dataset, it
is uncertain whether this reduction is sufficient and
manageable to conduct intensive and targeted surveil-
lance. Further research is needed to determine if there
are other sentinel selection approaches that could reduce
this number of abattoirs even further.
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Table 5 Multivariable multilevel negative binomial
regression model examining seasonal and annual
variability in monthly pneumonic lung condemnations
for three sentinel selection approaches

Model IRR 95% CI P-value

a) Full dataset1

Winter — —— —

Spring 0.97 0.85 – 1.11 0.61

Summer 0.90 0.78 – 1.03 0.12

Fall 0.89 0.78 – 1.03 0.11

2001 — — —

2002 0.93 0.79 – 1.08 0.34

2003 0.99 0.85 – 1.16 0.93

2004 0.53 0.44 – 0.63 <0.01

2005 0.45 0.38 – 0.54 <0.01

2006 0.39 0.32 – 0.47 <0.01

2007 0.32 0.26 – 0.40 <0.01

Calves — — —

Cows 1.05 0.87 – 1.27 0.60

Heifers 0.68 0.57 – 0.80 <0.01

Steers 0.75 0.66 – 0.85 <0.01

b) Abattoirs open all weeks2

Winter — — —

Spring 1.01 0.88 – 1.16 0.93

Summer 0.92 0.80 – 1.05 0.22

Fall 0.91 0.79 – 1.05 0.22

2001 — — —

2002 0.94 0.80 – 1.11 0.50

2003 1.03 0.88 – 1.21 0.68

2004 0.57 0.48 – 0.68 <0.01

2005 0.46 0.38 – 0.55 <0.01

2006 0.40 0.38 – 0.49 <0.01

2007 0.34 0.28 – 0.42 <0.01

Calves — — —

Cows 1.03 0.84 – 1.26 0.75

Heifers 0.73 0.62 – 0.87 <0.01

Steers 0.75 0.66 – 0.86 <0.01

c) Multi-criteria3

Winter — — —

Spring 1.08 0.92 – 1.28 0.33

Summer 0.95 0.80 – 1.12 0.51

Fall 0.92 0.78- 1.09 0.35

2001 — — —

2002 1.03 0.84 – 1.27 0.76

2003 1.30 1.11 – 1.63 <0.01

2004 1.04 0.85 – 1.28 0.72

2005 0.67 0.54 – 0.84 <0.01

Table 5 Multivariable multilevel negative binomial
regression model examining seasonal and annual
variability in monthly pneumonic lung condemnations
for three sentinel selection approaches (Continued)

2006 0.67 0.49 – 0.79 <0.01

2007 0.62 0.62 – 0.96 <0.01

Calves — — —

Cows 0.77 0.62 – 0.96 0.02

Heifers 0.62 0.51 – 0.75 <0.01

Steers 0.71 0.61 – 0.82 <0.01

d) Large abattoirs4

Winter — — —

Spring 0.97 0.82 – 1.15 0.74

Summer 0.92 0.77 – 1.09 0.32

Fall 0.99 0.84 – 1.18 0.94

2001 — — —

2002 1.38 1.11 – 1.72 <0.01

2003 1.56 1.26 – 1.93 <0.01

2004 0.97 0.77 – 1.22 0.78

2005 0.75 0.59 – 0.94 0.01

2006 0.64 0.50 – 0.82 <0.01

2007 0.64 0.50 – 0.82 <0.01

Calves — — —

Cows 1.22 0.92 – 1.62 0.16

Heifers 1.02 0.83 – 1.25 0.86

Steers 0.87 0.74 – 1.03 0.10
1Abattoirs processing at least 1 bovine carcass each year of study period
(2001 – 2007).
2Abattoirs processing at least 1 bovine carcass 52 weeks per year.
3Selection of abattoirs meeting the following criteria: processed at least 499
cattle per year, processed at least 1 bovine carcass 44 weeks or more per year,
processed cattle representing all animal classes (calves, cows, heifers
and steers).
4Abattoirs processing ≥ 6500 cattle per year.
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Geographical representativeness is also an important
consideration when establishing sentinel selection cri-
teria. While the sentinel selection approaches based on
abattoirs that are open all weeks and multi-criteria are
geographically representative, the large abattoir selection
approach is geographically over-representative of abat-
toirs in central and southern Ontario and has no repre-
sentation of abattoirs in northern and eastern Ontario.
This could pose an issue for syndromic surveillance, as
abattoirs generally receive animals from relatively local
farms [9], and a lack of representation from abattoirs in
these regions could lead to the inability to identify emer-
ging health issues in these under-represented areas. The
distribution of abattoirs among regions is almost identi-
cal for abattoirs open all weeks selection approach and
the full dataset. In addition, region has been shown to
be an important variable associated with partial and
HNOLOGIES________________________
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whole carcass condemnations [8,9] and excluding certain
regions could bias the results of spatio-temporal cluster
detection methods for syndromic surveillance involving
these data.
While the number of abattoirs processing cattle varied

over the study period, these fluctuations are likely due to
the large economic and regulatory changes in the cattle
industry during the study period. If the number of abat-
toirs fluctuates greatly over time, the process of sentinel
selection would have to be repeated on a regular basis
and could pose inefficiency issues for the surveillance
system. To address this issue in our study, we opted to
select only the abattoirs that were open during the study
period to represent the full dataset. However, in recent
years that number of abattoirs processing cattle has
remained fairly consistent and this is not expected to be
an issue for sentinel selection in Ontario provincial
abattoirs.
This study found bovine provincial abattoir condem-

nation data to be suitable for sentinel surveillance as-
suming it is a cost-effective option. However, this study
did not investigate outbreak detection, as there were no
documented animal health outbreaks in cattle during the
study period. Consequently, further research is needed
to assess the effectiveness of sentinel selection ap-
proaches for detecting emerging health issues using doc-
umented or simulated outbreak data of both respiratory
diseases as well as other disease syndromes important to
both animal health and food safety.

Conclusions
Sentinel abattoirs show promise for integration into a
food animal syndromic surveillance system using On-
tario provincial abattoir condemnation data. The selec-
tion of the sentinel abattoirs is extremely important in
order to maintain representativeness of the disease
trends in the entire population. The information ex-
tracted from surveillance systems varied by its respective
selection approach and for each animal class. While all
selection approaches tended to overestimate the con-
demnation rates of the full dataset to some degree, the
abattoirs open all weeks selection approach appeared to
best capture the overall seasonal and temporal respira-
tory condemnation trends of the full dataset and would
be most suitable approach for sentinel abattoir selection
involving these data. However, should the purpose of the
surveillance system be to measure the overall condem-
nation rates, the overestimation of all sentinel abattoir
selection approaches would give inaccurate results. Fur-
ther studies should examine the performance of the pro-
posed sentinel selection approaches using simulated data
that include disease outbreaks for both respiratory dis-
eases as well as other condemnation syndromes relevant
to animal health and food safety.
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Development of intestinal microflora and
occurrence of diarrhoea in sucking foals: effects
of Bacillus cereus var. toyoi supplementation
Jenny John1,4, Kathrin Roediger2, Wieland Schroedl3, Nada Aldaher3 and Ingrid Vervuert1*
Abstract

Background: Almost all foals develop transient diarrhoea within the first weeks of life. Studies indicated different
viral, bacterial, and parasitic causes, such as rotavirus, Clostridium perfringens, Escherichia coli, and Cryptosporidium are
discussed. But little is known about the development of intestinal microflora in foals. The present study investigated
whether the supplementation with Bacillus cereus var. toyoi would modify the developing intestinal microflora and
consequently reduce diarrhoea in foals. From birth, the foals were randomly assigned to three treatment groups:
placebo (10 mL isotonic NaCl, n = 8), low dosage (LD; 5 × 108 cfu B. cereus var. toyoi, n = 7) and high dosage (HD;
2 × 109 cfu B. cereus var. toyoi, n = 10). Treatment groups were supplemented orally once a day for 58 days. Faeces
scoring and sampling were performed within the first 24 h after birth and on day 9, 16, 23, 30, 44, 58 of the foal’s
life and also on the first day of diarrhoea. Culture-plate methods were used to analyse the bacterial microflora.

Results: Eighty-eight per cent of the foals developed diarrhoea (placebo 7/8, LD 5/7, HD 10/10) during the first
58 days of life. Bacillus cereus var. toyoi supplementation had no effect on bacterial microflora. Clostridium
perfringens and enterobacteria were equally prevalent in foals with diarrhoea and those who were not afflicted.

Conclusions: We conclude that the supplementation of B. cereus var. toyoi had no effect on the occurrence of
diarrhoea and health status in the foals.

Keywords: Microflora, Foal, Diarrhoea, Probiotic, Bacillus cereus var. toyoi
Background
Diarrhoea is a common problem in neonatal foals.
Almost all foals develop transient diarrhoea within the
first weeks of life [1,2]. Studies have reported different
viral, bacterial, and parasitic causes [3–6]. Between the
days 5 and 15 of a foal’s life, when the dam’s first post
partum oestrus is expected, diarrhoea in foals is ob-
served frequently [3]. The diarrhoea is termed ‘foal heat
diarrhoea’. Although commonly there is no reduction in
behaviour of the foals, some of them suffer from diar-
rhoea more than 20 days within the first 2 months of life
and develop not as good as foals with shorter diarrhoea
periods. The establishment of intestinal microflora and
maturation of the gastrointestinal mucosa are some
reasons proposed for diarrhoea in this period of life [2].
* Correspondence: ingrid.vervuert@vetmed.uni-leipzig.de
1Institute of Animal Nutrition, Nutrition Diseases and Dietetics, Faculty of
Veterinary Medicine, University of Leipzig, Leipzig, Germany
Full list of author information is available at the end of the article
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However, little is known about the development of the
intestinal microflora during this period. During and fol-
lowing birth, neonates are exposed to a variety of micro-
organisms originally from the dam or environment. On
the day of birth, aerobes, facultative anaerobes, and strict
anaerobes were already detected in the faeces of the foals
[7]. Before foals are fed solid food, cellulolytic bacteria
have already colonized the digestive tract [7]. Because the
intestinal microflora is a crucial line of resistance against
colonization by exogenous microbes, it is highly relevant
in the prevention of tissue invasion by pathogens [8].
Probiotic bacteria were defined by a joint FAO, WHO

[9] as ‘live microorganism which when administered in
adequate amounts confer a health benefit on the host’.
Some probiotics are known to have a positive effect on
the intestinal microflora. For example, Yuyama et al.
[10] reported that supplementation with probiotics led
to an earlier recovery from foal heat diarrhoea, probably
by enhancing establishment of the normal intestinal
HNOLOGIES________________________
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Table 1 Number of foals with diarrhoea, duration of
diarrhoea (days) and faecal score in placebo (n = 8), low
dosage (n = 7), and high dosage (n = 10) during period of
oral supplementation with Bacillus cereus var. toyoi (days
1 to 58 of life), data expressed as numbers, median, 25
and 75% quartile

Item Placebo Low dosage High dosage P-value

Number of foals with diarrhoea (n)

7/8 5/7 10/10 >0.05

Duration of diarrhoea (days)

25% quartile 2 2 2.8 0.7072

Median 2.5 10 3.5

75% quartile 5.3 11 4.8

Faecal score

25% quartile 3 2 2 0.132

Median 3 3 3

75% quartile 3 6 5
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microflora. However, other studies that showed that sup-
plementation with probiotics in foals increased the oc-
currence and duration of diarrhoea compared to
placebo-treated foals [11], and Weese and Rousseau [12]
reported that probiotic administration was significantly
associated with development of signs of depression, an-
orexia, and colic in foals.
The aim of the study was to investigate the effects of

oral probiotic supplementation on the growing intestinal
microflora in equine neonates. Previous studies have
shown positive effects of Bacillus cereus var. toyoi on in-
testinal health in calves, piglets, poultry, broiler chick-
ens, and growing rabbits [13–16]. Baum et al. [17]
observed trophic effects of Bacillus cereus var. toyoi on
the small intestinal mucosa of pigs as demonstrated by
longer villi, thicker mucosa and more mature, i.e. acidic
mucins. Vilà et al. [15] showed that feeding of Bacillus
cereus var. toyoi reduced the prevalence of pathogens
such as Salmonella in poultry and improved the per-
formance variables of broiler chickens. We hypothesized
that oral supplementation with B. cereus var. toyoi from
birth until 2 months of the foal’s life would modify the
intestinal microflora and mucosa, and therefore lead to a
reduction of diarrhoea in foals.
Results
During the observation period, haematolgy parameters
like erythrocytes, haematocrit or leukocytes were in the
reference range obtained for foals (data not shown, treat-
ment p > 0.05). 24 h after birth serum IgG levels were al-
ways higher than the lowest critical threshold of 8 g/L.
Serum IgG levels of the foals were in median between
17.1 g/l and 25.6 g/l (treatment p > 0.05). During the
observation period, serum IgG levels decreased down
to 60 – 70% of initial value at day 58 (time p < 0.05,
treatment p > 0.05). Diarrhoea occurred in up to 90% of
the foals for at least one 1 day between days 8 and 16
of life. In particular, during transition period between
orange-brown milk faeces and more adult-like greenish
faeces a loose consistency (faeces score: 6–9) was ob-
served in 92% of the foals. Despite this, foals remained
bright and alert and continued to nurse.
Supplementation with B. cereus var. toyoi had no sig-

nificant effect on dry matter content of the faeces of the
foals. Furthermore, supplementation with B. cereus var.
toyoi had no significant effect on blood parameters and
there was no change in the incidence of diarrhoea in
foals in the first 58 days of life (Table 1).
Lactobacilli in the foals faeces increased on days 1 to 9

of foals life. Maximum level was 4.50 × 107 cfu/g (LD,
Table 2). Declining counts of Lactobacilli were noticed
until day 58 where Lactobacilli counts almost reached
the levels of the mares (measured at the time of birth).
__________________________ WORLD TEC
Supplementation with B. cereus var. toyoi had no signifi-
cant effect on lactobacilli counts in faeces of the foals.
Both frequency of detection (Table 3) and bacteria

counts of enterococci (data not shown) in the faeces of
the foals increased in the first 9 days of life and then de-
clined until day 58. Enterococci were found in 15.2% of
the mares samples (measured at the time of birth). Sup-
plementation with B. cereus var. toyoi had no significant
effect on enterococci counts in faeces of the foals.
Bacteroides spp. were detected in the faeces of three

foals respectively in one to three samples between days 9
and 30 of life. Two out of three foals had days of diar-
rhoea above-the average. Four out of six samples with
Bacteroides spp. were samples from diarrhoea. No Bac-
teroides spp. were found in the mares samples (data not
shown).
Enterobacteria were not detected in faeces of the foals

at every time point during the treatment period (days 1
to 58 of life, Table 4). Enterobacteria were found in 30%
(10 of 33) of the mare samples (measured at the time of
birth), at a maximum of 6.00 × 105 cfu/g (data not
shown). Enterobacteria were equally prevalent in foals
with diarrhoea and in foals those not afflicted (data not
shown). No significant treatment effect was observed for
enterobacteria.
In the first faeces of the foals after meconium, Clos-

tridium perfringens was detectable in 50–71% of the
samples (Table 5). In the placebo group, C. perfringens
was detectable in 100% of the foals on day 3. Among all
groups, the maximum count was 6.00 × 106 cfu/g on day
3. C. perfringens was found in 75% of the mare samples
(measured at the time of birth) and ranged from 1.00 ×
103 to 2.50 × 105 cfu/g (data not shown). Clostridium
perfringens was equally prevalent in foals with or without
HNOLOGIES________________________



Table 2 Lactobacilli in faeces (cfu/g) of the foals from days 1 to 58 of life in placebo, low dosage (LD), and high dosage (HD)
groups and for all foals, data expressed as numbers, median, 25 and 75% quartile, time p = 0.002, treatment p = 0.522

Group Measure Day of foal’s life

1 3 9 16 23 30 44 58

Placebo 25% quartile 2.8 × 104 2.7 × 106 3.2 × 106 2.1 × 106 2.9 × 105 5.0 × 105 4.3 × 105 4.1 × 104

Median 3.4 × 104 1.7 × 107 2.5 × 107 2.0 × 107 1.4 × 106 1.0 × 106 1.9 × 106 2.2 × 105

75% quartile 4.0 × 105 8.3 × 107 4.0 × 107 3.0 × 107 5.0 × 106 2.5 × 106 2.6 × 106 3.3 × 105

LD 25% quartile 1.9 × 104 n.d. 8.2 × 106 3.6 × 106 2.5 × 105 2.8 × 105 3.4 × 105 2.7 × 105

Median 4.0 × 105 n.d. 4.5 × 107 5.5 × 106 5.4 × 105 3.9 × 105 4.0 × 105 6.0 × 105

75% quartile 2.0 × 106 n.d. 6.7 × 107 1.9 × 107 2.9 × 106 4.2 × 105 5.4 × 105 9.7 × 105

HD 25% quartile 7.0 × 103 2.3 × 106 4.7 × 106 4.2 × 106 2.7 × 105 3.1 × 105 1.4 × 105 1.5 × 105

Median 2.5 × 104 3.7 × 106 2.1 × 107 1.5 × 107 1.6 × 106 2.7 × 106 4.3 × 105 4.9 × 105

75% quartile 2.3 × 106 3.8 × 107 4.6 × 107 4.6 × 107 1.3 × 107 7.1 × 106 7.3 × 105 4.4 × 106

Total 25% quartile 1.6 × 104 2.3 × 106 3.5 × 106 3.2 × 106 1.9 × 105 2.5 × 105 2.7 × 105 1.9 × 105

Median 3.4 × 104 3.7 × 106 2.3 × 107 1.7 × 106 1.3 × 106 6.0 × 105 5.0 × 105 3.2 × 105

75% quartile 2.2 × 106 4.5 × 107 5.0 × 107 2.8 × 107 5.0 × 106 2.9 × 106 1.2 × 106 1.0 × 106

n.d.: non-determinable, total: over all treatments.
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diarrhoea (data not shown). Supplementation with B. ce-
reus var. toyoi had no significant effect on C. perfringens.
Occasionally yeasts were found in samples of the

mares (2 out of 24 samples) and the foals (17 out of 191
samples, data not shown).

Discussion
The present study was performed on a studfarm under
typical field conditions. To minimize effects related to
husbandry, feeding, and season, our study took place at
one thoroughbred farm, within one foaling period from
February to May. According to Lahrssen and Zentek
[18] such a study design is important when working with
a limited number of animals. Probiotic dosing and treat-
ment period were in accordance with studies by Jeroch
et al. [19], Jadamus et al. [20], and Vilà et al. [15].
Unfortunately some foals were treated with antibiotics

during a severe period of illness which may have an im-
pact on the subsequent microbial profile in faeces.
Bacterial microflora in faeces was used as an indication

of the effects of B. cereus var. toyoi on the intestinal
Table 3 Detection rate (> 103 cfu/g,%) of enterococci in
faeces of the foals from days 1 to 58 of life in placebo,
low dosage (LD), and high dosage (HD) groups and for all
foals, data expressed in %, treatment p > 0.05

Group Day of foal’s life

1 3 9 16 23 30 44 58

Placebo 66,7% 100.0% 85.7% 50.0% 50.0% 25.0% 25.0% 12.5%

LD 57.1% n.d. 85.7% 85.7% 42.9% 42.9% 42.9% 14.3%

HD 60.0% 83.3% 100.0% 60.0% 40.0% 40.0% 40.0% 30.0%

Total 61.1% 90.0% 91.7% 64.0% 44.0% 36.0% 36.0% 20.0%

n.d.: non-determinable, total: over all treatments.
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health of foals. Although faeces might have some limita-
tions for describing the gut ecosystem, by comparing
microflora and the digestion process in the colon with
faeces in fistulated horses Julliand and Goachet [21]
showed that the faecal ecosystem is an appropriate
marker of intestinal changes appearing in the colon
ecosystem.
Culture-plate methods were used to access bacterial

microflora in the faeces of the foals to establish basic
knowledge. For following studies culture-dependent
methods should be extended by PCR methods to im-
prove knowledge about diversity of genes.
In our study, diarrhoea did not lead to changes in nor-

mal foal behaviour. Foals remained bright and alert and
continued to nurse. Clinical parameters including heart
and respiratory rate, body temperature, and body weight
were in the proper physiological range. We conclude
that diarrhoea in foals between days 6 and 16 of the
foal’s life is not primarily pathogen related. During this
period, we observed diarrhoea when orange-brownish
faeces changed to green, soft faeces. These changes in
faeces colour might mark the transition from only diges-
tion of milk to increasing digestion of solid nutrients like
crude fibre. In that context, hemicellulose and cellulose
could be responsible for a higher water-binding capacity
and a reduction of intestinal passage. As a result, ad-
sorptive and secretory intestinal processes are influenced
and free water in the colon could simulate lower dry
matter content in faeces of the foals. Another reason for
the reduction of dry matter content in faeces could be
osmotically-acting metabolites of bacterial digestion of
crude fibre.
Meconium has been reported to be free of bacteria

[22] and no bacterial PCR products were obtained from
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Table 4 Detection rate (> 103 cfu/g,%) of enterobacteria
in faeces of the from days 1 to 58 of life in placebo, low
dosage (LD), and high dosage (HD) groups and for all
foals, data expressed in %, treatment p > 0.05

Group Day of foal’s life

1 3 9 16 23 30 44 58

Placebo 0% 25.0% 14.3% 25.0% 25.0% 37.5% 37.5% 50.0%

LD 28.6% n.d. 42.9% 42.9% 42.9% 57.1% 28.6% 57.1%

HD 20.0% 16.7% 60.0% 40.0% 40.0% 30.0% 40.0% 20.0%

Total 16.7% 20.0% 36.0% 36.0% 40.0% 40.0% 36.0% 40.0%

n.d.: non-determinable, total: over all treatments.
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meconium samples [11], which confirmed that the
gastrointestinal tract of a foetus is sterile [23]. In mares,
bacterial flora remained largely stable from 14 days be-
fore until 42 days after foaling, whereas the presence of
bacterial species and intensity of bacterial growth chan-
ged over time in foals [2]. These results were confirmed
in our study, as aerobic and anaerobic bacteria (data not
shown), but also lactobacilli, enterococci and C. perfrin-
gens counts in the faeces of the foals increased after
birth until day 3 or day 9. Foals start to consume forages
and concentrates very early in life. As a result, the intes-
tinal microflora is adapting rapidly to improve digestion
of the feed. In foals, there may be great genetic selective
pressure for early colonisation of microflora to avoid
acidic stomach conditions and to occupy a more distal
region (post-gastric) than would be the case in calves or
lambs [24]. By day 58 of a foal’s life, aerobic and anaer-
obic bacteria, enterobacteria, lactobacilli, and entero-
cocci had decreased to the levels in the faeces of mares
(measured at the time of birth). These changes seemed
to be related to the stabilisation of microflora by increas-
ing fibre intake and digestion processes within the first
2 months of the foal’s life.
Bacillus cereus var. toyoi did not have any effects on

the health status of the foals. There is a great diversity of
bacteriophages, bacteria, fungi, and protozoa that might
have an unselective entry to the gastrointestinal tract of
Table 5 Detection rate (> 103 cfu/g,%) of Clostridium
perfringens in faeces of the foals from days 1 to 58 of life
in placebo, low dosage (LD), and high dosage (HD)
groups and for all, foals, data expressed in %, treatment
p > 0.05

Group Day of foal’s life

1 3 9 16 23 30 44 58

Placebo 50.0% 100% 42.9% 25.0% 12.5% 0% 0% 0%

LD 71.4% n.d. 71.4% 71.4% 28.6% 14.3% 14.3% 28.6%

HD 60.0% 66.7% 90.0% 60.0% 10.0% 0% 0% 0%

Total 61.1% 80.0% 70.8% 52.0% 16.0% 4.0% 4.0% 8.0%

n.d.: non-determinable, total: over all treatments.
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the foals. Therefore, even if probiotic bacteria survive
the acidic conditions after day 2 of life, they will experi-
ence heavy competition within the very rapidly develop-
ing intestinal microflora of foals.
Probiotic supplementation with Lactobacillus pentosus

WE7 was significantly associated with development of
signs of depression, anorexia, and colic in foals [12].
Also, supplementation with Lactobacillus rhamnosus
and Enterococcus faecium led to increased diarrhoea in
foals [11]. In contrast, we found that supplementation
with B. cereus var. toyoi had no effect on the growth and
health parameters in foals kept under high-quality stand-
ard husbandry.
Conclusions
Supplementation with B. cereus var. toyoi had no effect on
health status or the intestinal microflora in suckling foals.
Diarrhoea occurred in up to 90% of the foals for at least
one 1 day between days 8 and 16 of life. Despite this, foals
remained bright and alert and continued to nurse. Diar-
rhoea might be a part of the normal physiological develop-
ment of the intestinal microflora. Competition with diverse,
rapidly colonizing intestinal microflora seems to suppress
B. cereus var. toyoi and its possible effects.
Methods
Animals
The project (V54-19c20/15-V/04) was approved by the
Ethics Committee for Animal Rights Protection of the
District government in Darmstadt, in accordance with
German legislation for animal rights and welfare.
A total of 25 mares and their foals with one thorough-

bred stud were included in the study. The mares had
been stabled at least 2 months before foaling at the stud
farm. Mares were kept in separate stalls with straw bed-
dings and were turned out daily on sand paddocks for
several hours every day. They were fed ad libitum hay-
lage or hay and 2–3 kg of concentrates per day. Mares
had free access to fresh water at all times. Foals were
born between February and May 2011. Twenty-two foals
first came into contact with the mares’ udder within the
first hour of life, and 1 foal required 90 min. (In the
other two mares, foaling was not observed.) Mares were
dewormed with ivermectin immediately after foaling and
2–3 months post partum. After foaling, mares were fed
ad libitum hay, 4–5 kg of alfalfa hay, and 2–3 kg of a
complement feed per day (Equilac Zuchtstutenfutter
Spezial Etzean; Additional file 1: Table S1). Passive trans-
fer of antibodies was controlled with SNAP Foal IgG
Test (Idexx Laboratories, Westbrook, Maine, USA).
Twenty-four of the 25 foals had immunoglobulin levels
of > 800 mg/dL at 12 h of age.
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Table 6 Time schedule of the study

Measure Day of foal’s life Month of
foal’s life

1 4 6 9* 10 12 14 16 23 30 44 58 3 4 5

Health
status

X X X X X X X X X X X X X X X

Body
weight

X X X X X X X X X X

Faeces X X X X X X X

Blood X X X X X

*Additional measurements and sampling were done on the first day
of diarrhoea.
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Feeding
In the first weeks of life foals had access to the mare’s
feed. From day 2 of the foal’s life, the mare and foal were
turned out on sand paddocks twice a day for 1–2 h.
From day 7 to 14, two mares and foals had access to pas-
ture twice a day for 2 to 4 h. At this time, no additional al-
falfa hay was fed to the mares. From 4 to 8 weeks, groups
of mares and foals were turned out on pasture and foals
were fed complement feed for foals (1.7–2.5 kg per foal;
Fohlenfutter Spezial Etzean; Additional file 1: Table S1) in
a separate area. Once or twice a week foals were given
50 mL of a mineral mixture (Meganutril junior; Additional
file 1: Table S1).
Deworming and treatments
All foals received pyrantel in week 2 of life, ivermectin
in week 8, and pyrantel in month 4. Five foals were
treated for an omphalic inflammation with cefquinome
or trimethoprim-sulfadimethoxine at day 2–4 or at day
24–26 of foals life, two foals were treated for congenital
neuromyodysplasia with oxytetracycline at day 2–4 of
foals life and three foals were treated because of high-
grade diarrhoea with cefquinome or trimethoprim-
sulfadimethoxine at day 24–26 of foals life.
Probiotic and administration protocol
Bacillus cereus var. toyoi was provided as an odourless,
white to greyish-brown dry powder supplemented with
1.0 × 1010 viable spores of B. cereus var. toyoi per gram.
The viability was confirmed at the beginning of the
study by use of the microbiological spread plate method.
Foals were randomly allocated to three groups and re-

ceived their respective placebo or supplement once a
day orally for 58 days, starting on the first day of life.
Eight foals were given 10 mL of isotonic saline solution
(placebo), seven foals received 5.0 × 108 cfu of B. cereus
var. toyoi (low dosage, LD), and ten foals were given
2.0 × 109 cfu of B. cereus var. toyoi (high dosage, HD).
Table 7 Faeces score

Score Faeces quality

0 Orange-brownish first faeces after meconium

1 Dry balled

2 Soft balled, formed

3 Not formed, soft

4 Pasty

5 Mushy

6 Inhomogeneous: structured and watery part

7 Mucous like

8 Green diarrhoea

9 Yellow diarrhoea
Examinations and faeces samples
Behaviour, appetite, heart and respiratory rates, rectal
temperature, and body weights were monitored during
the treatment period (day 1 to 58 of life) and monthly
from age 3 to 5 months. Blood work was done four
times in month 1 and at the end of month 2. The time
schedule of the study is given in Table 6.
Within the first day of life, on days 9, 16, 23, 30, 44,

and 58, and on the first day of diarrhoea faecal samples
were taken from the rectum or by the use of a collection
bag. Faeces were visually classified by a faeces score
(Table 7), and faeces dry matter content was determined
after oven-drying (103°C) to constant mass.
__________________________ WORLD TEC
Mares’ faeces were taken from the rectum immediately
after foaling. Faeces samples were frozen at −18°C until
analysis.
Haematology and serum chemistry analysis
Serum and EDTA blood was subjected to haematology
and serum chemistry determination. The parameters of
red blood count and differential leukocyte count were
determined photometric, optical or calculated using an
ADVIA®120 haematology system (Fa. Bayer Vital GmbH,
Fernwald, Germany).
Serum-IgG was determined quantitatively with a com-

petitive ELISA as previously described by Schroedl et al.
[25]. Thereby serum-IgG in the samples and equine IgG
conjugated to peroxidase (purity according to SDS-
PAGE > 90%) competed for antibodies against equine
IgG. After washing and the addition of a chromogenic
substrate quantity of peroxidase was optically measur-
able at 405 nm (reference wavelength 492 nm). Equine
reference serum was used as standard. Out of the meas-
uring data IgG concentration was calculated with Table
Curve 2D v4 (Systat Software Inc, Chicago, USA). Limit
of detection with a serum dilution factor of 4000 was
0.15 g/l. The level of specificity was at 100%.
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Bacterial analysis
Faecal specimens (0.5 g in 4.5 mL phosphate buffered
saline) were serially diluted in phosphate buffered saline
for quantitative bacterial investigations. Dilutions were
tested for total aerobic cell numbers developing on
sheep blood agar (Oxoid, Germany), gram negative cell
numbers on Gassner agar (SIFIN, Berlin), Enterococci
on Citrate azide tween carbonate agar (CATC agar,
SIFIN, Berlin), total anaerobe cell numbers on sheep
blood agar (OXOID, Germany), Lactobacilli on deMan,
Rogosa and Sharpe Lactobacillus agar (MRSA agar,
SIFIN, Berlin), Bacteroides spp. on sheep blood agar
supplemented with vitamin K, Clostridium perfringens
on sheep blood agar containing polymyxin B and neo-
mycin, and yeasts and fungi on Sabouraud agar (SIFIN,
Berlin). The total aerobic cell numbers, gram negative
cell numbers and enterococci were cultured aerobically
at 37 _C for 24 h. The anaerobic bacteria were cultured
at 37 _C for 48 h in anaerobic chamber (MACS an-
aerobic workstation, Don Whitley Scientific limited,
England). Yeasts and fungi were cultured aerobically
at 37 _C for 5 days. The different isolated strains were iden-
tified based on their characteristic colony- and micromor-
phology and by their biochemical characteristics according
to Bisping and Amtsberg [26] and finally analyzed with the
use of matrix-assisted laser desorption/ionization time of
flight (MALDI-TOF) as described by Shehata et al. [27].

Statistical analysis
Data are expressed as median, 25% quartile, and 75%
quartile. Data analysis was performed by the Statistica
software program (StatSoft, Hamburg, Germany). The
Shapiro-Wilk test was used to assess data for normality.
Data were not normally distributed. Non-parametric
tests (Kruskal-Wallis ANOVA) were used to compare
the effects of time and diet. Pearson’s chi-squared test
was used to compare the frequency of foals with diar-
rhoea between treatments.
Statistical significance was accepted at P < 0.05.

Additional file

Additional file 1: Table S1. Nutrient composition of the feedstuffs
provided to the foals and mares during experimental period (expressed in %).
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Establishment of a mouse model to express
bovine CD14 short hairpin RNA
Xiangping Li1,3*, Shihai Huang2, Yanping Ren1,3, Meng Wang1,3, Chao Kang2, Liangliang Xie1,3 and Deshun Shi1,3*
Abstract

Background: Cluster of differentiation 14 (CD14) functions as a co-receptor for Toll-like receptor (TLR)-4 and
myeloid differentiation factor (MD)-2 in detecting bacterial lipopolysaccharide. Together, these complexes promote
the phagocytosis and digestion of Gram-negative bacteria, and initiate immune responses. To date, much of our
understanding of CD14 function during Gram-negative bacterial inflammation comes from studies on mouse
knockout models and cell transfection. To identify the effect of CD14 knockdown in this process in large livestock
animals, we established a mouse model expressing bovine CD14 short hairpin (sh) RNA. shRNA fragments targeting
bovine CD14 were screened by co-transfection in HEK 293 cells, and the most effective CD14 shRNA fragment was
cloned into the eukaryotic expression vector pSilencer4.1-CD14 shRNA-IRES (internal ribosome entry site) and
transferred into mouse zygotes by pronuclear microinjection to obtain transgenic mice. Expression of the enhanced
green fluorescent protein (EGFP) reporter and genes related to the TLR4 signaling pathway was detected by
immunohistochemistry (IHC) and quantitative polymerase chain reaction (PCR), respectively.

Results: One effective shRNA fragment (shRNA-674) targeting bovine CD14 was obtained, the sequence of which
was shown to be conserved between cows, buffalos, sheep, and humans. Thirty-seven founder pups were obtained
by pronuclear microinjection, of which three were positive for the transgene. In the F1 generation, 11 of 33 mice
(33%) were positive for the transgene as detected by PCR. IHC analysis detected exogenous EGFP expression in the
liver, kidney, and spleen of transgenic F1 mice, indicating that they were chimeric. The expression of endogenous
CD14 mRNA in the heart, liver, spleen, lung, and kidney of transgenic F1 mice was decreased 8-, 3-, 19.5-, 6-, and
11-fold, respectively. The expression patterns of endogenous MD-2, TLR4, interleukin-6 and tumor necrosis factor-α
genes in transgenic mice also varied.

Conclusions: This study confirms that transgenic mice expressing bovine CD14 shRNA can be generated by
pronuclear microinjection, and demonstrates inhibited endogenous mouse CD14 expression that alters gene
expression related to the TLR4 signaling pathway.

Keywords: Bovine CD14, shRNA, Mouse model, TLR4, Gene expression
Background
CD14 is a 55 kDa glycoprotein expressed mainly on the
surface of monocytes, macrophages, and granulocytes
[1], which plays a crucial role in the inflammatory re-
sponse to lipopolysaccharide (LPS) [2-4]. Currently, LPS-
induced cellular activation is thought to occur through
signal complexes comprised of CD14 and either myeloid
* Correspondence: xiangpingli@163.com; ardsshi@163.com
1State Key Laboratory of Subtropical Bioresource Conservation and Utilization
at Guangxi University, Nanning, Guangxi, China
3Guangxi High Education Key Laboratory for Animal Reproduction and
Biotechnology, Guangxi University, Nanning 530004, China
Full list of author information is available at the end of the article
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differentiation factor (MD)-2 or Toll-like receptor (TLR) 4
[5-7]. LPS binding to these complexes facilitates activation
of the TLR4/nuclear factor (NF)-κB inflammatory path-
way, ultimately leading to the production of proathero-
genic cytokines including tumor necrosis factor alpha
(TNF-α), interleukin-6 (IL-6), and IL-1 [8-11].
Strategies aimed at inhibiting the expression of TLR4

complex genes have been used to analyze their contribution
to inflammatory reactions [12-14]. In addition to inhibiting
TLR4 expression, many CD14-deficient mice have also
been established by CD14 knockout strategies [15-17].
When infected by live Gram-negative bacteria or LPS,
CD14-deficient mice demonstrate reduced bacteremia and
HNOLOGIES________________________
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systemic inflammation [18]. Thus, inhibiting signals through
CD14 may limit the release of a broad range of inflamma-
tory mediators, and prevent rapid bacterial dissemination
following infection by Gram-negative bacteria [1,19-22].
Numerous approaches using monoclonal antibodies,

small molecule antagonists, and RNA interference have
demonstrated that inhibiting LPS signals through
lipopolysaccharide-binding protein, CD14, MD-2, and
TLR4 reduce the release of inflammatory cytokines
[20,23-26]. For instance, small interfering (si) RNA target-
ing CD14 in the mouse cell line RAW264.7 was found to
inhibit the release of TNF-α, macrophage inflammatory
protein-2, IL-6, and the production of nitric oxide following
exposure to LPS [27]. Thus far, most of our understanding
about the role of CD14 during Gram-negative bacterial in-
flammation comes from studies of mouse knockout models
or mouse and human immune cells. However, because of
the serious harm caused by bacterial infections such as mas-
titis and Brucella in large livestock animals and huge result-
ant losses to the breeding industry, it is essential to establish
knockout models of such animals to investigate the CD14
role in LPS-induced inflammation. This would also be of
benefit in the development of a practical and effective meas-
ure to prevent bacterial infection in livestock. Based on our
previous discovery of the effect of CD14 down-regulation in
buffalo monocytes/macrophages [28], the present study
aimed to establish a transgenic mouse model to express bo-
vine CD14 short hairpin (sh) RNA, and to determine the ef-
fect of endogenous mouse CD14 down-regulation on gene
expression of the mouse TLR4 signaling pathway.

Results
Screening of shRNA sequences targeting bovine CD14
Given the importance of CD14 in LPS signaling, we first
sought to screen shRNA sequences for their ability to
inhibit bovine CD14 expression in vitro. Using ABI siRNA
online software (http://www.ambion.com), three different
sites of the bovine CD14 mRNA sequence (GenBank
Accession No. NM_174008.1) were used to design three
CD14 shRNA sequences (shRNA-279, −326, and −674).
CD14 shRNA lentiviral expression vectors with human
U6 promoters were constructed (pSicoR-CD14 shRNA-
279/326/674), and lentiviral particles were produced
using the calcium-phosphate method, with titers reaching
1 × 107 (data not shown). Lentiviral particles expressing
bovine CD14 shRNA were used to infect HEK 293 cells
expressing CD14 at a multiplicity of infection (MOI) of
100, using a non-infected cell line as blank control, the
scrambled shRNA as negative control. The infected cells
were harvested 72 h after infection and total RNA was
extracted for quantitative reverse-transcription polymer-
ase chain reaction (qRT-PCR) analyses. As expected, cells
infected with the shRNA-negative control showed no
reduction in CD14 expression (Figure 1A). Compared
__________________________ WORLD TEC
with scrambled shRNA-1864, shRNA-279 and shRNA-
326 fragments were also unable to reduce bovine CD14
expression. However, the shRNA-674 fragment signifi-
cantly inhibited CD14 mRNA expression in vitro (p < 0.01)
(Figure 1A). shRNA-674 nucleotides were highly conserved
between cows, sheep, buffalos, and humans, indicating that
this shRNA fragment could potentially be used in related
research of multiple species.
To confirm if the shRNA-674 fragment also reduced

expression of the CD14 protein, we performed western
blot analysis. At two different MOIs, the intracellular
expression of shRNA-674 completely abolished CD14
protein expression (Figure 1B), which was consistent with
RT-PCR analysis.

shRNA transgenic mice demonstrated reduced CD14
expression
We next determined the effects of the shRNA-674 frag-
ment on CD14 expression in vivo. To avoid the biological
safety problems of lentiviruses, the shRNA-674 fragment
was inserted into the eukaryotic shRNA expression
vector pSilencer™4.1-CMV neo. Internal ribosome entry
site (IRES) elements were then ligated with the vector to
construct the pSilencer4.1-CD14 shRNA-674-IRES plas-
mid (Figure 1). This plasmid was linearized with Nhe I
digestion and microinjected into the pronucleus of fertil-
ized eggs from FVB mice to create CD14 shRNA trans-
genic mice. After transferring two-cell stage embryos into
pseudo-pregnant females, a total of 37 founder pups were
obtained. Transgene integration in F0 offspring was ana-
lyzed by amplifying EGFP and neo genes that were both
amplified in three founder mice (8.1%): one male (11#)
and two females (22#, 32#) that were regarded as trans-
genic. Within the F1 generation (wild-type mouse with
transgenic F0 mouse cross), 33 mice were born, of which
11 were found to be transgenic (33.3%; data not shown).
In the 11 transgenic F1 mice, 3 was offspring of 11# F0
mouse, 5 and 3 were offspring of 22# and 32# mouse
respectively. Three of the 33 F1 mice were selected for
Southern blot analysis to confirm the PCR data. Two
(lane2, 4, offspring of 22#, 32# respectively) were transgenic
while the third was not (lane3, offspring of 11#) (Figure 1E).
These findings were consistent with PCR results (data not
shown).
To further characterize the transgene insertion, organs

of F1 transgenic mice (offspring of 22#) were analyzed
for eGFP expression by confocal microscopy. This pro-
tein was shown to be expressed in the liver, kidney, and
spleen tissue of all transgenic mice, with the highest
expression detected in the spleen. However, eGFP
expression was absent from heart and lung tissues. The
expression pattern was similar in both male and female
mice (Figure 2). Together these data demonstrated that
the transgenic mice were chimeric.
HNOLOGIES________________________
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Figure 2 The immunohistochemistry results of eGFP expression in tissues of CD14 shRNA transgenic mice under confocal microscopy.
Upper row: spleen; Middle row: liver; Lower row: kidney. Left parts were male samples, and right were female samples.

Figure 1 Screening of bovine CD14 shRNA and construction of its eukaryotic expression vector. A. Effect of designed bovine CD14
shRNAs was detected by qRT-PCR analysis. The lentiviral particles expressing CD14 shRNAs were used to infect HEK 293 cells expressing bovine
CD14, non-infected cell line as a blank control, the scrambled shRNA as negative control. The values for columns with different letters represent
statistically significant differences, p < 0.01. B. The inhibition effect of CD14 shRNA-674 fragment was confirmed by western blot analysis. HEK 293
cells stably expressing bovine CD14 were infected by shRNA-674 lentivirus at two different MOIs (lane1, 2), the negative control was HEK 293 cells
stably expressing bovine CD14 (lane 3). C. Identification of the pSilencer™4.1-CD14-IRES recombinant plasmid. M: 1 kb Marker; Lane1: pSilencer™4.1-
CD14shRNA-IRES plasmid: Lane2: pSilencer™4.1-CD14shRNA-IRES plasmid digested by SspI enzyme; Lane3: pSilencer™4.1-CD14shRNA-IRES plasmid
digested by HpaI and BamHI enzyme. D. Map of pSilencer™4.1-CD14 shRNA-IRES vector. E. Confirmation of F1 generation transgenic mice by Southern
blot analysis. Three F1 mice were selected, among them, two (offspring of 22#, 32#) were transgenic while the third was not (offspring of 11#) by
RT-PCR analysis. The positive control was pSilencer™4.1-CD14 shRNA-674-IRES plasmid. M: Marker; Lane 1: positive control; Lane 2: offspring of 22#

mouse; Lane 3: offspring of 11# mouse; Lane 4: offspring of 32# mouse.
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To explore if the transferred shRNA fragment affected
the expression of endogenous CD14 mRNA in vivo, we
used qRT-PCR to analyze the relative expression of CD14
expression in tissues of F1 transgenic mice (offspring of
22#). Compared with non-transgenic mouse RNA sam-
ples, the expression of endogenous CD14 mRNA in the
heart, liver, spleen, lung, and kidney tissues of transgenic
mice was reduced 8-, 3-, 19.5-, 6-, and 11 fold, respectively
(Figure 3). Thus, the expression of endogenous CD14
mRNA was inhibited in transgenic mice.
We next examined the expression pattern of genes in

the TLR4 signaling pathway. TLR4 demonstrated a sig-
nificantly increased expression level in the heart and
liver of CD14 shRNA transgenic mice compared with
wild-type mice (p < 0.05), although there were no sig-
nificant differences in expression in the spleen, lung,
or kidney between transgenic and wild-type mice.
MD-2, TNF-α, and IL-6 transcripts showed similar ex-
pression patterns, except for the kidney, with signifi-
cantly increased expression in the heart, liver, and
lung (p < 0.05), and significantly lower expression in
the spleen (p < 0.05) compared with wild-type mice. Ex-
ogenous neo expression showed the same pattern as that
of MD-2 and IL-6 (Figure 3) but with greater differences
between transgenic and wild-type mice. Together, these
results revealed the successful generation of a mouse
model expressing bovine CD14 shRNA, and indicated that
Figure 3 Expression of endogenous CD14, TLR4, MD-2, TNF-α, and IL-6
assess target gene expression in the heart, liver, spleen, lung, and kidney o
Different letters represent statistically significant differences, p < 0.05.

__________________________ WORLD TEC
the inhibition of exogenous CD14 expression altered the
expression levels of genes in the TLR4 signaling pathway
in vivo.

Discussion
Several studies have previously demonstrated that CD14
plays a crucial role in the inflammatory response to LPS
[2-4]. In the CD14-dependent signaling pathway, CD14
binds to LPS and facilitates activation of the TLR4/NF-κB
inflammatory pathway [28]. Upstream inhibition of the
bacterial LPS/TLR4/CD14-mediated inflammation path-
way has been proven to be an effective therapeutic ap-
proach for attenuating dysfunctional immune activation
[20,29]. However, very few studies have investigated the
role of CD14 in LPS-induced inflammation in large live-
stock animals such as sheep, cows, and buffalos. Never-
theless, this is of particular importance because of the
multiple reproductive and veterinary problems associated
with these species, and the need to develop a practical
and effective measure to prevent bacterial infections in
livestock.
We previously found that knockdown of endogenous

CD14 had clear regulatory effects on the signal transduc-
tion of TLR4 after stimulation with LPS in buffalo
monocyte/macrophages in vitro [28]. To determine if
CD14 knockdown had similar effects in large livestock
animals in vivo, it is first necessary to establish a mouse
mRNA in CD14 shRNA transgenic mice. qRT-PCR was used to
f F1 transgenic mice. Wild-type mice were used as negative controls.
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model expressing bovine CD14 shRNA. This model
would provide basic data about CD14 knockdown on
animal development, gene expression in the CD14-
dependent signaling pathway, and most importantly on
toxicity experiments. Future work could then build on
these data and establish a larger animal model with the
aim of developing novel therapeutic interventions to in-
flammatory diseases caused by Gram-negative bacteria.

Conclusions
We successfully generated a mouse model expressing
bovine CD14 shRNA by pronuclear microinjection. More-
over, we showed that the inhibited expression of exogen-
ous CD14 shRNA altered the expression levels of some
genes in the TLR4 signaling pathway in transgenic mice.

Methods
All experiments and protocols were performed in strict
accordance with the Guiding Principles for the Care and
Use of Research Animals from the Guangxi University
Committee on Animal Research and Bioethics, the com-
mittee explicitly approved the animal study.

Reagents and antibodies
All chemicals used in this study were purchased from
Sigma-Aldrich (St. Louis, MO), unless otherwise stated.
TCM-199 powder was purchased from Gibco BRL (Paisley,
Scotland, UK), and Dulbecco’s modified Eagle’s medium
was purchased from Hyclone (Logan, UT). The pSilen-
cer4.1 vector (Life technology, USA), the pEF-EGFP-IRES-
neo-SV40-polyA vector, and the pSicoR-GFP vector were
generated or maintained by our laboratory. The anti-
buffalo CD14 primary antibody was kindly provided by Dr.
Wang Fengyang (Hainan University, Haikou, China).

Bovine CD14 cloning and expression vector construction
The bovine CD14 coding sequence fragment (1,340 bp)
was cloned by RT-PCR, confirmed by sequencing, and
used to construct the pDsRed1-N1-bovine CD14 fusion
vector by inserting the CD14 fragment into the SalIand
Table 1 The designed shRNA sequences of the bovine CD14 g

Name Duplexes of DNA coding specific sh

shRNA-674 S 5 ’-GCCTAGACCTGTCTGACAATTTCAA

AS 5’-CGGATCTGGACAGACTGTTAAAGT

shRNA-279 S 5’-GCCTGGAACAGTTTCTCAAGGTTCA

AS 5’-CGGACCTTGTCAAAGAGTTCCAAG

shRNA-326 S 5’-GCTGACACAATCAAGGCTCTGTTCA

AS 5’-CGACTGTGTTAGTTCCGAGACAAG

Scrambled shRNA-1864 S 5’-CTCGAGCCGGCCTAAGGTTAAGTCG

AS 5’-GCGGCCGCCAAAAAACCTAAGGT

__________________________ WORLD TEC
SacII sites. This plasmid was then transfected into HEK
293 cells using Lipofectamine® LTX reagent according
to the manufacturer’s instructions, and cell lines that
stably expressed bovine CD14 were selected using G418
selection.
shRNA design and synthesis
Using ABI siRNA online software (http://www.life
technologies.com/cn/zh/home/life-science/rnai/synthetic-
rnai-analysis/ambion-silencer-select-sirnas/silencer-select-
sirna.html?ICID=search-am16704), three different regions
of the bovine CD14 mRNA sequence (GenBank Accession
No. NM_174008.1) were used to design CD14 shRNA
sequences, which were synthesized by Nanjing GenScript
Co. (Nanjing, China). A universal shRNA scramble con-
trol (NC) sequence was also purchased (Cat. No. 1864,
Open Biosystem, Huntsville, AL). The 71 bp oligonucleo-
tide sequence of each shRNA fragment followed the same
pattern: 5′-Xho I-CCGG-shRNA (sense strand)-TTGAA
GAGA (loop structure)-shRNA (antisense strand)-TTTT
TT-Not I-3′ (Table 1). shRNA lentiviral expression vectors
were constructed by inserting the synthesized shRNA
fragments into the pSicoR-GFP vector (Addgene, USA)
after digestion with Xho I and Not I. These vectors are
referred to as pSicoR-GFP-CD14 shRNA (279/326/674)
and scrambled shRNA-1864. The constructed shRNA
lentiviral vectors were confirmed by restriction enzyme
digestion and sequencing.
Lentivirus packaging and titer determination
Lentiviral particles were produced as previously de-
scribed [30]. The pSicoR-GFP CD14 shRNA vector was
co-transfected into 293 T cells with vesicularstomatitis
virusG (VSVG) and NRF plasmids using the calcium-
phosphate method [30]. Supernatant was harvested
48–72 h after transfection, centrifuged at 2,000 rpm for
10 min at 4°C to remove cellular debris, and filtered
through a 0.45 μm membrane. Viral titers were deter-
mined using a serial dilution method in 293 T cells [30].
ene

RNA (5’-3’)

GAGAATTGTCAGACAGGTCTAGGC-3’

TCTCTTAACAGTCTGTCCAGATCCG-3’

AGAGACCTTGAGAAACTGTTCCAGGC-3’

TTCTCTGGAACTCTTTGACAAGGTCCG-3’

AGAGACAGAGCCTTGATTGTGTCAGC-3’

TTCTCTGTCTGGCAACTAACACAGTCG-3’

CCCTCGCTCG AGCGAGGGCGACTTAACCTTAGGTTTTTTGGCGGCCGC-3’

TAAGTCGCCCTC GCTCGAGCGAGGGCGACTTAACCTTAGGCCGGCTCGAG-3’
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Screening of shRNA sequences targeting bovine CD14
shRNA sequences were screened by infecting HEK293
cells expressing bovine CD14 with lentiviral particles
containing different CD14 shRNAs. Cells were harvested
72 h after infection and total RNA was extracted using
Trizol reagent. The inhibition effects of each shRNA
sequence on CD14 were quantified using qRT-PCR and
western blot analysis.
For qRT-PCR analysis, total RNA was extracted with

Trizol (Invitrogen, USA), digested with DNaseI (Tiangen,
Beijing) to remove contaminating genomic DNA, then
reverse transcribed into cDNA using AMV reverse tran-
scriptase (Takara, Dalian) according to the manufacturer’s
instructions. cDNA was diluted to 100 ng/μL for subse-
quent TaqMan quantitative PCR analysis (ABI 7500) using
the probes and primers listed in Table 2. PCR conditions
were: 94°C for 30 s, followed by 40 cycles of 94°C for 15 s
and 60°C for 30 s. Duplicate PCR experiments were per-
formed for each transcript. The comparative Ct method
was used for the relative quantification of target gene ex-
pression levels (ABI Prism Sequence Detection System).
The histone H2a gene was used for normalization. Within
the log-linear phase region of the amplification curve,
fold-changes in the relative mRNA expression of the tar-
get gene were determined using the formula 2-ΔΔCT.
Table 2 The primers used in the paper

Gene Primer sequences

Histone H2a Forward: 5’-AACAAGCTGCTGGGCAAAGT-3’

Reverse: 5’-TTATGGTGGCTCTCCGTCTTCT-3’

Probe: 5’-CCCAACATCCAGGCCGTGCTG-3’

CD14 Forward: 5’-CCGTTCAGTGGTAATGGTTGC-3’

Reverse: 5’-TGGTGTCGGCTCCCTTGAG-3’

Probe: 5’-CCGCCCGCCACTGATCTTCCCACCTCTT-3’

EGFP Forward: 5’- ACGTAAACGGCCACAAGTTC -3’

Reverse: 5’- GATCTTGAAGTTCACCTTGATGC -3’

Neo Forward: 5’- AGAGGCTATTCGGCTATGAC -3’

Reverse: 5’-GCTTCAGTGACAACGTCGAG -3’

IRES Forward: 5'-CGGAATATTATAACTTCGTATAATGTATGCTATAC

Reverse: 5'-CGGAATATTATAACTTCGTATAGCATACATTATAC

TLR4 Forward: 5’-CTGCCTGAGAACCGAGAGTTG-3’

Reverse: 5’-GCTCCATGCACTGGTAACTAATGT-3’

IL-6 Forward: 5’- ATCAGAACACTGATCCAGATCC-3’

Reverse: 5’-CAAGGTTTCTCAGGATGAGG-3’

TNF-α Forward: 5’-GCTCCAGAAGTTGCTTGTGC-3’

Reverse: 5’-AACCAGAGGGCTGTTGATGG-3’

MD2 Forward: GAGTTGCCGAAGCGTAAG

Reverse: GCGGTGAATGATGGTGAA

β-actin Forward: 5’-GCCCTGGCACCCAGCACAAT-3’

Reverse: 5’-GGAGGGGCCGGACTCATCGT-3’

__________________________ WORLD TEC
Western blot analysis was performed using standard
protocols. The primary antibody was a rabbit anti-bovine
CD14 polyclonal (1:200) (a gift from Dr. Fengyang Wang),
and the secondary antibody was horseradish peroxidase-
conjugated goat anti-rabbit IgG (Tiangen Biotech, Beijing,
China; 1:1,000). Bovine CD14 shRNA-674 lentivirus was
used to infect HEK 293 cells stably expressing bovine
CD14 at two different MOIs, 50 and 100 respectively. The
cells were harvested at 72 h after infection, HEK 293
cells stably expressing bovine CD14 were used as negative
controls.
Construction of CD14 shRNA-674 eukaryotic expression
vector
The pSilencer™4.1-CMV neo and pSicoR-CD14 shRNA-
674 plasmids were first digested with BamHI and Hin-
dIII, respectively, then the CD14 shRNA-674 fragment
was inserted into the pSilencer™4.1-CMV neo backbone
to construct the pSilencer™4.1-CD14 shRNA plasmid.
The IRES fragment was amplified by PCR using pEF-
EGFP-IRES-neo-SV40-polyA vector as template and
primer sequences listed in Table 2. It was then ligated
with pSilencer™4.1-CD14 shRNA-674 to construct the
pSilencer™4.1-CD14 shRNA-674-IRES plasmid. Plasmid
Fragment length (bp)

80

100

440

211

GAAGTTATCTTCCGACATTGATTATTGAC-3' 4300

GAAGTTATGATCCAGACATGATAAGATAC-3'

300

300

300

213

150
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construction was confirmed by enzyme digestion and cell
transfection experiments.

Generation and detection of transgenic mice
The pSilencer™4.1-CD14 shRNA-674-IRES cassette was
digested with Nhe I (Takara, Dalian, China) and purified
by gel extraction (Qiagen, USA). The purified fragment
was then microinjected into the pronucleus of 200 fertil-
ized FVB mice eggs, which were implanted into pseudo-
pregnant FVB females. All mice were housed at the
transgenic mouse facility of Cyagen Biosciences Inc.
(Guangzhou, China).
DNA purified from the tails of F0 offspring mice was

used to screen for transgene integration by the PCR amp-
lification of EGFP and neo (Table 2). Transgenic F0 mice
were crossed with wild-type mice to obtain an F1 gener-
ation that was also screened using PCR amplification as
above. Three of the 33 F1 mice were selected for Southern
blot analysis to confirm PCR data using the DIG High
Prime DNA Labeling and Detection Starter kit II (Roche,
USA). The probe was complemented with the neo frag-
ment by digesting the pSilencer4.1-CD14shRNA-IRES
plasmid with Nco I and Eag I. The positive control was
pSilencer™4.1-CD14 shRNA-674-IRES plasmid.

Transgene expression analysis
The expression of eGFP in tissues of F1 transgenic mice
was assayed by confocal microscopy (LSM 510, Zeiss,
Oberkochen, Germany). Briefly, 10-μm-thick cryostat
sections from snap frozen tissues were prepared and
fixed with 4% paraformaldehyde. Specimens were visual-
ized using an Olympus BX61 microscope, and digital
pictures were acquired with a CCD camera.
The relative expression of CD14, MD-2, TLR4, IL-6,

TNF-α, and neo mRNA in the heart, liver, spleen, lung,
and kidney of F1 transgenic mice was assessed by SYBR®
Green qRT-PCR; tissues of wild-type mice were used as
a negative control. ACTB and histone H2a were used as
internal control genes (Table 2), and non-transcribed
RNA samples served as an RT-minus control. The ex-
pression level of each target gene was calculated using
the 2-ΔΔCT formula as above.

Statistical analysis
qRT-PCR mRNA expression data were analyzed using
SPSS16.0 and Excel 2003 to statistically process multiple
samples. Single-factor analysis of variance and the q-test
were used for pairwise comparisons. A P-value of less
than 0.05 was considered to be significant.

Abbreviations
CD14: Cluster of differentiation antigen 14; LPS: Lipopolysaccaride; TLR:
Toll-like receptor; IL-6: Interleukin-6; TNF-α: Tumor necrosis factor-α;
NF-KB: Nuclear factor kappaB; shRNA: Short hair RNA; MOI: Multiplicity of
infection.
__________________________ WORLD TEC
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
XPL drafted the manuscript and participated in all study design. SHH
participated in gene expression assays and virus package. YPR constructed
the CD14 shRNA-674 eukaryotic expression vector and participated in some
gene expression assays. MW analyzed the trangenic mouse. CK cloned the
bovine CD14 gene and screened the shRNAs. LLX participated in mouse
breeding. DSS conceived the study and helped draft the manuscript.
All authors read and approved the final manuscript.
Acknowledgements
This work was supported by the National Transgenic Project (2009ZX08007-009B),
Guangxi Natural Science funding (2012GXNSFCB053002), funding from the
State Key Laboratory of Subtropical Bioresource Conservation and Utilization
(KSL-CUSAb-2012-02) and State Education Ministry’s Scientific Research
Foundation for the Returned Overseas Chinese Scholars.

Author details
1State Key Laboratory of Subtropical Bioresource Conservation and Utilization
at Guangxi University, Nanning, Guangxi, China. 2College of Life Science and
Technology, Guangxi University, Nanning, Guangxi, China. 3Guangxi High
Education Key Laboratory for Animal Reproduction and Biotechnology,
Guangxi University, Nanning 530004, China.

References
1. Ziegler-Heitbrock HW, Ulevitch RJ. CD14: cell surface receptor and

differentiation marker. Immunol Today. 1993;14:121–5.
2. Le Roy D, Di Padova F, Adachi Y, Glauser MP, Calandra T, Heumann D.

Critical role of lipopolysaccharide-binding protein and CD14 in immune
responses against gram-negative bacteria. J Immunol. 2001;167:2759–65.

3. Song G, Li X, Shen Y, Qian L, Kong X, Chen M, et al. Transplantation of iPSc
Restores Cardiac Function by Promoting Angiogenesis and Ameliorating
Cardiac Remodeling in a Post-infarcted Swine Model. Cell Biochem Biophys.
2014; [Epub ahead of print].

4. Li XQ, Pryds A, Carlsen J, Larsen M. Multifocal central serous
chorioretinopathy with photoreceptor-retinal pigment epithelium diastasis
in heritable pulmonary arterial hypertension. Retinal Cases Brief Rep.
2015;9:83–7.

5. Thorgersen EB, Hellerud BC, Nielsen EW, Barratt-Due A, Fure H, Lindstad JK,
et al. CD14 inhibition efficiently attenuates early inflammatory and
hemostatic responses in Escherichia coli sepsis in pigs. FASEB J.
2010;24:712–22.

6. Li X, Cai J, Zhuang Z, Liu J, Xia B, Hu G, et al. Investigation of the action
mechanisms of poly-ADP-ribosylation in hexavalent chromium induced cell
damage. Zhonghua Yu Fang Yi Xue Za Zhi. 2014;48:720–5.

7. Zuo H, Liao D, Lin L, Zhang R, Li X. Resveratrol attenuates hypoxia-
reperfusion injury induced rat myocardium microvascular endothelial cell
dysfunction through upregulating PI3K/Akt/SVV pathways]. Zhonghua Xin
Xue Guan Bing Za Zhi. 2014;42:670–4.

8. Miyake K. Innate immune sensing of pathogens and danger signals by cell
surface Toll-like receptors. Semin Immunol. 2007;19:3–10.

9. Miyake K. Innate recognition of lipopolysaccharide by CD14 and toll-like
receptor 4-MD-2: unique roles for MD-2. Int Immunopharmacol. 2003;3:119–28.

10. Miyake K. Innate recognition of lipopolysaccharide by Toll-like receptor
4-MD-2. Trends Microbiol. 2004;12:186–92.

11. Takeuchi O, Akira S. Pattern recognition receptors and inflammation.
Cell. 2010;140:805–20.

12. Chen S, Lee LF, Fisher TS, Jessen B, Elliott MW, Evering W, et al.
Combination of 4-1BB agonist and PD-1 antagonist promotes anti-tumor
effector/memory CD8 T cells in a poorly immunogenic tumor model.
Cancer Immunol Res. 2015;3:149–60.

13. Xu Z, Huang CX, Li Y, Wang PZ, Ren GL, Chen CS, et al. Toll-like receptor 4
siRNA attenuates LPS-induced secretion of inflammatory cytokines and
chemokines by macrophages. J Infect. 2007;55:e1–9.
HNOLOGIES________________________



86 Animal Health and Nutrition
14. Mancek-Keber M, Gradisar H, Pestana MI, de Tejada GM, Jerala R. Free Thiol
Group of MD-2 as the Target for Inhibition of the Lipopolysaccharide-
induced Cell Activation. J Biol Chem. 2009;284:19493–500.

15. Qian L, Zhao H, Li X, Yin J, Tang W, Chen P, et al. Pirenzepine Inhibits
Myopia in Guinea Pig Model by Regulating the Balance of MMP-2 and
TIMP-2 Expression and Increased Tyrosine Hydroxylase Levels.
Cell Biochem Biophys 2014. [Epub ahead of print].

16. Haziot A, Ferrero E, Kontgen F, Hijiya N, Yamamoto S, Silver J, et al.
Resistance to endotoxin shock and reduced dissemination of gram-negative
bacteria in CD14-deficient mice. Immunity. 1996;4:407–14.

17. Roncon-Albuquerque R, Moreira-Rodrigues M, Faria B, Ferreira AP, Cerqueira
C, Lourenco AP, et al. Attenuation of the cardiovascular and metabolic
complications of obesity in CD14 knockout mice. Life Sci. 2008;83:502–10.

18. Haziot A, Rong GW, Lin XY, Silver J, Goyert SM. Recombinant soluble CD14
prevents mortality in mice treated with endotoxin (lipopolysaccharide).
J Immunol. 1995;154:6529–32.

19. Li XX, Guan HJ, Liu JP, Guo YP, Yang Y, Niu YY, et al. Association of
selenoprotein S gene polymorphism with ischemic stroke in a Chinese
case–control study. Blood Coagul Fibrinolysis. 2015;26:131–5.

20. Nagaoka I, Hirota S, Niyonsaba F, Hirata M, Adachi Y, Tamura H, et al.
Cathelicidin family of antibacterial peptides CAP18 and CAP11 inhibit the
expression of TNF-alpha by blocking the binding of LPS to CD14 (+) cells.
J Immunol. 2001;167:3329–38.

21. Li X, Lu C, Dai J, Dong S, Chen Y, Hu N, et al. Novel multiferroicity in
GdMnO3 thin films with self-assembled nano-twinned domains. Sci Rep.
2014;4:7019. doi:10.1038/srep07019.

22. Hou Y, Wang Y, Zhao J, Li X, Cui J, Ding J, et al. Smart soup, a traditional
chinese medicine formula, ameliorates amyloid pathology and related
cognitive deficits. PLoS One. 2014;9:e111215.

23. Mookherjee N, Wilson HL, Doria S, Popowych Y, Falsafi R, Yu JJ, et al. Bovine
and human cathelicidin cationic host defense peptides similarly suppress
transcriptional responses to bacterial lipopolysaccharide. J Leukocyte Biol.
2006;80:1563–74.

24. Nemchinov LG, Paape MJ, Sohn EJ, Bannerman DD, Zarlenga DS, Hammond
RW. Bovine CD14 receptor produced in plants reduces severity of
intramammary bacterial infection. Faseb J. 2006;20:1345–51.

25. Song YX, Dou H, Gong W, Liu XQ, Yu ZG, Li EG, et al. Bis-N-norgliovictin, a
small-molecule compound from marine fungus, inhibits LPS-induced
inflammation in macrophages and improves survival in sepsis.
Eur J Pharmacol. 2013;705:49–60.

26. Shao Y, Cheng Z, Li X, Chernaya V, Wang H, Yang XF. Immunosuppressive/
anti-inflammatory cytokines directly and indirectly inhibit endothelial
dysfunction- a novel mechanism for maintaining vascular function.
J Hematol Oncol. 2014;7:80.

27. Li X, Kolomeisky AB. Theoretical analysis of microtubule dynamics at all
times. J Phys Chem B. 2014;118:13777–84.

28. Li X, Li M, Huang S, Qiao S, Qin Z, Kang C, et al. The effect of buffalo CD14
shRNA on the gene expression of TLR4 signal pathway in buffalo
monocyte/macrophages. Cell Mol Biol Lett. 2014;19:623–37.

29. Verbon A, Dekkers PE, ten Hove T, Hack CE, Pribble JP, Turner T, et al. IC14,
an anti-CD14 antibody, inhibits endotoxin-mediated symptoms and
inflammatory responses in humans. J Immunol. 2001;166:3599–605.

30. Li X, Hou L, Liu M, Lin X, Li Y, Li S: Primary effects of extracellular enzyme
activity and microbial community on carbon and nitrogen mineralization in
estuarine and tidal wetlands. Applied microbiology and biotechnology
2014. [Epub ahead of print].
__________________________ WORLD TEC
HNOLOGIES________________________



10

Natural Besnoitia besnoiti infections in cattle:
chronology of disease progression
Nicole S Gollnick1*, Julia C Scharr2, Gereon Schares3 and Martin C Langenmayer4
Abstract

Background: Bovine besnoitiosis is an emerging protozoan disease in cattle. Neither vaccines nor chemotherapeutic
drugs are currently available for prevention and treatment of Besnoitia besnoiti infections. Therefore the implementation
of appropriate disease management strategies is of utmost importance. The aim of this longitudinal study was to
complement current knowledge on the chronology of disease progression. This was realized by correlating clinical
findings in early stages of naturally acquired bovine besnoitiosis with results of real-time PCR of skin biopsies and of
two western immunoblots and an immunofluorescent antibody test (IFAT).
Animals for this study were obtained by i) closely monitoring a cow-calf operation with a high prevalence of bovine
besnoitiosis for cases of acute disease, and by ii) conducting a 12-week cohabitation experiment on pasture with five
healthy heifers, a healthy bull and five B. besnoiti infected cows. A control group of six healthy heifers was kept at a
minimal distance of 20 m. Further, the spectrum of potential insect vectors was determined.

Results: Infected cattle were followed up to a maximum of 221 days after first detection of B. besnoiti antibodies. Two
severely affected cows developed visible and palpable alterations of skin, a decrease in body condition despite good
feed intake, and chronic bovine besnoitiosis-associated laminitis leading to non-healing sole ulcers. The cows also had
high reciprocal IFAT titers and high loads of parasite DNA in skin samples. Two heifers developed a mild clinical course
characterized by few parasitic cysts visible in the scleral conjunctivae and vestibula vaginae. Both heifers became infected
during the time of high insect activity of the species Musca domestica, Musca autumnalis, Haematobia irritans, and
Stomoxys calcitrans. When a third heifer became subclinically infected, low insect activity was recorded. None of the six
control heifers contracted a B. besnoiti infection.

Conclusions: In chronic besnoitiosis, the severe clinical course apparently corresponded with high reciprocal IFAT titers
and high loads of parasite DNA in skin, whereas mild and subclinical cases displayed lower values. Bovine besnoitiosis-
associated laminitis represents an important complication in severe chronic disease which severely impairs animal welfare.

Keywords: Besnoitia besnoiti, Bovine besnoitiosis, Cattle, Natural infection, Acute disease, Chronic disease, Laminitis
Background
Bovine besnoitiosis is caused by the apicomplexan para-
site Besnoitia besnoiti [1]. Severe acute disease is charac-
terized by fever, subcutaneous edema, conjunctivitis,
nasal discharge, salivation, lameness, and depression
[2-6]. In the chronic stage of bovine besnoitiosis, the
parasite forms cysts in connective tissues, especially the
dermis and the non-intestinal mucosa [5-8]. Of special
diagnostic value are the superficially located cysts in the
* Correspondence: nicole.gollnick@web.de
1Clinic for Ruminants with Ambulatory and Herd Health Services at the Centre for
Clinical Veterinary Medicine, Veterinary Faculty, Ludwig-Maximilians-Universitaet
Muenchen, Sonnenstrasse 16, 85764 Oberschleissheim, Germany
Full list of author information is available at the end of the article
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scleral conjunctivae, mucous membranes lining the nasal
cavity and the vestibulum vaginae [9-11]. These pin-
head sized, white protuberances are pathognomonic for
bovine besnoitiosis [5]. In severe cases of the disease, the
massive parasitism of the dermis also leads to visible and
palpable changes of the skin. It becomes uneven and
thicker, and disturbance of local blood perfusion may
lead to alopecia and skin necrosis [5,8]. To date, vaccines
and chemotherapeutical drugs for prevention and treat-
ment of the disease are not available [6,12].
Cattle are considered to be intermediate hosts while

the definitive host is still unknown [13,14]. Therefore,
the complete life cycle of B. besnoiti remains yet to be
elucidated. However, it has been established by experiments
HNOLOGIES________________________
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that hematophagous insects are able to transmit the para-
site between cattle [2]. Further, the close contact of infected
and healthy animals has been suggested to play a pivotal
role in disease transmission [2,12].
Clinical and pathophysiological aspects of chronic bo-

vine besnoitiosis are well described in the literature, as a
number of such cases of naturally or experimentally ac-
quired disease in cattle has been reported over the past
century [8,10,11,15-25]. But especially studying the early
stages of naturally acquired bovine besnoitiosis has proved
to be difficult. This may be either due to the limitation of
access to individual animals in extensive management sys-
tems where acute cases may go undetected or simply due
to subclinical course of infections [2,25,26].
As bovine besnoitiosis is spreading within Europe, the

demand for more scientific investigations is increasing
[12,27]. Thus far, longitudinal studies focusing on early
stages of naturally acquired bovine besnoitiosis combin-
ing the results of clinical examinations and current
state-of-the-art laboratory tests are lacking [5]. There-
fore, the objective of the present study was to augment
current knowledge concerning the chronology of disease
progression.
Animals for this study were obtained by i) closely moni-

toring a German cattle herd with a high prevalence of bo-
vine besnoitiosis for cases of acute disease (Herd-BbGer1)
[28], and by ii) conducting a cohabitation experiment in-
volving healthy and B. besnoiti infected cattle. Clinical ex-
aminations were correlated with the results on antibody
development and the detectability of B. besnoiti DNA over
time in one of the parasite’s target organs, the skin.

Methods
Ethical statement
Permission for this study was granted by the responsible
authorities (Animal ethics committee; Regional govern-
ment of Upper Bavaria). The experiment was registered
under TV Az. 55.2-54-2531-83-09. After completion of
the cohabitation period, all animals remained on the
premises for fattening or breeding purposes until sub-
mitted to slaughter or necropsy.

Animals and experimental design
The study consisted of a 12-week cohabitation period
(August 18, 2009, until November 9, 2009) and a five-
month follow-up period. Six healthy Simmental heifers
(Study animals [SA] 2, 5, 7, 10, 11, and 12) were ran-
domly assigned to a paddock (control) group. Five
healthy Simmental heifers (SA 3, 4, 6, 8, and 9) and a
healthy Simmental bull (SA 1) were kept on a 2,500 m2

pasture together with three clinically infected non-
pregnant Limousin cows (SA 13, 15, and 16) with a well
documented history of chronic bovine besnoitiosis.
These cows showed typical parasitic cysts in the scleral
__________________________ WORLD TEC
conjunctivae and vestibula vaginae, alterations of skin,
and had tested positive in IFAT, immunoblot, histology
and PCR (Additional file 1). Further, two pregnant
Limousin cows (SA 20 and 22) in the acute stage of dis-
ease were added to the pasture group on trial day [td] 3
and 51, respectively. Both animals came from subsets of
Herd-BbGer1 with B. besnoiti seroprevalence of 92.5%
and 82.8%, respectively (data not shown). The minimal
distance between both groups was 20 m. The age range
of Simmental and Limousin cattle was 11 to 20 months
and three to eight years, respectively. All cattle tested
negative for Neospora caninum antibodies by an im-
munofluorescent antibody test (IFAT) and by immuno-
blots as previously described [29,30]. During a two-week
quarantine period, claws of all Simmental cattle were
trimmed and thorough clinical examinations were con-
ducted daily.
Throughout the 12-week cohabitation period, social

and reproductive behavior of study animals was re-
corded daily. This included heat detection in non-
pregnant animals on pasture during the morning hours
before, during, and after clinical examinations, and in
the evening after feeding time. Mating activity of the bull
was recorded. The non-pregnant females on pasture
were treated regularly with 150 μg Cloprostenol i.m., a
synthetic PGF2α analog (Dalmazin®, FATRO S.p.A.,
Ozzano Emilia, Italy) to induce estrus. For ovarian cyst
treatment, 100 μg Lecirelin i.m., a synthetic GnRH
analog was used (Dalmarelin®, FATRO S.p.A., Ozzano
Emilia, Italy). In accordance with animal welfare regu-
lations (see Ethical statement), it was required to treat
animals showing signs of acute bovine besnoitiosis with
0.5 mg/kg of Meloxicam s.c. (Metacam®, Boehringer
Ingelheim, Vetmedica GmbH, Ingelheim/Rhein, Germany).
This treatment was repeated every 48 hours until clinical
signs of disease subsided. Cattle with a lameness score
of ≥ 3 underwent functional claw trimming and appro-
priate treatment. Deep claw ulcers were treated under
intravenous regional analgesia using 20 ml of Procain-
Hydrochlorid 2% (Procasel 2%®, Selectavet, Weyarn/
Holzolling, Germany).

Clinical examinations and samplings
Clinical examinations and samplings were performed in
the morning while cattle were restrained in a cattle
chute (paddock group) or in headlocks at the feed bunk
(pasture group). See Table 1 for further details about the
examination protocols ‘daily exam’ and ‘status exam’.
Scores 1 (mild), 2 (moderate), and 3 (severe) were
assigned to classify the degree of alterations. The body
condition score (BCS) was determined according to
Edmonson et al. [31]. For grading gait disturbances, the
five-point scoring system described by Sprecher et al.
(1997) was used [32]: Normal gait (1), mild (2), moderate
HNOLOGIES________________________



Table 1 Clinical examination protocols

Examination of Daily exam
protocola

Status exam
protocolb,c

Temperament ● ●

Posture ● ●

Gait ● ●

Temperature ● ●

Body condition ●

Cardiovascular system ● ●

Respiratory tract ● ●

Digestive tract ● ●

Musculosceletal system ● ●

Female reproductive system ●

Skin ●

Palpable lymph nodesd ●

Abdominal cavity by rectal exploration ●

Scleral conjunctivae ●

Mucous membrane of vestibulum vaginae ●
aUsed daily (except Mondays and Thursdays) for Besnoitia besnoiti negative
Simmental cattle.
bUsed Mondays and Thursdays for B. besnoiti negative Simmental cattle.
cUsed daily for Simmentals after developing signs of clinical besnoitiosis until
the end of the cohabitation experiment. Used daily for study animal 20, and
for study animal 22 on trial days 51, 52, 56, 63, 70, and 80. Used on all animals
examined during the five-month follow-up period.
dLymphonodi [lnn.] mandibulares, lnn. parotidei, lnn. retropharyngei mediales,
lnn. cervicales superficiales, lnn. subiliaci, lnn. ileofemorales.
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(3), moderate to severe (4), and severe lameness (5). The
number of cysts in the mucous membrane of the vesti-
bulum vaginae and the mean number of cysts in the
scleral conjunctivae were estimated and the result were
assigned to the following categories: 1: 1–5 cysts; 2: 6–
10 cysts; 3: 11–20 cysts; 4: 21–30 cysts; 5: >30 cysts.

Blood and skin biopsy sampling
On td 0, blood samples were collected from all Simmen-
tals and SA 13, 15, and 16. Further, skin biopsies for
PCR (except SA 13, 15, and 16) and histological exami-
nations were taken under local anesthesia with 8-mm
punch biopsy devices at the femoral regions of the hind
legs [33,34]. Thereafter, skin biopsies for PCR were taken
on Mondays and Thursdays over the 12-week cohabit-
ation period from healthy Simmental cattle. In case a B.
besnoiti infection had been observed in an individual
animal, blood samples were taken every day and skin
samples were obtained at least every other day at the
femoral region or, less often, laterally at the neck during
21 days after initial signs of acute disease. Thereafter,
blood and skin samples were again taken twice a week.
With regards to SA 20, the sampling regime for acutely
infected cattle was applied. Due to its uncooperative be-
havior, SA 22 was only sampled on days 51, 52, 56, 63,
70, and 80. During regular herd visits in the five-month
__________________________ WORLD TEC
follow-up period, complete samplings were performed
on SA 4, 6, 8, 20, and 22 every two to three weeks.

Serology and real-time PCR examinations
An immunofluorescent antibody test (IFAT) and two
western immunoblots (one with tachyzoite and the sec-
ond with bradyzoite antigen) were performed to define
the serological status of the animals. The combination of
results of these three serological tests is referred to as
“serological reference system” later on. Thus, a blood
sample was regarded as seropositive if it revealed a posi-
tive result in at least two of the three tests applied. In
IFAT, a serum was regarded as positive if the reciprocal
IFAT titer was ≥ 200. In the immunoblot, a positive sero-
logical reaction was recorded if ≥ 4 of 10 bands selected
per antigen (tachyzoite, bradyzoite) were recognized
[29]. Previously published real-time PCR results for the
detection of a B. besnoiti infection were included for data
interpretation [34]. For calculation of mean cycle thresh-
old [ct]-values and statistical analysis, negative real-time
PCR results were counted with a ct-value of 45.0.

Examinations by light microscopy
Immediately after collection of blood into tubes pre-
coated with EDTA, a blood smear was performed on a
glass slide. Smears were stained with a Pappenheim stain
(Haema Schnellfaerbung, LT-SYS® Labor +Technik Eberhard
Lehmann GmbH, Berlin, Germany) and examined for
B. besnoiti tachyzoites. At necropsy of SA 20 and 22,
samples of the claws were fixed in paraformaldehyde
4% for 24 to 48 hours, decalcified for one week and
subsequently embedded in plastic [35]. Sections of
2 μm thickness were routinely stained with hematoxylin
and eosin (HE) and according to Giemsa.

Insects: collection, DNA extraction and real-time PCR
Insects alighting on or flying in the vicinity of the trunk,
neck and head of the pasture group cattle restrained in
headlocks were caught using a Japan insect hand net on
td 24 at 1 and 2 pm, and on td 32 at 11 am. Insects were
stored in 96.5% ethanol. Using a dissecting microscope,
insect classification was conducted based on morpho-
logical characteristics at the Institute for Parasitology
and Tropical Veterinary Medicine, Berlin, Germany.
Using a vacuum evaporator (Alpha-RVC, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany), insects were dried for 60 min at 37°C. DNA
extraction was performed using the ZR Insect/Tissue
DNA Kit-25™ (ZYMO Research Corporation, Irvine, CA,
USA) following the manufacturer’s procedure with a
variation in bead beater process time (15 min instead of
10 min). Every 11th sample, a negative processing con-
trol (empty tube), was included during DNA extraction.
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All DNAs were tested by real-time PCR using the Bb-
RT2 assay as previously described [36].
Definitions
Acute, subacute, and chronic bovine besnoitiosis are
characterized by a number of specific and non-specific
clinical signs reviewed by [5,6]. In our study we chose
specific clinical features for assigning a study animal to a re-
spective disease stage: Animals in the acute stage of bovine
besnoitiosis had to show fever (body temperature > 39.0°C)
or at least two of the following clinical signs/diagnoses: de-
pression, conjunctivitis, subcutaneous edema, lymphaden-
itis, lameness. Cattle were classified as chronically infected
by B. besnoiti when first parasitic cysts were visible in the
scleral conjunctivae or mucous membranes. The time
period between the acute and chronic stage is referred
to as subacute stage of disease. The assumed time
period of infection is defined as the period of 11–14
days prior to the onset of clinical signs and was based
on previous studies [2].
Results
New infections by B. besnoiti
Only Simmental heifers SA 4, 6, and 8 kept in direct
contact with clinically affected cattle became B. besnoiti
infected. SA 1 (bull), 3, and 9, kept under the same con-
ditions and the six control females remained free of B.
besnoiti infection (Figure 1). Overall, five female cattle
were followed for at least 152 days (SA 8) to a maximum
of 221 days (SA 20) after first detection of B. besnoiti
antibodies. SA 4, 6, 20, and 22 became clinically in-
fected. In case of SA 8, only routine laboratory tests re-
vealed an infection with B. besnoiti. Skin samples tested
B. besnoiti DNA positive on td 70 (cycle threshold [ct]-
value: 39.1) and SA 8 seroconverted on td 73 (Figure 2)
[34]. B. besnoiti tachyzoites could not be demonstrated
in blood smears of SA 8.
Duration of the acute and subacute stages and the be-

ginning of the chronic stage varied between study ani-
mals. To compare diagnostic characteristics between
cattle, the time course of infection was adjusted to the
day of seroconversion (based on the reference system).
For the correlation of clinical findings with laboratory
results, periods of time were defined at which SA 4, 6,
and 20 were most likely in a particular stage of clinical
disease: Acute disease: +/− 3 dps; subacute disease: 7 to
18 dps; chronic disease: 32 to 152 dps. For better com-
parability of results, these periods of time were also ap-
plied to SA 8 and SA 22. In cases where more than two
test values were available for the respected clinical pe-
riods, the mean of real-time PCR ct-values and the mean
of reciprocal IFAT titers were determined for each ani-
mal (Table 2).
__________________________ WORLD TEC
Acute stage of bovine besnoitiosis
The period of acute bovine besnoitiosis of SA 4 and 6
lasted for 12 and 13 days, respectively (Figure 3). B. bes-
noiti DNA could be demonstrated in skin samples of SA
4 and 6, one and four days after the beginning of the
acute phase, respectively (SA 4: ct-value: 38.7; SA 6: ct-
value: 35.0) (Figure 2) [34]. Limousin cow SA 20, tested
positive for B. besnoiti DNA in skin samples on the day
of admission (ct-value: 30.3) and seroconversion was
noted one day later (Figures 2 and 3) [34]. Clinical find-
ings during the acute stage for SA 4, 6 and 20 are shown
in Figures 3 and 4.
On the day of admission (td 51), SA 22 had a body

temperature of 38.7°C. The Limousin cow was severely
depressed, had mucopurulent nasal discharge and
showed mild to moderate conjunctival hyperemia and
moderate injection of episcleral and conjunctival vessels.
The animal walked reluctantly with a very stiff gait on td
51 and 52. Further, B. besnoiti DNA could be detected in
skin samples (ct-value: 31.5) and the animal had already
seroconverted (Figure 2) [34]. According to our defin-
ition, SA 22 entered the study on the last day of acute
disease. Hereafter, for comparability with other study an-
imals, td 51 will be referred to as day of seroconversion
for SA 22.
Disorders of the cardiovascular, respiratory, and digest-

ive systems were not observed in all four clinically af-
fected cattle.
Examinations of blood smears for SA 4, 6, 20, and 22

prepared on days of acute disease did not reveal free or
intracellular tachyzoites in peripheral blood. Further
serological and real-time PCR results are detailed in
Table 2.

Subacute stage of bovine besnoitiosis
Subacute disease, i.e. the phase between the end of acute
disease and the macroscopic observation of first tissue
cysts, lasted 15, 24, 18, and 10 days for SA 4, 6, 20, and
22, respectively (Figure 2). No abnormal clinical findings
were recorded in SA 4 and 6 during the subacute period.
In SA 20 and 22, the only alteration noted was a rough
and dull hair coat (SA 20: 2, 9, 15, 16 and 19 dps; SA 22:
8 dps). Good ruminal fill and no decrease in BCS was re-
corded for SA 4, 6, 20, and 22 (Figure 5).
Serological and real-time PCR results are detailed in

Table 2.

Chronic stage of bovine besnoitiosis
Chronic besnoitiosis led to macroscopical changes of the
scleral conjunctivae and vestibula vaginae in all clinically
affected animals. Further, in severely affected cattle SA
20 and 22, effects on body condition, skin and claw
health were noted. Serological and real-time PCR results
are detailed in Table 2.
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Figure 1 Experimental design and results of cohabitation trial. Sixteen female adult cattle (O) and one breeding bull (□) of the breeds
Limousin (─) and German Simmental (−−−) were enrolled in the 12-week cohabitation trial. Pink, yellow, green, and blue indicate animals in the
acute, subacute, chronic, and subclinical stage of bovine besnoitiosis, respectively. A) Five healthy, non-pregnant Simmental heifers (Study animals
[SA] 3, 4, 6, 8, and 9), and a healthy Simmental bull (SA 1) were kept together with three chronically Besnoitia besnoiti infected, non-pregnant
Limousin cows (SA 13, 15, and 16) on a 2,500 m2 pasture. A control group of six healthy, non-pregnant Simmental heifers (SA 2, 5, 7, 10, 11, and
12) were confined at a minimal distance of 20 m in a 200 m2 paddock area. On trial day [td] 3, the acutely B. besnoiti infected, pregnant Limousin
cow SA 20 was introduced into the pasture group. B) The acutely B. besnoiti infected, pregnant Limousin cow SA 22 was introduced on td 51. By
this time SA 20 had entered the chronic stage, and SA 4 and 6 were in the subacute stage of disease. C) In the final week of the trial, SA 4, 6,
and 22 had reached the chronic stage of bovine besnoitiosis and SA 8 was identified as subclinically infected.
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Clinical changes of mucous membranes and skin
First parasitic cysts in the scleral conjunctivae were detected
macroscopically 19 and 32 dps in SA 4 and 6, respectively. In
the vestibulum vaginae, parasitic cysts appeared 180 and 135
__________________________ WORLD TEC
dps for SA 4 and 6, respectively. Throughout the study, the
skin of both animals remained clinically unaffected (Figure 5).
In SA 20 first, very minute parasitic cysts were ob-

served in the scleral conjunctivae of both eyes 23 dps
HNOLOGIES________________________



Figure 2 Chronology of events during the 12-week cohabitation period. Clinical, serological, and PCR findings in female animals of the pasture
group are shown. The acutely Besnoitia besnoiti (Bb)-infected Limousin cows SA 20 and 22 were introduced into the experiment on trial days 3 and 51,
respectively. Simmental heifers SA 4, 6, and 8 became infected with B. besnoiti during the experimental period. In the reference system used, a blood
sample was regarded as seropositive if it revealed a positive result in at least two of the three tests applied: IFAT, tachyzoite and bradyzoite immunoblot.
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(Figure 6A) and first parasitic cysts became visible in
the mucous membrane of the vestibulum vaginae 26
dps. The number of visible parasitic cysts in the scleral
conjunctivae and vestibulum vaginae exceeded 30
__________________________ WORLD TEC
(Category 5) within 28 dps and 42 dps, respectively
(Figure 5). Palpable indurations of 3–5 mm in diameter in
the skin of the teat basis were detected for the first time 23
dps (Figure 5). Open skin lesions on the teats were
HNOLOGIES________________________
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Figure 3 (See legend on next page.)
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(See figure on previous page.)
Figure 3 Clinical findings in acute bovine besnoitiosis in study animals [SA] 4, 6, and 20. The exact period of acute disease was determined
retrospectively after serology results confirmed an infection with Besnoitia besnoiti. The acute stage is defined as the period in which an animal had a
body temperature of > 39.0°C or showed at least two of the following clinical signs/diagnoses: depression, conjunctivitis, subcutaneous edema,
lymphadenitis, lameness. A black bar indicates on which day an animal showed specific clinical alterations during the acute stage of disease. The day
of seroconversion is marked by dark grey. The scores 1 (mild), 2 (moderate), and 3 (severe) indicate the severity of alteration from physiological values.
For lameness evaluations a five-point scoring system was utilized: Normal gait (1), mild (2), moderate (3), moderate to severe (4), and severe lameness
(5) [28]. a)Hyperemia of unpigmented skin and mucous membranes; b)Petechiae in the nasal and oral mucous membranes; c)Lymphadenitis of Lnn.
cervicales superficiales; d)Lymphadenitis of Lnn. cervicales superficiales and Lnn. subiliaci; e)Increase of synovial joint fluid in the stifle, carpal and tarsal joints.
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recorded 32 dps (Figure 6E). Intradermal knots especially at
the teat basis increased in size (up to 1 cm in diameter by
116 dps) and open skin lesions as well as encrusted epider-
mal areas were noted throughout the follow-up period
(Figure 6F). The skin of the proximal part of the hind legs
was first recorded to be slightly, yet notably uneven 25 dps
(Figure 6H). These skin alterations became more prominent
with time and by 166 dps intradermal indurations were
palpable and clearly visible on the eyelids, neck, proximal
hind legs (Figure 6J), and the distal limbs. The skin of the
proximal hind legs was noted to be hypotricheic (Figure 6J)
and partial alopecia was found on the distal limbs.
Figure 4 Study animals [SA] 4, 6, and 20 in acute stage of bovine bes
the figure (das = days ante seroconversion, dps = days post seroconversion). A)
dehydration (sunken eye bulb). C) Increase of salivation. D) Serous ocular disch
applying pressure to the metacarpal skin (Eb: Black circle). F) Mild purulent ocu

__________________________ WORLD TEC
In SA 22, first parasitic cysts were noted in the scleral
conjunctivae and vestibulum vaginae 13 and 84 days after
the end of the acute stage, respectively. First palpable
changes were recorded for the teat skin 30 dps and for the
skin of the upper hind legs and neck 120 dps (Figure 5).
Effects on body condition
During the chronic stage, ruminal fill was recorded as
“good” at all status examinations for SA 4, 6, 20 and 22.
Weight gain was recorded for SA 4 and 6, while SA 20
and 22 lost body condition (Figure 5).
noitiosis. Animal ID and day when picture was taken are provided in
Depression and inappetence. B) Injected scleral vessels and considerable
arge. E) Pitting edema on distal left front limb. Note the indentation after
lar discharge.
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Figure 5 Selected clinical scores for study animals [SA] 4, 6, 20, and 22. Changes over time with regards to the number of cysts in the
scleral conjunctivae and vestibulum vaginae, clinical alterations of teat skin and general skin, and changes in body condition and gait are depicted.
Scores 1 (mild), 2 (moderate), and 3 (severe) were assigned to characterize the degree of alteration from physiological values of the teat skin
(□) and general skin (♦). The body condition score (green ●) on a scale of 1–5 in 0.25 increments was determined according to Edmonson et al.
[27,31]. For gait alterations (red ▲) a five-point scoring system was utilized following the lameness scoring system by Sprecher et al. [32]: Normal
gait (1), mild (2), moderate (3), moderate to severe (4), and severe lameness (5). The number of cysts in the mucous membrane of the vestibulum
vaginae (O) and mean number of cysts in the scleral conjunctivae (x) were estimated and results were assigned to the following categories: 1: 1–5
cysts; 2: 6–10 cysts; 3: 11–20 cysts; 4: 21–30 cysts; 5: >30 cysts.
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Claw disease associated with B. besnoiti infections
For SA 4 and 6, lameness was not recorded any time
after the acute stage of disease (Figure 5).
SA 20 presented moderate changes in gait and stance

166 dps. The animal walked with an arched back, keep-
ing its head low during movement. All limbs were
clearly abducted during the protraction phase. At rest,
the animal presented a wide stance in both front and
hind limbs. The head was kept low and the cow ap-
peared depressed. Functional claw trimming of all feet
revealed signs of chronic laminitis on all four lateral
claws (Figure 6L) and sole ulcers on both lateral front
claws. Keeping the animal on deep straw bedding did
__________________________ WORLD TEC
not lead to improvement of its overall condition. Shortly
after, SA 20 delivered a healthy calf 212 dps, a second claw
treatment was performed, and the animal was transferred
to pasture where lameness receded (Figure 5).
Eighty-four dps, SA 22 presented mild supporting leg

lameness on the left hind leg. Further, it walked carefully
and stiffly on hard concrete surface. A lameness score of
4 was recorded 120 dps (Figure 5). The protraction
phase of both hind limbs was shortened. While standing,
the animal shifted its weight from one hind leg to the
other a few times per minute. During movement, front
feet were placed carefully, and the head of the animal
was kept low. Functional claw trimming of the hind
HNOLOGIES________________________



Figure 6 The chronic stage of bovine besnoitiosis: Clinical findings in study animal 20. Reference to the day when the picture was taken is
provided in the figure (dps = days post seroconversion). A) Parasitic cysts in the scleral conjunctivae were very difficult to detect in the early stage
of chronic disease. Only reflections of light where scleral conjunctiva is slightly uneven can be appreciated. A few reflections are indicated (→).
B) Less than two weeks later, pale, almost translucent cysts were easily noticeable. A few cysts are indicated by the arrow (→). C) At the end of
the follow-up period cysts were pearl white with an estimated diameter of up to 1 mm. D) Clinically unaffected skin of left front teat. E) Palpable
indurations and open skin lesion on left front teat five weeks later. F) Intradermal knots and encrusted epidermal areas on left front teat. G) Clinically
unaffected skin of left hind limb. H) Skin in left tarsal region uneven and slightly lichenified. J) Thickend and hypotricheic skin on left hind leg.
K) Parasitic cysts in the vestibulum vaginae were of similar size and color as those in the scleral conjunctivae near the end of the follow-up
period. A few cysts are indicated (→). L) Claws of right hind limb after trimming 176 dps. Signs of chronic laminitis indicated by widening of
white line and blood stained sole horn of lateral claw. M) Multiple mature Besnoitia besnoiti tissue cysts in the laminar corium displacing
laminar epidermal infoldings (Sample taken at necropsy).
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claws revealed chronic laminitis and Rusterholz sole ul-
cers on the lateral claws. After claw treatment, the
animal was housed on deep straw bedding and delivered
__________________________ WORLD TEC
a healthy calf 152 dps. On the last day of the follow-up
period, SA 22 was examined on pasture and was found
to be free of lameness (Figure 5).
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After the follow-up period ended, SA 20 and 22 were
rejoined with Herd-BbGer1. However, when signs of
severe lameness reappeared, both cattle were submitted
to necropsy. Examination of the claws of SA 20 and 22
revealed moderate to severe rotation of the distal pha-
langes. In several claws, maceration of claw horn was
present, and in few claws, a purulent and necrotizing
inflammation of the laminar corium and the distal phal-
anx. Histological examination of the laminar corium re-
vealed multiple B. besnoiti tissue cysts leading to
distension of the laminar papillae and lamellae and devi-
ation or displacement of the laminar epidermal infoldings
(Figure 6M) [33].

Cattle and insect behavior
Intense mating activity of SA 1 was noted whenever a
heifer or cow in the pasture group, irrespective of dis-
ease status, was in spontaneous or hormone-induced es-
trus. With the exception of SA 6 and 9 on td 38,
Simmental heifers were not served by the bull on the
same day as cows in the chronic stage of bovine besnoi-
tiosis (see Figure 2 for details). Physiological grooming
and reproductive behavior of cattle were observed
throughout the study. It is noteworthy that animals
licked each other’s skin biopsy wounds until potential re-
sidual bleeding subsided. Insects were frequently ob-
served feeding on ocular and nasal secretions and on
skin wounds after sampling. Healthy cattle reacted to
biting insect activity by stamping, kicking, head shaking,
frequent tail flicking and contractions of the musculus
cutaneus trunci. In animals with acute bovine besnoitio-
sis, reactions to ward off insects were less distinct and
numbers of insects on these cattle were noticeably
greater than on healthy animals.

Insect species collected
The following species of the family Muscidae (Diptera)
were caught on td 24 and 32: Two secretophagous insect
species Musca domestica Linnaeus 1758 (td 24: n = 40;
td 32: n = 2), and Musca autumnalis De Geer 1776
(td 24: n = 23; td 32: n = 2); and two hematophagous insect
species Haematobia irritans Linnaeus 1758 (td 24: n = 10;
td 32: n = 34), and Stomoxys calcitrans Linnaeus 1758 (td
24: n = 0; td 32: n = 48). One S. calcitrans, caught directly
on SA 6 during acute besnoitiosis tested positive for B. bes-
noiti DNA in two repetitive examinations (ct-value: 29.99).

Discussion
In this paper, we present results of the first longitudinal
clinical study of cattle monitored in acute, subacute
and chronic stages of naturally acquired bovine besnoi-
tiosis in which clinical findings could be correlated with
results of current state-of-the-art laboratory tests. The re-
ported 12-week cohabitation experiment of six healthy
__________________________ WORLD TEC
Simmentals kept with five clinically affected Limousins
(three chronic cases, two recently infected animals) re-
sulted in one subclinical case and two mild cases with
clinical signs observed in the acute and chronic stage of
disease. Major differences between the study described
here and a previous cohabitation study [2], are the dur-
ation of the experiment (12 weeks compared to 2 years),
the frequency of animal sampling, a clinically apparent
acute stage, the opportunity to confirm infection after only
a few days with serological and molecular techniques, and
disease progression monitored in detail.

Clinical findings
Authors studying the clinical signs of experimentally and
naturally acquired acute bovine besnoitiosis report that
pyrexia is one of the first signs to appear in the acute
stage. Shortly after that anorexia, polypnoe, hyperemia
of unpigmented skin and mucous membranes, conjunc-
tivitis, and photophobia develop [1,8,21]. In this study,
pyrexia developed one day before (SA 4) or together (SA
6) with the appearance of other clinical signs/diagnoses
typical for bovine besnoitiosis, like anorexia, depression,
conjunctivitis, and ocular discharge (Figure 3). The dur-
ation of pyrexia was comparable with the data obtained
by Bigalke (1968) [2], where cattle were ‘naturally’ infected
via insects harboring parasites or nasal administration of
skin suspensions containing cysts. Interestingly, the hall-
mark feature of acute bovine besnoitiosis, subcutaneous
edema, was only observed in SA 20. As SA 4 and 6 both
displayed edema in histological skin sections as well [33],
edema in these cases were most likely too subtle to be
noticed clinically. Petechiae, which are described in ex-
perimental bovine besnoitiosis [8] were only observed
on a few days in SA 4 (Figure 3). As SA 20 and 22 both
displayed multifocal hemorrhages in histological skin
sections [33], petechiae in these cases were most likely
obscured by skin pigmentation. Only SA 20, severely
affected by B. besnoiti, displayed a palpable increase in
synovial joint fluid (Figure 3), which is indicative of
arthritis, a lesion which is described in experimental
bovine besnoitiosis as well [8].
In the chronic stage of bovine besnoitiosis, all animals

developed typical minute parasitic cysts in the non-
intestinal mucous membranes. Interestingly, in all four
cases, cysts in the scleral conjunctivae appeared before
cysts in the vestibula vaginae became visible (Figure 5).
Typical skin lesions associated with bovine besnoitiosis
like thickening, folding and reduced elasticity [1,6] de-
veloped only in SA 20 and 22.
Cysts in the scleral conjunctivae developed 28 and

38 days after first fever in SA 4 and 6, respectively,
which is twelve respectively two days shorter compared
with the mean reported in Bigalke’s ‘natural’ infections [2].
Interestingly, measurement of cyst diameter in histology
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revealed smaller cysts around the time point of first detec-
tion of cysts in the scleral conjunctivae than reported by
Bigalke (1968) [2,33]. The course of besnoitiosis in this
study reflected those of South African ‘natural’ cases, as
SA 4 and 6 developed mild and SA 20 and 22 fairly severe
besnoitiosis.
Clinical signs of chronic laminitis during chronic bo-

vine besnoitiosis were only noted in SA 20 and 22. Al-
though lameness or reluctance to move are common
clinical signs during acute bovine besnoitiosis [1,21], an
association between chronic bovine besnoitiosis and
chronic laminitis has only recently been made [33].
Steric interference of tissue cysts with epidermal lamellae
and dermal vessels most likely propagates development of
chronic laminitis. Inappropriate weight distribution and
secondary changes like rotation of the third phalanx and
reduction in horn quality then facilitate the formation of
lesions like (Rusterholz) sole ulcers. Persistence of para-
sitic cysts in the dermis followed by chronic inflammation
may explain why sole ulcers did not heal in SA 20 and 22
even after appropriate treatment.
Disease stages of bovine besnoitiosis are often not

clearly defined in the literature. In accordance with many
other authors, we use the onset of pyrexia and other com-
mon clinical findings such as depression, conjunctivitis,
subcutaneous edema, lymphadenitis, and lameness to de-
fine the acute stage [1,12,21]. As scleroderma is a striking
feature in chronic besnoitiosis, but not very common in
mildly affected animals [2], we used the typical cysts in the
scleral conjunctivae as determinant of the chronic stage,
which is widely accepted and a common tool to detect in-
fected animals and assess disease severity [1,2,22].

Correlation of clinical findings and laboratory test results
Results of serological and PCR examinations correlated
with the course of bovine besnoitiosis in SA 6, 8, 20, and
22 (Table 2). Not surprisingly, IFAT and real-time PCR
results reflected the massive parasitism in SA 20 and 22
which is in accordance with previous findings [22,36].
From a 25 mg skin sample 100 μl DNA was extracted.
Hereafter, 1 μl was used for PCR. Based on previously
published titrations and the assumption that a single
parasite contains about 0.01 pg DNA, the number of
parasites/25 mg biopsy were estimated [36]. It is possible
to estimate that during the acute stage of infection SA
20 and 22 contained the DNA of between ~103 (equals
ct-value 32.0) and ~104 (equals ct-value 29.0) parasites/
25 mg of biopsy [36]. By contrast, in SA 4, less than the
DNA of 103 parasites/25 mg skin sample (equivalent to
ct-values > 32.0) was detectable during the acute stage.
In SA 8 (ct-value 39.1) even less than 101 parasites/
25 mg sample were found. As shown by Langenmayer
et al. [33], tachyzoites disappear until the end of the
acute stage and the number of cystozoites increases due
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to intracystic multiplication of B. besnoiti. During that
stage, parasite DNA per 25 mg sample in SA 20 and 22
remained almost constant (ct-values between 29.5 and
31.5, ~103 - 104 parasites per 25 mg). However, in the
remaining animals with low parasite DNA skin levels in
the acute stage, there was a clear decrease in the specific
DNA levels during the subacute stage. Finally during the
chronic stage of disease in SA 20 and 22, the mean esti-
mate increased up to about 107 – 1010 parasites per
25 mg sample (ct-values between 11.6 and 19.5).
Although PCR suggests only a mild infection (ct-values

between 23.2 and 37.6; ~ 101-106 parasites/25 mg sam-
ple) in the chronic stage, SA 6 showed a similar pattern
in IFAT as SA 20 and 22. The reciprocal IFAT titer in-
creased over time. Further, in this animal, the estimated
number of parasites per 25 μg sample increased from
below 103 in the acute stage up to 106 in the chronic
stage (minimum ct-value: 23.2). By contrast, SA 4, which
showed similar clinical signs as SA 6 during the acute
stage, appeared to have successfully eliminated the para-
sites from the skin over time (no PCR positive skin sam-
ples in the chronic stage). This is most probably because
of a pronounced immune reaction indicated by high spe-
cific antibody titers and early recognition and destruc-
tion of dermal cysts [33], leaving only few cysts behind
for bradyzoites to proliferate. This pattern is further
reflected by the decrease in the number of cysts found
in the scleral conjunctivae (Figure 5), and supports find-
ings of other studies where clinically infected animals
reduce parasite load over time and remain parasite car-
riers [22]. Interestingly, in subclinically infected SA 8,
real-time PCR of skin samples revealed that despite PCR
negative results during the subacute stage, and mostly
PCR negative results during the chronic stage, up to an es-
timate of ~104-105 parasites per 25 mg sample (minimum
ct-value: 27.4) could be found in 3 of 9 samples. This sup-
ports the hypothesis that even subclinically infected cattle
may contribute to the propagation of the parasite [22].
It is not clear which factor influenced the high parasite

load in two animals (SA 20 and 22) during the chronic
stage compared with the remaining animals. Since SA 20
and 22 were the animals with slightly higher parasite
loads in the acute stage, it is tempting to speculate that
higher loads in the acute stage of infection are determin-
ant for extreme parasite loads in the chronic stage. To
confirm this hypothesis and to identify the triggers, fur-
ther studies analyzing cattle in both the acute and the
chronic stage of infection are needed.
A potential effect of meloxicam treatment on disease

progression/zoite proliferation is open to debate. How-
ever, at present, there are no such studies suggesting
such an effect. In this study, Meloxicam treatment of an-
imals was required due to animal welfare regulations
(see Ethical statement). Its use most likely affected
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clinical signs and the sickness behavior response of af-
fected cattle; an effect on parasite propagation, however,
is most likely minor.

Disease transmission
It was beyond the scope of this study to determine
routes of parasite transmission and to identify the source
of B. besnoiti in acutely infected Simmentals. It has pre-
viously been demonstrated that B. besnoiti can be trans-
mitted mechanically by hematophagous insects and also
directly between cattle via the naso-pharyngeal route [2].
In this context a few possible interpretations of the cir-
cumstantial data are worth mentioning: Considering the
results of PCR and histological examinations [33,34],
study animals in the subacute and chronic stage exposed
numerous parasitic cysts in biopsy wounds when skin
samples were taken at least every other day. Thus, up-
take of parasites by naïve cattle licking such wounds and
by hematophagous and secretophagous insects feeding
on blood and ichor may be presumed. Caught on SA 6
on the day after seroconversion, one out of 48 S. calci-
trans specimen tested positive for B. besnoiti DNA. This
further supports the hypothesis that this insect species
may contribute to mechanical B. besnoiti transmission in
the field.
Interestingly, SA 4 and 6 became clinically infected,

when only SA 20 (in subacute stage) was frequently bi-
opsied (Figure 2). SA 8, however, became only subclini-
cally infected, even though four cattle in the subacute
and chronic stage were frequently sampled during the
assumed period of infection (> td 45). The chance for
oral uptake of parasites had to be considerably higher
for SA 8 compared with SA 4 and 6 (Figure 2). However,
insect activity had substantially declined after td 45 when
SA 8 became infected (data not shown), which fosters the
hypothesis that mechanical transmission by insects may
play a role in B. besnoiti transmission [2,37,38].
It has been suggested that close contact of cattle is

pivotal for insect transmission [2,20,39]. This is sup-
ported by the finding that none of six similarly managed
and sampled heifers kept at a minimal distance of 20 m
to infected cattle seroconverted (Figure 1).
It is widely accepted, despite the lack of well con-

trolled studies, that reproductive activity of cattle may
represent a risk factor for parasite transmission. Some
authors report that especially bulls become infected with
the parasite in B. besnoiti affected herds [20,40], and that
males may suffer from a more severe course of disease
[15,26,41,42]. However, Bigalke (1968) could not confirm
an effect of sex with regards to disease incidence [2]. In
this particular study, reproductive activity of cattle could
not be identified as a factor of parasite propagation.
Chronically infected Limousins and SA 4, 6, and 8 had
not been simultaneously in estrus during the respective
__________________________ WORLD TEC
assumed time of infection; the bull SA 1 remained
healthy (Figures 1 and 2).
In beef cattle herds, a single mature bull may serve up

to 60 cows, often facilitating sexual encounters with
multiple females on the same day [43]. This may not
only increase the risk of indirect transmission of B. bes-
noiti but also represent an increased hazard for trauma
to the mucous membranes of the bull’s penis and pre-
puce. In this study, only eight females were served by
bull SA 1. Even though the reproductive cycles of fe-
males were shortened by inducing estrus, there were pe-
riods of 24 hours and more when no heifer or cow was
in heat (see Figure 2), thus the overall mechanical stress
to the bull’s penis and prepuce was low. Additionally, it
has to be considered that encounters with chronically af-
fected cows presenting parasitic cysts in the mucous
membranes of their vestibulum vaginae were only ob-
served on 17 of 84 days (Figure 2).

Conclusions
This longitudinal study provides detailed results of clin-
ical examinations, serological and PCR tests performed
on cattle in all stages of naturally acquired severe, mild
and subclinical bovine besnoitiosis. It was demonstrated
that recently infected animals can easily be identified by
testing blood serum for antibodies twice within a 28 day
interval by IFAT and/or western immunoblot. It was fur-
ther shown that spatial separation of B. besnoiti infected
and naïve cattle by at least 20 meters may minimize the
risk for agent transmission. Reciprocal IFAT titers and
parasite DNA loads in skin samples corresponded well
with the clinical course of bovine besnoitiosis, represent-
ing an important means for herd screening tests and as-
sessment of severity of disease. It was shown that bovine
besnoitiosis-associated laminitis represents an important
complication in severe chronic disease, which severely
impairs animal welfare.

Additional file

Additional file 1: Disease history of chronically Besnoitia besnoiti
infected study animals [SA] 13, 15, and 16: Supplementary table
providing results of clinical, serological, PCR, and histological
examinations of three chronically Besnoitia besnoiti infected,
non-pregnant Limousin cows used in the cohabitation trial.
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Feasibility and safety of intrathecal transplantation
of autologous bone marrow mesenchymal stem
cells in horses
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Abstract

Background: Recent studies have demonstrated numerous biological properties of mesenchymal stem cells and
their potential application in treating complex diseases or injuries to tissues that have difficulty regenerating, such
as those affecting the central and peripheral nervous system. Thus, therapies that use mesenchymal stem cells are
promising because of their high capacity for self-regeneration, their low immunogenicity, and their paracrine,
anti-inflammatory, immunomodulatory, anti-apoptotic and neuroprotective effects. In this context, the purpose of this
study was to evaluate the feasibility and safety of intrathecal transplantation of bone marrow-derived mesenchymal
stem cells in horses, for future application in the treatment of neurological diseases.

Results: During the neurological evaluations, no clinical signs were observed that were related to brain and/or
spinal cord injury of the animals from the control group or the treated group. The hematological and cerebrospinal
fluid results from day 1 and day 6 showed no significant differences (P > 0.05) between the treated group and the
control group. Additionally, analysis of the expression of matrix metalloproteinase (MMP) -2 and −9 in the cerebrospinal
fluid revealed only the presence of pro-MMP-2 (latent), with no significant difference (P > 0.05) between the studied
groups.

Conclusions: The results of the present study support the hypothesis of the feasibility and safety of intrathecal
transplantation of autologous bone marrow-derived mesenchymal stem cells, indicating that it is a promising pathway
for cell delivery for the treatment of neurological disorders in horses.

Keywords: Mesenchymal stem cells, Transplantation, Horse, Matrix metalloproteinases, Neurology
Background
Recent studies have demonstrated numerous biological
properties of mesenchymal stem cells (MSCs), as well
their potential application to treat complex diseases or
injuries to tissues that have difficulty regenerating, such
as those that affect the central and peripheral nervous
system. Thus, stem cell therapy is a promising alternative
for the treatment of these diseases because of the high
capacity for self-regeneration, the low immunogenicity,
and the paracrine, anti-inflammatory, immunomodulatory,
anti-apoptotic and neuroprotective effects of MSCs.
* Correspondence: rmamorim@fmvz.unesp.br
4Department of Veterinary Clinics, São Paulo State University, District of
Rubião Júnior, n/n, CEP: 18618970, Botucatu, São Paulo, Brazil
Full list of author information is available at the end of the article
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During ischemic damage or severe tissue damage,
MSCs can be attracted to the site of injury, where they
secrete bioactive factors that influence the process of
tissue repair and regeneration [1]. According to Baraniak
and McDevitt [2], stem and progenitor cells are able to
produce and secrete a large number of factors, including
growth, angiogenic, antifibrotic, anti-inflammatory and
immunosuppressive factors and compounds responsible
for the homeostasis of the extracellular matrix (collagen,
TIMPs and matrix metalloproteinases (MMPs), as well
as antioxidants and anti-apoptotic molecules that play im-
portant roles in the regenerative process. In addition to
producing cytokines, chemokines, growth factors and
extracellular matrix molecules, it is noteworthy that stem/
progenitor cells play an important role in the consume of
HNOLOGIES________________________
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pro-apoptotic factors and inflammatory molecules [2].
All these properties are great attractions for the use of
cell therapy in many diseases that affect animals and
humans. However, preclinical and clinical trial data are
fundamental to provide the scientific basis in support of
stem cell therapy. The therapeutic window, the strategy of
cell delivery, the cell doses and the possible secondary
effects should be evaluated in clinical studies [1]. Because
horses are commonly affected by musculoskeletal, neuro-
logical and reproductive disorders, the equine species can
be used as a model for experimental MSCs therapy.
MSCs derived from the bone marrow (BM) and adipose

tissue are the two most common types of stem cells used
in therapeutic approaches to repair and/or regenerate tis-
sues in horses [3]. The studies involving MSCs therapy of
horses have focused mainly on osteoarticular and tendon
injuries [4-9], with few reports of its use in other tissues,
such as the nervous system. Thus, the application path-
ways most used until now for the clinical treatment
of horses are intralesional and intra-articular. Preclinical
studies that evaluated the safety of MSCs transplantation
by other pathways, such as intrathecal, are lacking in
equine medicine. An intrathecal injection is less invasive
than an intralesional injection, can extensively deliver cells
through the cerebrospinal fluid (CSF) [10] and is a more
feasible routine for treatment of equine CNS injuries.
In this context, the purpose of this study was to evaluate

the feasibility and safety of intrathecal transplantation
of autologous bone marrow mesenchymal stem cells
(BM-MSCs) in horses.

Results
Cultivation, characterization and differentiation capacities
of the BM-MSCs
The cells from the mononuclear fraction of the BM ex-
hibited adherence to the culture dish between 24 and
48 hours and fibroblastoid morphology starting at four
days of cultivation. Confluence (≥80%) and homogeneity
of the culture were obtained after approximately three
week of cell culture.
The immunophenotyping analysis revealed a high level

of expression of the CD90 marker �x ¼ 97� 1:3%ð Þ ,
a lower level of expression of the CD44 marker
�x ¼ 71� 10:7%ð Þ and the lack of expression of the
CD34 marker �x ¼ 0:8� 0:2%ð Þ.
The differentiation potential of the MSCs was demon-

strated in vitro by a positive response to the osteogenic, adi-
pogenic and chondrogenic differentiation media by the
tenth, eighth and twenty-first day of exposure, respectively.
The MSCs that initially had a fibroblastoid morph-

ology acquired a predominantly polygonal morphology
after exposure to the osteogenic medium and deposited
large amounts of calcium-rich extracellular matrix, as
shown by positive staining with Alizarin red (Figure 1a).
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Adipogenic differentiation was confirmed by the
deposition of lipid droplets in the cytoplasm, as demon-
strated by positive staining with oil red O (Figure 1b).
Chondrogenic differentiation was confirmed by the
deposition of a hyaline matrix rich in proteoglycans, as
demonstrated by positive staining with toluidine blue
and Alcian blue (Figures 1c and d).

BM-MSCs transplantation
The anesthetic protocol used for the BM-MSC trans-
plantation, including the CSF tap, proved to be appro-
priate and safe for both groups. No animal showed
clinical alterations or allergic reactions that could be at-
tributed to the BM-MSC transplantation, compared
with the control group (CG).

Clinical and neurological evaluations
Neither clinical nor neurological alterations were ob-
served in the treated group (TG) or CG animals during
the exams conducted pre- and post-transplantation. All
the animals exhibited a normal locomotion pattern
(grade 0), and neurological deficits were not detected,
according to the classification of Mayhew et al. [11]. In
addition, no significant alterations in the integrity of the
brain (mental state, behavior, head position and cranial
nerve functions) were observed during the neurological
examinations performed for both groups.

Hematological analysis
The median values obtained for the hematological vari-
ables (hematocrit, total protein, platelets, fibrinogen,
total leukocytes, neutrophils, lymphocytes, basophils
and monocytes) before (Day 1) and after transplantation
(Day 6) are presented in Table 1. There were no signifi-
cant differences (P > 0.05) between the values for the
TG and CG groups or between the values at the chosen
time points. However, the only variable that increased
(p <0.05) in both groups pre and post-transplantation
was basophil, but there was no difference between
groups. It is noteworthy that this increase was not ac-
companied by eosinophilia.

CSF analysis
The CSF samples collected from the animals in both
groups were clear, colorless and not coagulated, both
pre- and post-transplantation.
No significant differences (p > 0.05) between the CG

and the TG pre- (day 1) and post-transplantation (day 6)
were observed in the CSF density or pH, or the contents
of red blood cells, nucleated cells, globulins, proteins,
glucose, and pro-MMP-2, as shown in Table 2. More-
over, no significant changes (p > 0.05) in the CSF data
obtained pre- and post-BM-MSC transplantation were
observed in the TG or the CG.
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Figure 1 Differentiation assay of mesenchymal stem cells for osteogenic, adipogenic and chondrogenic lineages. (a) Osteogenic
differentiation. Note calcium deposits stained with Alizarin red. (b) Adipogenic differentiation. Note the intracellular presence of lipid droplets
stained with Oil red. (c, d) Chondrogenic differentiation. (c) Toluidin blue staining. Note the presence of metachromatic areas in pink (red arrow)
indicating the presence of extracellular matrix containing proteoglycans. (d) Alcian blue staining. Note the presence of areas in blue indicating
the presence of extracellular matrix containing proteoglycans beyond the presence of gaps (red arrow) possibly containing chondrocytes. Bar = 50 μm.
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Expression of MMP-2 and -9 in CSF
Only the presence of pro-MMP-2 (inactive/latent) was
detected in the CSF from the animals in the two groups;
the differences between the values for the groups and
the values for the same group at the different time
points were not significant (P > 0.05) (Table 2). Latent or
activated forms of MMP-9 were not detected in any of
the CSF samples.

Discussion
In the present study, the safety of MSCs transplantation
through the CSF was demonstrated by the results ob-
tained from laboratory analysis and by the absence of
alterations in the studied groups. The most interesting
finding of our study was the absence of the expression
of MMP-2 and MMP-9 in the CSF, particularly in their
activated forms, after BM-MSC transplantation.
Table 1 Median of hematological variables before and after t

Variables Before transplantation

Groups

CG

Hematocrit (%) 36

Protein (mg/dL) 7.2

Platelets (plt/μL−1) 182000

Fibrinogen (mg/dL) 200

Leukocytes (cells μL−1) 7300

Neutrophils 3790

(cells μL−1)

Lymphocytes 2714

(cells μL−1)

Eosinophils 448

(cells μL−1)

Basophils 0

(cells μL−1)

Monocytes (cells μL−1) 192

*Asterisk represents difference (P < 0.05) between moments (before and after transp
All values were presented as median.
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Characterization and differentiation assays of the MSCs
In the present study, the BM-MSCs isolated from the
horses were characterized according to the criteria
established by the International Society of Cellular Ther-
apy for human MSCs [12]; i.e., they demonstrated the
characteristics of adherence to plastic, fibroblastoid
morphology, high expression of the CD90 marker (>95%
positive), no expression of the hematopoietic cell marker
CD34, and they responded positively to osteogenic,
adipogenic and chondrogenic differentiation media.
Furthermore, the expression of CD44 (hyaluronic acid-
receptor), a surface glycoprotein important for the
interactions and cell adhesion of MSCs, was also
observed.
Some of these characteristics of the MSCs observed by

our group have also been reported in studies that char-
acterized the MSCs from equine adipose tissue [8,13],
he treatments of treated groups (TG) and control (CG)

After transplantation

Groups

TG CG TG

33 29 32

7.6 7.0 7.6

151000 193000 176000

200 400 400

11000 7300 8700

4290 4200 5307

4712 2709 3132

284 248 174

0 126* 315*

426 248 312

lantation) by the Wilcoxon test.
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Table 2 Median of CFS variables before and after the treatments of treated groups (TG) and control (CG)

Variables Before transplantation After transplantation

Groups Groups

CG TG CG TG

Density 1006 1006 1006 1006

pH 8.5 8.5 8.5 8.5

Red blood cells 0 1 3 1

(cells μL−1)

Nucleated cells (cells μL−1) 0 0 4 0

Globulins 0 0 0 0

Proteins (mg dL−1) 34 46.1 42.5 58.2

Glucose (mg dL−1) 54 57 57 55

pro-MMP2 (AU) 34.43 31.86 42.8 28.69

Differences (P < 0.05) between moments and treatments were not observed for none of the variables.
AU: arbitrary units.
All values were presented as median.
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bone marrow [14-16], peripheral blood [17], the matrix
of the umbilical cord [18], amniotic fluid [19], gingival
tissue and periodontal ligaments [20].

BM-MSC transplantation
Concern with the safety of BM-MSCs intrathecal trans-
plantation through the atlanto-occipital space of the
horses in the TG guided the selection of the vehicle to be
for the cells and the method of preparing the cells. Thus,
the BM-MSCs were washed three times to remove re-
sidual fetal bovine serum (FBS) that could induce an
immune response in the animals. This measure appeared
to be adequate because the animals displayed no changes
after the transplantation. There is strong concern regard-
ing the use of FBS in the culture medium, particularly for
humans, considering that in addition to the possibility of
immune reactions, prions, viruses and zoonotic agents
could be transferred [21,22]. According to Dimarakis and
Levicar [21], serum contains a variety of proteins that can
bind to the cultured cells, thereby serving as antigens for
immunological reactions after transplantation. Due to the
controversy regarding the use of FBS, Toupadaskis et al.
[23] used equine MSCs to study the possibility of substi-
tuting FBS with autologous serum (AS), and showed that
the rate of cell proliferation with FBS was higher (P <0.05)
than with AS. Therefore, the authors suggested that sub-
stituting only AS may not be a viable alternative for cell
expansion under the current experimental conditions and
that further studies must be directed at determining
methods whereby immunogenicity can be reduced with-
out affecting the growth rate of the MSCs. Additionally,
these methods could include the initial culture and cell
expansion with FBS and subsequent cell expansion with
AS to reduce the immunogenic potential [23].
The phosphate-buffered solution (PBS) vehicle used for

transplantation/in both groups was shown to be adequate
__________________________ WORLD TEC
and safe, as demonstrated by the absence of complica-
tions, particularly in the CG. This vehicle has been used in
experimentally induced tendinopathy in horses [7].
The concentration of the BM-MSCs transplanted in

this pre-clinical study was similar to that used by Lim
et al. [24] for lumbar administration to a rat model of
stroke induced by occlusion of the middle cerebral
artery. In their study, doses of 105 and 106 MSCs de-
rived from the blood of human umbilical cords that
were administered intrathecally had significant effects
on recovery from ischemic damage. These findings
support the hypothesis that BM-MSC transplantation
via an intrathecal pathway is feasible and safe, and
suggest great prospects for the use of cell therapy in
treating neurological diseases in other species.

Clinical evaluation
The absence of clinical alterations, including neuro-
logical signs, observed in the TG under the conditions of
this study demonstrated that the procedures performed
did not dramatically change the neural environment, indi-
cating that a CSF pathway can be used for BM-MSCs
transplantation in horses. In laboratory studies of animals
and humans, the CSF pathway has been used for the trans-
plantation of mononuclear cells and allogeneic MSCs,
without evidence of serious adverse effects [24,25].
In a study conducted with 114 humans affected by

degenerative conditions (paraplegia, ataxia and multiple
sclerosis), Yang et al. [25] performed a total of 592 intra-
thecal and intravenous administrations of allogeneic
mononuclear cells from umbilical cord blood without
observing serious adverse effects. The most common
collateral effect (19/592, 3.2%) was headache, which was
attributed to postural hypotension, a known complica-
tion of lumbar puncture that resolves spontaneously
without the need for drastic interventions.
HNOLOGIES________________________
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Hematological and CSF analyses
The CSF performs four major functions in the central
nervous system (CNS), including the physical support of
the neural structure, excretion, intracerebral transport
and control of the chemical environment of the CNS
[26]. Among these functions, the one that motivated us
to conduct this study was the possibility of the CSF
transporting MSCs, which have the potential to migrate,
to sites of injury.
The transplantations performed in our study did not

cause significant differences in the CSF values (p > 0.05)
of the TG and CG. The density of the CSF [27] and its
contents of erythrocytes, nucleated cells, protein and
glucose [28] pre- and post-transplantation were within
the normal ranges for the equine species. The pre- and
post-transplantation pH values obtained using reagent
strips were also considered normal in the laboratory
where the analysis was conducted.
The median pre- and post-transplantation values for the

pro-MMP-2 contents of the CSF from the CG and TG
were similar to the average value (43.12 ± 13.90) deter-
mined by Melo et al. [29] in healthy dogs that were used
as controls in a study conducted recently to evaluate the
expression of MMP-2 and MMP-9 in the CSF and serum
of dogs with neurological signs and visceral leishmaniasis.
Our results cannot be compared with those of other stud-
ies conducted with equine species due to the difficulty of
finding information in the literature about the MMP con-
tents in the CSF of this species. Thus, the values obtained,
particularly the pre-transplantation values for pro-MMP-
2, will serve as a reference for further studies.
Similarly, the values for the hematological variables

also did not differ (P > 0.05) between the groups or be-
tween the time points studied, demonstrating that the
treatments did not affect those variables.

Expression of MMP-2 and -9 in CSF
MMPs are a family of zinc- and calcium-dependent en-
dopeptidases that are responsible for degrading and re-
modeling the extracellular matrix, including its collagen,
elastin, gelatin, proteoglycan and glycoprotein compo-
nents [30]. An important characteristic of MMPs is their
latency. These proteases are secreted in a pro-form
(inactive/latent), requiring activation by a variety of
mechanisms before becoming functional [31]. In the
present study, the activity of only pro-MMP-2 (gelati-
nase A) was identified in the CSF, with no difference
(P > 0,05) between the values of the groups or of each
group at the two time points studied. According to
Rosenberg [31], gelatinase A is a constitutively expressed
molecule that is normally found in brain tissue and CSF.
MMP-2 has been demonstrated in the astrocytic processes
of normal brain, particularly those adjacent to vessels,
the ependymal cells and the pia mater. The presence of
__________________________ WORLD TEC
MMP-2 in the astrocytic processes near the surface of
the brain suggests that this metalloenzyme may play a
role in the homeostasis of the brain fluid or in regulat-
ing the blood–brain barrier. Bergman et al. [32], who
studied 23 clinically healthy dogs, also obtained results
similar to ours, observing only the presence of pro-
MMP-2 and the absence of MMP-9 in the CSF.
The lack of evidence for latent or active MMP-9 (gela-

tinase B), particularly in the group treated with MSCs,
supports the hypothesis that the transplantation pathway
tested by our group is safe, considering that according
to Rosenberg [31], MMP-9 is markedly dysregulated
under the inflammatory conditions of many diseases.
High levels of MMP-9 have been observed in the CSF of
human patients and animals affected by neurological
diseases that involve intense neuroinflammation, such
as visceral leishmaniasis [29], traumatic cerebral injury
[33], meningitis [34,35] and multiple sclerosis [36].

Conclusion
Intrathecal transplantation of autologous BM-MSCs in
horses does not cause clinical alterations, particularly in
the variables evaluated in the neurological examinations
and the hematological and CSF analyses, including the
expression of MMPs. Therefore, this pathway for the
delivery BM-MSCs was shown to be feasible and safe,
raising the possibility of performing future clinical trials
to treat neurological diseases in horses.

Methods
Animals
Ten healthy crossbred horses of both sexes (5 males and
5 females), aged between 4 and 12 years 300 to 500 Kg
were used. The animals were selected based on prior
clinical, hematological and neurological evaluations.
The experimental protocol (number 76/2009 - CEUA)

was approved by the ethics committee of São Paulo State
University, Botucatu, Brazil. All the procedures were
performed according to the international guidelines for
the care and use of experimental animals.

Experimental delineation
The selected animals were randomly divided into two
groups; one group was transplanted with BM-MSC
(TG, n = 5) and the other, which was the control group,
received PBS (CG, n = 5). First, the bone marrow (BM)
obtained using needle aspiration was used for to isolate,
expand and characterize the BM-MSCs. After the charac
terization, the cells were transplanted intrathecally into
the TG through the cisterna magna. In this same period,
the animals from the CG received the same volume of
PBS by the same pathway.
The safety of intrathecal BM-MSC transplantation was

monitored by daily clinical and neurological examinations
HNOLOGIES________________________
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during the period of thirty days (day 1 until day 31), as
well as by hematological and CSF analysis, including
examining the expression of the latent and activated forms
MMP-2 and −9 in the CSF (Figure 2).

Bone marrow collection
BM aspiration was performed according to the meth-
odology described by Barreira et al. [37], with modi-
fications. For this, the animals were maintained on
quadrupedal position, physically restrained and se-
dated with 0.5 mg kg−1 xylazine (Sedomin®, Koning,
ARG). Then it was performed shaving of an area of
5 × 20 cm related to the sternum of each horse. After
identification of the fifth sternebrae it was performed
antisepsis and local anesthetic block (Xylestesin® 2%
Cristália, BRA). Once fixed, the bone marrow needle,
Komiyashiki model, within the sternum, the mandrel
was removed and proceeded to the aspiration of BM
with the aid of two 20 mL syringes containing 2 mL of
heparin (Hemofol, Cristália, BRA) and 2 mL of PBS,
pH 7.2 (PBS 1×, LCG Biotechnology, BRA). After col-
lection, the samples were identified and forwarded to
the laboratory for processing.

Isolation and cultivation of BM- MSC
The isolation and cultivation of BM-MSCs were per-
formed according to the methodology described by
Maia et al. [38]. The mononuclear fraction from the
samples of BM was cultured in low-glucose DMEM
/F12 (1:1), 20% fetal bovine serum, penicillin/strepto-
mycin (1%) and amphotericin B (1.2%) (Gibco Invitro-
gen, USA) at 37.5°C in a humid atmosphere containing
95% air and 5% CO2. The maintenance medium was
changed every 2 or 3 days until a minimum of 80%
cellular confluence was reached, and then the cells were
recovered by trypsinization for characterization and use
in treatment.
Figure 2 Timeline. Prior to the treatment, bone marrow was collected, cu
(D1) and 6 (D6) peripheral blood and CSF samples were obtained. All the a
30 days during the experiment.
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Flow cytometric analysis of cell surface markers
The immunophenotypic analysis of the BM-MSCs was
performed on the primary cultured cells, using a FACS-
Calibur cytometer (Becton Dickinson and Company,
USA) using monoclonal mouse anti-rat CD90 (clone
OX7, 1:100, Caltag Laboratories, USA) and mouse anti-
human CD34 (clone 581/CD34, 1:50, Becton Dickinson
and Company, USA) antibodies labeled with fluorescein
isothiocyanate (FITC) and a mouse anti-horse CD44
(clone CVS18, 1:100, AbD Serotec, USA) antibody that
was detected using an FITC-conjugated goat anti-mouse
secondary antibody (1:200, Molecular Probes, USA). During
the analysis, 10,000 events were recorded.

Assays of osteogenic, adipogenic and chondrogenic
differentiation
After reaching confluence in the primary culture, BM-
MSCs were trypsinized and seeded at a density of 2 ×
105 MSCs/well, in six-well plates (Sarstedt, USA). After
48 hours, the maintenance medium was removed and
media for osteogenic or adipogenic differentiation Stem-
Pro (Gibco Invitrogen, USA) were added to the sub-
cultures, in triplicate, according to the manufacturer’s
recommendation with modifications. The adipogenic
medium was supplemented with 5% rabbit serum. The
media were changed every 2 to 3 days and confirmation
of osteogenic and adipogenic differentiation was ob-
tained, respectively, by demonstrating the deposition
of a calcium-containing matrix using the histological
method of staining with 2% Alizarin red, pH 4.2 and the
presence of intracytoplasmic lipid droplets by staining
with 0.5% oil red O (Sigma-Aldrich Corp., USA).
For chondrogenic differentiation, the BM-MSCs were

cultivated at a density of 106 MSCs/mL in a 3D pellet in
a Falcon tube (15 mL) for 21 days in StemPro chondro-
genic differentiation medium that was changed every
three days. To confirm that chondrogenic differentiation
ltivation and mesenchymal stem cells (MSCs) characterized. On day 1
nimals were monitored by physical and neurological examination for
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had occurred, the pellets were stained with Alcian Blue,
pH 2.5, and toluidine blue, pH 1, which detect proteo-
glycans [39].

Collection of blood and hematological analysis
The blood samples for the hematological analyses were
collected from the TG and CG animals immediately be-
fore (day 1) and on six days (day 6) after the intrathecal
transplantation.
Aliquots of 4 mL of blood were collected by punc-

ture of the external jugular vein into tubes containing
anticoagulant (Vacutainer BD, USA). The blood in the
EDTA-containing tubes were used to determine the
hematocrit, total plasma protein, number of platelets,
fibrinogen content, total leukocyte count and the dif-
ferential cell count. The total leukocytes and platelet
counts were performed using a cell counter (HemaScreen
18, Ebram, BRA).

Collection and analysis of CSF
CSF was collected from the animals in both groups
through the atlanto-occipital space, according to the
technique described by Mayhew [40], immediately be-
fore BM-MSC transplantation (TG) or PBS inoculation
(CG) (day 1) and subsequently in day 6. All horses were
sedated with 0.5 mg/kg xylazine (Sedomin®, Koning,
ARG), followed by induction of anaesthesia with ketamine
(3 mg/kg) (Cetamin, Rhobifarma, BRA) associate with
diazepan (0,1 mg/kg) (Compaz, Cristália, BRA). After
orotracheal intubation, anaesthesia was maintained with
isoflurane (Isoforine, Cristália, BRA) in oxygen. Ventila-
tion was controlled with a tidal volume of 10 ml/kg and
10 breaths per minute.
The physical variables of the CSF that were evaluated

were the appearance, color and coagulation; the density
was determined using refractometry and the pH deter-
mined using a reagent strip. For the cytological analysis,
the total number of cells in the undiluted CSF samples
was counted using a Neubauer chamber, and the differ-
ential counts were performed after cytocentrifugation
(Revan centrifuge 2000 D).
In the biochemical analysis, the concentrations of pro-

tein and glucose in the CSF samples were determined
using commercial kits (Micropote kit, Doles, BRA and
Glucose kit, Katal, BRA, respectively), according to the
manufacturers’ recommendations.
The possible presence of globulins in the CSF was

determined by the Pandy test, in which 1 mL of Pandy
reagent is mixed and homogenized with a few drops of
CSF. In the case of a positive test, the results for the
intensity of the turbidity observed macroscopically were
represented using one to four crosses.
Immediately after the collection, CSF samples from

each of the animals in the TG and the CG were
__________________________ WORLD TEC
cryopreserved for subsequent evaluation of their con-
tents of MMP-2 and MMP-9 using zymography.

BM-MSC transplantation
Prior to transplantation, the BM-MSCs were trypsi-
nized and washed three times with filtered DMEM
medium by centrifugation at 250 g to remove residual
fetal bovine serum which could induce allergic and/or
immune responses in the animals in the treated group
(TG, n = 5). After this procedure, the pelleted BM-
MSCs were suspended in 2 mL of PBS for immediate
transplantation. The TG received on average approxi-
mately 1 × 106 BM-MSCs suspended in 2 mL of PBS
intrathecally through the atlanto-occipital space using
the technique and anesthesia described previously. The
control group (CG, N = 5) received 2 mL of PBS (placebo)
by the same pathway.

Clinical and neurological evaluations
After treating of the CG and TG animals, physical exam-
inations were performed daily for thirty days, to evaluate
behavior, posture, degree of hydration, staining of the
mucosa, capillary refill time, heart rate, respiratory rate,
body temperature and bowel movements and to deter-
mine the body condition score.
The evaluation of the integrity of the brain (mental

state, behavior, head position and cranial nerve func-
tions) and spinal cord was performed as described by
Malikides et al. [41] and Mayhew [42].
During the neurological examinations of the TG and

CG animals, locomotion was evaluated using the classifi-
cation system of ataxia and paresis described by Mayhew
et al. [11], as follows:

Degree 0 (normal) – deficit not detected.
Degree 1 – deficit barely detected at a normal gait or
posture.
Degree 2 – deficit easily detected, and exaggerated by
backing, turning, swaying, loin pressure and neck
extension.
Degree 3 – deficit very prominent at a normal gait with
a tendency to buckle or fall with backing, turning,
swaying, loin pressure and neck extension.
Degree 4 – stumbling, tripping and falling spontaneously
at a normal gait, and more severe deficits.

Analysis of MMPs using the technique of gelatin
zymography
The latent (pro-) and activated forms of MMP-2 and −9
were analyzed using zymography and densitometry,
according to the methods described by Melo et al. [29]
and Marangoni et al. [43]. Briefly, a volume containing
an equal amount of total protein was incubated in the
sample buffer (125 mM Tris–HCl, pH 6.8; 20% v/v
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glycerol, 4% w/v SDS, 0.2% w/v bromophenol blue)
without boiling and submitted to electrophoresis with
polyacrylamide gels (10%) copolymerized with gelatin
(G8150-100G, Sigma–Aldrich). The gels were rinsed
in 2.5% Triton X-100 for 30 min and incubated in the
enzymatic activation buffer (50 mM Tris, 200 mM
NaCl, 5 mM CaCl2, 0.2% w/v Brij-35, pH 7.5), for 20 h
at 37°C with gentle shaking, which allows gelatin diges-
tion by both latent and active forms of MMPs. The gels
were stained (0.5% w/v Coomassie brilliant blue R-250,
45% v/v methanol, 10% v/v glacial acetic acid) for
30 min, and destained in the same solution without the
dye for 45 min. MMP levels were assessed using gela-
tinolytic activity, indicated as clear bands against the
dark blue background. MMP identity and normalization
between gels was achieved with human recombinant
MMP-2 (PF037, Calbiochem) and MMP-9 (PF038,
Calbiochem). The gels were digitalized and the inte-
grated density of the bands, expressed as arbitrary units,
was calculated using the open-access software ImageJ
1.41o (Wayne Rasband, National Institutes of Health;
http://rsb.info.nih.gov/ij).

Data analysis
The data regarding the immunophenotypic analysis were
expressed descriptively as the mean values �xð Þ and stand-
ard error of the means. The Wilcoxon rank-sum test
was used to compare the values of the CG and TG for
the hematological and CSF variables at the two time
points (pre- and post-transplantation). To compare the
values for the CSF and hematological variables at the
two time points, the Wilcoxon signed rank test for
paired samples was used. All analyses were conducted
using SAS statistical software version 9.3 [44], with
probability set at 5%.
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First report of junctional epidermolysis bullosa
(JEB) in the Italian draft horse
Katia Cappelli1*, Chiara Brachelente1, Fabrizio Passamonti1, Alessandro Flati2, Maurizio Silvestrelli1

and Stefano Capomaccio3
Abstract

Background: Epitheliogenesis imperfecta in horses was first recognized at the beginning of the 20th century when
it was proposed that the disease could have a genetic cause and an autosomal recessive inheritance pattern.
Electron microscopy studies confirmed that the lesions were characterized by a defect in the lamina propria and
the disease was therefore reclassified as epidermolysis bullosa. Molecular studies targeted two mutations affecting
genes involved in dermal–epidermal junction: an insertion in LAMC2 in Belgians and other draft breeds and one
large deletion in LAMA3 in American Saddlebred.

Case presentation: A mechanobullous disease was suspected in a newborn, Italian draft horse foal, which
presented with multifocal to coalescing erosions and ulceration on the distal extremities. Histological examination
of skin biopsies revealed a subepidermal cleft formation and transmission electron microscopy demonstrated that
the lamina densa of the basement membrane remained attached to the dermis. According to clinical, histological
and ultrastructural findings, a diagnosis of junctional epidermolysis bullosa (JEB) was made. Genetic tests confirmed
the presence of 1368insC in LAMC2 in the foal and its relatives.

Conclusion: This is the first report of JEB in Italy. The disease was characterized by typical macroscopic, histologic
and ultrastructural findings. Genetic tests confirmed the presence of the 1368insC in LAMC2 in this case: further
investigations are required to assess if the mutation could be present at a low frequency in the Italian draft horse
population. Atypical breeding practices are responsible in this case and played a role as odds enhancer for
unfavourable alleles. Identification of carriers is fundamental in order to prevent economic loss for the horse
industry.

Keywords: Junctional epidermolysis bullosa, Horse, Mechanobullous disease, Electron microscopy, Lamina densa,
LAMC2, Italian draft horse, Inbreeding
Background
Junctional epidermolysis bullosa (JEB) belongs to the
group of vesiculo-bullous diseases of the epidermis.
With this term, several diseases are encompassed that
are all characterized by the formation of a split (vesicle
or bulla) in any layer of the epidermis or beneath it, at
the dermoepidermal junction. This split occurs in two
ways: as a consequence of an immune-mediated attack
to components of the intercellular and cell-basement
membrane adhesion system or as a result of an inherited
condition resulting in a lack of any of these components.
* Correspondence: katia.cappelli@unipg.it
1Department of Veterinary Medicine, University of Perugia, Via San Costanzo
4, 06126 Perugia, Italy
Full list of author information is available at the end of the article
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In this second case, epidermolysis bullosa (EB) is a reces-
sive inherited disease characterized by a genetic defect
leading to an inadequate synthesis of structural compo-
nents of intercellular adhesions such as keratin filaments,
desmosomes and hemi-desmosome proteins and anchor-
ing fibrils such as collagen VII [1]. In humans, three sub-
types of EB are described that are classified according to
the distribution of the lesions and the location of the split
in the epidermis and dermis: in simplex EB, the split forms
in the basal keratinocyte layer; in junctional EB the split
forms in the lamina lucida, leaving the lamina densa an-
chored to the underlying dermis; in dystrophic EB the split
forms within or below the lamina densa which therefore
remains attached to the overlying epidermis [2].
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Figure 1 Italian draft horse foal, male, 4-day-old: Focal extensive,
erosive to ulcerative lesions were present in all four legs and
particularly severe in the left front leg. Lesions were covered by
crusts and were associated with sloughing of the hoof and bleeding.

113First report of junctional epidermolysis bullosa (JEB) in the Italian draft horse
Epidermolysis bullosa is recognized in dogs, sheep,
horses, cattle, goats and cats [3-7]. Lesions can be present
at birth or develop in a short period of time and are charac-
terized by the development of vesicles and bullae that rap-
idly progress to erosions and ulceration at sites of minor
trauma such as the lips, the oral mucosa, the distal extrem-
ities and the coronary band, with resulting sloughing of the
hoof or claws. Lesions can be secondarily infected and be-
come pustules. Affected animals may die soon after birth
due to inability to suckle. Histologically, the lesions show a
split that can be intraepidermal, at the dermoepidermal
junction or subepidermal. The anatomical location of the
Figure 2 Italian draft horse foal, male, 6-day-old, biopsy from the c
subepidermal cleft with little or no underlying dermal inflammatio
infundibulum as well (insert). HE. 1,25x (insert 10x).

__________________________ WORLD TEC
split is an important diagnostic criterion because it reflects
a different pathogenesis of lesion formation [3].
In horses, two mutations have been associated with

the disease, involving two different genes coding for the
Laminin 332 protein complex [4,8]. Laminin is a hetero-
trimeric basement membrane protein integral to the
structure and function of the dermal–epidermal junction
consisting of three glycoprotein subunits: the α3, β3 and
γ2 chains, which are encoded by the LAMA3, LAMB3
and LAMC2 respectively [9]. A mutation in any of these
genes results in the condition known as hereditary junc-
tional epidermolysis bullosa (JEB). An insertion of a
cytosine (1368insC) in the LAMC2 was found in 2002 in
draft horses (Belgian Horse, Trait Breton and Trait
Comtois) [4,10]. This mutation is responsible for a frame-
shift, with consequent premature stop codon formation,
leading to a truncated form of the Laminin 332 chain. In
2009, a 6589-bp deletion spanning exons 24 and 27 was
found in the LAMA3 in American Saddlebred foals born
with the skin-blistering condition formerly known as
epitheliogenesis imperfecta. The deletion confirms that
the disease can be classified as JEB and corresponds to
Herlitz JEB in humans [8]. In both cases, the inheritance
of the disease is a classic Mendelian autosomal recessive.

Case presentation
A male foal coming from a horse farm with 25 animals
was born at term with eutocic delivery. The foal, at birth,
showed the presence of lesions affecting the distal ex-
tremities of all four legs. From the carpus of the left
foreleg and from the coronet of the other three legs, the
oronet: Histological examination showed the presence of a
n. The dermoepidermal separation involved the hair follicle

HNOLOGIES________________________



114 Animal Health and Nutrition
skin was missing and the denuded dermis was covered
by debris (Figure 1). No lesions were observed at the
mucocutaneous junctions or in oral mucosa. The foal
was treated with IV antibiotics (cefquinome 1 mg/kg
twice a day and amikacin 15 mg/kg once a day) and a
hoof boot was applied to the foot that had lost the hoof.
Two days later, four skin biopsies were taken with the
owner’s consent from the dorsal and palmar surface of
the carpus, from the coronary band and from the cor-
onet at the transition between affected and unaffected
areas. Despite treatment, the foal died after 6 days and
the owner declined the necropsy. Histologic examination
of skin biopsies revealed the presence of vesiculo-
bullous lesions characterized by a complete separation
of the epidermis from the dermis at the level of the der-
moepidermal junction. The blister formation also in-
volved the infundibular portion of hair follicles and
ulcerated areas were covered by thick serocellular crusts.
Periodic acid-Schiff (PAS) staining revealed a PAS positive
lamina densa at the pavement of the blister, attached to
the underlying dermis. The macroscopic and histologic
lesions were compatible with a hereditary epidermolysis
bullosa. According to the PAS staining results, our case
Figure 3 Transmission electron micrograph of the skin biopsy.
Normal keratinocytes form the roof of the split (S) and the dermis is at its
base. Desmosomes (D) are still visible whereas hemidesmosomes are not
present. The lamina densa (LD) is located at the base of the split. Normal
collagen fibers (CF) are visible in the superficial dermis. TEM. 2,800x.
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was compatible with a junctional epidermolysis bullosa
(Figure 2). Transmission electron microscopy from forma-
lin fixed skin biopsies confirmed the presence of a splitting
between the epidermis and dermis. Basal keratinocytes
were intact and demonstrated normal desmosomes but
no hemidesmosomes were identifiable. The lamina densa
was present on the pavement, at the dermal side of the
blister, consistent with a splitting at the level of the lamina
lucida (Figure 3).
Based on the macroscopic and histologic findings as

well as the ultrastructural features, a diagnosis of heredi-
tary junctional epidermolysis bullosa was made. Molecu-
lar tests aimed at the detection of known mutations
associated with the disease, involving the Laminin 5 pro-
tein complex, were performed in order to confirm the
diagnosis. Nucleic acids were extracted from 200 μl of
total blood using the QIAamp DNA Mini Kit (Qiagen)
following the manufacturer’s instructions. Since the dis-
ease has a Mendelian autosomal recessive inheritance,
foal’s DNA together with the DNA of the mother
(admixed horse), of the father (heavy horse who was also
the grandfather) and of the maternal grandmother (light
horse) was tested at the cited loci. PCR was performed
as previously described [4,8] using 30 ng of DNA as
template for the amplification of LAMC2 and LAMA3
regions where the known mutations rely, and amplicons
directly sequenced. PCR results were negative for
LAMA3 deletion in all samples. The affected foal was
homozygous for 1368insC in LAMC2 whereas the sire and
the dam were heterozygous for the insertion (Figure 4).
Figure 4 Pedigree tree of the affected foal, homozygous for
the mutation in LAMC2 gene (full black square). Half black
figures indicate carrier subjects while open figure equates to the
wild type. Squares indicate males while circle female subjects.
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These results confirmed that the mutation causing
junctional epidermolysis bullosa in the foal was localized
in the LAMC2, as already described in northern Europe’s
coldblood breeds (Belgian Horse, Trait Breton and Trait
Comtois) [4,10], which participated, with some lines, to
the creation of Italian draft horses [11]; since the disease
has a classical autosomal recessive Mendelian inheritance,
both parents must be heterozygous (carriers).
Inbreeding, enhanced by erroneous breeding practices,

should always be avoided as it can increase the frequency
of potentially deleterious recessive alleles in the population
and their phenotypic manifestation at individual level [12].

Conclusion
This is the first report of JEB in Italy. The disease was
histologically described as having the typical pathogno-
monic features and assessed via molecular tests.
Future studies should include genotyping the 1368insC

mutation in LAMC2 in a larger population of Italian
Draft horses to determine the allele frequency within
this population, and avoid other episodes of JEB.
Identification of carriers is crucial as much as breeder

awareness about the avoidance of certain mates in order
to prevent economic loss for the horse industry.
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Effects of sodium citrate and acid citrate dextrose
solutions on cell counts and growth factor release
from equine pure-platelet rich plasma and
pure-platelet rich gel
Carlos E Giraldo*, María E Álvarez and Jorge U Carmona
Abstract

Background: There is a lack information on the effects of the most commonly used anticoagulants for equine
platelet rich plasmas (PRPs) elaboration on cell counts and growth factor release from platelet rich gels (PRGs). The
aims of this study were 1) to compare the effects of the anticoagulants sodium citrate (SC), acid citrate dextrose
solution A (ACD-A) and ACD-B on platelet (PLT), leukocyte (WBC) and on some parameters associated to platelet
activation including mean platelet volume (MPV) and platelet distribution width (PDW) between whole blood, pure
PRP (P-PRP) and platelet-poor plasma (PPP); 2) to compare transforming growth factor beta 1 (TGF-β1) and
platelet-derived growth factor isoform BB (PDGF-BB) concentrations in supernatants from pure PRG (P-PRG),
platelet-poor gel (PPG), P-PRP lysate (positive control) and plasma (negative control); 3) to establish the possible
correlations between all the studied cellular and molecular parameters.

Results: In all cases the three anticoagulants produced P-PRPs with significantly higher PLT counts compared
with whole blood and PPP. The concentrations of WBCs were similar between P-PRP and whole blood, but
significantly lower in PPP. The type of anticoagulant did not significantly affect the cell counts for each blood
component. The anticoagulants also did not affect the MPV and PDW parameters. Independently of the anticoagulant
used, all blood components presented significantly different concentrations of PDGF-BB and TGF-β1. The highest
growth factor (GF) concentrations were observed from P-PRP lysates, followed by PRG supernatants, PPP lysates, PPG
supernatants and plasma. Significant correlations were observed between PLT and WBC counts (ρ = 0.80), PLT count
and TGF-β1 concentration (ρ = 0.85), PLT count and PDGF-BB concentration (ρ = 0.80) and PDGF-BB and TGF-β1
concentrations (ρ = 0.75). The type of anticoagulant was not correlated with any of the variables evaluated.

Conclusions: The anticoagulants did not significantly influence cell counts or GF concentrations in equine PRP.
However, ACD-B was apparently the worst anticoagulant evaluated. It is necessary to perform additional research
to determine the effect of anticoagulants on the kinetics of GF elution from P-PRG.

Keywords: Anticoagulant, Horse, Platelet concentrate, Transforming growth factor beta 1, Platelet derived growth
factor isoform BB, Regenerative therapy
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Background
There is an increased use of platelet-rich plasma (PRP)
as a treatment for musculoskeletal diseases and severe
wounds in horses [1-4]. It was recognized that among
the regenerative therapies, platelet-rich plasma (PRP) is
an autologous platelet concentrate suspended in plasma
that, administrated in the wound site, releases growth
factors and promotes the wound healing cascade [2,5].
Platelets contain a pool of growth factors, including
transforming growth factor-b (TGF-β), platelet derived
growth factor (PDGF) and vascular endothelial growth
factor (VEGF), mainly contained in platelet alpha gran-
ules [6] that are released after platelet degranulation in
the damage site and enhance tissue regeneration by
stimulating cell proliferation, increasing extracellular
matrix synthesis, promoting vascular ingrowth and redu-
cing catabolic matrix-degrading cytokines such as inter-
leukins and matrix metalloproteinases [5,7].
PRP intended for regenerative proposes may be classi-

fied as: pure-platelet rich plasma (P-PRP) or leukore-
duced PRP, leukocyte- and platelet-rich plasma (L-PRP)
and platelet rich fibrin (PRF). P-PRP and L-PRP are ob-
tained in a liquid form by using anticoagulants [8]. PRF
is a second generation platelet concentrate, which does
not require anticoagulant for its elaboration. In horses,
P-PRP displays slightly higher platelet counts (1.3 - 4.0
fold) and leukocyte (WBC) counts (0.5 - 2.0 fold) than
whole blood, whereas L-PRP has increased platelet
(5 fold) and leukocyte (3 - fold or more) counts when
compared with whole blood. There is not a complete
consensus regarding the role of leukocyte concentrations
in PRP [2]. However, in vitro evidence suggests that
leukoreduced PRP could be more suitable for the
treatment of tendon and soft tissue injuries in horses, as
this substance induces tendon anabolism and decreases
the expression of catabolic cytokines when compared
with L-PRP [9].
Although PRP (either L-PRP or P-PRP) is employed as

a promising treatment in equine practice [5], there are
some controversial issues that should solved to improve
the clinical use of this substance in horses and other ani-
mals. There are a plethora of PRP products and PRP-
associated technologies that are used in human and
equine practices [2,8,10]. However, little is known
regarding the cellular and molecular quality of these
substances, as they are influenced by intrinsic factors
that are dependent on the patient, such as gender, age,
breed [6] and pathological conditions [11], amongst
others and by extrinsic factors, such as the type of anti-
coagulant used [12], the relative centrifugation forces
(rcf or g) used for cell concentration [2,13,14], the type
and form of the kit used for PRP preparation and the ac-
tivating substance used for PRP activation and growth
factor release [2,15].
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Recent equine PRP studies have showed that the cell
and growth factor release profiles are influenced by the
intrinsic factors of the patients [6]. Furthermore, it has
also been observed that activating substances, including
calcium salts and thrombin, affect the growth factor re-
lease profile from equine PRP [15]. However, there is a
lack of information of the effect on the most commonly
used anticoagulants for PRP elaboration on cell counts
and growth factor release. Although, a human study in-
dicated that acid citrate dextrose solution A (ACD-A)
was better than sodium citrate (SC) for PRP prepar-
ation [12], there is no information regarding the effect
of the type of anticoagulant used for PRP preparation
in horses on cell counts from PRP or growth factor re-
lease from PRG.
The aims of this study were: 1) to compare the effects

of the anticoagulants SC, ACD-A and ACD-B on platelet
and leukocyte counts and platelet activation associated
parameters, such as mean platelet volume (MPV) and
platelet distribution width (PDW) between whole blood,
P-PRP and platelet-poor plasma (PPP); 2) to compare
the PDGF-BB and TGF-β1 concentrations in the super-
natants from pure platelet-rich gel (P-PRG), platelet-
poor gel (PPG), P-PRP lysate (positive control) and
plasma (negative control); 3) to establish the possible
correlations between all the studied cellular and molecu-
lar parameters.
The hypothesis of this study was that anticoagulants

do not influence cell counts and PDGF-BB and TGF-β1
release from equine P-PRP/P-PRG.

Methods
This study was approved by the Ethical Committee of
the Universidad de Caldas.

Horses
Eighteen clinically normal Argentinean Creole horses
(geldings) were used. The horses had a mean age of 12.5
(± standard deviation (s.d) 6.3) years old. All the horses
were from the same farm, and the owner did know the
nature of the study and authorized the blood extraction
accordingly.

Blood collection and preparation of platelet concentrates
From each animal blood samples were collected in tripli-
cate by jugular venipuncture and deposited randomly in
tubes with either sodium citrate (SC) (12.35 mg sodium
citrate and 2.21 mg citric acid [BD Vacutainer®, Becton
Drive, Franklin Lakes, NJ, USA]) or acid citrate dextrose
(ACD) solution A (ACD-A) (22.0 g/L trisodium citrate,
8.0 g/L citric acid and 24.5 g/L dextrose [BD Vacutainer®,
Becton Drive, Franklin Lakes, NJ, USA]) or ACD solution
B (ACD-B) (13.2 g/L trisodium citrate 4.8 g/L citric acid
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and 14.7 g/L dextrose [BD Vacutainer®, Becton Drive,
Franklin Lakes, NJ, USA]).
Tubes with each anticoagulant were randomly proc-

essed for P-PRP production. The total whole blood
used for P-PRP preparation using each anticoagulant
varied between 110 and 140 mL. Briefly, after centrifu-
gation at 120 g for 5 min, the first 50% of the top
supernatant plasma fraction, adjacent to the buffy coat,
was collected. This fraction was then centrifuged at
240 g for 5 min and the bottom quarter fraction was
collected [16]. This fraction was considered to be P-
PRP. The upper plasma fraction P-PRP was considered
to be PPP (Figure 1). Plasma was obtained by centrifu-
gation from each anticoagulated blood at 3500 g for
8 min. The time between blood collection and process-
ing was approximately 1 h. All the samples were
deposited and transported from the farm to the labora-
tory in an icebox.
Haematological analysis
Complete, automated haemograms (Celltac-α MEK
6450, Nihon Kodhen, Japan) were performed in dupli-
cate for whole blood, P-PRPs and PPPs obtained from
each anticoagulant. Platelet (PLT) counts, mean platelet
volume (MPV fL), platelet distribution width (PDW %)
and total leukocyte (WBC) counts were determined.
Figure 1 Schematic representation of the plasma fractions obtained w
fraction of plasma (50%) (PFP) obtained by the single centrifugation tube m
by the double centrifugation tube method. BC: buffy coat. PCV: packed cel
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Activation of platelet concentrates
Four hundred μL of a 10% calcium gluconate (CG) solu-
tion (9.3 mg/mL) (Ropsohn Therapeutics Ltda®, Bogotá,
Colombia) was added to 4 mL of P-PRP or PPP obtained
with each anticoagulant to produce the P-PRGs and
PPGs, respectively. P-PRGs and PPGs were incubated at
37°C for 3 h to stimulate GF release. Clots were mech-
anically released from the walls of the tubes and centri-
fuged at 3500 g for 8 min. The resulting supernatant was
aliquoted, and frozen at −82°C for later determination of
TGF-β1 and PDGF-BB concentrations.

Lysis of platelet concentrates
Samples of 4 mL of P-PRPs and PPPs obtained using each
anticoagulant were incubated at 37°C for 15 min with
400 μL of a solution containing 0.5% of a non-ionic deter-
gent (NID) (Triton® X100, Panreac Química, Barcelona,
Spain). Platelet concentrates treated with NID were used
as a positive control for GF release [11]. Lysates were
processed in a similar fashion to supernatants from P-
PRGs and PPGs.

Total protein determination
Total protein (TP) concentration from all the samples
were determined using the biuret method (Proteína total
(Biuret), BioSystems, Barcelona, Spain) [17], followed by
spectrophotometric quantifications.
ith the tube method protocol. Left tube (A) containing the first
ethod. Right tube (B) containing platelet-rich plasma (PRP) obtained
l volume.
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Determination of TGF-β1 and PDGF-BB concentrations by
ELISA
The TGF-β1 and PDGF-BB concentrations from the
supernatants and lysates of each blood component were
determined in duplicate by a sandwich ELISA using
commercially available antibodies against human TGF-
β1 (Human TGF-β1, DY240E, R&D Systems, Inc.,
Minneapolis, MN USA) and PDGF-BB (Human PDGF-
BB, DY220, R&D Systems, Inc.). Both ELISAs were per-
formed according to the manufacturer’s instructions.
Readings were performed at 450 nm. Both ELISAs were
determined with human antibodies because there is a
high homology of these growth factors between equines
and humans [18,19]. Further, several equine PRP studies
have validated these ELISA kits [6,14-16].

Statistical analysis
Data were analysed using commercial software (SPSS 18.0,
IBM, Chicago, IL, USA). Data were initially assessed for
normality (goodness of fit) by a Shapiro-Wilk test and a
direct plot analysis of each evaluated variable. When the
variables had a normal distribution (Shapiro-Wilk test,
P > 0.05), they were presented as means (± s.d.) and
evaluated by parametric tests (e.g., Student’s t-test for
paired samples, and one way analysis of variance
(ANOVA) and Tukey’s test (for post-hoc paired com-
parisons). Non-parametric variables (Shapiro-Wilk
test, P <0.05) were presented as medians (interquartile
range -IR-) and evaluated using a Kruskal-Wallis test
followed, when necessary, by a Mann–Whitney U-test.
A Wilcoxon test was used for non-related paired com-
parisons. All the variables were analysed for general and
specific correlations using a Spearman (rs) test. A P value
≤0.05 was considered to be significant for all tests.

Results
Haematological findings
In all cases, the three anticoagulants produced P-PRPs
with significantly (P < 0.001) higher PLT counts com-
pared with whole blood and PPP. The concentrations of
WBCs were similar between P-PRP and whole blood,
Table 1 Means (± s.d) of the haematological variables for eac

Variable Anticoagulant

Sodium citrate (SC) ACD-A

Whole blood P-PRP PPP Whole blood

PLT (103/μL) 143.8 (19.4)a,b 390.6 (57.6)c 111.0 (22.6) 137.0 (21.3)a

MPV (fL) 3.8 (0.4) 4.1 (0.6)b 3.6 (0.3) 3.8 (0.4)

PDW (%) 16.5 (0.5)c 16.8 (0.5)c 17.8 (0.5) 16.3 (0.5)c

WBC (103/μL)* 8.4 (1.7)c,d 9.5 (3.0)c 0.1 (0.0) 7.9 (2.0)c,d

ACD: acid citrate dextrose (solution-A,-B); P-PRP: pure platelet-rich plasma; PPP: plat
distribution width; WBC: white blood cells. Lower-case letters represent significant d
Blood components significantly different with a: P-PRP (P <0.001); b: PPP (P <0.05);
presented as medians (interquartile range (IR).
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but significantly (P < 0.001) lower in PPP. The type of
anticoagulant did not significantly affect the cell counts
for each blood component. The anticoagulants also did
not affect the MPV and PDW parameters. However, in
general, these platelet activation parameters were signifi-
cantly higher in P-PRP than in PPP. A summary of the
haematological results is shown in Table 1.

Growth factor release from blood components
Independently of the anticoagulant used, all blood compo-
nents presented significantly different concentrations of
PDGF-BB and TGF-β1. The highest GF concentrations
were observed from P-PRP lysates, followed by PRG su-
pernatants, PPP lysates, PPG supernatants and plasma
(Table 2). However, when data were plotted, a statistical
trend (P = 0.20) was observed for PDGF-BB concentra-
tions in P-PRG from SC in comparison with ACD-B
(Figure 2). In contrast, this trend was not observed for
TGF-β1 released from P-PRG (Figure 3).

Correlations
Significant correlations were observed between PLT and
WBC counts (ρ = 0.80, P <0.01), PLT counts and TGF-β1
concentrations (ρ = 0.85, P <0.01), PLT counts and
PDGF-BB concentrations (ρ = 0.80, P <0.01) and PDGF-
BB and TGF-β1 concentrations (ρ = 0.75, P <0.01). The
type of anticoagulant was not correlated with any of the
variables evaluated.

Discussion
To our knowledge, this is the first study to evaluate the
effects of several anticoagulants used for producing
equine PRP as a regenerative therapy. The cellular re-
sults from this study were similar to those previously re-
ported by other equine PRP studies, in which the double
centrifugation tube method was used [6,13].
The parameters associated with platelet activation,

such as MPV and PDW were not affected by the type of
anticoagulant evaluated in this study. However, MPV
and PDW values were significantly lower in PPP when
compared with whole blood and P-PRP, although they
h blood component obtained with every anticoagulant

ACD-B

P-PRP PPP Whole blood P-PRP PPP

399.1 (62.8)c 112.6 (23.7) 137.1 (25.4)a 398.5 (48.0)c 111.2 (18.5)

4.2 (0.6)b 3.7 (0.4) 3.8 (0.4)d 4.2 (0.5)b 3.7 (0.4)

16.5 (0.6)c 17.6 (0.7) 16.1 (0.6)c 16.7 (0.6)c 17.8 (0.7)

9.8 (5.0)c 0.1 (0.0) 8.3 (2.3)e 10.6 (4.0)c 0.1 (0.0)

elet-poor plasma; PLT, platelets; MPV: mean platelet volume; PDW: platelet
ifferences between blood components for every independent anticoagulant.
c: PPP (P <0.001); d: P-PRP (P <0.05); and e: P-PRP PPP (P <0.001); *Data are
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Table 2 Means (± s.d) of the TGF-β1and PDGF-BB concentrations (pg/mg of total protein (TP)) in every blood component
obtained with every anticoagulant

Variable Blood component

Plasma P-PRP lysate P-PRG PPP lysate PPG

SC

PDGF-BB (pg/mg of TP) 0.9 (0.6)a,b 25.2 (14.4)c 19.0 (29.4)d 8.3 (5.4)d 4.5 (5.5)

TGF-β1(pg/mg of TP)* 26.8 (10.4)a,e 90.7 (30.7)c,e 54.5 (33.1) 45.2 (10.3)d 29.2 (17.1)

ACD-A

PDGF-BB (pg/mg of PT) 1.0 (0.6)a,b 28.2 (20.1)c 11.3 (30.6) 8.2 (5.0) 5.8 (8.0)

TGF-β1(pg/mg of TP)* 30.0 (8.7)a 101.5 (31.2)c,e 56.4 (39.1) 47.8 (12.2) 33.3 (17.9)

ACD-B

PDGF-BB (pg/mg of TP) 1.1 (0.9)a 18.4 (13.4)b 6.6 (17.3) 7.2 (4.1) 4.8 (6.5)

TGF-β1(pg/mg of TP)* 27.5 (10.0)c 87.8 (23.0)d 50.8 (31.2) 44.6 (12.9) 31.3 (12.7)

*Data are presented as medians (IR). P-PRG: pure platelet-rich gel; PPG: platelet-poor gel. Lowercase letters represent independent significant differences for every
blood component obtained with a specific anticoagulant. SC: blood component different with a: P-PRP and PPP lysates (P <0.001); b: P-PRG and PPG (P <0.05); c:
PPP lysate and PPG (P <0.001); d: PPG (P <0.05); and e: P-PRG (P <0.05). ACD-A: blood component different with a: P-PRP and PPP lysates (P <0.001); b: P-PRG and
PPG (P <0.05); c: PPP lysate and PPG (P <0.001); d: PPG; and e: P-PRG (P <0.05). ACD-B: blood component different a: all blood components (P <0.05); b: PPP lysate
and PPP (P <0.05); c: P-PRP lysate (P <0.05); d: PPP lysate and PPG (P <0.05).
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remained within the normal physiological values for this
species [6]. It is known, that ACD is a very good anti-
coagulant, compared to SC for preserving the structural
and physiological properties of platelets after two or
more hours of blood collection [20]. From a regenerative
medicine perspective, ACD should be used to conserve
PLT integrity in situations in which the processing (and
transporting) of the blood samples could take two or
more hours before the PRP can be used.
Figure 2 Means (standard error of the mean (s.e.m)) of PDGF-BB conc
letters denote significant differences between blood components for every
significantly different with a: pure platelet-rich plasma (P-PRP) lysate and pl
(P-PRG) and platelet poor gel (PPG) (P <0.05); c: PPG and PPP lysate (P <0.0
blood component significantly different with a: P-PRP lysate, PPP lysate, P-PRG
(P <0.05). ACD-B: blood component significantly different with a: P-PRP and P
lysates (P <0.001).
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Although the type of anticoagulant did not signifi-
cantly influence the PDGF-BB and TGF-β1 concentra-
tions in the different blood components in the present
study, there was a better apparent concentration of
PDGF-BB in the blood components processed with SC,
followed by ACD-A and ACD-B. In contrast, when
TGF-β1 concentrations were evaluated, there were better
apparent concentrations of this GF in the blood compo-
nents processed with ACD-A, followed by SC and ACD-
entration (pg/mL) in the different blood components. Lower-case
independent anticoagulant. Sodium citrate (SC): blood component
atelet poor plasma (PPP) lysate (P <0.001); b: pure platelet-rich gel
01); and d: PPG (P <0.05). Acid citrate dextrose solution A (ACD-A):
and PPG (P <0.001); b: PPG and PPP lysates (P <0.001); and c: P-PRG

PP lysates (P <0.001); b: P-PRG and PPG (P <0.05); and c: PPG and PPP
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Figure 3 Means (s.e.m) of TGF-β1concentration (pg/mL) in the different blood components. Lower-case letters denote significant differences
between blood components for every independent anticoagulant. SC: blood component significantly different with a: P-PRP lysate (P <0.001); b: P-PRG
and PPP lysates (P <0.05); c: PPG and PPP lysates (P <0.001); d: P-PRG (P <0.05); and e: PPG (P <0.05). ACD-A: blood component significantly different
with a: P-PRP and PPP lysates (P <0.001); b: PPG and PPP lysates (P <0.001); c: P-PRG (P <0.05); and d: PPG (P <0.05). ACD-B: blood component significantly
different with a: PRP and PPP lysates (P <0.001); b: P-PRG (P <0.05); c: PPG and PPP lysates (P <0.001); d: P-PRG (P <0.001); and e: PPG (P <0.05).
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B. The same finding was reported for human PRP ob-
tained with ACD-A and SC [12].
Notably, ACD-B had a very negative influence on GF

concentrations when compared with the other anticoag-
ulants. It is possible that the type of anticoagulant influ-
enced (albeit not significantly) the release patterns of
both GFs from all P-PRGs, as PDGF-BB release was sub-
stantially larger from platelet clots processed with SC in
comparison with ACD-A and ACD-B. In contrast, TGF-
β1 release was more uniform (50% of the concentration
with respect to P-PRP lysates) from the P-PRGs obtained
with any of the three anticoagulants.
Despite the intriguing results observed regarding GF

release from P-PRGs, the present study may have had
some methodological limitations. For instance, perhaps
measuring GF release at a single time point is not appro-
priate for determining the exact influence of the antico-
agulants on GF release from P-PRGs [15]. In this
situation, it is imperative to perform a study that evalu-
ates the elution kinetics of both GFs at several time
points. This study is necessary to determine whether the
type of anticoagulant could produce GF loss (degrad-
ation) or GF absorption in the P-PRGs.
Many P-PRPs produced by manual tube protocols in

different species (including equines) are performed with
commercial vacuum tubes for in vitro diagnoses, not for
therapeutic purposes [6,13,21,22]. This is a well-
manifested concern by researches defending the use of
commercial kits for producing platelet concentrates [23].
However, in the experience of the authors, the only prob-
lem with using commercial tubes with anticoagulants for
__________________________ WORLD TEC
equine PRP processing is that the PLT collection efficiency
is very low [6,16]. The use of many tubes during PRP
preparation could be associated with a risk of bacterial
contamination [24] and with a major time expenditure for
PRP processing [2]. However, it is well recognized that the
main source for bacterial contamination during PRP pro-
cessing is the skin of the venipuncture site, not the tubes
[24]. In view of these limitations, it is possible that the use
of ACD-A tubes could be more suitable for manual PRP
processing, as the volume capacity of the tubes is almost
44% greater than that of sodium citrate tubes.
The correlations obtained in this study were similar to

those obtained in previous equine PRP studies, which
evaluated manual protocols [6,16]. In general, there were
moderate to strong correlations between cell (PLT and
WBC) counts and GF concentrations. These findings are
in agreement with several procedures for obtaining PRP
in humans [25], dogs [26] and cattle [27]. The role of
WBCs in PRP is controversial because there are data
supporting the catabolic effect of these cells in equine
tendon explants [9]. However, this situation could be
more clinically relevant when L-PRP preparations are
used [28]. The authors believe that the number of WBCs
concentrated in the P-PRPs from this study could be
beneficial for treating tissues because these cells are cor-
related with GF concentrations, especially TGF-β1 [6].

Conclusions
This study presents new information regarding the effect
of the anticoagulants: SC, ACD-A and ACD-B, for the
elaboration of equine P-PRP. The results obtained in the
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study confirm the working hypothesis that the anticoag-
ulants evaluated did not significantly influence cell
counts or GF concentrations in equine P-PRP. However,
ACD-B was apparently the worst anticoagulant evalu-
ated, because it produced the lower cell counts and GF
concentrations when compared with the other two anti-
coagulants. It is necessary to perform additional research
to determine the GF elution kinetics from P-PRGs
obtained with the anticoagulants evaluated in this study.
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Use of a novel silk mesh for ventral midline
hernioplasty in a mare
Jennifer Haupt, José M García-López* and Kate Chope
Abstract

Background: Ventral midline hernia formation following abdominal surgery in horses is an uncommon complication;
however, it can have serious consequences leading to increased morbidity and mortality. Currently, mesh hernioplasty
is the treatment of choice for large ventral midline hernias in horses to allow potential return to normal function.
Complications following mesh hernioplasty using polypropylene or polyester mesh in horses can be serious and similar
to complications seen in human patients, including persistent incisional drainage, mesh infection, hernia recurrence,
intra-abdominal adhesions, mesh or body wall failure, recurrent abdominal pain (colic), and peritonitis. This report
describes the use of a novel bioresorbable silk mesh for repair of a large ventral midline incisional hernia in a mature,
600-kg horse. To our knowledge, this is the first report of its kind in the literature.

Case presentation: A 9-year-old, 600-kg Warmblood mare presented with a ventral midline hernia following emergency
exploratory celiotomy 20 months prior. The mare was anesthetized and a hernioplasty was performed using a novel
bioresorbable silk mesh (SERI® Surgical Scaffold; Allergan Medical, Boston, MA). No complications were encountered either
intra- or postoperatively. The mare was discharged from the hospital at 3 days postoperatively in an abdominal support
bandage. At 8 and 20 weeks postoperatively, ultrasonographic assessment showed evidence of tissue ingrowth
within and around the mesh. The mare was able to be bred 2 years in a row, carrying both foals to full gestation with
no complications. Following both foalings, the abdomen has maintained a normal contour with no evidence of hernia
recurrence.

Conclusions: Ventral abdominal hernias can be repaired in horses using a bioresorbable silk mesh, which provides
adequate biomechanical strength while allowing for fibrous tissue ingrowth. The use of a bioresorbable silk mesh for the
repair of ventral hernias can be considered as a realistic option as it potentially provides significant benefits over traditional
non-resorbable mesh.

Keywords: Abdominal, Hernia, Hernioplasty, Horse, Mesh, Silk
Background
Ventral midline celiotomy is a common procedure for
evaluation and treatment of abdominal pain in horses.
Early incisional complications following colic surgery in-
clude incisional drainage in 29% of horses and subsequent
incisional infection in 4% of horses [1]. Long-term compli-
cations following celiotomy for surgical treatment of colic
in horses include ventral midline hernia formation in 8%
to 16% of cases [2,3]. Factors that increase the likelihood
for hernia formation include incisional drainage or infec-
tion and repeat laparotomy [2-4].
* Correspondence: jose.garcia-lopez@tufts.edu
Department of Clinical Sciences, Cummings School of Veterinary Medicine,
Tufts University, 200 Westboro Road, North Grafton, MA 01536, USA
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Although not all ventral midline hernias in horses require
surgical repair, mesh hernioplasty is the treatment of choice
for large defects, which can inhibit athletic activity, gesta-
tion and parturition, and can lead to bowel incarceration.
Currently, the available mesh implants for use in equine
hernioplasty are non-absorbable knitted polypropylene or
polyester mesh. Open repair of large ventral midline her-
nias with subperitoneal mesh placement and hernia ring
apposition is the most common surgical technique [5,6].
Major complications can occur in mesh hernioplasty in
horses ranging from persistent incisional drainage, mesh in-
fection, hernia recurrence, intra-abdominal adhesions,
mesh or body wall failure, recurrent abdominal pain (colic),
and peritonitis [5]. Based on the current literature, compli-
cation rates following mesh hernioplasty using synthetic,
HNOLOGIES________________________
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non-absorbable mesh range from 20% to 60%, with mortal-
ity rates up to 50% following repair in large horses (>450 kg)
[5,7]. The most significant complications leading to in-
creased morbidity and mortality following mesh hernio-
plasty in horses include persistent mesh infection, rupture of
the internal abdominal oblique muscle, and persistent colic
[5]. Potential causes of recurrent colic and rupture of the in-
ternal abdominal oblique muscle include the rigidity of the
synthetic mesh implant and tearing at the mesh-host tissue
interface.
Bioresorbable surgical meshes are the ideal implant for

mesh hernioplasty as they enhance the mechanical integrity
of the body wall while supporting ingrowth of host tissue.
In addition, the bioresorbable mesh should reduce postop-
erative complications including infection and recurrent
pain associated with the rigidity of synthetic mesh implants.
Recently, a novel bioresorbable silk mesh (SERI® Surgical
Scaffold; Allergan Medical, Boston, MA) was evaluated in a
rodent abdominal body wall defect model. In this animal
model, the silk mesh demonstrated significantly greater in-
growth of fibrous tissue compared with polyester mesh [8].
The silk mesh also provided an ideal bioresorption rate,
which allowed the ultimate load to be shared between the
body wall, mesh implant, and repair tissue [8]. Based on the
promising results of the rodent abdominal body wall defect
study, we aimed to evaluate silk mesh for use in a large ven-
tral body wall defect in a large horse with the hypothesis
that silk mesh would minimize postoperative complications
and provide adequate biomechanical properties during
healing. This report describes the use of a novel silk mesh
for ventral midline hernioplasty in a large horse.

Case presentation
A 9-year-old, 600-kg Warmblood mare was admitted for
evaluation of a ventral midline hernia. The mare initially
presented to the hospital 20 months previously for treat-
ment of abdominal pain (colic) which was diagnosed as
a left dorsal displacement of the large colon and was
Figure 1 Preoperative gross (A) and ultrasonographic appearance of
ultrasound probe in transverse (B) and longitudinal (C) planes reveali
right side of the ultrasound images indicate 0.5-cm intervals. E indicates th
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corrected by exploratory celiotomy and reduction of the
displacement. Following the exploratory celiotomy, the
mare developed an incisional infection and subsequent
ventral midline hernia. A previous repair was attempted
in the field by a referring veterinarian with no success.
In addition, the owner reported no success with abdom-
inal support bandaging.
On initial evaluation, a ventral midline hernia was palp-

able at the cranial aspect of the previous celiotomy inci-
sion. The hernia sac was soft with a palpable hernia ring
and there was no obvious bowel present within the hernia
sac (Figure 1). Ultrasonography was used to further evalu-
ate the size of the defect as well as the quality of the her-
nia ring and surrounding tissues in preparation for mesh
hernioplasty. It revealed that the hernia sac contained pri-
marily peritoneal fluid, with the hernia ring being well-
demarcated with thick, fibrous edges; the hernia measured
4.2 cm (width) by 7.4 cm (length) (Figure 1). No obvious
intra-abdominal adhesions were present either associated
with the hernia or surrounding ventral midline. Due to
the large size of the hernia defect, the desire to retain the
mare for breeding, and the concern about potential her-
niation of bowel within the hernia sac during gestation or
foaling, mesh hernioplasty was elected by the owner.
Surgery was planned for the following day, and food but

not water was withheld for 6 hours before anesthesia. Cef-
tiofur sodium (2.2 mg/kg, IV q12h), gentamicin (6.6 mg/kg,
IV q24h), and flunixin meglumine (1.1 mg/kg IV q12h)
were administered before surgery and continued for 3 days
postoperatively.

Surgical procedure
The mare was sedated with xylazine hydrochloride
(1 mg/kg, IV) and then induced with a combination of
ketamine (2.2 mg/kg, IV) and midazolam (0.1 mg/kg,
IV). Anesthesia was maintained with isoflurane delivered
in 100% oxygen in a semi-closed system. The mare was
placed under general anesthesia in dorsal recumbency
the ventral midline hernia using a 5 MHz convex abdominal
ng peritoneal fluid filling the hernia sac. Measurement markings on
e cranial and lateral margins of the defect.
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with routine surgical preparation and draping of the
ventral abdomen.
A 7-cm semielliptical incision through skin and sub-

cutaneous tissues was made slightly to the right of mid-
line at the edge of the hernia (Figure 2). The fibrous
tissue of the hernia was visualized directly deep to the
subcutaneous tissue with an approximate thickness of 2
cm. The fascial planes between skin and hernia fibrous
tissue were bluntly dissected. A 6-cm semielliptical inci-
sion paralleling the skin incision was made through the
fibrous tissue of the hernia sac. The peritoneum was vis-
ible deep to the hernia but did not appear to be involved
or adhered. The body wall was located at edges of fi-
brous hernia tissue. A 6-cm (width) by 9-cm (length)
square of silk mesh (SERI® Surgical Scaffold) was placed
in a retroperitoneal position within the hernia ring with
pre-placement of 11 individual sutures of #2 nylon en-
circling the hernia followed by sequential tightening
(Figure 2). The fibrous tissue of the hernia sac was
closed with 2 polydioxanone (PDS II; Ethicon, Bridge-
water, NJ) in a horizontal mattress pattern, interspersed
with simple interrupted followed by simple interrupted
tacking sutures using 0 poliglecaprone 25 (Monocryl Plus;
Ethicon, Bridgewater, NJ), which were placed through the
hernia sac and subcutaneous tissue to reduce dead space
Figure 2 Intraoperative photographs and corresponding cross-section
using silk mesh. Initial elliptical skin incision around the hernia revealing t
and incision from the previous repair attempt (A). Implantation and suturin
of the hernia sac overlying the silk mesh (C). Corresponding figures depict
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(Figure 2). Subcutaneous tissue was closed in two layers
with 0 poliglecaprone 25 using a simple continuous pat-
tern. The skin was apposed using surgical staples, and the
incision was protected in a commercial hernia belt (CM
Equine Products, Norco, CA) for recovery. The mare re-
covered from anesthesia without complications.
Postoperative care
The mare was discharged from the hospital 3 days post-
operatively on a course of parenteral antibiotics (ceftio-
fur) and anti-inflammatories (flunixin meglumine) with
management in an abdominal support bandage. At 8
and 20 weeks postoperatively, ultrasonography was con-
ducted to evaluate healing based on tissue ingrowth of
the mesh and fibrous tissue formation around the mesh
(Figure 3). No complications were reported at either
time point. Furthermore, the ventral abdomen was ob-
served to have a normal contour at both time points.
Based on the formation of fibrous tissue surrounding
the mesh, the mare was bred 2 years in a row, carrying
both foals to full gestation with no complications. Fol-
lowing both foalings, the abdomen has maintained a
normal contour with no evidence of hernia recurrence
(Figure 4).
al drawings revealing the various stages of intraoperative repair
he ventral midline incision from the previous exploratory celiotomy
g of the silk mesh extraperitoneally under the hernia sac (B). Closure
tissue layers (D–F).
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Figure 3 Postoperative (8-week) image of the ventral midline following mesh hernioplasty (A) with corresponding ultrasound images
(B, C) documenting soft tissue incorporation surrounding the silk mesh. Hypoechogenic shadow artifacts (*) representing the silk mesh are
evident. Measurement markings on right side of ultrasound images indicate 0.5-cm intervals.

126 Animal Health and Nutrition
Discussion
Ventral midline hernia formation is a complication follow-
ing surgical management of abdominal pain in horses with
incisional drainage and incisional infection being the lar-
gest risk factor for hernia formation [1,2]. In the case pre-
sented here, the development of a ventral midline hernia
was subsequent to infection of the body wall associated
with a previous exploratory celiotomy for treatment of
colic. Conventional repair of large ventral midline hernia
defects in horses involves subperitoneal implantation of
non-absorbable knitted polypropylene or polyester mesh
and hernia ring apposition. However, this repair technique
has high complication rates (20%–60%), with mortality
rates up to 50% due to persistent infection of the implant,
rupture of the internal abdominal oblique muscle, and
persistent colic, which are all potentially due to the rigidity
of synthetic, non-resorbable mesh implants [5,7]. Further
concerns regarding currently used non-absorbable mesh
implants include tissue erosion, persistent inflammation,
infection, and pain following mesh hernioplasty as well as
difficulties with potential surgical revision.
Figure 4 Postoperative (2 years) image of the ventral midline followin
(B, C) documenting mature fibrous tissue formation throughout the h
remnants of the silk mesh are still evident. Numbers at the edge of the ult
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Alternative surgical techniques for repair of ventral
midline hernias include attempted primary closure of
the defect without mesh implantation, subperitoneal
mesh placement with fascial overlay, and subcutaneous
mesh placement with hernia ring apposition [5-7]. In
this case, primary closure of the defect without mesh
was previously attempted and likely failed due to the
large size of the defect, in addition to the large size of
the patient. Subperitoneal placement with fascial overlay
involves more aggressive dissection of the hernia sac,
allowing more potential exposure of the peritoneal cavity
to the mesh implant. Consequences of peritoneal contact
with the surface of the mesh include intra-abdominal ad-
hesion of the bowel to the mesh implant, which can lead
to chronic colic. In addition, mesh infection would have
dire consequences leading to potential septic peritonitis,
for which mortality rates range from 40% to 60% in
equine patients [9,10]. To help minimize these complica-
tions, implantation of subcutaneous mesh following pri-
mary closure of the defect has been described [6]. This
procedure was not elected in this case, as the significant
g mesh hernioplasty (A) with corresponding ultrasound images
ernioplasty site. Hypoechogenic shadow artifacts (*) representing
rasound images represent 1-cm depth increments.
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size of the defect and large patient size would have cre-
ated a large amount of tension on the ventral midline
and body wall, likely causing dehiscence of the primary
closure as well as potential failure of the mesh. In
addition, as the mesh is placed subcutaneously, there is
greater concern for mesh infection.
To our knowledge, this is the first published report de-

scribing the use of silk mesh for ventral midline hernio-
plasty in a large animal. The mesh used in this case is a
novel silk-derived bioresorbable scaffold designed to sup-
port fibrous tissue ingrowth while allowing long-term
bioresorption. Prior to the knitting of the mesh scaffold,
the silk is processed to remove the outer sericin coat,
which is the major cause of allergenic responses [11]. By
removing the sericin, the silk has greater biocompatibility
and thus enhanced bioresorption in vivo [8,11]. An earlier
version of this silk mesh was evaluated for repair of body
wall defects in rodents in comparison to the convention-
ally used polyester meshes [8]. In contrast to the polyester
mesh, the silk mesh had higher reduction in the cross-
sectional area over the course of the study, whereas the
polyester mesh remained essentially unchanged [8]. Al-
though the silk began to bioresorb, the mesh allowed for
significantly greater fibrous tissue ingrowth with biomech-
anical properties comparable to the polyester mesh at the
3-month termination point of the study [8]. In addition,
this study found the inflammatory reaction was similar
with both silk mesh and polyester mesh [8]. Subjectively
speaking, the silk mesh was extremely easy to work with,
less rigid than standard polypropylene or polyester mesh,
and less abrasive to the touch. We did not encounter any
issues with how the silk mesh handled the suture bites
and did not experience any pullout or ripping at the edges
during application. Although we believe SERI silk mesh
has a soft enough texture not to be abrasive to the bowel
if placed intra-peritoneally, we cannot comment on its
effect with regards to adhesion formation or bowel
irritation.
Gross and colleagues recently published their results

of the use of the silk mesh used in this case report for
soft tissue support in two-stage breast reconstruction
using an ovine model [12]. In their study they were able
to demonstrate that the load-bearing responsibility
which originally was provided by the mesh was gradually
transferred to the new ingrown tissue consisting early on
of collagen type 3 and later shifting to collagen type 1.
The ingrowth of fibrous tissue resulted in a significant
increase in the burst strength of the implant when com-
pared to sham samples [12]. Such increase in strength of
the implant has obvious benefits, especially when placed
in dependent areas such as in this case report.
In this case report, we aimed to evaluate the potential

use of silk mesh in a large horse for ventral midline her-
nioplasty. In this single case, no complications were
__________________________ WORLD TEC
encountered when implanting the silk mesh retroperito-
neally with hernia ring apposition and closure of sub-
cutaneous tissues and skin. The silk mesh allowed
adequate sharing of load between the body wall and
mesh, while allowing tissue remodeling and fibrous tis-
sue formation around the defect, as documented by
ultrasonography. In our study, remnants of the mesh
were visible 2 years following hernioplasty with healthy
and organized fibrous scar tissue. In their study, Gross
and colleagues were able to document histologically the
ingrowth of new collagen fibers, with silk fibrils still vis-
ible throughout their 12-month study without evidence
of hypersensitivity or immune response [12]. Although
we were unable to perform histologic and biomechan-
ical analysis of the repair tissue, the outcome had ad-
equate cosmesis of the ventral abdomen and provided
enough biomechanical strength to support the ventral
midline of a large horse throughout gestation and par-
turition of two foals.

Conclusions
In conclusion, we report the successful use of a novel bio-
resorbable silk mesh for repair of a large ventral midline
hernia in a 600-kg mare. Although this is a single case re-
port, the use of a bioresorbable mesh in a large animal has
clinical significance not only for horses but also for
humans, as the mesh was able to provide adequate bio-
mechanical strength while allowing for fibrous tissue in-
growth with no complications.
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Lipopolysaccharide derived from the rumen
down-regulates stearoyl-CoA desaturase 1
expression and alters fatty acid composition in
the liver of dairy cows fed a high-concentrate
diet
Tianle Xu†, Hui Tao†, Guangjun Chang, Kai Zhang, Lei Xu and Xiangzhen Shen*
Abstract

Background: Dairy cows are often fed a high-concentrate diet to meet lactating demands, yet long-term concentrate
feeding induces subacute ruminal acidosis (SARA) and leads to a decrease in milk fat. Stearoyl-CoA desaturase1 (SCD1)
participates in fatty acid biosynthesis in the liver of lactating ruminants. Here, we conducted this study to investigate the
impact of lipopolysaccharide derived from the rumen on SCD1 expression and on fatty acid composition in the liver of dairy
cows fed a high-concentrate diet. Eight multiparous mid-lactating Holstein cows (455 ± 28 kg) were randomly assigned into
two groups in the experiment and were fed a low-concentrate diet (LC) or high-concentrate diet (HC) for 18 weeks.

Results: The results showed that the total volatile fatty acids and lactic acid accumulated in the rumen, leading to a
decreased rumen pH and elevated lipopolysaccharides (LPSs) in the HC group. The long chain fatty acid profile in the rumen
and hepatic vein was remarkably altered in the animals fed the HC diet. The triglyceride (TG), non-esterified fatty acid (NEFA)
and total cholesterol (TCH) content in the plasma was significantly decreased, whereas plasma glucose and insulin levels
were increased. The expression of SCD1 in the liver was significantly down-regulated in the HC group. In regards to
transcriptional regulators, the expression of sterol regulatory element binding transcription factors (SREBF1c, SREBF2) and
SREBP cleavage activating protein (SCAP) was down-regulated, while peroxisome proliferator-activated receptor α (PPARα)
was up-regulated.

Conclusions: These data indicate that lipopolysaccharide derived from the rumen down-regulates stearoyl-CoA desaturase 1
expression and alters fatty acid composition in the liver of dairy cows fed a high-concentrate diet.

Keywords: Lipopolysaccharide, Stearoyl-CoA desaturase 1, Long chain fatty acid, Liver, High concentrate diet, Dairy cows
Background
Dairy cows are often fed a high-concentrate diet to meet
lactating requirements for high milk performance [1]. How-
ever, long-term feeding with a high-concentrate diet causes
a decline in the rumen pH if organic acids, such as volatile
fatty acids (VFAs) and lactic acid, accumulate in the rumen
[2,3], and a chronic digestive disorder known as subacute
ruminal acidosis (SARA) may occur. A rumen pH of less
* Correspondence: xzshen@njau.edu.cn
†Equal contributors
College of Veterinary Medicine, Nanjing Agricultural University, Nanjing
210095, China

__________________________ WORLD TEC
than 5.6 for over 3 h per day is used as a parameter to de-
termine the occurrence of SARA [1]. Decreased rumen pH
results in the release of lipopolysaccharides (LPSs), which
originate from the cell-wall component of gram-negative
bacteria [4].
Previous studies demonstrated that LPSs stimulate

the gene expression of fatty acid synthetase (FAS) and
acetyl-CoA carboxylase (ACC) in the liver of mice [5]
but depressed stearoyl-CoA desaturase (SCD) expression in
bovine hepatocytes [6]. SCD is a rate-limiting enzyme that
catalyzes the synthesis of the monounsaturated fatty acids
oleate (18:1) and palmitoleate (16:1) and forms triglycerides
HNOLOGIES________________________
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Table 1 The ingredients in the diets and the nutritional
composition

Ingredients, % of DM LC1 HC1

Corn silage 30 20

Alfalfa 30 20

Maize 22.78 33.6

Wheat bran 5.15 15

Soybean meal 9.81 9

Calcium phosphate dibasic 0.92 0.53

Powder 0 0.52

Salt 0.35 0.35

Premix2 1 1

Total 100 100

Nutritional Composition3

NE MJ/kg 6.32 6.74

CP % 16 16.2

EE % 3.96 4.15

NDF % 37.71 31.92

ADF % 22.75 17.55

NFC % 33.43 40.31

Ca % 0.9 0.8

P % 0.45 0.45
1 LC, low concentrate; HC, high concentrate.
2The premix contained VA,1,900ku/kg; VD, 250ku/kg; VE, 3,000 mg/kg; Niacin,
4,000 mg/kg; Cu, 1,200 mg/kg; Fe, 525 mg/kg; Zn, 13,000 mg/kg; Mn,
5,500 mg/kg; I, 170 mg/kg; Co, 50 mg/kg; Se, 27 mg/kg.
3The calculated nutritional composition values.
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and cholesterol esters [7]. Microarray assays have indicated
that the gene expression profile was altered in the liver of
SCD knockout mice, and the most obvious pattern was
down-regulation of the genes involved in lipogenesis and
up-regulation of the genes associated with fatty acid β-
oxidation [8]. It was reported that LPS modulates lipid me-
tabolism by inhibiting the clearance of triacylglycerol in the
livers of bovine [9]. Furthermore, in a LPS-induced liver in-
jury model, SCD1 expression was inhibited in the liver of
mice, suggesting the potential action of LPS on SCD1 in-
hibition [10].
The liver is responsible for lipid metabolism in ruminant

animals, and SARA is associated with liver abscesses, fatty
liver and a whole-body inflammatory response when a
high-grain diet is offered [11]. Therefore, the repartition of
energy from production to anti-inflammation may exist in
the liver and consequently lead to a negative energy bal-
ance during long-term high-concentrate supply. Many
studies have been carried out on milk fat depression
(MFD) in diet-induced SARA [12]. Some studies have fo-
cused on the trans fatty acid (i.e., trans-10 C18:1n) path-
way [13], while others have paid attention to LPS, which
initiates the inflammatory response and influences the
fatty acid profile in the rumen and milk [14]. Currently,
several studies have been performed to evaluate hepatic
lipid metabolism in dairy cows via exogenous LPS infusion
[15].However, less information is available in regards to
the alterations in hepatic lipid metabolism during long-
term diet-induced SARA in dairy cows. Therefore, the
present study was conducted to investigate the effects of a
high-concentrate diet on the fatty acid composition and
SCD1 expression in the liver of dairy cows.

Methods
Animals, diets and experimental design
Eight multiparous mid-lactating Holstein cows (455 ±
28 kg) were randomly assigned into two groups. One
group was fed with a high-concentrate diet (HC) com-
posed of 40% forage and 60% concentrate as a treatment,
and the other group was offered a low-concentrate diet
(LC) composed of 60% forage and 40% concentrate as a
control for the 18-week experimental period. The ingredi-
ents and nutritional composition of the diets are presented
in Table 1. The cows were fitted with a rumen fistula and
hepatic catheters two weeks before the experiment and
were ensured that they recovered from the surgery. The
animals were maintained in individual tie stalls, fed at
0400, 1200, and 2000 h, and had free access to fresh water
throughout the experimental time period.
The animal experiment was reviewed and approved by the

Institutional Animal Care and Use Committee of Nanjing
Agricultural University. The experiment was performed in
accordance with the “Guidelines for Experimental Animals”
of the Ministry of Science and Technology (Beijing, China).
__________________________ WORLD TEC
Sample collection and analysis
The cows were milked at 0500, 1300, and 2100 h, and
the milk yield was recorded daily. A 50-mL milk sample
was taken to determine the milk fat and milk protein
concentrations once a week (MilkoScanTM FT1, FOSS,
Denmark). Samples of the ruminal fluid were taken via
the rumen fistula for 3 consecutive days during the 18th

week, at 2-h intervals starting at 0400 h (after the morn-
ing feeding) for 12 hours. The samples were filtered
through 2 layers of cheesecloth and stored at −20°C for
the LPS, VFA, lactic acid and long-chain fatty acid ana-
lyses. A blood sample was taken at the same time as the
ruminal fluid collection via the hepatic vein catheter and
from the jugular vein using 5-mL vacuum tubes contain-
ing sodium heparin as an anticoagulant. The plasma was
isolated from the blood samples by centrifugation at
3000 × g at 4°C for 15 min and was stored at −20°C for
the LPS, biochemical parameter, hormones and long
chain fatty acid analyses. Liver tissue samples were taken
using a punch biopsy with a local anesthesia, and the
samples were frozen in liquid nitrogen and then stored
at −70°C until the quantitative Real-Time PCR and west-
ern blotting analyses.
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LPS and biochemical parameters in the plasma and
ruminal fluid
The LPS concentration in the ruminal fluid and plasma
were determined using a chromogenic endpoint assay
(CE64406, Chinese Horseshoe Crab Reagent Manufactory
Co., Ltd., Xiamen, China) with a minimum detection limit
of 0.05 EU/mL. The procedures were performed according
to the manufacturer’s instructions.
The analyses for the triglyceride, NEFA, total cholesterol

and glucose concentrations were performed using commer-
cial kits (Glucose Assay Kit, Rongsheng, Shanghai, China;
Nonesterified Free Fatty Acids Assay Kit, Jiancheng, Nanjing,
China; Total Cholesterol Reagent Kit, Dongou, Zhejiang,
China; Lactic Acid Assay Kit, Jiancheng, Nanjing, China; Tri-
glyceride Reagent Kit, Jiancheng, Nanjing, China) that used
an enzymatic colorimetric method read by a microplate
reader (Epoch, BioTek, USA). Plasma insulin and
glucagon concentration was determined using an Iod-
ine (125I) Insulin Radioimmunoassay (RIA) Kit and Iodine
(125I) Glucagon Radioimmunoassay (RIA) Kit (Beijing North
Institute of Biological Technology, Beijing, China) with
Gamma Radioimmunoassay Counter (SN-6105, Hesuo
Rihuan Photoelectric Instrument Co., Ltd, Shanghai, China).
All of the procedures were performed according to the man-
ufacturer’s instructions.

Fatty acid analysis via gas chromatography
The VFA concentration in the ruminal fluid was deter-
mined via gas chromatography (GC) using a FFAP 123–
3233, 30-m × 0.32-mm × 0.5-μm, capillary column (Agi-
lent J&W GC Columns, Netherlands) on an Agilent
7890A (Agilent Technologies, USA) as described before
with some modifications [16]. Crotonate was used as the
internal standard.
The total lipids were extracted from the ruminal fluid

and plasma using a mixture of polar and non-polar sol-
vents according to Folch et al. at room temperature [17].
The fatty acid methyl esters (FAMEs) were prepared via
esterification using sodium methoxide, followed by 14%
borontrifluoride in methanol [18]. Heptadecanoic acid
methyl ester served as the internal standard and was
added to the samples prior to extraction and methylation.
The FAME extracts were used for the gas chromato-
graphic analysis of the total fatty acids. The fatty acid com-
position was determined using GC with a CP 7489,
100-m × 0.25-mm × 0.25-μm, capillary column (Agilent
J&W Advanced Capillary GC Columns, Netherlands)
on an Agilent 7890A (Agilent Technologies, USA) with
an autosampler, flame ionization detector and split in-
jection. The temperature programming was optimal for
the separation of the majority of the C18:1 trans iso-
mers. The initial oven temperature was 150°C, held for
5 min, then increased to 200°C at a rate of 2°C/min,
held for 10 min, then increased to 220°C at 5°C/min
__________________________ WORLD TEC
and held for 35 min. Helium was used as carrier gas at
a flow rate of 1 mL/min. The injector was set at 260°C
and the detector at 280°C. The FAMEs were identified
by comparing with the retention times of the standard.

RNA extraction, cDNA synthesis and quantitative real
time PCR
The total RNA was extracted from 50 mg of liver tissue
using the RNA iso PlusTM reagent (Takara Co., Otsu, Japan)
via homogenization on ice. The purity and concentration of
the RNA were measured using an Eppendorf BioPhotometer
Plus (Eppendorf AG, Hamburg, Germany). The first-strand
cDNA was synthesized using 250 ng of the total RNA tem-
plate using the PrimeScript RT Master Mix Perfect Real
Time kit (Takara Co., Otsu, Japan). The primers were de-
signed using Premier 6.0 (Premier Biosoft International,
USA) and were based on known cattle sequences or those
cited in the published literature [19-21] (Table 2), and the
primer efficiencies were evaluated prior to use. The qPCR
was performed using the SYBR Premix Ex TaqTMkit (Takara
Co., Otsu, Japan) on an ABI 7300 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) according to the
recommendations in the instruction manual. The
standard PCR protocol was described in the manual:
denaturing at 95°C for 15 s, then 40 cycles at 95°C for
5 s, and 60°C for 31 s. Glyceraldehyde phosphate de-
hydrogenase (GAPDH) served as the housekeeping
gene for normalization, and the 2-ΔΔCt method was used
for the relative quantification.

Western blotting analysis
The liver samples were homogenized in RIPA lysis
buffer (Beyotime, Shanghai, China) using 0.1 M PMSF
using a Dounce homogenizer, and the lysate was cen-
trifuged at 15,000 × g at 4°C for 20 min. The protein
concentration of the supernatant was determined
using bicinchoninic acid (BCA) and bovine serum al-
bumin as standards (Pierce, Rockford, IL, USA). Equal
amounts of protein were separated using 10% SDS-
polyacrylamide gel electrophoresis (PAGE) and trans-
ferred onto a nitrocellulose membrane (Millipore,
Danvers, MA) at 4°C. After blocking with 10% nonfat
dry milk in tris-buffered saline at 4°C overnight, the
membrane was washed and incubated with a primary anti-
body directed against SCD (Polyclonal antibodies raised in
goat;sc-23016,Santa Cruz Biotechnology, diluted to 1:200)
and HRP affinipure rabbit anti-goat IgG as the secondary
antibody (E030130-01, Earth Ox, CA, diluted to 1:10,000).
Visualization of the SCD protein was performed using the
ECL western blot detection system (ECL plus, Beyotime,
Shanghai China). The same membrane was then stripped
with striping buffer (AR0153, Boster, Wuhan, China)and
was normalized against β-tubulin (Polyclonal antibodies
raised in goat,sc-9935, Santa Cruz Biotechnology, diluted
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Table 2 The gene name, GeneBank accession number, sequence and product size of the primers used for the qRT-PCR

Gene Accession #1 Forward Primer (5’-3’) Reverse Primer (5’-3’) Product Size

GAPDH§ NM_001034034 GGGTCATCATCTCTGCACCT GGTCATAAGTCCCTCCACGA 176

ACC-α§ NM_174224 AGCTGAATTTTCGCAGCAAT GGTTTTCTCCCCAGGAAAAG 117

FASN§ AF285607 GCATCGCTGGCTACTCCTAC GTGTAGGCCATCACGAAGGT 136

LPL§ NM_001075120 GGGTTTTGAGCAAGGGTACA GCCACAATGACCTTTCCAGT 193

FABP1& FJ415874.1 GTTCATCATCACCGCTGGCT CCACTGCCTTGATCTTCTCCC 101

PLIN2& NM_173980.2 TTTATGGCCTCATGCTTTTGC CTCAGAGCAGACCCCAATTCA 100

ACOX1& NM_001035289.3 ACCCAGACTTCCAGCATGAGA TTCCTCATCTTCTGCACCATGA 100

CPT1α& FJ415874.1 TCGCGATGGACTTGCTGTATA CGGTCCAGTTTGCGTCTGTA 100

SCD§ NM_173959.4 TTATTCCGTTATGCCCTTGG GGTAGTTGTGGAAGCCCTCA 151

DGAT1& FJ415874.1 CCACTGGGACCTGAGGTGTC GCATCACCACACACCAATTCA 101

DGAT2& FJ415874.1 CATGTACACATTCTGCACCGATT TGACCTCCTGCCACCTTTCT 100

SREBF1c FJ415874.1 CACTCGTCTTCCTCTGTCTC GAGTGACTGGTTCTCCATAG 243

SREBF2& NM_001205600.1 AGAGCAAACTCCTGAAGGGC GGAGGCGACATCAGAAGGAC 103

SCAP NM_001101889.1 CATCAAGCTCTACTCCATCC CAATGGCAGCGTTGTCCAGCA 206

LXRα& NM_001014861.1 CCCCATGACCGACTGATGTT TGTCCTTCATCTGGCTCCACC 241

PPARα& FJ415874.1 CATAACGCGATTCGTTTTGGA CGCGGTTTCGGAATCTTCT 102
§published in [19,20]. &published in [21].
1Entrez Gene, National Center for Biotechnology Information (NCBI).

Figure 1 Comparison of the pH values in the ruminal fluid
between the low-concentrate (LC) and high-concentrate (HC)
groups. The data were measured using ruminal fluid samples
collected at times ranging from 0 to 12 hours (shown on the x-axis)
for three days during the 18th week. Significant differences were
observed across all of the sampling times (p < 0.05), with the exception
of 8 hours after the morning feeding. The error bars indicate the
standard error of the mean. The data were compared using
Student’s t-test.
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to 1:200). The procedures for the secondary antibody and
visualization were the same as that used for SCD. The
ECL signals were recorded using an imaging system
(LAS4000, USA) and analyzed using Quantity One
(Bio-Rad, USA).

Statistical analysis
All of the data were expressed as the mean ± SEM. The
statistical data analysis was conducted via unpaired or
paired Student’s t-tests using IBM SPSS 20.0 Statistics
for mac (IBM Inc., New York, USA). A difference was
considered to be significant when p < 0.05.

Results
Rumen pH, LPS content in the rumen and plasma, and
the milk composition
The pH value in the ruminal fluid is shown in Figure 1.
The dynamic pH curve in the HC group was lower than
that in the LC group during the long-term experiment.
It showed that a pH value under 5.6 lasted for 223 mi-
nutes in the HC group, which indicated that SARA was
successfully induced. The pH value of the HC group was
significantly lower than that of the LC group after the
morning feeding for 8 h (p < 0.05).
The LPS concentration in the ruminal fluid of the HC

group was significantly increased, from 47.17 × 103 EU/
mL to 79.04 × 103 EU/mL, compared to the LC group
(p < 0.01). In the peripheral plasma, the LPS level in the
HC group was 0.86 EU/mL, while it was 0.47 EU/mL in
the LC group (p < 0.001).
__________________________ WORLD TEC
Milk samples were collected from the 1st week to the 18th

week to determine the change in the milk composition. The
results showed that the milk yield, the percentage of milk fat
and the milk fat yield decreased significantly in the HC group
compared to the LC group (p < 0.01). However, the percent-
age of milk protein increased remarkably in the HC group
(p < 0.05; Table 3).
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Table 3 The LPS, milk yield and milk composition in the dairy
cows fed the low-concentrate (LC) and high-concentrate (HC)
diets

Item Treatment

LC HC SEM1 p-Value2

Rumen LPS, EU/mL1 (×103) 47.17 79.04b 7.94 <0.01

Plasma LPS, EU/mL2 0.47 0.86ab 0.08 <0.001

Milk3

Milk yield, kg 28.05 26.92b 0.30 <0.01

Fat, % 3.40 3.09b 0.03 <0.01

Fat yield, kg/d 0.95 0.84b 0.02 <0.01

Protein, % 3.04 3.16a 0.03 <0.05

Protein yield, kg/d 0.85 0.85 0.02 0.98
1SEM = Standard error of the mean between the two groups.
2The LPS data were compared using Student’s t-test. The milk samples were
compared using a paired t-test.
3The milk samples were obtained from the 1st week to the 18th week.
abindicates p < 0.001; aindicates p < 0.05; bindicates p < 0.01.

Table 4 The ruminal fluid composition, blood metabolites
and hormone level in the dairy cows fed the low-concentrate
(LC) diet and high-concentrate (HC) diet

Treatment

VFA profile1 LC HC SEM2 p-value3

Total VFA(mmol/L) 92.91 107.64a 3.66 <0.05

Molar proportion, mmol/mol

Acetate 454.51 440.55 3.10 0.47

Propionate 247.68 281.83b 2.41 <0.01

Isobutyrate 25.19 24.68 0.38 0.83

Butyrate 210.11 195.99 1.77 0.17

Isovalerate 36.31 34.52 0.67 0.67

Valerate 21.25 19.93 0.24 0.38

Caproate 4.95 2.49b 0.17 <0.01

Acetate:Propionate 1.84 1.57a 0.02 <0.05

Propionate:Butyrate 1.18 1.44b 0.05 <0.01

Lactic acid 0.96 1.55b 0.20 <0.01

Plasma biochemical parameter4

TG (mmol/L) 0.28 0.21a 0.05 <0.05

NEFA (mmol/L) 1.16 0.48ab 0.07 <0.001

TCH (mmol/L) 2.21 1.69b 0.31 <0.01

GLU (mg/dL) 45.23 56.02b 4.54 <0.01

Hormone level4

Insulin (μIU/mL) 16.95 21.57a 1.01 <0.05

Glucagon (pg/mL) 191.23 161.02 18.28 0.28

Insulin:Glucacon 0.10 0.16c 0.01 0.07
1The volatile fatty acid and lactic acid concentrations and the mean proportion
across the sampling times during the 18th week.
2SEM = Standard error of the mean between the two treatments.
3The data were compared using a paired t-test.
4The mean metabolite concentration in the jugular plasma across the
sampling times. TG, triglyceride; NEFA: non-esterified fatty acid; TCH, total
cholesterol; GLU, glucose;
aindicates p < 0.05; bindicates p < 0.01; abindicates <0.001.
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The VFA profile in the ruminal fluid and the plasma
biochemical parameters
The VFA profiles in the ruminal fluid and the biochem-
ical parameters in the peripheral plasma between the LC
and HC groups are presented in Table 4. When com-
pared to the LC group, the total VFA and lactic acid
concentration in the rumen was significantly elevated in
the HC group (105.95 vs. 92.91, p < 0.05 and 1.55 vs.
0.96 mmol/L, p < 0.01, respectively). The molar propor-
tion (mmol/mol) of propionate was increased in the
dairy cows fed the high-concentrate diet (281.83 vs.
247.68, p < 0.01), but the other proportional concentra-
tions of the individual VFAs were unchanged. The ratio
of propionate to butyrate (1.18 vs. 1.44, p < 0.05) was sig-
nificantly increased, while the ratio of acetate to propi-
onate (1.84 vs. 1.57, p < 0.05) was significantly reduced.
When compared to the LC group, the triacylglycerol

(p < 0.05), NEFA (p < 0.01) and total cholesterol (p < 0.01)
concentrations were significantly decreased in the peripheral
plasma of the HC group. However, the glucose and insulin
concentration were significantly enhanced (p < 0.01, p < 0.05
respectively) in the plasma of the high-concentrate diet
group.

The long-chain fatty acid profiles in the ruminal fluid and
the hepatic vein plasma
The LCFA profiles in the ruminal fluid and the hepatic
vein plasma are shown in Tables 5 and 6, respectively.
The LCFA concentration in the ruminal fluid and the
hepatic vein of the HC group was lower than that in the
LC group, specifically for palmitate C16:0 (p < 0.05) and
palmitoleate C18:0 (p < 0.05). The desaturation index
that was determined by calculating the plasma C16:1n-
9/C16:0 ratio was decreased in the HC group (p = 0.087).
__________________________ WORLD TEC
Additionally, a decrease in the Δ9 monounsaturated oleic
acid (C18:1n-9) concentration was observed in the HC
group. Compared with the LC group, the concentration
of cis9,trans 11 CLA was similar in the both rumen and
plasma. The concentration of trans11 C18:1 was in-
creased in rumen of the HC group (p = 0.067), while in
the plasma, the trans11 C18:1 content was similar. In
regards to α-linolenic acid (C18:3n-3), its content in the
HC group was four-fold lower than that of the LC
group. However, the content of both C22:0 and C22:1n-
9 was significantly increased (p < 0.05) in the HC group.
The desaturation index of C18:1n-9/C18:0 and cis9,
trans11 C18:2n/trans11 C18:1n was decreased in the HC
group, but no statistical significance was observed.
Meanwhile, the presence of longer-chain saturated FAs
(C20:0, p < 0.01; C21:0, p < 0.01), which are produced via
ruminal microbial biohydrogenation, was decreased in
the HC group.
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Table 5 The fatty acid composition in the ruminal fluid of
the dairy cows

μg/mL Treatment

LC HC SEM1 p-Value2

C12:0 2.67 2.05 0.27 0.28

C13:0 3.31 2.92 0.30 0.56

C14:0 254.80 74.26 55.68 0.11

C15:0 6.25 3.47 1.05 0.21

C16:0 147.09 96.84b 10.48 <0.01

cis9C16:1 3.17 2.32 0.11 0.27

C18:0 473.48 281.65ab 38.02 <0.001

trans11C18:1n 4.53 11.40c 1.93 0.07

C18:1n-9 11.36 8.93 0.65 0.05

C18:2n-6 10.15 7.18c 0.89 0.09

C20:0 6.28 4.40b 0.40 <0.01

6C18:3n 0.55 0.75 0.09 0.27

C20:1 0.52 0.35b 0.04 <0.01

C18:3n-3 2.65 2.04 0.27 0.30

cis9, trans11C18:2n 6.61 5.27 0.45 0.15

C21:0 0.76 0.53b 0.05 <0.01

C22:0 3.53 3.10 0.17 0.23

C23:0 1.21 1.12 0.06 0.51

C24:0 4.26 3.83 0.19 0.29

C24:1 0.69 0.60 0.04 0.29

C22:6n-3 2.21 1.83 0.13 0.17
1SEM = Standard error of the mean between the two treatments.
2The data were compared using Student’s t-test.
aindicates p < 0.05; bindicates p < 0.01; abindicates p < 0.001;
cindicates 0.05 < p < 0.1.

Table 6 The fatty acid composition in the hepatic vein
plasma of the dairy cows

μg /mL Treatment

LC HC SEM1 P-Value2

C12:0 3.57 4.04 0.20 0.26

C13:0 5.92 6.99 0.50 0.32

C14:0 66.06 74.32 13.66 0.79

C14:1 6.47 4.39c 0.57 0.06

C15:0 8.81 6.43 0.84 0.17

C15:1 1.39 1.25 0.09 0.49

C16:0 92.47 71.10a 5.14 <0.05

cis9C16:1 5.32 2.84c 0.64 0.05

C18:0 121.33 85.5a 8.81 <0.05

trans11C18:1n 2.92 2.93 0.09 0.96

C18:1n-9 62.24 40.28a 5.69 <0.05

C18:2n-6 277.99 71.13a 38.72 <0.05

C20:0 0.89 1.02a 0.03 <0.05

C20:1 0.45 0.61c 0.05 0.10

C18:3n-3 25.86 6.6b 3.74 <0.01

cis9, trans11C18:2n 4.56 4.57 0.07 0.98

C21:0 1.27 1.00 0.19 0.51

C22:0 0.97 1.31a 0.08 <0.05

C20:3n-6 27.01 10.80c 4.41 0.07

C22:1n-9 1.24 1.57a 0.08 <0.05

C20:4n-6 33.46 16.13b 3.84 <0.01

C22:6n-3 10.57 6.20ab 0.83 <0.001

Desaturation index

cis9 C16:1/C16:0 0.05 0.04c 0.01 0.09

cis9 C18:1/C18:0 0.51 0.47 0.02 0.37

cis9,trans11 C18:2/tran11 C18:1 1.66 1.55 0.06 0.37
1SEM = Standard error of the mean between the two treatments.
2The data were compared using Student’s t-test.
aindicates p < 0.05; bindicates p < 0.01; abindicates p < 0.001;
cindicates 0.05 < p < 0.1.
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mRNA expression of the genes involved in lipid
metabolism in the liver
The liver mRNA expression levels of the genes involved
in lipid metabolism are presented in Figure 2. The ex-
pression levels of the genes associated with fatty acid up-
take/transport, lipid formation, fatty acid oxidation and
transcriptional regulators of lipogenic enzymes were re-
markably altered between the HC and LC groups. There
was a decrease in fatty acid binding protein 1 (FABP1)
expression (p = 0.09) in the HC group compared to the
LC group, and LPL was significantly down-regulated in
the HC group. Compared with the LC group, the expres-
sion of perilipin 2 (PLIN2) (p < 0.05) was significantly
decreased in the HC group, and there was 2-fold down
regulation of SCD1 expression in the HC group. The ex-
pression of diacylglycerol acyltransferase (DGAT1 and
DGAT2) was similar between the two groups, and the
expression of ACCα and FAS, which are involved in de
novo fatty acid synthesis, showed no significant differ-
ence between the HC and LC groups. However, the ex-
pression of carnitine palmitoyltransferase 1α (CPT1α)
__________________________ WORLD TEC
was up-regulated in the HC group (p < 0.05), whereas
the expression of acyl-CoA oxidase 1 (ACOX1) was in-
creased in the HC group (p = 0.10).
With respect to transcriptional regulators, the mRNA level

of SCAP was down-regulated in the HC group (p < 0.05).
Meanwhile, both the SREBF1c (p = 0.09) and SREBF2
(p = 0.08) mRNA expression levels were decreased in
the HC group. However, the mRNA expression of PPARα
was significantly increased in the HC group (p < 0.05). The
expression of liver X receptor α (LXRα) showed no signifi-
cant difference.

The protein expression of SCD1 in the liver
The protein expression of SCD in the liver is shown in
Figure 3. The results demonstrated that the expression
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Figure 2 The hepatic gene expression profile analyzed via real-time PCR. Each value was normalized to the expression of GAPDH, and data
were compared using Student’s t-test between LC (n = 4) and HC (n = 4). A. The genes involved in desaturation, lipogenesis, fatty acid oxidation,
TG synthesis and lipid droplet formation were measured in the liver tissue. The error bars indicate the standard error of the mean. * indicates p <
0.05; ** indicates p < 0.01; # indicates significance values between 0.05 < p < 0.1. B. The genes involved in transcriptional regulation were
measured in the liver tissue. The error bars indicate the standard error of the mean. * indicates p < 0.05; ** indicates p < 0.01; # indicates
significance values between 0.05 < p < 0.1.
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of SCD in the liver was significantly down-regulated in
the HC group compared to the LC group (p < 0.05).

Discussion
In this study, we showed that an altered fatty acid com-
position is induced by a HC diet. The reduced oleate
and palmitoleate content may be associated with the
down-regulated expression of SCD1 in the liver, which
primarily resulted from the release of LPS during long-
term HC feeding. These findings provide insights into
the role of endogenous LPS on hepatic SCD1 expression
in dairy cows and its relationship with fatty acid
composition.
Previous studies have reported that SARA is character-

ized by declined feed intake, inflammation and de-
pressed milk fat [12]. In our experiment, the duration of
a rumen pH less than 5.6 lasted for 223 min/day in the
cows fed a high-concentrate diet, meanwhile, a decrease
in the milk yield (kg/d), milk fat (%) and milk fat yield
__________________________ WORLD TEC
(kg/d) was observed in the HC group. Therefore, our re-
sults are consistent with other studies.
Our data demonstrated that the total VFA and lactic

acid levels in the ruminal fluid were significantly in-
creased in the HC group. The ratio of acetate to propi-
onate was decreased in the HC group due to an increase
in propionate. Early experiments have also presented a
low ratio of acetate to propionate in dairy cows fed with
easily fermentable carbohydrates [22]. A previous study
showed an increased ratio of ruminal propionate to bu-
tyrate in repartitioned milk from fat to lactose and pro-
tein [23]. In our study, the increased proportion of
propionate may be related to glycogenesis [24,25]. Be-
cause most volatile fatty acids emerge in the portal vein
after absorption from the digestive tract [26], alterations
in volatile fatty acid concentrations may influence the
metabolism in the liver.
When gram-negative bacteria in the rumen are lysed

at low pH values, LPS is released and translocated into
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Figure 3 The western blotting analysis of SCD in the liver. The SCD content was assessed via western blotting of the livers of the LC (n = 4)
and HC (n = 4) cows. The protein was quantified via band density measurements of the western blot. The band densities were normalized to the
β-tubulin content within each sample. The data are expressed as the relative amounts of the two groups. * indicates p <0.05.The data were
compared using Student’s t-test.
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the bloodstream, initiating an inflammatory response. In
our experiment, the high endogenous LPS content may
have triggered metabolic disorders in the digestive tract
and liver. It has been documented that the liver has a
strong ability to clear LPS [27-29]. A recent study
showed that the LPS gene expression profile was altered
in the liver of lactating goats fed a long-term high-
concentrate diet, and the overall metabolism was shifted
towards energy supply, in order to meet the higher en-
ergy expenditure demands for tissue anti-inflammation
[30].
Our results indicated that SARA also influences

plasma metabolites. Cholesterol in the plasma is nega-
tively associated with the presence of LPS in the rumen
[31,32], which explains our results of lower cholesterol
concentrations in the plasma of the HC group. Among
the hormones in peripheral plasma, insulin plays a cru-
cial role in lipid metabolism, particularly in case of feed-
ing cows with a high-concentrate diet. Decreased milk
fat yield caused by SARA might have been because of an
increased plasma insulin concentration and the ratio of
insulin to glucagon [31,33,34], which has shown that
high-concentrate diet resulted in greater plasma insulin
__________________________ WORLD TEC
concentration in our experiment. Due to the higher ru-
minal propionate and plasma glucose, increased plasma
insulin might promote energy expenditure in hepatic
through lipolysis and glycolysis, rather than fatty acid
synthesis and gluconeogenesis [35], which in turn re-
pressed the expression of lipogenic enzymes, such as
SCD1. NEFAs are primarily mobilized from stored TGs
in the adipose tissue [36]. In our experiment, the in-
creased propionate and glucose resulted in a decrease in
the NEFA concentration in the plasma, which is attrib-
uted to their inhibitory effect on adipose tissue lipolysis
[35,37,38]. A lower TG concentration was observed in
the HC group, which could be explained by the reduced
adipose lipolysis and the restriction of biohydrogenation
at low rumen pHs [39]. The restricted biohydrogenation
led to a decreased saturated FA content, particularly of
C16:0 and C18:0, in the rumen.
The fatty acid profiles in the ruminal fluid and the

hepatic vein plasma were altered in this study. De-
creased saturated FA concentrations in the ruminal fluid
reflects the inhibition of biohydrogenation at lower pH
values in the rumen of cows fed a long-term high-
concentrate diet.
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A previous study demonstrated that the conversion of
long-chain fatty acids to TGs and phospholipids (PLs) in
the livers of dairy cows is dependent on adipose tissue
lipolysis [40]. The decrease in the palmitic (C16:0), ste-
aric (C18:0) and oleic (C18:1) content in the liver may
be explained by the decreased NEFA levels released from
the adipose tissue and the lower production in the
rumen. Similarly, a decrease in C18:2n-6 is associated
with decreased lipolysis in the adipose tissue [41]. A de-
crease of both C18:2n-6 and C20:4n-6 in the hepatic
vein plasma was observed in the HC group. It was re-
ported that arachidonic acid (C20:4n-6),which comes
from the cell cytoplasm, could be synthesized by Δ5desa-
turase from C20:3n-6, and the latter could be desatu-
rated and elongated from C18:2n-6 in the endoplasmic
reticulum [42]. In addition, α-linoleic acid (C18:3n-3)
could be desaturated and elongated to C22:6n-3, which
could explain the decrease in C22:6n-3 in the HC group.
Decreased C18:3n-3 may cause an accumulation of TGs
[43], due to its function of enhancing the stability of
apolipoprotein B:100 [44]. Furthermore, trans11 C18:1n
is considered to bethe precursor of trans10 C:18:1n,
which is a known inhibitor of milk fat in dairy cows
[37]. Therefore, its increased levels in the rumen are as-
sociated with milk fat depression.
Fatty acid binding protein 1 (FABP1) is related to fatty

acid uptake, transport, and metabolism and the activa-
tion of PPARα via NEFAs [45]. In our study, the down-
regulated expression of FABP1 was likely observed
because of the low NEFA concentrations in the periph-
eral plasma. As increased levels of trans11 C18:1n in the
rumen of the HC group emerged in the portal vein, it
may have activated the PPARα pathway, as was demon-
strated in a previous in vitro study [46].
In the liver, the activation of carnitine palmitoyltransfer-

ase 1α (CPT1α) and acyl-CoA oxidase 1 (ACOX1) is regu-
lated by PPARα [8]. In dairy cows, the above enzymes are
responsible for regulating the entry of LCFAs into the
mitochondria for oxidation [47,48]. Because of the in-
creased energy demand to resist inflammation during in-
duced SARA, the gene expression of the above enzymes
was increased in the HC group, which is consistent with
the expression of the transcription factor PPARα. Add-
itionally, shorter-chain fatty acyl-CoA, which is produced
via peroxisomal fatty acid β-oxidation, is subsequently
channeled to be oxidized completely in the mitochondria
[45]. Therefore, the up-regulated expression of CPT1α
suggests that hepatic energy export is necessary during in-
duced SARA.
It was reported that the expression of SREBF1c and FAS,

which are involved in lipid synthesis, was down-regulated
in SCD1 knockout mice [8]. In our study, the expression of
the transcription factor SREBF1c was decreased in the HC
group, similar to its activation-dependent ligand SCAP,
__________________________ WORLD TEC
which could further explain the downregulation of
SREBF2. In the liver, SREBF1c regulates the genes involved
in fatty acid synthesis, while SREBF2 modulates the genes
associated with cholesterol biosynthesis [49]. Therefore,
the decreased cholesterol in the plasma could be regulated
by SREBF2. SCD is a key lipogenic enzyme that regulates
the synthesis of monounsaturated fatty acids, particularly
oleate (C18:1) and palmitoleate (C16:1) [50]. The transcrip-
tion of SCD is co-regulated by SREBF1c and PPARα
[51,52]. The decreased C16:1 and C18:1n-9 content in the
hepatic vein plasma indicated the downregulation of SCD
in the dairy cows fed a high-concentrate diet. However, the
cis9,trans11CLA content was unchanged because the
process of trans11C18:1n desaturation to cis9,trans11CLA
via SCD exists in most lipogenic and adipogenic tissues,
except in the livers of rats and bovine [53,54]. Moreover, it
is considered that the Δ9 desaturation index poorly pre-
dicts the activity and/or expression of SCD [55]. Similar to
SCD, the expression of perilipin 2 (PLIN2), which is in-
volved in the intracellular accumulation of TGs and lipid
droplet (LD) formation, was decreased in the HC group
[56], which led to the attenuation of LD formation in the
liver. Diacylglycerol acyltransferases (DGATs) plays key
roles in the synthesis of TGs and very low-density lipopro-
tein (VLDL) secretion in the liver [57]. In our present
study, the similar expression of DGAT1 and DGAT2 be-
tween the HC and LC group may be attributed to compen-
sation of the down regulated SCD, which is partly due to a
positive correlation between inflammation and fatty liver
[58].
A previous study showed that the AMP-activated pro-

tein kinase (AMPK) signaling pathway is associated with
the inhibition of SCD1 [59]. To some extent, this may
contribute to the down regulation of SCD at the mRNA
and protein levels. The unchanged mRNA expression of
ACCα and FAS may not reflect the phosphorylation sta-
tus of the enzymes. Therefore, further research is needed
to elucidate the underlying mechanism.

Conclusions
In summary, lipid metabolism in the livers of dairy cows is
influenced by long-term high-concentrate diet feeding.
Lipopolysaccharide derived from the rumen down-
regulates stearoyl-CoA desaturase 1 expression and alters
fatty acid composition in the liver of dairy cows fed a
high-concentrate diet. Our findings may shed light on the
regulation of fatty acid metabolism and reprogramming in
the livers of dairy cows fed high-concentrate diets.
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A bovine respiratory syncytial virus model with
high clinical expression in calves with specific
passive immunity
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Abstract

Background: Bovine respiratory syncytial virus (BRSV) is a major cause of respiratory disease in cattle worldwide.
Calves are particularly affected, even with low to moderate levels of BRSV-specific maternally derived antibodies
(MDA). Available BRSV vaccines have suboptimal efficacy in calves with MDA, and published infection models in this
target group are lacking in clinical expression. Here, we refine and characterize such a model.

Results: In a first experiment, 2 groups of 3 calves with low levels of MDA were experimentally inoculated by
inhalation of aerosolized BRSV, either: the Snook strain, passaged in gnotobiotic calves (BRSV-Snk), or isolate no.
9402022 Denmark, passaged in cell culture (BRSV-Dk). All calves developed clinical signs of respiratory disease and
shed high titers of virus, but BRSV-Snk induced more severe disease, which was then reproduced in a second experiment
in 5 calves with moderate levels of MDA. These 5 calves shed high titers of virus and developed severe clinical
signs of disease and extensive macroscopic lung lesions (mean+/−SD, 48.3+/−12.0% of lung), with a pulmonary
influx of inflammatory cells, characterized by interferon gamma secretion and a marked effect on lung function.

Conclusions: We present a BRSV-infection model, with consistently high clinical expression in young calves with
low to moderate levels of BRSV-specific MDA, that may prove useful in studies into disease pathogenesis, or evaluations
of vaccines and antivirals. Additionally, refined tools to assess the outcome of BRSV infection are described, including
passive measurement of lung function and a refined system to score clinical signs of disease. Using this cognate host
calf model might also provide answers to elusive questions about human RSV (HRSV), a major cause of morbidity in
children worldwide.

Keywords: Bovine respiratory syncytial virus, Experimental infection model, Calves, Maternal immunity, Aerosol
Background
Bovine respiratory syncytial virus (BRSV), a pneumo-
virus in the family Paramyxoviridae, is highly prevalent
in cattle, with a significant economic impact as the most
important viral cause of bovine respiratory disease
(BRD) worldwide [1]. Despite the high seropositivity,
BRSV outbreaks occur frequently, peaking during the
winter months in temperate climates [2]. BRSV is
thought to be transmitted by direct and indirect routes,
* Correspondence: jean-francois.valarcher@slu.se
1Department of Clinical Sciences, Swedish University of Agricultural Sciences,
Host Pathogen Interaction Group, Uppsala, Sweden
6Department of Virology, National Veterinary Institute, Immunology, and
Parasitology, Uppsala, Sweden
Full list of author information is available at the end of the article
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and possibly by aerosol over short distances [3], but all
the mechanisms of introduction and maintenance within
herds are not clear.
Severe disease is usually observed in calves less than

1 year old, and in particular between 1–3 months in
BRSV-endemic regions [4]. BRSV replication in the
upper and lower airways causes cellular damage and
dysfunction, and may lead to misdirected immune re-
sponses, which compound clinical signs of disease [5,6].
Most colostrum fed calves in endemic areas have

BRSV-specific maternally derived antibodies (MDA) in
serum, affording them limited protection from BRSV
infection during the first weeks of life, but having a
negative effect on the degree and duration of protection
HNOLOGIES________________________
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induced by vaccination [7]. The use of commercial vaccines
in these animals has not always been fully satisfactory, and
the development of a safe and effective BRSV vaccine, with
a long duration of protection, therefore remains a high
priority for the cattle industry [1]. Furthermore, following
vaccination, exacerbated reaction to natural or experimen-
tal infection, although uncommon, has been described in
calves [8,9], and resembles that previously observed in
children immunized with an inactivated vaccine against the
genetically and antigenically closely related pneumovirus,
human RSV (HRSV) [10].
For these reasons, as well as to improve understanding

of the pathogenic mechanisms during an acute infection,
a clinically expressive BRSV model is needed to study
BRSV pathogenesis, and to evaluate the protective effi-
cacy of vaccine candidates and antivirals.
Several studies have attempted to reproduce field-like

BRSV disease in young calves with varying levels of
MDA, by administrating BRSV intranasally [11], intra-
tracheally [12-14], or by a combination of intranasal and
intratracheal route [14,15]. Some studies report severe
clinical disease following experimental BRSV infection,
but omit observed or methodological details that would
allow interstudy comparison (e.g. rectal temperature [16]).
Whereas most studies have failed to reproduce severe
clinical signs of disease, despite using high titers of virus
and repeated inoculations [17], studies utilizing inocula-
tion by inhalation of aerosol have been those most suc-
cessful [7,14,18-21], although this is not consistent [22].
Here, our objective was to improve and characterize a
BRSV model in calves, by selecting one of two inocula,
based on two different strains passaged in calves or in cell
culture, and used by two different research groups, to ob-
tain a model that would induce clinical signs comparable
to those observed in the field. In addition, we describe a
refined scoring system for clinical signs of disease, and
objective tools that can be used to monitor and assess
the effects of BRSV infection in calves.

Methods
Cells and viruses
The BRSV Snook strain was isolated in calf kidney cells
[11], and then passaged three consecutive times in
gnotobiotic calves by inoculation by respiratory route,
and prepared from bronchoalveolar lavage (BAL), as pre-
viously described [13] (BRSV-Snk inoculum). BRSV iso-
late no. 9402022 Denmark [5] was isolated in fetal lung
cells, passaged in bovine turbinate cells, and prepared as
described previously [21] (passage 8, BRSV-Dk inocu-
lum). Aliquots of the BRSV-Snk and BRSV-Dk inocula
were titrated by plaque assay using calf kidney cells, as
previously described [11]. Through inoculation of appro-
priate cell cultures and mycoplasmal or bacterial media,
all cells and virus preparations were determined to be
__________________________ WORLD TEC
free from bovine viral diarrhea virus and bacteria, in-
cluding mycoplasma (data not shown).

Animals
The calves included were male, of Swedish Holstein or
Swedish red and white breed, and originated from two
conventional dairy herds, both free from bovine viral
diarrhea virus. The herds were monitored for natural
BRSV infections through monthly analysis of BRSV-
specific IgG1 (see section Detection of BRSV-specific
antibodies) in bulk tank milk and in sera from calves,
heifers and cows. Herd 1 was monitored from 17 days
after the birth of the oldest calf, 1 day after the birth of
the second oldest, and before the birth of the remaining
calves in study 1. Herd 2, was monitored from 2 months
before birth of the oldest calf to be challenged with
BRSV in study 2.
For study 1, six calves (A1-3 and B1-3) were obtained

from herd 1. These calves had low levels of BRSV-specific
serum MDA on the day of challenge; mean 4.1 ± 4.8%
COD of kit positive at a dilution of 1:25, where ≤10%COD
positive is considered negative by the ELISA kit. In study
2, five calves (C1-5) were obtained from herd 2, all with
moderate levels of BRSV-specific serum MDA; mean
49 ± 30% COD positive, or log10 titer 2.0 ± 0.2, defined
as moderate. In addition, three calves (D1-3) were obtained
from herd 1 to act as uninfected controls.

Challenge and experimental design
Groups of calves were housed in an animal facility, in
separate rooms, with free access to clean water and
roughage, and additional daily rations of concentrate.
Each room had separate negative-pressure ventilation,
physical bio-barriers and protective clothing for all staff.
All calves were healthy on arrival, and no respiratory
clinical signs were observed during one week of acclima-
tion and quarantine. To minimize interference by bacterial
co-infections, all calves were treated with antibiotics for
five consecutive days (20 mg/kg/day procaine benzyl peni-
cillin intramuscularly). On post-infection day (PID) 0, all
calves were challenged by aerosol inhalation.
In study 1, calves were inoculated with either BRSV-

Snk (calves A1-3; 9 ± 3 weeks old) or BRSV-Dk (calves
B1-3; 9 ± 2 weeks old). Each dose of inoculum contained
104.0 (BRSV-Snk) or 104.4 (BRSV-Dk) pfu of BRSV, diluted
in Dulbecco’s modified Eagle medium (DMEM) to a final
volume of 5 ml, and aerosolized using a compressor/
nebulizer system (Super Dandy Inhaler, PARI, Germany),
producing 67% of droplets with a diameter <5 μm,
according to the manufacturer.
Inhalation was facilitated by a face mask designed for

drug-inhalation in foals (Swevet Piab AB, Sweden). Follow-
ing challenge, calves were clinically monitored and samples
collected until PID 7, when they were euthanized.
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In study 2, five calves (C1-5) were challenged with
BRSV-Snk and monitored for seven days before euthan-
asia on PID 7, using the facilities and protocol described
for study 1 (except where otherwise noted). In addition
to these five calves (6 ± 3 weeks old), post-mortem (PM)
BAL samples were collected and analyzed from three
healthy calves (calves D1-3; 13 ± 4 weeks old), to act as
controls for BAL samples from BRSV infected animals
in study 2.
Euthanization was performed by an overdose of general

anesthesia (5 mg/kg ketamine and 15 mg/kg pentobarbital
sodium) followed by exsanguination.
Approval for both experiments were retained from the

Ethical Committee of the district court of Uppsala,
Sweden (Ref. no. C330/11). The ethical endpoint of both
experiments, defined as the condition when animals
would be euthanized prematurely, included: i) marked
abdominal dyspnea or respiratory rate >100/min, in
conjunction with severely depressed general state, or
ii) anorexia for >24 h, or iii) rectal temperature >41°C
for >36 h.

Clinical and pathological examination
Following challenge, daily clinical examinations were per-
formed on each calf, and numerical values were deter-
mined for a set of predetermined parameters reflecting
general state and respiratory disease (Table 1). Daily indi-
vidual clinical scores were calculated by summing these
numerical values multiplied by a coefficient for each par-
ameter (Table 1). Coefficient weights reflect parameter
association with disease severity in BRSV-infected calves
less than 3 months of age, based on observations during
natural BRSV-outbreaks [23]. Thus, general depression
and reduced or absent appetite in BRSV-infected calves
were considered moderate to severe signs of BRSV disease
with high clinical impact and poor prognosis (coefficients
of 4), abdominal dyspnea a moderate sign (coefficient of
3), and increased rectal temperature and respiratory rate,
mild to moderate signs (coefficients of 2). The other re-
corded parameters have varying clinical specificity and se-
verity, from mild to severe, but typically have little clinical
impact, and may be very transient. These parameters were
assigned a coefficient of 1 (Table 1). Individual accumu-
lated clinical scores (ACS) were calculated as the area
under daily clinical scores, using the Trapezoid method.
At PM examination, lung lesions were evaluated, recorded
and quantified, as previously described [24]. Tissue sam-
ples, preferentially from lesioned areas, were collected
from each of the lobes in the right lung and trachea, and
preserved in 5% paraformaldehyde.

Sampling
Serum was obtained from blood collected on PID −37, −15,
0 and 7, and stored at −20°C, until antibody analysis. Nasal
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secretions were collected and stored at −70°C, as previously
described [21] using sterile cotton-tipped swabs daily from
PID 0 to 7, and tampons on PID 0 and 6.
In study 1 endoscopic BAL in sedated calves was per-

formed the day before challenge in all calves as previ-
ously described, including disinfection of the endoscope
between each calf [23], except lungs were flushed with
PBS with 120 μg/ml benzyl penicillin sodium. In both
study 1 and study 2 PM BAL was performed in all calves
as previously described [12], except lungs were flushed
using PBS. BAL fluid was stored on ice after recovery.
BAL cells in 10 ml BAL fluid were pelleted by centrifu-
gation (200 × g, 10 min), and resuspended in either
350 μl RLT buffer (Qiagen, Sweden) or 1 ml DMEM
with 20% fetal calf serum, and stored at −70°C. BAL
supernatant was recovered from centrifugation and stored
at −70°C. Bacterial culture was attempted by inoculating
bovine blood agar plates with 1 ml of unprocessed BAL
fluid.

Detection of BRSV-specific antibodies
BRSV-specific IgG1 antibodies were analyzed using a
commercial ELISA kit (SVANOVIR® BRSV-Ab ELISA,
Svanova, Sweden), in accordance with the manufacturer’s
instructions, including calculations of corrected optic
density (COD) and percent of kit positive control (%COD
positive).

Detection and isolation of virus
BRSV-F gene RNA present in nasal secretions or in BAL
cells corresponding to 10 ml of BAL, was quantified by
RT-qPCR as previously described [21], and expressed as
TCID50 equivalent units to dilutions of a virus sample
with known titer. Accumulated virus shed (AVS) was
calculated as the area under individual curves of BRSV
detected by RT-qPCR in nasal secretions from PID 0 to
PID 7. Virus isolation was attempted by inoculating bo-
vine turbinate cells with BAL and nasal secretion sam-
ples, as previously described [21]. Cultures of inoculated
bovine turbinate cells were examined daily, and were
considered positive if cytopathic effects appeared within
seven days.

Histological analysis
Lung and trachea tissue samples were fixed in 10% buffered
formalin, embedded in paraffin, sectioned and stained with
hematoxylin and eosin (HE) and by immunohistochemistry
(IHC) to detect BRSV antigen.

BRSV immunohistochemistry staining
For unmasking, sections were treated with heat-induced
epitope retrieval (HIER). They were placed in HIER buf-
fer (Target Retrieval Solution, pH = 6, DAKO, Sweden)
and subjected to heat treatment in HIER Microwave at
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Table 1 Parameters and coefficients used to calculate clinical scores in BRSV infected calves

Clinical parameter Parameter coefficient State description Numerical value

General state 4 Normal 0

Moves slowly, head down 1

Lying down/staggers 2

Recumbent 3

Appetite 4 Normal 0

Reduced 1

Absent 2

Abdominal dyspnea 3 Normal 0

Slight (short, rapid) 1

Moderate (labored) 2

Severe (very labored, grunting) 3

Rectal temperature 2 <39.6°C 0

<40.0°C 1

<40.5°C 2

<41.0°C 3

≥41.0°C 4

Respiratory rate 2 <50/min 0

<55/min 1

<65/min 2

<75/min 3

≥75/min 4

Intensity of lung sounds 1 Normal 0

Slightly enhanced 1

Moderately enhanced 2

Severely enhanced 3

Added respiratory sounds (wheezing or crackles) 1 Normal 0

Slight 1

Moderate 2

Severe 3

Coughing 1 Absent 0

Only provoked 1

Spontaneous, infrequent 2

Persistent 3

Nasal discharge 1 Normal 0

Slight uni-/bilat. serous 1

Moderate bilat. serous to purulent 2

Copious bilat. purulent 3

During clinical examination, each clinical parameter was assigned a numerical value according to the appropriate state description for that parameter. A clinical
score sum was then calculated, by multiplying each numerical value with the parameter coefficient.
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750 W for 7 minutes followed by 350 W for 14 minutes
and were allowed to stand for 20 min at room temperature.
Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide for 20 min at room temperature. Un-
specific antigen staining was blocked with 2% bovine
serum albumin (Sigma-Aldrich, Sweden AB) for 20 min.
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The slides were then incubated at room temperature for
45 min with mouse monoclonal antibody anti RSV (clone
5H5, 2G122, 5A6 and 1C3, NCL-RSV3, Novocastra, Leica
Microsystems, Sweden) diluted 1:100 in diluents buffer
(1% BSA/TBS pH= 7.6). The detection was conducted
with the dextran polymer method (EnVisionTM/mouse,
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Figure 1 Daily and accumulated clinical score following aerosol
challenge with either BRSV-Snk or BRSV-Dk. Six calves were
experimentally infected with virulent BRSV, either passaged in vivo
(BRSV-Snk, n = 3, calves A1-3), or in vitro (BRSV-Dk, n = 3, calves B1-3).
Following infection on post-infection day (PID) 0, calves were monitored
for seven days. Daily clinical scores (panel A) were calculated from
observed clinical signs (see Tables 1 and 2). Accumulated clinical
scores, from PID 0 to PID 7 (panel B), were calculated as the area
under individual clinical score curves.
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DAKO, Sweden). The color was developed with diamino-
benzidine substrate (DAB, DAKO, Sweden). Sections were
counterstained with haematoxylin. Antibody-omission
stained sections served as negative controls for each sec-
tion. Appropriate positive and negative control sections
were included in each run.

Scoring of histopathological severity of inflammation
The severity of histopathology was scored in each HE-
stained section, from 0 (normal), 1 (mild), 2 (moderate) to
3 (severe). The extent and localization of BRSV-antigen
was evaluated in IHC-stained sections. BAL cell type com-
position was determined by manual microscopic analysis
of stained cytospin preparations of BAL fluid.

Detection of cytokines in BAL supernatant
To enhance the sensitivity of cytokine detection, BAL
supernatant was concentrated 20X (BAL20X) by filtered
(UFC900324, Amicon Ultra-15, 3 kDa, Merck Millipore,
Sweden) centrifugation (swinging bucket rotor, 4000 × g,
25–30 min), to an equal final volume. Cytokines in
BAL20X were analyzed using commercially available ELISA
kits, and by following provided instructions for: interleukin
4 (IL-4; MCA5892KZZ Bovine Interleukin-4 ELISA,
BioRad, Sweden), interleukin 6 (IL-6; ESS0029 Bovine IL-
6 ELISA, Pierce, USA), interleukin 8 (IL-8; ABIN414016
Bovine IL-8 ELISA, Antibodies Online, Germany), tumor
necrosis factor alpha (TNFα; VS0285B-002 Bovine TNFα
ELISA, Divbio Science Europe, The Netherlands), and
interferon gamma (IFNγ; MCA5638KZZ Bovine IFNγ
ELISA, BioRad, Sweden). Cytokine concentration (ng/ml)
in each sample of BAL supernatant was calculated using
serial dilutions of supplied standards in each kit, and by
correcting for the concentration factor of the BAL20X.

Measuring lung function
Lung function was passively measured before and after
BRSV challenge, on PID 0 and 6, by the forced oscilla-
tion technique (EquineOsc Calf measurement head,
EEMS, Harts, UK), using the same face mask described
for aerosol inhalation. Values for resistance (R) and
reactance (X)(kPa/L/s) were obtained at 3, 5, 7 and
10 Hz, as described by Reinhold and colleagues [25].
Each calf was tested at least twice on each day and the
data sets with optimal coherence selected (coherence > 0.9;
majority of data sets > 0.97). In the event of clear artifacts
of breathing, such as cough or breath holding, the series
were repeated. Daily calibration was performed using a
2.26 m long tube, with a 21 mm internal diameter.

Ranking of infected calves
To encompass the three major aspects of BRSV-
infection clinical signs, lung pathology and virus replica-
tion, the six calves in study 1 (calves A1-3 and B1-3)
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were ranked from least affected (1) to most affected (6)
based on: accumulated clinical scores recorded from
PID 0 to PID 7; degree of consolidative lesions in lungs
on PID 7; and accumulated virus detected in nasal secre-
tions from PID 0 to PID 7. Group rank sums were then
calculated for each rank, and for all three ranks (total
rank sum).

Statistical analysis
Where not otherwise stated, results are presented as
group mean ± standard deviation (SD). For results pre-
sented as a percentage of a whole, SD is presented in
percentage points (pp). Statistically significant differences
were determined using either one-way ANOVA followed
by Student’s t-test, or pairwise t-test, or Kruskal–Wallis
analysis followed by Wilcoxon test (JMP 10 for Mac, SAS
Institute Inc.). Significance was assumed when p ≤ 0.05
and tendency when p ≤ 0.1.

Results
Study 1: Evaluation of clinical, pathological and
virological expression of two virulent BRSV inocula in
calves with low levels of MDA
Clinical signs following challenge
Following experimental infection, mild to severe clinical
signs of respiratory disease were observed in all infected
calves (Figure 1A). For all calves, upper respiratory signs,
such as nasal discharge and coughing, as well as ocular
discharge were observed on PID 3–5. In BRSV-Snk in-
fected calves, these progressed to severe respiratory signs
on PID7, whereas clinical signs were more moderate on
PID 7 in calves infected with BRSV-Dk (Table 2).
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Table 2 Clinical scores in calves on day seven after
experimental infection with BRSV

Group/Calf

BRSV-Snk BRSV-Dk

Clinical sign A1 A2 A3 B1 B2 B3

General state 1 1 1 0 1 0

Appetite 1 1 1 0 0 0

Abdominal dyspnea 2 2 2 2 2 2

Temperature 0 4 0 0 1 2

Respiratory rate 3 3 3 1 3 0

Lung sounds intensity 2 3 3 0 2 1

Added lung sounds 0 3 2 0 2 1

Nasal discharge 1 2 1 1 1 1

Coughing 2 2 2 0 2 0

Clinical score 25 38 28 9 25 13

Six calves were experimentally infected with virulent BRSV, either passaged
in vivo (BRSV-Snk, n = 3, calves A1-3), or in vitro (BRSV-Dk, n = 3, calves B1-3).
Clinical signs were recorded daily for seven days, and scores calculated as
described in Table 1.
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Consequently, compared to BRSV-Dk infected calves,
BRSV-Snk infected calves had significantly higher (p ≤ 0.05)
accumulated clinical scores (Figure 1B).

Macroscopic and histological lung pathology
BRSV-Snk infected calves tended to have more extensive
consolidated lung lesions (38.5 ± 26.3% of total lung tis-
sue) on PID7, compared to calves infected with BRSV-
Dk (12.8 ± 14.6%), but this difference was not statistically
significant (p = 0.23; Figure 2A and C).
Histologically, lesions in the trachea in both groups of

calves consisted of degeneration and necrosis of epithe-
lium, and epithelial hyperplasia in some areas (Figure 2B:I
and II show representative pictures from BRSV-Snk and
BRSV-Dk infected animals, respectively). In the lungs,
BRSV-Snk infected calves showed extensive moderate to
severe bronchointerstitial pneumonia, as well as purulent
bronchitis and bronchiolitis (Figure 2B:III; representative
picture of lung, calf A2). BRSV-Dk infected calves showed
similar but less severe histopathological changes in the
lungs, ranging from mild to moderate (Figure 2B:IV;
representative picture of lung, calf B3).
In summary, BRSV-Snk infected animals tended to

have macroscopically more extensive, and histologically
more severe lung lesions, compared to BRSV-Dk in-
fected animals (Figure 2C), but with no discernible dif-
ference in the severity of histological inflammation in
the trachea.

Inflammatory cells in bronchoalveolar lavage
Bronchoalveolar lavage was performed to collect BAL
cells in all calves, once before infection (PID −1), and
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again on the day of euthanization (PID 7). Regardless of
challenge inoculum, experimental infection altered the
composition of BAL cell types (Figure 2D). Before infec-
tion, the predominant BAL cell type were macrophages
(63.0 ± 26.0% for BRSV-Snk and 69.0 ± 10.1% for BRSV-
Dk), followed by neutrophils (30.0 ± 27.8% for BRSV-Snk
and 21.3 ± 18.5% for BRSV-Dk), whereas after infection,
neutrophils were the predominant BAL cell type (79.0 ±
4.4% for BRSV-Snk and 80.3 ± 6.0% for BRSV-Dk),
followed by macrophages (18.7 ± 2.3% for BRSV-Snk and
17.7 ± 4.5% for BRSV-Dk) (Figure 2D).
However, the total number of BAL cells was significantly

increased only in BRSV-Snk infected calves following chal-
lenge (6.9 ± 2.0 ×106 cells/ml at PID 7), compared to before
challenge (1.0 ± 0.2 ×106 cells/ml at PID −1; p ≤ 0.01; pair-
wise t-test), and compared to BRSV-Dk infected calves be-
fore and after challenge (1.1 ± 0.2 ×106 cells/ml at PID −1;
0.8 ± 0.7 ×106 cells/ml at PID 7; p ≤ 0.01; pairwise t-test;
Figure 2D).

Virology
RT-qPCR detection and isolation of BRSV in nasal secretion
and BAL
BRSV RNA was detected by RT-qPCR in nasal secre-
tions collected daily from PID 0 to PID 7, and in BAL
collected on PID 7 (PM BAL). In addition, BRSV was
isolated in the first passage in bovine turbinate cell cul-
ture, from all infected calves, in both nasal secretions
from PID 6, and PM BAL fluid. Attempted bacterial cul-
ture from BAL fluid indicated no bacterial coinfection in
the lungs of any of the calves. Two of the BRSV-Snk in-
fected calves (A2 and A3) started shedding virus on PID
2, and shed high amounts of virus (A2 log10 AVS 19.3
TCID50 equiv.; A3 log10 AVS 14.9 TCID50 equiv.), both
in nasal secretions and PM BAL, whereas the third
BRSV-Snk infected calf (A1), shed substantially less virus
(log10 AVS 3.6 TCID50 equiv.) (Figure 3A-B).
Compared to the two high-shedding BRSV-Snk in-

fected calves, calves infected with BRSV-Dk shed mark-
edly less virus in nasal secretions (B1, B2 and B3 log10
AVS 3.5, 9.4 and 11.1 TCID50 equiv., respectively), and
had less viral RNA in BAL, although this was not statis-
tically significant (Figure 3A-B).

BRSV immunostaining in lung and trachea sections
In IHC-stained sections of trachea very little or no
BRSV antigen was detected in BRSV-Snk infected calves
(Figure 3C:I is representative), whereas viral antigen was
abundant in sections of trachea from BRSV-Dk infected
calves (Figure 3C:II is representative). Conversely, whereas
viral antigen was abundant in the lungs of 2/3 BRSV-Snk
infected calves (Figure 3C:III is representative), very little
or no BRSV antigen was detected in the lungs from
BRSV-Dk infected calves (Figure 3C:IV is representative).
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Figure 2 Pulmonary pathology and neutrophil influx in calves following aerosol challenge with either BRSV-Snk or BRSV-Dk. Calves
were experimentally infected as described in Figure 1. Calves were euthanized seven days after infection and the macroscopic extent of lung
lesions were documented (panel A). From each calf, trachea tissue and four lung tissue samples were collected for sectioning, staining and
histopathological description and scoring of severity of inflammation (1–3). Panels B:I-IV show representative HE-stained sections from: (B:I) trachea
from calf A2; (B:II) trachea from calf B3; (B:III) lung from calf A2; and (B:IV) lung from calf B3. Horizontal bars indicate 50 μm in panels B:I and B:II, and
100 μm in panels B:III and B:IV. Mean histopathological severity of inflammation per calf, is shown on the x-axis in panel C, along with the proportion
(%) of macroscopic lung lesions per calf on the y-axis. Bronchoalveolar lavage (BAL) was performed on PID −1 and PID 7, and cell types in BAL samples
enumerated (Panel D). Stacks represent the mean total number of cells in BAL per ml, with associated standard deviation, as well as the number of
neutrophils, macrophages and lymphocytes in BAL per ml. The proportion of eosinophils were <1% in all samples.
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Figure 3 Virus detected in the airways of calves after aerosol
challenge with either BRSV-Snk or BRSV-Dk. Calves were
experimentally infected as described in Figure 1. Daily nasal
secretion (NS) samples were collected for eight consecutive days,
starting on PID 0. After euthanization on PID 7, bronchoalveolar
lavage (BAL) was collected, along with tissue samples from the
trachea and lung, for histopathology and immunohistochemistry
(IHC) to demonstrate BRSV-antigen (brown stain). BRSV RNA in daily NS
(panel A) and BAL (x-axis, panel B) was detected by RT-qPCR, and is
expressed as log10 TCID50 equivalent unit. The accumulated virus shed
in NS (y-axis, panel B) was calculated as the area under individual
curves. Panels C:I-IV show representative IHC-stained sections of:
(C:I) trachea from calf A2; (C:II) trachea from calf B3; (C:III) lung
from calf A2; and (C:IV) lung from calf B2. Horizontal bars in panels
C:I-IV indicate 50 μm.

Figure 4 Serum anti-BRSV IgG1 in calves, before and after aerosol
challenge with either BRSV-Snk or BRSV-Dk. Calves were
experimentally infected as described in Figure 1. BRSV-specific IgG1

antibodies, detected by ELISA (SVANOVIR® BRSV-Ab ELISA, Boehringer
Ingelheim Svanova, Sweden) in serum diluted 1:25, are expressed as
percent of the corrected optical density (COD) of a positive control
sample. The shaded area of the chart indicates ≤10% COD of positive,
defined as negative by the kit manufacturer.
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The third BRSV-Snk infected calf (A1) was negative for
BRSV antigen by IHC, both in the trachea and in the lungs
(data not shown).
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Serum BRSV-specific antibodies
All calves, except A1, had low and consistently decreas-
ing levels of BRSV-specific MDA, throughout the experi-
ment (Figure 4). In contrast, the BRSV-Snk infected calf
A1 (the oldest calf in study 1) seroconverted within
7 days after challenge, strongly suggesting that this calf
had been previously primed against BRSV.

Animal ranking
When calves were ranked from least affected (1) to most
affected (6) based on clinical score, degree of lung path-
ology and accumulated virus shed in nasal secretions,
two of the BRSV-Snk infected calves (A2 and A3) con-
sistently received the highest ranks (Figure 5A). Con-
versely, the calves infected with BRSV-Dk received low
ranks, as they demonstrated less severe clinical signs,
less lung pathology, and less virus shedding (Figure 5A).
The BRSV-Snk infected calf that rapidly seroconverted
following challenge (A1), received a high clinical rank,
an intermediate lung pathology rank, and a low viral-
shed rank (Figure 5A). Overall, the BRSV-Snk infected
calves ranked significantly higher, compared to calves in-
fected with BRSV-Dk (p ≤ 0.01; Figure 5B). Based on the
overall ability of the BRSV-Snk inoculum to induce
BRSV infection, it was chosen as the inoculum in study
2, to reproduce and characterize the model in calves
with moderate levels of MDA.

Study 2: Reproduction of clinical signs, virology and
pathology using aerosolized BRSV-Snk in calves with
passive immunity
Based on the high level of clinical signs of disease ob-
served in calves with low levels of MDA, following chal-
lenge with BRSV-Snk in study 1, an additional five calves
(calves C1-5), which were all BRSV-naive and had mod-
erate levels of BRSV-specific serum IgG1 MDA were
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Figure 5 Clinical, pathological and virological ranking of calves
following aerosol challenge with either BRSV-Snk or BRSV-Dk.
Calves were experimentally infected as described in Figure 1. Following
challenge, calves were ranked (panel A) based on accumulated daily
clinical scores (Clinical rank), nasal virus shed (Viral-shed rank), and extent
of lung lesions (Pathology rank). Panel B shows the rank sum for each
of the three ranks, and the total rank sum per group.
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challenged using the same inoculum and protocol as
used in study 1.

Clinical signs, lung pathology and virology following
challenge
Clinical signs of disease and lung pathology, as well as
levels of viral RNA detected in the upper and lower air-
ways in study 2, following challenge of calves C1-5, have
been described in detail elsewhere [24]. The amplitude
and kinetics of these parameters were in line with observa-
tions in BRSV-Snk infected calves in study 1 (Figure 6A-C).
Briefly, all infected calves in study 2 developed clinical signs
of upper respiratory disease starting on PID 3–5, which
progressed to severe lower respiratory disease from PID 5
to PID 7 (Figure 6A). On PID 7, all five calves were moder-
ately to severely depressed (recumbent, and staggering
when prompted to rise), with reduced or absent appetite.
Although both groups of BRSV-Snk infected calves in
__________________________ WORLD TEC
study 1 and 2 shed high amounts of virus, as detected by
RT-qPCR, calves in study 2 shed less accumulated virus in
nasal secretions compared to those in study 1 (log10 1.6
TCID50 eq. difference in mean), but more in BAL fluid on
PID 7 (log10 2.1 TCID50 eq. difference in mean). At post-
mortem, BRSV-Snk infected calves in study 2 had extensive
consolidated lung lesions and histopathological changes on
PID 7, similar in extent to those in study 1 (38.5 ± 26.3%
and 48.3 ± 12.0% of total lung area for study 1 and
study 2, respectively; Figure 6C; mean histological
score 2.7 ± 0.3 and 2.9 ± 0.1 for study 1 and study 2,
respectively; Figure 6C).

Quantitative assessment of lung function
The impact of lower respiratory disease (as demon-
strated by clinical signs of disease and lung pathology)
on lung function in the five calves in study 2 was evalu-
ated by the forced oscillation technique before and after
challenge (on PID 0 and 6). Following challenge, infected
animals demonstrated a tendency at 10 Hz measure-
ments for increased airway resistance (0.17 ± 0.03 kPa/L/
s on PID 0; 0.20 ± 0.06 kPa/L/s on PID 6; p = 0.2, pair-
wise t-test) and significantly decreased airway reactance
(0.03 ± 0.03 kPa/L/s on PID 0; −0.02 ± 0.04 kPa/L/s on
PID 6; p ≤ 0.05, pairwise t-test; Figure 7).

Cytology and cytokine profile in BAL
Seven days after experimental BRSV infection, BAL
was collected from all five infected calves in study 2,
and in addition, from three uninfected calves. BAL cell
types in cytospin preparations were analyzed by light
microscopy (Figure 8A) and BAL supernatant was ana-
lyzed using ELISAs, specific to bovine inflammatory
cytokines (Figure 8B-F).
Following infection, infected calves demonstrated a

significant increase in inflammatory cells in BAL
(11.0 ± 3.7 ×106 cells/ml), compared to uninfected con-
trols (1.1 ± 0.2 ×106 cells/ml) (p ≤ 0.005; Figure 8A). As
observed in BRSV-Snk infected calves in study 1, this
increase consisted mostly of neutrophils (68.6 ± 14.4%),
followed by macrophages (27.8 ± 13.0%) and lympho-
cytes (3.6 ± 2.0%). Very few eosinophils were seen in the
BAL of infected calves (<0.5%).
Cytokine analysis of BAL supernatant from infected

calves demonstrated significantly higher levels of IFNγ
(p ≤ 0.005; Figure 8E) and a tendency for higher levels of
IL-6 (p = 0.08; Figure 8C), compared to uninfected con-
trol calves. In contrast, levels of IL-4, IL-8 and TNFα in
BAL, did not differ from those of uninfected controls,
seven days after infection (Figure 8B,D and F).

Discussion
In the present paper, we describe an experimental model
of BRSV infection with strong clinical and pathological
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Figure 6 BRSV-Snk challenge in calves with low or moderate passive immunity: clinical, virological and pathological outcomes. Experimental
challenge by inhalation of aerosolized BRSV passaged in gnotobiotic calves (BRSV-Snk) was performed in three calves (A1-3; study 1) with low levels of
BRSV-specific maternal antibodies (MDA), and later reproduced in five calves (C1-5; study 2) with moderate levels of MDA. Clinical scores (Panel A) and
BRSV RNA detected by RT-qPCR in nasal swab samples (Panel B), from the day of challenge (post-infection day or PID) 0 to PID 7. Individual values are
presented for calves C1-5, and mean values are presented for calves A1-3. For both groups of calves, panel C shows mean extent of macroscopic lung
lesions on the y-axis, expressed as a percent of total lung area, and the mean severity of histopathological inflammation, scored from 0 to 3, on
the x-axis. For mean values, vertical and horizontal lines indicate standard deviation.
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expression in calves with maternal antibodies. This
model combines and refines elements from previously
published studies, including aerosol inoculation, the use
of inoculum passaged in gnotobiotic calves, and methods
to monitor and quantify clinical, pathological and viro-
logical parameters [12,14,21]. We believe that this model
can serve to enable a better evaluation of vaccine and
Figure 7 BRSV-Snk challenge in calves with low or moderate
passive immunity: effect on airway resistance and reactance.
Experimental challenge by inhalation of aerosolized BRSV passaged
in gnotobiotic calves (BRSV-Snk) was performed in five calves with
moderate levels of BRSV-specific maternal antibodies (MDA). Lung
function was measured using the forced oscillation technique, and a
tightly fitting face mask; before challenge on post-infection day (PID)
0, and after challenge, on PID 6. Resistance (Panel A) and reactance
(Panel B) at 10Hz were calculated and presented as kPa/L/s.

__________________________ WORLD TEC
antiviral safety and efficacy and further increase under-
standing of the pathogenesis of BRSV, and also of HRSV.
Regardless of the inoculum, all inoculated calves (n = 11),

in both studies, developed manifest BRSV disease. The
rapid seroconversion detected in calf A1 in study 1 indi-
cated that, in contrast to the other calves, this BRSV-Snk-
infected calf had been previously exposed to natural BRSV.
This highlights that, to ascertain BRSV naiveté by seromo-
nitoring in herds, seronegative sentinel animals need to be
regularly monitored during the entire lifespan of calves to
be included in experimental trials. This case also confirms
earlier reports [26,27] that a sufficient amount of MDA
can suppress detectable humoral immune responses, fol-
lowing BRSV infection in young calves, with the net effect
of declining MDA detected by ELISA. However, although
this previous priming appear to have provided some viro-
logical protection, compared to all other BRSV-Snk in-
fected calves, calf A1 demonstrated severe clinical disease
following BRSV infection, in the absence of any other de-
tected pathogen, contrary to previously published reports
[28,29]. In contrast, the moderate clinical signs, pathology
and virus shed observed in calf B1 following BRSV-Dk
challenge, may possibly be explained by favorable genetics,
with more efficient innate and cellular responses. Any pre-
vious BRSV exposure of calf B1, even if virus replication
was very limited, would have resulted in a rapid anamnes-
tic humoral immune response upon reinfection, as seen in
calf A1, and demonstrated elsewhere [24,30].
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Figure 8 Variations of cells populations and cytokines in bronchoalveolar lavage (BAL) from calves challenged with BRSV-Snk.
Experimental challenge by inhalation of aerosolized BRSV passaged in gnotobiotic calves (BRSV-Snk) was performed in five calves with moderate
levels of BRSV-specific maternal antibodies (MDA). Samples of the cells populating the lower airways were collected via BAL seven days after infection,
and in addition, from three healthy uninfected calves (Control). Cells in BAL samples were analyzed by light microscopy (panel A), and expressed as
group mean ×106 cells/ml. The concentrations of indicated inflammatory cytokines in BAL sample supernatants were measured using specific ELISAs,
and are expressed in ng/ml: (panel B) interleukin (IL)-4; (panel C) IL-6; (panel D) IL-8; (panel E) interferon gamma (IFNγ); and (panel F) tumor necrosis
factor alpha (TNFα). Individual data are indicated by rings and group means by horizontal lines. Probability (p) of statistically significant differences
between groups is given in each panel, where p ≤ 0.05 was considered statistically significant.
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Immunohistochemical staining for BRSV antigen in
study 1 showed a marked difference in localization of
virus on PID 7, where two BRSV-Snk infected calves had
large amounts of virus in the lungs and only small
amounts of virus in the trachea, while the reverse was
true for BRSV-Dk infected calves. This disparity in anti-
gen localization on PID 7 might be due to delayed pro-
gression of viral replication in BRSV-Dk infected calves.
This opens the possibility that BRSV-Dk infected calves
might have developed more severe clinical signs, if the
7-day challenge model had been abandoned and the
experiment had been prolonged. However, this would
contradict previous observations using the BRSV-Dk in-
oculum, which indicate a peak of clinical signs on PID 6
[20]. Nonetheless, virus was isolated and high quantities
of viral RNA were detected by RT-qPCR in samples
from the upper and lower airways from all infected
calves in both studies, including calves A1 and B1, al-
though BRSV-Snk infected calves from both studies shed
103 times more virus in nasal secretions than BRSV-Dk
infected calves.
Despite the differing data of calves A1 and B1, and al-

though the number of animals in the first study was low
__________________________ WORLD TEC
(n = 3 + 3), we concluded that BRSV-Snk infected calves
tended to be more severely affected in the 7-day experi-
mental infection model, compared to BRSV-Dk infected
calves, when summarizing clinical, pathological and viro-
logical parameters (Figure 5B). Thus, results from study
1 were reproduced in study 2, using aerosol inoculation
of the BRSV-Snk inoculum in an additional five BRSV-
naive calves, with moderate levels of MDA.
Using a minimal amount of aerosolized inoculum

(104.0 pfu for BRSV-Snk) to experimentally infect calves
with and without MDA, the kinetics of severe naturally
occurring BRSV infection in calves was recreated in this
study [4,31]. On PID 7, most calves were severely af-
fected, and all BRSV-Snk infected calves in study 2 were
demonstrating depression, anorexia, pyrexia, tachypnea,
abdominal dyspnea and wheezing lung sounds.
The high level of clinical expression in BRSV-Snk

infected calves was mirrored by the great extent of
macroscopic lung lesions and by the severity of histo-
pathological changes in the lungs on PID 7. Manifest
inflammation was further verified in BRSV-Snk infected
calves in study 2, with significantly increased numbers
of neutrophils, macrophages and lymphocytes in BAL,
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similar to that reported following natural BRSV infec-
tion in calves [32].
At the peak of clinical signs, 7 days post infection, the

calves in study 2 also demonstrated an increase of IFNγ
and minimal amounts of IL-4 in BAL supernatant, which
agrees with previously reported responses to primary
BRSV infection in calves [33]. Previous studies have
shown that T lymphocytes migrating to the lung during
BRSV infection are predominantly IFNγ producing CD8
+ T cells [34,35], which have been shown to be important
for BRSV clearance [12,36]. However, at least a propor-
tion of the IFNγ detected in BAL supernatant in study 2,
may also have been produced by NK cells, or alveolar
macrophages, as have been shown in vitro with human
alveolar macrophages [37]. Similar to that seen in calves,
infants hospitalized with severe HRSV bronchiolitis, had
an increased frequency of IFNγ producing CD8+ T cells,
collected by nasal brush, compared to infants with milder
upper respiratory tract infections [38]. Thus, IFNγ in BAL
supernatant can serve as an objective measurement of
disease severity, following experimental BRSV challenge.
Elevated levels of TNFα, IL-6 and IL-8 in BAL or

serum have also been associated with clinical signs and
pathology caused by BRSV infection in calves [33,39,40].
The lack of detectable increases in these cytokines in
BAL supernatant on PID 7 in study 2 may have been
due to suboptimal timing of BAL collection, as another
study where 6 weeks old calves where infected with
BRSV reported TNFα and IL-6 concentrations in BAL
to peak on PID 9 and PID 3, respectively [41].
The patent pneumonia in the BRSV-Snk infected

calves following infection in study 2, as demonstrated by
clinical signs, lung pathology, and the inflammatory pic-
ture in BAL, also reduced the lung function of affected
animals; with increased airway resistance, and decreased
airway reactance, which is suggestive of bronchocon-
striction and obstructive airway processes [25,42]. The
objective measurement of lung function by the forced
oscillation technique can be a useful tool in further
quantifying the outcome of a BRSV challenge, and the
efficacy of vaccine candidates, in calves. Optimization of
materials (e.g. face mask and tubing) and methods (e.g.
frequencies used) could further improve the analysis,
and need to be investigated in a larger set of calves.
The relative potency of the BRSV-Snk inoculum might

be due to loss of virulence in the BRSV-Dk inoculum,
following passage in cell culture. This is supported by
previously published studies, which demonstrated a higher
level of clinical signs of respiratory disease in calves with
MDA, using the same mode of inoculation and the same
isolate as the BRSV-Dk inoculum, but with fewer passages
in vitro [21], and by propagation in fetal lung cells [20].
Loss of virulence following in vitro passage has been re-
ported in some studies for BRSV and HRSV [43,44], but
__________________________ WORLD TEC
not in others [45,46], and likely depends on the type of
cells and number of passages, and may be associated with
alterations in protein expression and post-translational
modifications. The BRSV-Snk inoculum, in contrast to the
BRSV-Dk inoculum, had been passaged in gnotobiotic
calves.
Apart from the inoculum, challenge by aerosol inhal-

ation hinges on two principal factors: the quality of the
aerosol, and the quantity inhaled by each animal. Limited
experimental infection studies in calves, using similar
aerosolization of BRSV in conjunction with intratracheal
injection [47], indicate that virus is mainly deposited in
the upper airways using this method, with subsequent
progression of virus replication to the lower airways.
However, other studies using inhaled aerosols show that
droplets ≤5 μm in diameter (67% of droplets in the
present study) can reach the alveoli in humans [48], and
reach the whole lung when infecting steers with
aerosolized foot-and-mouth disease virus [49], and more
accurately reproduces the symptoms of natural infection,
compared to large droplet intranasal administration, when
human volunteers were infected with influenza [50]. Thus,
more research on the kinetics of natural BRSV infection is
needed, to complement experimental findings, and to
further elucidate the relevance of the model with regard
to BRSV pathogenesis.
To study the unmodified pathogenesis of BRSV, field-

like clinical signs are essential, and to calculate relevant
treatment effects in vaccine or antiviral trials, a mini-
mum clinical expression is required, making the model
presented herein highly relevant, in contrast to compar-
able models with less clinical signs [51-53], or compar-
able clinical expression, but less neutralizing MDA at
the time of challenge [7]. This cognate host calf model
might also provide further understanding about HRSV
in infants [54-56], with particular usefulness in the study
of RSV pathogenesis and pathological processes in the
lower airways, where data from infants is limited [57],
but also to evaluate candidate vaccines that utilize pro-
teins conserved across BRSV and HRSV [24].

Conclusions
In conclusion, we have established a BRSV model with a
severe clinical expression in calves with maternal anti-
bodies at the time of challenge. We furthermore de-
scribe tools to evaluate disease severity: consistently,
using a rigid and comprehensive clinical scoring system;
and objectively, using a passive lung function test and
IFNγ concentration in BAL, to complement established
parameters, such as extent of lung lesions and virus
shedding following challenge. These tools can be used
in future BRSV research and vaccine development stud-
ies and this model could also be valuable for the under-
standing of HRSV.
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Reducing microbial ureolytic activity in the rumen
by immunization against urease therein
Shengguo Zhao1,2, Jiaqi Wang1,2*, Nan Zheng1,2, Dengpan Bu2, Peng Sun2 and Zhongtang Yu3
Abstract

Background: Ureolytic activity of rumen bacteria leads to rapid urea conversion to ammonia in the rumen of dairy
cows, resulting possible toxicity, excessive ammonia excretion to the environment, and poor nitrogen utilization.
The present study investigated immunization of dairy cows against urease in the rumen as an approach to mitigate
bacterial ureolytic activity therein.

Results: Most alpha subunit of rumen urease (UreC) proteins shared very similar amino acid sequences, which were
also highly similar to that of H. pylori. Anti-urease titers in the serum and the saliva of the immunized cows were
evaluated following repeated immunization with the UreC of H. pylori as the vaccine. After the fourth booster, the
vaccinated cows had a significantly reduced urease activity (by 17%) in the rumen than the control cows that were
mock immunized cows. The anti-urease antibody significantly reduced ureolysis and corresponding ammonia
formation in rumen fluid in vitro. Western blotting revealed that the H. pylori UreC had high immunological homology
with the UreC from rumen bacteria.

Conclusions: Vaccine developed based on UreC of H. pylori can be a useful approach to decrease bacterial ureolysis in
the rumen.

Keywords: Immunization, Rumen, Urease, Ureolytic activity
Background
Ruminal microbial urease plays an important role in the
nitrogen metabolism in ruminants such as cattle and
sheep. The urea from diet or recycled from blood to
rumen is hydrolyzed by urease to ammonia, the major
source of nitrogen for many ruminal bacteria including
several known cellulolytic bacteria [1]. The traditional
recommendation for urea feeding is less than 1% of the
concentrate portion of the diet, approximately 135 g/
cow daily [2]. Between 40 and 80% of the urea-N synthe-
sized by the liver also return to the rumen and gut,
where 35 to 55% of this N is used in microbial anabol-
ism in both cattle and sheep [3]. However, the rate of
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urea hydrolysis (ureolysis) is about four fold greater than
that of ammonia assimilation, resulting in ammonia ac-
cumulation, which can lead to toxicity, excessive ammo-
nia excretion to the environment, and poor N utilization
when diets contain a high urea content [2,4]. To alleviate
this problem, different urease inhibitors have been evalu-
ated to reduced ureolytic activity, including acetohy-
droxamic acid, phenyl phosphorodiamidate, N-(n-butyl)
thiophosphoric triamide, boric acid, and bismuth com-
pounds, to slow down production of ammonia in the
rumen [5]. However, their efficacy decreases over time
due to microbial adaptation [6], and some of these com-
pounds pose potential risk animal and human health,
precluding their use in production.
Recent studies have shown that immunization is a po-

tential approach to mitigate methane emissions [7-9],
lactic acidosis [10], and to decrease protozoal population
[11] in the rumen. We hypothesize that immunization
against rumen urease can be an effective approach to
slow down ureolysis in the rumen. Bacterial urease con-
sists of two (alpha and beta) or three (alpha, beta and
gamma) structural subunits. The alpha subunit (UreC)
HNOLOGIES________________________
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contains a urea binding site and a catalytic site. The
ureC gene has been used as a gene marker to examine
UreC diversity in bacterial communities because it is
quite conserved among different bacterial species [12].
In one study, the UreC of jack bean urease has been
tried as an antigen to immunize sheep to inhibit rumen
ureolysis in sheep rumen [13]; however, no obvious anti-
urease activity was achieved probably because of low im-
munological homology between jack bean urease and
rumen bacterial urease. The objectives of the present
study were to examine the diversity of UreC in the rumen,
identify an antigen that has high immunological homology
with rumen UreC, develop an anti-urease vaccine from
bacterial UreC, and evaluate anti-urease immunization as
an approach to decrease ruminal ureolysis.

Results
Diversity of rumen bacterial urease gene
The ureC diversity in the rumen was examined by clon-
ing and sequencing of ureC genes using degenerate
primers. In total, 317 ureC sequences were obtained
from the microbial DNA of rumen digesta of Chinese
Figure 1 A neighbor-joining tree of the UreC sequences recovered from ru
sequences inferred from the ureC sequences recovered from rumen and kn
trees. Only bootstrapping values greater than 50% are shown.
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Holstein cows. Phylogenetic analysis revealed five ureC
clusters (Figure 1). Cluster I contained 203 (64% of total
sequences) of the ureC sequences, and it was about 84%
identical (based on amino acid sequence) to the ureC
gene of Helicobacter pylori (H. pylori). Clusters IIa and
IIb represented 29 (9%) and 42 (13%) of the ureC se-
quences, respectively, and both were closely related (98-
100% aa sequence identity) to the ureC of H. pylori.
Clusters III and IV, each of which contained a small
number of ureC sequences, and cluster V, represent the
rest of the ureC sequences, had no match with any
known ureC sequences.

Immunological homology between purified rumen urease
and H. pylori urease
Immunological homology between urease purified from
the rumen and the H. pylori urease was evaluated using
Western blotting. Urease protein with an activity of 542
U was purified from rumen bacteria by anion exchange
chromatography. Western blotting of the purified urease
using anti-urease serum from the cows immunized with
overexpressed UreC of H. pylori identified the positive
men digesta. The consensus tree was constructed from amino acid
own bacterial species. Bootstrap values were calculated from 1,000
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band of expected molecular weight (Figure 2), indicating
a high immunological homology between the overex-
pressed UreC of H. pylori and the urease purified from
the rumen bacteria.

Vaccine and specific antibody titers
The above ureC diversity data showed that the majority
(86%) of the UreC in the rumen share high homology (84-
100% aa sequence identity) with the UreC of H. pylori.
The urease of H. pylori also share high immunological
homology with the urease of rumen bacteria. Therefore,
H. pylori UreC was selected as the antigen to elicit
immunization against urease in the rumen of dairy cows.
Another reason to choose the UreC of H. pylori was the
availability of full-length sequence of its ureC gene so that
this UreC protein can be overexpressed in E. coli. The
UreC of H. pylori was successfully expressed in E.coli
BL21(DE3) following induction with IPTG. The molecular
weight of the expressed UreC was about 66 kDa, consist-
ent with the molecular mass predicted from the UreC se-
quence (see Additional file 1). About 20 mg purified UreC
was obtained. The expressed UreC protein, together with
Freund’s adjuvant, was used as the vaccine to immunize
the dairy cows.
After the immunization with H. pylori UreC, no appar-

ent adverse effect was seen on health, milk production,
or digestion of dry matter and crude protein (data not
shown). Low titers of anti-urease antibody were detected
in the serum and the saliva samples from the control
group from day 0 (prior to mock immunization) to day
49 (Figure 3). Compared to the control group, the vacci-
nated group had higher (P < 0.01) serum titers of both
IgG and IgA from day 7 onward, while higher (P < 0.01)
saliva titers of IgG and IgA were noted from days 21 and
Figure 2 Western blot of urease purified from the rumen of dairy
cows using anti-urease serum collected from cows immunized with
overexpressed UreC of H. pylori. The UreC band was indicated by
arrow.
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7 onward, respectively. The IgA titer peaked at day 35 in
both the serum and the saliva, but the IgG titers peaked
later at day 49. The variation of both IgA and IgG titers
had similar trends in the serum and the saliva. The high-
est titers of both IgG and IgA in the serum were 13- and
20-fold greater, respectively, than those noted for the
saliva.

Urease activity and rumen fermentation after immunization
The effect of immunization against urease was assessed
by analyzing rumen fermentation characteristic and
ureolysis in the rumen of the vaccinated cows. No sig-
nificant difference in rumen urease activity was seen be-
tween the control and the vaccinated groups from days
0 to 35 (before the 3rd booster) (Figure 4A). At day 49
(two weeks after the third booster), however, urease ac-
tivity in the vaccinated group was 17% lower (P < 0.01)
than that in the control group. Rumen pH and volatile
fatty acid (VFA) concentration were not affected by the
immunization (see Additional file 2). After direct infu-
sion of urea into the rumen at day 56, ammonia concen-
tration in the rumen ascended during the first hour and
then descended to the pre-infusion level (Figure 4B).
Compared to the control group, the vaccinated group
had lower (P < 0.01) ammonia concentration at 1 and
2 h post infusion, but not thereafter.

Inhibition of urea hydrolysis by anti-urease serum in vitro
The ability of anti-urease antibodies to decrease ureoly-
sis by rumen microbes was evaluated using fresh rumen
fluid in vitro. Compared to the control, the addition of
serum anti-urease antibody from the vaccinated cows
significantly reduced the rate of urea disappearance and
corresponding ammonia formation (Figure 5). Urea was
completely hydrolyzed within 4 h of the incubation in
the absence of the anti-urease serum; however, urea dis-
appearance was slowed down in the presence of the
anti-urease serum. Concomitantly, increase in ammonia
concentration was reduced within 12 h after the anti-
urease serum addition.

Discussion
Most of the ureases in the rumen are produced by bac-
teria, but little is known about the diversity of the
urease-producing bacteria because only 6.5% of the
rumen bacteria have been cultured or characterized
[14,15]. The urease genes carried by rumen ureolytic
bacteria have not been systematically examined. In a
study conducted in 1970′s, Cook et al. [16] found that
urease from rumen bacteria, such as Staphylococcus
spp., was either intracellular or bound to the surface of
the cell wall. The diversity of ureolytic bacteria and their
urease gene have to be identified before highly effective
urease vaccine can be developed. The present study is
HNOLOGIES________________________



Figure 3 Titers of IgG (A and C) and IgA (B and D) in the serum (A and B) and the saliva (C and D) of cows. Arrow indicates days of vaccinations.
Values are means (n = 4), with error bars representing standard deviation. The asterisks (*) indicate significant (P < 0.05) difference between the control
group and the vaccinated group at the same days.
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the first study that examined the diversity of ureC
genes in the rumen of dairy cows using a cultivation-
independent approach. About 86% of the recovered
UreC sequences shared high sequence identity (84-
100%) to that of H. pylori; however, interestingly, none
of the recovered UreC sequences matched that previ-
ously recovered from any cultured rumen microbes.
The UreC from H. pylori has been verified to have
high immunogenicity in mice and human [17]. In the
present study, overexpressed UreC of H. pylori was
shown to be highly immunologically homologous to
Figure 4 Urease activity in the rumen after immunization (A) and ammoni
Values are means (n = 4), with error bars representing standard deviation. T
control group and the vaccinated group at the time points.
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rumen UreC of dairy cows. The observed inhibition to
urease activity and corresponding decrease in ammonia
accumulation suggest that specific antibodies against
rumen bacterial urease were produced by the dairy cows
vaccinated with the overexpressed UreC of H. pylori.
As demonstrated in the present study, urease vaccin-

ation did elicit a humoral immune response as indicated
by the elevated serum and saliva specific antibody titers
observed in the vaccinated cows but not in the control
cows. Specific IgG and IgA titers in the serum and the sal-
iva were further increased following booster immunization
a concentration variation after urea was infused into the rumen (B).
he asterisks (*) indicate significant (P < 0.05) difference between the
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Figure 5 Effect of addition of anti-urease serum to fresh rumen fluid on the rate of urea disappearance (A) and corresponding ammonia formation
(B) in vitro. Values are means (n = 3), with error bars representing standard deviation. The different alphabets above error bars indicate significant
(P < 0.05) difference between treatments.
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and peaked after the third and second booster immuni-
zation, respectively. The IgG and IgA titers in the serum
had high positive correlation with those in the saliva. The
specific IgG and IgA could flow into rumen fluid with sal-
iva, because the liquid in the rumen is primarily (>70%)
derived from saliva [18]. Although rumen contains proteo-
lytic bacteria, no significant degradation of IgG molecules
within the first 4 h of incubation in fresh rumen fluid
[19,20]. As such, anti-urease antibodies produced by vac-
cination can persist long enough in the rumen to bind to
urease and reduce ureolytic activity.
Immunization with jack bean urease failed to reduce

urease activity or urea kinetics in sheep rumen [13] or
produce antibody against the urease of Helicobacter in
vaccinated mice [21]. This inability is probably attributed
to a lack of immunological homology between bacterial
urease and jack bean urease. The reduced urease activity
by the bovine anti-urease antibody elicited by the UreC
of H. pylori, both in vitro and in vivo, clearly indicates
that the UreC of H. pylori has high immunological hom-
ology with rumen bacterial ureases, at least many of
them, and can be used as an effective vaccine in cows.
The Western blotting further confirmed the immuno-
logical homology between the rumen bacterial urease
and the H. pylori urease. However, given the diverse
UreC present in the rumen (Figure 1), a vaccine pre-
pared from a combination of representatives of different
rumen UreC clusters may be more effective than UreC
of H. pylori or single rumen bacterial UreC. Future stud-
ies are also needed to identify ureolytic bacteria and
their ureases so that anti-urease antibodies with greater
efficacy might be developed.

Conclusions
The alpha subunit of H. pylori urease may serve as a
vaccine to immunize cows to slow down ureolysis in the
rumen. Combined representatives of rumen bacterial
UreC may be an even more effective vaccine to improve
__________________________ WORLD TEC
urea utilization efficiency without the adverse effects as-
sociated with chemical urease inhibitors.

Methods
Diversity of rumen bacterial urease gene
Rumen digesta samples were collected from four rumen-
fistulated Chinese Holstein dairy cows before morning
feeding. Total microbial DNA was extracted using the
RBB +C method [22]. A degenerate primer set specific for
the ureC gene (ureC forward:5′-TGGGCCTTAARMTH
CAYGARGAYTGGG-3′, and ureC reverse:5′-GTGRTGR
CAMACCATNANCATRTC-3′) [23] was used in PCR
amplification of the UreC in the rumen samples. A
25 μL PCR reaction contained 2.5 μL PCR buffer (Invi-
trogen, Carlsbad, CA), 0.75 μL MgCl2 (50 mM), 0.5 μL
dNTP (10 mM), 1.5 μL each forward and reverse pri-
mer (10 μm), 0.3 μL Platinum Taq DNA polymerase
(Invitrogen, Carlsbad, CA), 1 μL rumen microbial DNA
(~100 ng μL−1), and 16.95 μL sterile ddH2O. The PCR
cycling included 94°C for 5 min; 30 cycles of 94°C for
30 s, 50°C for 30 s, and 72°C for 30 s; 72°C for 15 min;
and 10°C for 30 min. The expected PCR amplicons of
about 324 bp were visualized on agarose (2%) gel and then
purified using a Gel Purification Kit (Qiagen, Valencia,
CA), cloned into the pMD19-T vector (TaKaRa, Dalian,
LN, China), and then transformed into competent E.coli
JM109 cells (TaKaRa, Dalian, LN). Random clones were
sequenced with the T7 primer using a BigDye Terminator
v3.1 cycle sequencing kit (Applied Biosystems, Inc., Foster,
CA). All sequences were trimmed to remove the vector
regions and low-quality ends using the PREGAP4 pro-
gram of the STADEN software package [24]. The se-
quences were then compared to GenBank sequences
using Blastx, and the most similar UreC sequences derived
from known bacterial species were downloaded and com-
bined with the UreC protein sequences recovered in this
study. A phylogenetic tree was constructed from the com-
bined UreC sequences using the MEGA software [25].
HNOLOGIES________________________
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Expression and purification of urease alpha subunit (UreC)
The gene encoding the UreC of H. pylori was amplified
from the genomic DNA of H. pylori UMAB41 using a
forward primer (5′-AAAACATATGAAAAAGATTAGCA
GGAAAG-3′) with a NdeI cutting site (italic) and a re-
verse primer (5′-CCGCTCGAGCTACCGCGCCATCTTC
CACCAG-3′) with a XhoI cutting site (italic). Following
double digestion with NdeI and XhoI, the purified
full-length gene was ligated into correspondingly double-
digested pET-30a(+) (Novagen, Madison, WI). The recom-
binant plasmids were then transformed into competent E.
coli BL21 (DE3) (Promega, Madison, WI). The transfor-
mants were grown until an OD600 of 0.6, and over expres-
sion of the cloned UreC was induced at 30°C by IPTG
(1.0 mM). The E. coli cells were harvested by centrifuga-
tion, and total cell protein was isolated using the Bug-
Buster® Protein Extraction Reagent (Novagen, Madison,
WI). Purification of the overexpressed UreC was achieved
using a Ni-NTA kit (Novagen, Madison, WI) per manu-
facturer’s instructions. The UreC protein was analyzed by
SDS-PAGE and visualized after staining with Coomassie
Blue R-250. The UreC protein concentration was deter-
mined using the Bradford assay (Bio-Rad, Hercules, CA).

Purification of rumen urease and western blotting using
UreC of H. pylori
Rumen fluid was collected fistulated dairy cows fed a
total mixed ration (TMR) (see Additional file 3). The
bacterial cells were isolated by gradient centrifugation
and then disrupted by ultrasonication (300 W, 15 min).
The cellular proteins were concentrated using ultrafiltra-
tion (50 kDa) and then a Hi Trap Capto Q ion exchange
column (GE Healthcare, Little Chalfont, UK) that was
pre-equilibrated with a Tris–HCl buffer (20 mm, pH 8.0).
Gradient elution was used to separate urease protein using
the same Tris–HCl buffer with a NaCl concentration ran-
ging from 0 to 1 M at a flow rate of 1 mL min−1. The frac-
tions with positive urease activities were pooled and
concentrated by lyophilization [26].
The urease protein was separated on SDS-PAGE and

transferred to a nitrocellulose membrane (Sigma, St
Louis, MO, USA) for immune blotting analysis. The
membrane was blocked with 5% low-fat dry milk dis-
solved in TBS-T buffer for 1 h at room temperature and
then stained overnight with the bovine anti-urease
serum (1:1000). Following three washes for 10 min each
in TBS-T buffer, the membrane was incubated in diluted
(1:1000 diluted) horseradish peroxidase-conjugated sheep
anti-bovine antibody (Bethyl Laboratories, Montgomery,
TX) for 1 h at room temperature before incubation in
6 mL of chemiluminescence reagent (Sigma, St Louis,
MO, USA) for 1 min. Positive immunostaining was deter-
mined based on the presence of a visible band corre-
sponding to the expected UreC protein.
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Immunization of dairy cows
Eight rumen-fistulated lactating Chinese Holstein dairy
cows, with a body weight of 556 ± 19 kg, were randomly
allocated to two treatment groups (n = 4), with one
group (control) mock vaccinated with physiological sa-
line containing the Freund’s adjuvant only, while the
other group (vaccinated) was vaccinated with the over-
expressed UreC of H. pylori. Briefly, an UreC protein so-
lution (0.4 mg mL−1 UreC protein) was combined with
an equal volume of Freund’s complete adjuvant. The
mixture was emulsified, resulting in an UreC vaccine
containing 0.2 mg mL−1 UreC protein. Each cow in the
vaccinated group was injected subcutaneously on the
neck and intramuscularly on the buttock [27] with
0.5 mL UreC vaccine at day 0. The injections were re-
peated at days 14, 28 and 42 as boosters, but with the
Freund’s complete adjuvant being replaced by Freund’s
incomplete adjuvant. The control group received the
same injection procedures in parallel but with physio-
logical saline containing Freund’s adjuvant only. All cows
were housed under identical conditions and fed the same
TMR (see Additional file 3) thrice daily. The animals
were strictly cared for following the standard protocols
approved specifically for this study by the Institute of
Animal Science, Chinese Academy of Agricultural Sci-
ences, Beijing, China (Permit Number: RNL10/08).

Animal sample collection and analysis
At days 0, 7, 21, 35, and 49, samples of blood, saliva, and
rumen fluid were collected about 2 h after morning
feeding. Blood samples were collected from the caudal
vein of each cow into evacuated tubes and centrifuged at
3000 × g for 10 min to separate the serum. Saliva sam-
ples were collected from the oral cavity of the cows
using a suction tube and then centrifuged at 10000 × g
for 15 min to collect the supernatant. Rumen fluid sam-
ples were collected through rumen fistula and filtered
through four layers of cheesecloth. Subsamples of rumen
fluid were also collected for analysis of urease activity.
At day 56, 60 g urea was infused directly into the rumen
of the cows of both groups through the rumen fistula
after morning feeding. Rumen fluid was then collected
at 0, 1, 2, 4, 6 and 8 h post infusion and analyzed for
pH, ammonia concentration, and VFA profile.
The titers of specific anti-urease IgG and IgA in the

serum and the saliva samples were determined using a
modified ELISA protocol [28]. Briefly, the plates were
coated with 100 μL well−1 UreC solution (40 μg mL−1)
and incubated overnight at 4°C. After washing, the plates
were blocked with 150 μL well−1 of 1% (vol./vol.)
chicken serum for 90 min at 37°C. An aliquot of 100 μL
well−1 serially diluted serum (1:400 to 1:25600 for IgG,
1:500 to 1:32000 for IgA) and saliva (1:640 to 1:10240
for IgG, 1:20 to 1:640 for IgA) from either the vaccinated
HNOLOGIES________________________
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cows or the cows in the control group was added. Fetal
calf serum was used as a negative control. The plates
were incubated at 37°C for 2 h. Then, 100 μL donkey
anti-bovine IgG or IgA alkaline phosphatase conjugate
(Promega, Madison, WI) (1:10000 diluted) was added to
each well and incubated at 37°C for 2 h. Following dilu-
tion to a final concentration of 1.5 mg mL−1 in a buffer
containing 1 M diethanolamine and 0.5 mM MgCl2, the
substrate chromogen tetramethylbenzidine (100 μL) was
added to each well. After incubation for 30 min at 37°C,
the reaction was terminated by adding 50 μL of 2 N
NaOH to each well. The absorbance was recorded at
405 nm using an ELISA plate-reader (Infinite F200;
Tecan, Mannedorf Switzerland). The reaction was defined
as positive when the absorbance exceeded twice that of
the negative control. Antibody titers were expressed as the
highest dilution that gave a positive reaction.
Urease activity was determined by measuring the

amount of ammonia released from urea [29]. One unit of
urease activity was defined as one μmol ammonia released
per min per mL rumen fluid or mg microbial protein.
Ammonia concentration was determined by the phenol-
hypochlorite reaction as described by Weatherburn et al.
[30]. Concentrations of VFA were analyzed by gas chro-
matography (model 6890, Series II; Hewlett Packard Co.,
Avondale, PA) as described by Mohammed et al. [31].

Evaluation of the anti-urease antibody on urea hydrolysis
in rumen fluid in vitro
The TMR diet, which was the same as that fed to the cows,
was weighed into serum bottles (0.25 g bottle−1) contain-
ing 20 mL McDougall’s buffer, 10 mL of strained fresh
rumen fluid, and urea (final concentration of 1 g L−1). To
each bottle, bovine serum from either the control group
or the vaccinated group was added. Two bovine serum
concentrations from the vaccinated group was used in
two treatments: Trt1 (IgG titer, 1:40000) and Trt2 (IgG
titer, 1:80000). Three replicates were used both the control
and the anti-urease serum treatments. The bottles were
gassed with CO2, sealed with rubber stoppers, and incu-
bated in a 39°C shaking water bath. Subsamples were col-
lected at 0, 1, 2, 4, 8 and 12 h post incubation, and the pH
was measured immediately. Ammonia concentrations
were determined colorimetrically as described above. Urea
concentration was determined with the diacetyl monoxime
method of Marsh et al. [32]. Rates of urea disappearance
and concomitant ammonia N formation were computed as
the slope of regression of the natural logarithm of urea and
ammonia N concentration, respectively, over the course of
the incubation.

Statistics
All data were subjected to analysis of variance using the
MIXED procedure of SAS (version 9.0, SAS Institute
__________________________ WORLD TEC
Inc., Cary, NC). The REPEATED statement was used for
variables measured over days (titers of IgA and IgG, and
urease activity) or times (pH, VFA, NH3-N). Tukey mul-
tiple comparison test was used to separate the means
when significant differences were indicated by the MIXED
procedure. Differences were considered significant at
P < 0.05.

Nucleotide sequence accession numbers
The ureC sequences obtained in this study were depos-
ited in the GenBank database under accession numbers
JQ611755 to JQ612071.
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Refinement and partial validation of the
UNESP-Botucatu multidimensional composite
pain scale for assessing postoperative pain
in horses
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Abstract

Background: Quantification of pain plays a vital role in the diagnosis and management of pain in animals. In order
to refine and validate an acute pain scale for horses a prospective, randomized, blinded study was conducted.
Twenty-four client owned adult horses were recruited and allocated to one of four following groups: anaesthesia
only (GA); pre-emptive analgesia and anaesthesia (GAA,); anaesthesia, castration and postoperative analgesia (GC); or
pre-emptive analgesia, anaesthesia and castration (GCA). One investigator, unaware of the treatment group,
assessed all horses at time-points before and after intervention and completed the pain scale. Videos were also
obtained at these time-points and were evaluated by a further four blinded evaluators who also completed the
scale. The data were used to investigate the relevance, specificity, criterion validity and inter- and intra-observer
reliability of each item on the pain scale, and to evaluate construct validity and responsiveness of the scale.

Results: Construct validity was demonstrated by the observed differences in scores between the groups, four hours
after anaesthetic recovery and before administration of systemic analgesia in the GC group. Inter- and intra-observer
reliability for the items was only satisfactory. Subsequently the pain scale was refined, based on results for relevance,
specificity and total item correlation.

Conclusions: Scale refinement and exclusion of items that did not meet predefined requirements generated a
selection of relevant pain behaviours in horses. After further validation for reliability, these may be used to evaluate
pain under clinical and experimental conditions.

Keywords: Validity, Reliability, Responsiveness, Specificity, Sensitivity, Relevance, Horse, Pain
Background
Recognition of pain-related behaviours in animals is diffi-
cult due to inter-species and individual variation [1], yet it
is universally acknowledged that improvements in pain as-
sessment may facilitate diagnosis and analgesic treatment
in horses. Previous studies have developed scales to assess
equine orthopaedic [2] and abdominal pain [3-5]. However,
* Correspondence: stelio@fmvz.unesp.br
†Equal contributors
2Department of Veterinary Surgery and Anesthesiology, College of Veterinary
Medicine and Animal Science, UNESP – Univ Estadual Paulista, Botucatu, SP
18618970, Brazil
Full list of author information is available at the end of the article

__________________________ WORLD TEC
to our knowledge, there are no published studies investi-
gating pain scales in horses undergoing soft tissue surgery
or experiencing pain of a similar intensity to that associ-
ated with castration.
There are established psychometric methods for devel-

oping and refining structured questionnaires of abstract
constructs such as acute pain in humans. This approach
can be adopted for similar purposes in animals. Initially
the items to be assessed must be collected and refined
for inclusion in the questionnaire. Thereafter the scale
must be scrutinized for both content and face validity
and finally the scale must undergo reliability testing [6].
HNOLOGIES________________________
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Furthermore the instrument should be responsive and
be able to measure changes as a result of an intervention
such as a painful event, or analgesic administration [2,7].
The aim of this study was to refine and validate a new

acute pain scale for the assessment of mild or moderate
pain in horses, and to evaluate its reliability.

Results
The GA group included four geldings and two mares
(mean ± SD, 332 ± 48 kg and 9 ± 3 years old); the GAA
group included three geldings and three mares (369 ±
68 kg and 10 ± 5 years old); the GC group comprised of
six male horses (319 ± 48 kg and 4 ± 2 years old) and
GCA also included six male horses (302 ± 27 kg and 4 ±
2 years old). Surgery and anaesthesia lasted approxi-
mately 45 minutes in all cases. Complete data were ob-
tained from twenty horses. Four horses had missing data
points; one horse (GA) at T4 and T6 and one horse
(GCA) at T24 due to abdominal discomfort, which re-
covered after clinical treatment, one horse (GAA) at
T24, due to technical problems with the camera and one
horse (GC) at T24, due to postoperative haemorrhage.
Content validity of the items included in the scale are

shown in Table 1. The score for each item, the relevance,
specificity and item-total correlation are shown in
Table 2. A refined pain scale was produced after exclu-
sion of the categories that did not show at least one item
with adequate relevance and specificity. Heart rate was
the only physiological variable retained in the pain scale,
as it was the only one that differed over time (Figure 1).
Comparison of the total scores between groups and at the
different assessment time points was performed to con-
firm construct validity. At T4, pain scores were greater in
GC than in the other groups, and greater in GCA than in
GAA. Even after the administration of analgesics at T6,
GC scores were still greater than GA and GAA, and GCA
scores were greater than in GAA. At the 24-hour time
point (T24) the scores of GC and GCA were still greater
than those horses in GAA. There were no differences with
time in scores for GA and GAA. In GC the scores at T4
were greater than at T6 and both were greater than TC
(prior to anaesthesia and or surgery) and T24. The scores
of GCA were greater in T4 than TC and T24.
The percentage increase in pain score in GC between

TC and T4 was 282%, and the scores decreased by 39%
and 61% of T4 at T6 and T24 respectively (Table 3).
Results of the criterion validation of the scores

assigned to each item of the scale (derived by comparing
the different evaluators’ scores to the standard evalua-
tor’s), showed moderate to excellent variability for “posi-
tioning in the stall”, “appetite for hay” and “response to
palpation of the groin”. With the exception of one evalu-
ator, reliability for the item “locomotion” ranged from
moderate to excellent. The horses’ response to opening
__________________________ WORLD TEC
the door and head movements showed moderate vari-
ability. “Appetite for concentrate/pelleted feed,” “looking
at the flank”, “raising the hind limbs” and “tail move-
ments” showed poor to moderate variability. Variability
was also poor for the remaining items or otherwise the
number of observations was low and therefore it was
not possible to perform statistical analysis.
Results of the criterion validation investigated by item-

total correlation are presented in Table 2. The conver-
gent validity was confirmed by positive correlation
between the refined scale and the numerical (0.87), vis-
ual analogue (0.86) and simple descriptive scales (0.88),
(see Figure 2) which were also assessed [8].
The reproducibility of each item, defined by the ability

to obtain the same results in repeated assessments by dif-
ferent evaluators [9], was evaluated by measurement of
inter-observer reliability and data are shown in Table 1.
The repeatability of each item, investigated by intra-

observer reliability, was moderate to excellent for “posi-
tioning in the stall” and “kicking at the abdomen”, but
ranged from poor to moderate for interactive behaviour,
“lifting of hind limbs” and “penis protrusion”. It was also
moderate for “locomotion when the horse was led by the
evaluator”, “response to palpation” of the painful area
(groin), “response to an auditory stimulus”, “pawing at
the floor” and “moving the tail”.
There was no difference between groups in physio-

logical parameters, except at time point T4 when heart
rate was lower in GA than in GCA (P = 0.04). Heart rate
was higher in GC and GCA at T4 and T6 compared to
the other assessment time points. Item-total correlation
was moderate for all physiological data.
After the refinement of the data based on the specifi-

city, relevance and criterion validity, a modified acute
pain scale was tested (Table 4).

Discussion
The pain scale demonstrated construct and content val-
idity; however intra- and inter-observer reliability for the
items were only satisfactory, suggesting that refinement
and readjustment of the items was required.
Construct validity was demonstrated by the observed

differences in scores between the groups at T4 [10]. The
differences between GC, GA and GAA show that the scale
is able to differentiate between horses with and without
pain. Furthermore, in view of the fact that pain scores
were different between GC and GCA, the scale was also
able to identify different pain intensities. The ability of the
scale to measure pain was confirmed by its responsive-
ness, seen in the change in GC scores between T4, T6 and
T24 [2], and by the percentage change in pain scores after
surgery and in response to analgesic administration [11].
In both groups that did not undergo surgery (GA,

GAA) male and female horses were included, which may
HNOLOGIES________________________
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Figure 1 Heart rate before and after anaesthesia (GA), analgesia and anaesthesia (GAA), analgesia, anaesthesia and castration (GCA)
and anaesthesia, castration and analgesia (GC) in horses. *Statistically significant difference between assessment time points within
each group. † Significant difference between GA and GCA.
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have been a limitation of the study; since the scale was
based on assessment of behaviour, sex differences in
behaviour may produce differences in scores between
groups at TC. However, this did not occur and scores in
the different sexes were similar. The absence of a differ-
ence between groups before surgery and/or anaesthesia
provides an alternative means to confirm construct val-
idity of the pain scale. Response to stress may mimic
pain behaviour, and since it might be predicted that stal-
lions would be more agitated prior to surgery, the lack
of a difference between treatment groups in baseline
scores shows that the construct validity of the scale was
not compromised [6].
Another aspect that may have confused the interpret-

ation of pain behaviours, especially in relation to assess-
ments requiring the evaluator to interact with the horse,
was the time allowed for each horse to acclimatise to the
Table 3 Median (minimal and maximal value) pain scores
in horses undergoing castration or anaesthesia only

Treatment GA GAA GC GCA

Moment

TC 3 (0–11) 2 (0–11) 4 (0–11)C 4 (0–10)B

T4 5 (1–14)bc 5 (2–14)c 14 (7–25)aA 11 (3–16)bA

T6 4 (1–6)bc 4 (1–7)c 10.5 (5–16)aB 6.5 (1–19)abAB

T24 3 (0–8)ab 2 (0–7)b 8 (1–14)aC 6.5 (2–13)aB

GA – Anaesthesia only (n = 6). GAA – Pre-emptive analgesia followed by anaesthesia
(n = 6). GC – Anaesthesia, castration and postoperative analgesia administered
four hours after surgery (n = 6). GCA – Pre-emptive analgesia, followed by
anaesthesia and castration (n = 6). TC - before surgery and/or anaesthesia,
T4 - maximum score of pain until 4 hours after anaesthetic recovery, T6 - six
hours after anaesthetic recovery, T24 - 24 hours after anaesthetic recovery.
Different small letters indicate differences between groups (rows – a > b > c);
different capital letters indicate differences between time points in the same
group (columns – A > B > C).

__________________________ WORLD TEC
stable, and to the investigator who interacted with the
horses. Variability in the degree of this initial interaction
between each horse and the investigator was expected.
However, in order to limit this, one of the inclusion cri-
teria for the study was that the horse must be halter
trained and used to interacting with people.
Another limitation of the study is that the pain model

used here (castration) probably results in only mild to
moderate pain. Therefore the scale should also be tested
under conditions considered to cause more severe pain
and be validated under these circumstances as well.
To date there are no validated pain scales that meas-

ure mild to moderate soft tissue pain in horses and so
criterion validity was evaluated by the contrast in vari-
ability between the standard evaluator and the other
evaluators [7,11]. The total scores from the pain scale
were correlated with three other classical scales used to
measure clinical pain in animals and a strong positive
correlation was evident [8]. Although these scales are
also not validated, they are frequently used to evaluate
pain [12] and lameness in horses [13,14]. Correlation
with such classical scales has also been used previously
to validate pain scales in horses for measurement of
visceral pain [3,4].
The discrepancy in variability between the evaluators

and the standard evaluator for each item of the scale
suggests poor criterion validity. However, another pos-
sible explanation would be the limited training of the
evaluators, combined with the complexity and large
number of items that comprise the scale. The blinded
evaluators were chosen because of their experience in
pain-related studies in numerous other species, includ-
ing horses. Furthermore, the item-total correlation,
which denotes the importance of each item, showed that
HNOLOGIES________________________



Figure 2 Pearson correlation between the UNESP-Botucatu Multidimensional Composite Pain Scale (UBMCPS) and the Simple Descriptive
Scale (SDS – r = 0.88, P < 0.0001). Numerical Rate Scale (NRS – r = 0.87, P < 0.0001) and Visual Analogical Scale (VAS – r = 0.86, P < 0.0001).

169Refinement and partial validation of the UNESP-Botucatu multidimensional composite pain scale for...
most provided moderate correlation. Hence the very
large number of items evaluated within the initial scale
is likely to have reduced the overall criterion validity.
The variation in intra and inter-observer reliability for

each item on the scale may suggest a low reliability of
the proposed instrument under study. However, the
process of pain scale validation does not occur in one
step but is iterative, so after excluding items showing no
specificity and relevance, the instrument should be re-
evaluated using the same validity criteria [2,5,7]. The
poor reproducibility for some items, such as “Response
to approach” and “presence of the observer”, may be
related to failure of observation, due to the difficulty
in observing the videos, a fact that might be resolved
when observations are performed in situ. Otherwise
the presence of the observer may also modify the
animals’ behaviour.
The scale items that gave the best relevance, specificity

and total-item correlation results were retained in the
scale after the refinement. However, despite the lack of
relevance and low inter-observer reliability, the behav-
iour “kicking the abdomen” was retained in the scale as
this is considered to be a classical abdominal pain re-
lated behaviour [12,15]. Although the inclusion of
physiological parameters is questioned by some authors
[3], these items are usually included in tools to assess
acute pain in horses [2,5], as well as in other species [7]
and provide a multidimensional character to the scale.
Heart rate was retained after refinement as this was
the only parameter that varied with time, it is easy to
__________________________ WORLD TEC
evaluate and has historical importance in the assessment
of pain [12]. In view of the fact that heart rate increased
above 25% of pre-operative values (TC) in animals
undergoing surgery (GC and GCA) at T4 and T6, overall
changes in heart rate above 25% were considered rele-
vant as an indicator of post-operative pain and were
therefore included.
As noted in a study that described the behaviours of

horses undergoing arthroscopic surgery and laparotomy
[16], horses without pain were more likely to position
themselves at the front of the stable compared to other
positions in the box. Behaviours such as “head position”
and “response to auditory stimuli” were excluded due to
their variability and since they might be unduly influ-
enced by environmental stimuli.
Behaviours related to the interaction with the observer

showed similar relevance and specificity to those re-
ported when using an orthopaedic pain scale [2] and
similar item-total correlation to animals undergoing
laparotomy [5]. However this behaviour may also be in-
fluenced by the type of management with which the ani-
mal is familiar [17]. In our study, locomotion was also
useful to detect pain after soft tissue surgery, as animals
in pain tend to be reluctant to move, reflecting the find-
ings of altered locomotion in horses after orthopaedic
surgery [13,14]. However this contrasts with results from
other studies in which increased locomotion was associ-
ated with pain [2,3], indicating that it is the change in
locomotion that is a useful characteristic to evaluate
during pain assessment in horses.
HNOLOGIES________________________



Table 4 Refined acute pain scale in horses submitted to castration after the refinement of the data based on the
specificity, relevance and criterion validity

Variable Criteria Score

Positioning in the stall The horse’s head is at the outside door 0

The horse is inside the stall, but looking at the outside door,
observing the environment

1

The horse is eating 0

The horse is not close to the outside stall door and does not
look interested in the environment

2

Locomotion The horse moves freely alone 0

The horse does not move, or is reluctant to move 1

The horse is agitated, restless 2

Locomotion when led by the evaluator The horse moves freely when led 0

The horse does not move, or is reluctant to move when led 1

The horse is agitated, restless 2

Response to palpation of the painful area
(approximately 3 cm besides the wound)

No response or change in relation to pre-procedure palpation
response of the surgical wound

0

Mild reaction to palpation of the surgical wound 1

Violent reaction to palpation of the surgical wound 2

Looking at the flank The horse does not look at the flank 0

The horse looks at the flank 1

Kicking at the abdomen The horse does not kick the abdomen 0

The horse kicks at the abdomen 1

Lifting hind limbs No lifting of hind limbs 0

Lifting hind limbs 1

Lifting hind limbs and extending the head 2

Head movement Head straight ahead most of the time 0

Lateral and/or vertical occasional head movements 1

Lateral and/or vertical continuous head movements 2

Pawing on the floor (fore limbs) Quietly standing, no pawing 0

Pawing 1

Heart rate (compared to initial values) 25-50% increase 1

>50% increase 2
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Although palpation of the surgical site showed low
item-total correlation in this study, specificity ranged
from moderate to good and this item was relevant. In a
previous study, horses undergoing laparotomy showed a
high incidence of avoidance responses [5]. In our study,
the reaction response was probably related to the inflam-
mation caused by surgical incision. However, it is com-
mon for horses not to tolerate palpation of the inguinal
area. Furthermore, in those cases where this behaviour
was evaluated on the video, there may have been misin-
terpretation. Although the two cameras were placed in
diagonally opposite positions in the stable to try to avoid
blind spots, it was difficult to observe the animal when it
was positioned close to the wall directly beneath one of
the cameras. Under some of these circumstances it was
__________________________ WORLD TEC
not possible to visualize the pelvic limbs during palpa-
tion of the groin.
This is the first study to identify the behaviour of lift-

ing the pelvic limb as a pain-related behaviour in the
horse, indicated by the relevance and moderate specifi-
city and item-total correlation. This item was included
in the scale after validation of content and before con-
struct validation because it was a behaviour observed by
the evaluator in situ during assessment of the GC group.
Since there is now a considerable body of work describ-

ing the development of tools for pain assessment, it was
possible to evaluate the relevance, specificity and reliability
of various pain behaviours previously described as relevant
in horses. The low repeatability and reproducibility of
some behaviours may indicate that their interpretation is
HNOLOGIES________________________
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influenced by the experience of the evaluator, and there-
fore they are imprecise. Although the reliability of the
total score of the refined scale was not investigated, the
sensitive and specific items of the behaviours and categor-
ies may be used to compose a refined scale for future val-
idation, ideally under clinical conditions.
It should also be noted that during the initial part of

the scale, the observer was not present in the box. I It is
therefore difficult to accurately ascertain how much the
evaluator's presence might interfere with the pain assess-
ment. Consequently, whenever possible horses should be
observed using a remote monitoring system. Although
the time necessary for pain assessment has not been
determined, after 700 hours of video analysis, we empir-
ically suggest a time frame of 5 minutes would be suffi-
cient for observation of pain-related relevant behaviours
in the horse.

Conclusions
In conclusion, this is, to our knowledge, the first study
to refine and validate a pain scale for assessing acute,
mild clinical pain in horses undergoing castration. The
proposed new scale showed construct validity and re-
sponsiveness, and differentiated between horses with
and without pain as reported previously in horses under-
going moderate and severe pain intensity, like ortho-
paedic and abdominal pain. Reliability of the initial
items included in the scale was variable, suggesting the
need for refinement of the scale; this led to selection of
items that showed relevance, specificity, and item-total
correlation. Refinement of the scale, and exclusion of
items that did not meet the predefined validity require-
ments, provided a simple version for evaluation of post-
operative pain after soft tissue surgery in horses that
may be further tested under clinical and experimental
conditions.

Methods
The Institutional Animal Scientific Use Ethical Committee
approved the study (protocol number 186/2009) and writ-
ten informed consent was obtained from the owners be-
fore their horses were recruited to the study.
The acute pain scale was developed using previously

published data [2,12] and by observing approximately
700 hours of videos before and after castration. Based
on these data the behaviours of animals with or without
pain were identified. Content validation review was
based on evaluation of each item of the scale as relevant
(1), irrelevant (−1) or not known (0) by three experi-
enced equine veterinarians. The arithmetic mean was
calculated for each item and those with values greater
than or equal to 0.5 [8] were included in the scale. The
scale composed 62 items with scores ranging from 0 to
3 and total score of 40 points (Table 1). Physiological
__________________________ WORLD TEC
parameters were also evaluated in addition to the items
described in Table 1. Heart and respiratory rates and non-
invasive systolic arterial blood pressure were evaluated ac-
cording to the following criteria when compared to the
initial (baseline) values: 0 – less than 10%; 1 – between 11
and 30%; 2 - between 31 and 50% and 3 – above 50% in-
crease when compared to initial values. Intestinal sounds
were evaluated as 0 – normal; 1 - decreased gut sounds;
2 – increase gut sounds or no gut sounds.
Construct validity was examined by contrast group ana-

lysis, comparing animals with or without pain. Twenty-
four client owned adult horses confirmed as healthy
following clinical and laboratory assessment were re-
cruited and randomly (Excel®)a allocated to one of four
following groups: anaesthesia only (GA); pre-emptive
analgesia and anaesthesia (GAA); anaesthesia, castration
and postoperative analgesia (GC); or pre-emptive anal-
gesia, anaesthesia and castration (GCA). The same experi-
enced surgeon performed all castrations. All animals were
housed in individual stables and allowed to acclimatize for
at least 36 hours before any behavioural data were col-
lected. Only well-handled horses were recruited to the
study. The sample size was determined using an expected
mean pain score difference between the groups of 4.0,
with a standard deviation of 3.0, based on pilot studies,
with a test power of 90% and 5% level of significance.
All horses were sedated with 0.5 mg/kg xylazine IM

(Sedomin®)b, followed by induction of anaesthesia with
100 mg/kg of 10% guaiphenesin (Eter Gliceril Guaicol®)c

and 5.0 mg/kg of thiopentone IV (Thiopentax®)d. After
orotracheal intubation, anaesthesia was maintained with
isoflurane (Isoforine®)d in oxygen. Ventilation was con-
trolled (Mallard Medical®)e. Pre-emptive (GAA and GCA)
or postoperative (GC) analgesia consisted of the adminis-
tration of 0.2 mg/kg morphine (Dimorf®)d IM, 10 mg/kg
dipyrone (metamizol) (Finador®)f IM and 1.1 mg/kg flu-
nixin meglumine (Desflan®)f IV. Local anaesthesia was
provided with 10 ml of 2% lidocaine with adrenaline
(Lidocaina®)d injected into each spermatic cord before
surgery in GCA. After recovery from anaesthesia the ani-
mals were transferred back to the observation stable,
which was equipped with two video cameras (1.3 mega-
pixels) placed in opposite corners at a height of 2 meters.
The cameras provided colour images and were equipped
with an infrared device to enable image capture under low
light conditions. Video recording commenced immedi-
ately before anaesthesia and for 24 hours afterwards. Over
this 24 hour period an investigator also assessed the
animals directly by entering the stable and assessing pain
in a standardised manner at the following time points:
TC (before surgery and/or anaesthesia); T4 (four hours
after anaesthetic recovery, before administration of sys-
temic analgesia in the GC group); T6 (six hours after
anaesthetic recovery) and T24 (24 hours after anaesthetic
HNOLOGIES________________________
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recovery). After the investigator entered the stable, the
horse was approached and offered pelleted food in a small
container. Pain assessments were then performed and
after these were completed, the horse’s heart rate and in-
testinal motility [18] were assessed by auscultation, re-
spiratory rate by observation of thoracic wall movements
and systolic arterial blood pressure by the Doppler tech-
nique (Parks Medical 812®)g with the probe and cuff posi-
tioned over the coccygeal artery. Following analysis of all
of the video data, four 3 to 4 minute videos were gener-
ated for each animal at time points TC, T4, T6 and T24.
These included footage recorded one hour before the
presence of the investigator and during the time that the
investigator was present in the stable undertaking the pain
assessment. The duration of the video clips was sufficient
for the included behaviours to be expressed by the horses.
The investigator (standard evaluator) and four experi-

enced equine clinicians (evaluators) watched the videos
on two different occasions at intervals of at least two
weeks. The order of the videos was changed for the sec-
ond assessment. The evaluators were blinded with re-
spect both to treatment group (GA, GAA, GC, GCA)
and to the assessment time point (TC-T24). The evalua-
tors used the acute pain scale to assess pain in the
horses, without any scores assigned to any item on the
scale. The scores were subsequently included for statis-
tical evaluation. The following instructions were given
to the evaluators prior to watching each sequence of
videos. 1) After watching each video clip answer the
following questions according to your clinical experience
fill in the numerical pain scale (1: without pain to 10:
worst possible pain), followed by the simple descriptive
scale (1: without pain to 4: severe pain) and then the vis-
ual analogue pain scale (0: without pain to 100 mm:
worst possible pain); 2) Subsequently fill in the proposed
pain scale choosing the descriptor level within each item
that best represents what was observed; 3) If you are
unsure at any time about what behaviours were shown
in the video, the video may be replayed. Specific behav-
iours such as looking at the flank and lifting of hind
limbs were considered after the behaviour had been ob-
served once or several times.

Statistical analysis
For content validity, only values equal to or greater than
0.5, obtained by the arithmetic mean of the scores given
by the three evaluators for each item, were accepted and
included in the pain scale [19].
The specificity of each item (defined by the ability of

the test to correctly identify patients that were exhibit-
ing pain behaviours calculated by the ratio between
the true negatives and the sum of the true negatives
and false positives), was evaluated by investigating if
that particular behaviour was present or not at TC in all
__________________________ WORLD TEC
observations from all evaluators, in all animals from all
groups. When a given behaviour was present in animals
after surgery and likely feeling pain, but was not expressed
or infrequently expressed in horses free of pain (TC), that
behaviour was considered relevant to differentiate a horse
with or without pain and therefore would be considered
having high specificity. Specificity was classified as excel-
lent (0–4.9%), good (5–14.9%), moderate (15–29.9%), or
nonspecific (≥30%) [2].
The relevance of each item, i.e. the chance of observ-

ing a particular behaviour at T4 (when the most intense
pain was expected) [2] was estimated by odds ratio using
a logistic regression model for each item. An item was
considered relevant when there was difference between
GC versus GCA, GA and GAA, or when GC was differ-
ent from GA and GAA, and irrelevant when there were
no differences between GC and the other groups.
The total score of the refined scale was obtained by

summing only the scores of the categories that showed
items with relevance, specificity and item-total correl-
ation. Categories that did not fulfil the above criteria
were excluded from the sum of the total score of the re-
fined scale (Table 4). Only the physiological variables
showing changes over time were included in the sum of
the total score of the refined scale.
The comparison of total scores between treatments

was performed using the Kruskal-Wallis test and the dif-
ference between the scores over time in each group
using the Friedman test. Construct validity was assessed
by comparing the total score of the refined scale at the
assessment time point where the animals were expected
to have the most intense pain (T4 in GC and GCA)
against the other time points (TC, T6, T24). Responsive-
ness was based on the percentage of change in pain
score before and after administration of analgesia in
groups GC [7,11], and by observing the difference be-
tween the groups in pain scores at time point T4 [2].
To investigate the criteria validity of each item, the

Kappa coefficient was used to estimate the reliability of
the score of the item between each evaluator and the
standard evaluator, generating four kappa values; the
values of each comparison were classified and grouped
when reliability was similar [7,20]. The Pearson’s correl-
ation coefficient was used to estimate the correlation be-
tween each variable (Table 2) against the total score of
the proposed scale. In addition the correlation between
the scores of the proposed scale and numerical, simple
descriptive and VAS scale correlations was tested to in-
vestigate the convergent validity.
Intra- and inter-observer reliability for each item of

the scale were assessed by use of the Kappa coefficient
to compare differences in scores assigned on the first
and second occasion that each video was watched by
each evaluator, and by comparing scores assigned to the
HNOLOGIES________________________
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same video between different evaluators. Physiological
data were investigated by repeated measures modelling
evaluated for distribution and the gastrointestinal sounds
were evaluated using the Wilcoxon test.
Statistical analyses were conducted with SAS version

9.3 [21] and differences were considered significant
when p < 0.05.
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Detection of the neuropathogenic variant of
equine herpesvirus 1 associated with abortions in
mares in Poland
Karol Stasiak, Jerzy Rola*, Gabor Ploszay, Wojciech Socha and Jan F Zmudzinski
Abstract

Background: The incidence of reported cases of equine herpesvirus myeloencephalopathy (EHM) caused by infection
with neuropathogenic strains of equine herpesvirus 1 (EHV-1) has markedly increased over the last decade in many
Western countries. The purpose of this study was to estimate the prevalence of the neuropathogenic (G2254) and
non-neuropathogenic (A2254) variants of EHV-1 among isolates associated with abortions in Polish stud farms.

Results: The results of polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) and sequencing
were consistent, and showed that two out of 64 abortions (3.1%) were induced by the neuropathogenic genotype
G2254. All remaining 18 EHV-1 positive abortion cases (28.1%) were caused by the non-neuropathogenic genotype
A2254.

Conclusions: Most of the abortions in mares in Poland from 1999 to 2012 were associated with non-neuropathogenic
strains of EHV-1. However, the presented data indicate that the neuropathogenic genotype of the virus is also present in
Polish stud farms. Such a presence suggests that the future emergence of EHM in Poland is probable.

Keywords: EHV-1, ORF30, Neuropathogenic genotype, Abortion
Background
Equine herpesvirus 1 (EHV-1) is a double-stranded
DNA virus that occurs worldwide in all breeds of horses
[1,2]. Infections caused by EHV-1 are important as clin-
ical outbreaks of the disease still occur, despite prevent-
ive and control measures being taken [3,4]. Exposure to
EHV-1 can cause upper respiratory tract infection in
foals and young horses. In pregnant mares, the virus can
be transferred across the uteroplacental barrier and in-
fect the fetus, which can lead to late-gestation abortion.
EHV-1 can also migrate with infected blood leukocytes
to the central nervous system and replicate in endothe-
lial cells of arterioles in the spinal cord and brain,
causing vasculitis and thrombosis [5]; this syndrome
is known as equine herpesvirus myeloencephalopathy
(EHM). Previous research has shown that the neuro-
pathogenicity of EHV-1 strains is strongly associated
with a single point mutation in the open reading frame
* Correspondence: jrola@piwet.pulawy.pl
Department of Virology, National Veterinary Research Institute, Al.
Partyzantow 57, 24-100 Pulawy, Poland
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(ORF) 30 of the gene encoding viral DNA polymerase
[6-8]. This mutation is a single nucleotide adenine to
guanine substitution at nucleotide 2,254, corresponding
to an asparagine to aspartic acid substitution. Addition-
ally, two other studies revealed that another nucleotide
substitution at nucleotide 2,258 of ORF30 could possibly
be associated with neuropathogenicity [6,9].
Although the clinical form of EHM is less frequently

observed than the other types of EHV-1 infection, it can
cause serious economic losses in breeding horses and
have a very negative impact on the functioning of veter-
inary hospitals, riding schools, and racetracks [4,3,10,11].
Moreover, recent data from the United States of
America (US) showed that neuropathogenic strains of
EHV-1 could become an important causative agent of
abortions in mares even in the absence of actual clinical
signs of EHM or respiratory disease [9].
In Poland, EHV-1 abortion outbreaks in mares have

been reported several times since the early 1950s
[12-15]. However, there are no data on the occurrence
of neuropathogenic EHV-1 strains in Poland. The pur-
pose of this study was to determine the prevalence of
HNOLOGIES________________________
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Table 1 Polish ORF30 genotype of EHV-1 isolates by
PCR-RFLP

Strain designationa Genotype at position 2254 Regionb

PL/1999/I A 2254 LU

PL/1999/II A 2254 MA

PL/2001/I A 2254 LU

PL/2002/I A 2254 MA

PL/2003/I A 2254 WP

PL/2004/I A 2254 LU

PL/2004/II A 2254 PM

PL/2005/I A 2254 WM

PL/2006/I A 2254 MP

PL/2006/II A 2254 LU

PL/2007/I A 2254 MA

PL/2008/I A 2254 DS

PL/2009/I A 2254 SL

PL/2009/II G 2254 LU

PL/2010/I A 2254 MA

PL/2010/II G 2254 SL

PL/2010/III A 2254 LU

PL/2011/I A 2254 MP

PL/2012/I A 2254 MA

PL/2012/II A 2254 LU
aBased on the year of isolation.
bVoivodship SL-Silesian; MA-Masovian; WM-Warmian-Masurian.
LU-Lublin; MP-Lesser Poland; PM-Pomeranian; DS-Lower Silesian.
WP-Greater Poland. The regions are described in detail at:
http://en.wikipedia.org/wiki/Voivodeships_of_Poland.
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the neuropathogenic genotype of ORF30 among the
strains of EHV-1 isolated from abortion cases in Poland.

Methods
Samples
We tested tissue samples (lung, liver, spleen, heart, kid-
ney, and placenta, if delivered) from 64 aborted fetuses
that were delivered to the Department of Virology of the
National Veterinary Research Institute in Pulawy be-
tween 1999 and 2012. The whole fetuses or fetal organs
came from horse studs located in different regions of
Poland. None of the animals had been vaccinated against
EHV-1, and none of the studs had a history of respira-
tory and neurological disease. Necropsy reports revealed
that all 64 abortions occurred during the third trimester
of pregnancy. A variety of macroscopic lesions were ob-
served in most cases, including a large amount of pleural
fluid, hepatic necrosis, and pulmonary oedema. No
histological investigation was done. Organ samples from
aborted fetuses were stored at −70°C until further
processing.
Two grams of each tissue sample was used for prepar-

ation of 10% (w/v) suspension in Eagle’s Minimum Essential
Medium (Sigma-Aldrich), supplemented with 1% antibiotic
solution (Antibiotic Antimycotic Solution 100x, Sigma-
Aldrich) using ULTRA-TURRAX® homogenizer. Tissue
homogenates were centrifuged at 1,700 x g for 10 min, and
then supernatants from the same fetus were pooled to-
gether and stored at −70°C until testing.

DNA extraction
DNA was extracted from every pool of tissue supernatant
using a phenol-chloroform-isoamyl alcohol mixture.

PCR testing
The DNA obtained from tissue homogenates was tested
for the presence of EHV-1 and EHV-4 using primers for
glycoprotein B previously described by Kirisawa et al.
(EHV1/4 Forward: 5′-CTT GTG AGA TCT AAC CGC
AC-3′[1477-1496/1468-1487], EHV-1 Reverse: 5′-GCG
TTA TAG CTA TCA CGT CC-3′[1936–1917], EHV-4
Reverse: 5′-CCT GCA TAA TGA CAG CAG TG-
3′[2410–2391]) [16].

Virus isolation
EHV-1 was isolated in 25-cm2 tissue culture flasks contain-
ing monolayers of RK13 cells. Flasks were inoculated and
checked daily for appearance of cytopathic effect (CPE).
CPE-positive flasks were frozen and stored at −70°C.

Polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP)
PCR-RFLP neuropathogenic/non-neuropathogenic dis-
crimination testing was performed on EHV-1-positive
__________________________ WORLD TEC
samples. PCR amplification of a 380-bp fragment of
ORF30 was based on a modified protocol described by
Allen [17]. A 25-μl reaction mix was prepared for PCR
containing 0.05 U/μl AccuTaq LA DNA Polymerase,
200 μM of deoxynucleotide triphosphate mix, 1 × PCR
buffer, 400 nM of the primer ORF30-Forward (5′-GTG
GAC GGT ACC CCG GAC-3′[2005–2022]) and
ORF30-Reverse (5′-GTG GGG ATT CGC GCC CTC
ACC-3′[2384–2364]) and 2.5 μl DNA template, sus-
pended in RNAse-DNAse-free water. The reaction was
run in a Biometra Thermocycler (Biometra, Germany)
under the following conditions: initial denaturation at
94°C for 3 min, followed by 35 cycles of denaturation at
94°C for 30 s, annealing at 60°C for 1 min, and elong-
ation at 72°C for 30 s.
PCR products were digested with SalI enzyme [recogni-

tion site: 5′…G↓TCGAC…3′] (EURx, Poland). Digestion
was performed in a 50-μl reaction mixture containing
10 μl of PCR product, 5 μl 10x Buffer High, 0.5 μl 100x
BSA (EURx), and 1 μl SalI enzyme, suspended in nuclease
free water. Digestion was run at 37°C for 2 h in a thermo-
cycler. Products were visualized by electrophoresis on 1.5%
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agarose gel. DNA from two EHV-1 strains was used as a
positive control: Ab4 (neuropathogenic strain) and V592
(non-neuropathogenic strain).

Sequencing
All positive samples were confirmed by sequencing the
380-bp ORF30 fragment using the Sanger method at the
Institute of Biochemistry and Biophysics Polish Academy
of Science (Warsaw, Poland). Nucleotide sequences were
assembled and aligned using Molecular Evolutionary
Genetics Analysis (MEGA) version 5.0.5. The nucleotide
sequences reported in this study were submitted to
GenBank under the accession numbers KR080374-
KR080393.

Results
PCR analysis using Kirisawa’s PCR primers showed that
20 pooled samples were EHV-1 positive, but no samples
were EHV-4 positive. Virus isolation was successful in
all PCR positive samples, with a clearly visible CPE
developing within 3–5 days after inoculation of cells
(Table 1).
Amplification using ORF30-specific PCR and further

digestion of PCR products with SalI enzyme showed that
two of the 20 EHV-1 positive isolates were the neuro-
pathogenic variant G2254 (10% of EHV-1 positive iso-
lates, and 3.1% of total abortion cases), whereas 18 were
the non-neuropathogenic variant A2254 (90% of EHV-1
positive isolates, and 28.1% of all abortion cases).
Comparative nucleotide sequence analysis of the

380-bp fragment gene encoding the catalytic subunit
(ORF30) of the viral DNA polymerase confirmed the
Figure 1 Sequence analysis of ORF30 of Polish EHV-1 isolates (PL/1999/I–PL
site SalI enzyme.

__________________________ WORLD TEC
presence of guanine at nucleotide position 2,254 in two
isolates. The other EHV-1 isolates encoded adenine at the
position 2,254 and were classified as non-neuropathogenic
variants. No nucleotide substitution was found at
position 2,258. The consensus alignment indicated that
partial ORF30 sequences were identical to the se-
quences of appropriate reference strains of EHV-1: Ab4
(neuropathogenic) and V592 (non-neuropathogenic)
(Figure 1).

Discussion
There have been no previous reports of EHM outbreaks
in Poland, and no potentially neuropathogenic variants
of EHV-1 have previously been identified [18]. We have
shown, for the first time, that the neuropathogenic geno-
type of EHV-1 circulates in the horse population in
Poland. There was a clear predominance of the non-
neuropathogenic (90% of EHV-1 positive cases) over the
neuropathogenic EHV-1 genotype (10% of EHV-1 posi-
tive cases) as a causative agent of abortions in Polish
stud farms. This proportion is similar to the results of
recent studies in which abortion was associated with the
neuropathogenic variant of EHV-1 in 0.9% of abortion
cases in Japan [19], 7% in Argentina [20], 8.9% in Central
Kentucky of the US [9], 10.6% in Germany [21], and
25.9% in France [22].
In contrast to a few abortion outbreaks in Argentina

and Germany that were associated with neurological
signs in mares, there were no clinical signs indicating
EHM in any case of aborted fetuses tested in this
study. These results are not unusual as previous
studies have proved that although the presence of the
/2012/II). Variable position 2,254 is shaded in the box marked restriction
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neuropathogenic strain is a factor fostering an increase in
EHM cases, it is not the only factor that determines the
appearance of neurological disease in infected horses
[23,24]. For example, a German study found that only
two out of seven abortion cases caused by neuropatho-
genic EHV-1 strains were associated with EHM signs in
pregnant mares [21]. Some studies have associated EHM
with the presence of another substitution (adenine to
cytosine) in ORF30 at the 2,258 position [9,21]; however,
this was not detected in our study.
The EHV-1 isolates possessing a nucleotide substitu-

tion from A to G at the 2,254 position were detected in
two distant provinces of Poland, hence it is unlikely that
the abortions were caused by the same strain of the
virus. As this study concentrated on abortion cases, only
a fraction of the total EHV-1 infections in Poland were
analyzed, whereas a previous study by Pronost et al.
showed that the G2254 genotype could also be associ-
ated with respiratory disease [22]. It is also possible that
some of our cases were caused by mixed infection with
two viral strains. Allen et al. described the occurrence
of dual infections in the Thoroughbred broodmare
population, with both neuropathogenic and non-
neuropathogenic strains involved [25]. A similar situ-
ation took place in the case of horses infected after
natural exposure at a racetrack in California [26].
Unfortunately, the diagnostic techniques used in our
study were not able to detect simultaneous infection
with both genotypes.
Finally, it cannot be excluded that EHM cases may

have already appeared in Poland, but were either not
reported or not identified properly by veterinarians. Even
if this assumption is wrong, the fact that the G2254
ORF30 variant of EHV-1 is present in the horse popula-
tion means that the risk of EHM outbreaks in Poland
should be taken into consideration.

Conclusion
The presented data demonstrate that the neuropatho-
genic genotype of EHV-1 is present in Polish stud farms.
Of the 20 EHV-1 abortion isolates, the vast majority
belonged to the non-neuropathogenic marker A2254
(18 out of 20 isolates, which was 90%), with only two out
of the 20 isolates (10%) identified as the neuropathogenic
genotype G2254. However, the presence of neuropatho-
genic EHV-1 strains in Polish studs suggests that the
emergence of EHM cases in Poland is probable.
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Local and systemic effect of transfection-reagent
formulated DNA vectors on equine melanoma
Kathrin Mählmann1, Karsten Feige1, Christiane Juhls2, Anne Endmann2, Hans-Joachim Schuberth3, Detlef Oswald2,
Mareu Hellige1, Marcus Doherr4 and Jessika-MV Cavalleri1*
Abstract

Background: Equine melanoma has a high incidence in grey horses. Xenogenic DNA vaccination may represent a
promising therapeutic approach against equine melanoma as it successfully induced an immunological response in other
species suffering from melanoma and in healthy horses. In a clinical study, twenty-seven, grey, melanoma-bearing, horses
were assigned to three groups (n = 9) and vaccinated on days 1, 22, and 78 with DNA vectors encoding for equine (eq)
IL-12 and IL-18 alone or in combination with either human glycoprotein (hgp) 100 or human tyrosinase (htyr). Horses
were vaccinated intramuscularly, and one selected melanoma was locally treated by intradermal peritumoral injection.
Prior to each injection and on day 120, the sizes of up to nine melanoma lesions per horse were measured by caliper and
ultrasound. Specific serum antibodies against hgp100 and htyr were measured using cell based flow-cytometric assays.
An Analysis of Variance (ANOVA) for repeated measurements was performed to identify statistically significant influences
on the relative tumor volume. For post-hoc testing a Tukey-Kramer Multiple-Comparison Test was performed to compare
the relative volumes on the different examination days. An ANOVA for repeated measurements was performed to analyse
changes in body temperature over time. A one-way ANOVA was used to evaluate differences in body temperature
between the groups. A p–value < 0.05 was considered significant for all statistical tests applied.

Results: In all groups, the relative tumor volume decreased significantly to 79.1 ± 26.91% by day 120 (p < 0.0001,
Tukey-Kramer Multiple-Comparison Test). Affiliation to treatment group, local treatment and examination modality
had no significant influence on the results (ANOVA for repeated measurements). Neither a cellular nor a humoral
immune response directed against htyr or hgp100 was detected. Horses had an increased body temperature on
the day after vaccination.

Conclusions: This is the first clinical report on a systemic effect against equine melanoma following treatment
with DNA vectors encoding eqIL12 and eqIL18 and formulated with a transfection reagent. Addition of DNA
vectors encoding hgp100 respectively htyr did not potentiate this effect.

Keywords: Horse, Melanoma, Interleukin, Glycoprotein 100, Tyrosinase, DNA vaccine
Background
Equine melanoma, a tumor of pigment producing cells,
is the most common skin tumor in aging grey horses
with a prevalence of up to 95% [1].
So far, conventional therapies such as surgical excision

[2], cryosurgery [2], radiotherapy [3], or chemotherapy
with cisplatin [4] or cimetidine [5] have not been curative
in advanced cases. Obviously, there is need for innovative
* Correspondence: jessika.cavalleri@tiho-hannover.de
1Clinic for Horses, University of Veterinary Medicine Hannover, Foundation,
Hannover, Germany
Full list of author information is available at the end of the article
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approaches to treat equine melanoma lesions of later
stages.
Xenogenic DNA vaccination against the melanoma

differentiation antigens glycoprotein (gp) 100 [6-9] and
tyrosinase (tyr) [10-13] have been shown to overcome
auto-tolerance and to elicit an immune response in
mice, dogs, and humans [10-16] and a clinical antitu-
moral effect in mice and dogs [10-12,14,16].
In clinically healthy horses, specific antibodies at rela-

tively low levels and a variable cellular immune response
were elicited upon vaccination with a plasmid encoding
the human tyrosinase (htyr) [17]. There are no reports
about the immunogenicity of human gp100 (hgp100) to
HNOLOGIES________________________
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horses, and clinical study results on the anti-melanoma
effect of DNA-encoded xenogenic tyrosinase and gp100
in grey horses have not been published to date.
Cytokines such as Interleukin (IL) 12 and IL18 have

been applied to increase cellular immunity and reduce
angiogenesis in neoplasms [18-23] and were shown to
have synergistic antitumoral effects [20,24-26].
To date, all immunological melanoma treatment efforts

in horses were of limited effect. A local effect was achieved
with DNA encoding human [27] or either eqIL12 or eqIL18
[28]. Thus, combination of these interleukins and addition
of either hgp100 or htyr, all encoded by DNA vectors,
seemed to be a promising approach.
The aim of the present clinical study was to evaluate

whether or not treatment with eqIL12 in combination
with eqIL18 each encoded by DNA vectors has a local
and systemic anti-tumoral effect on naturally occurring
melanoma in grey horses, and whether or not this effect
is augmented by DNA vaccination against the xenogenic
melanoma differentiation antigens hgp100 and htyr,
respectively.

Methods
Patients
Twenty-seven horses with one or more melanoma le-
sions and unaffected general condition were included in
the study. Informed consent was obtained from all ani-
mal owners. Horses were not treated with any medica-
tion at least two weeks prior to immunisation.
Pre-trial evaluation included a physical examination,

hematology, and blood biochemistry profile. Age, breed,
gender, degree of greying and number of melanoma lesions
were documented (Table 1). The diagnosis of melanoma
was confirmed by examination of fine needle aspirates by
board certified pathologists in 20 of 27 horses. In the
remaining horses, diagnosis was made clinically with re-
gard to typical localisation and appearance of the lesions,
as the owners did not agree to aspiration biopsy. Patients
were treated in the Clinic for Horses of the University of
Veterinary Medicine Hannover, Foundation, from Novem-
ber 2009 to July 2010 in accordance with the ethical guide-
lines of the law of animal welfare approved by the “Lower
Saxony State Office for Consumer Protection and Food
Safety, LAVES” approval No. 08/1522).
Horses were assigned to three treatment groups by a

stratified biphasic model to achieve equal distribution of
age (<15 years or ≥ 15 years) and number of melanoma
lesions (<7 or ≥ 7 melanoma lesions).

Production of MIDGE-Th1 vectors
Minimalistic immunogenically defined gene expression
(MIDGE) vectors with a small peptide (“Th1”) attached
were produced by MOLOGEN AG (Berlin, Germany) as
previously described [29] from plasmids coding for hgp
__________________________ WORLD TEC
100 (pcDNA3gp100, courtesy of Dr. Robbins und Dr.
Rosenberg, National Cancer Institute), htyr (pMCV1.4htyr,
MOLOGEN AG), eqIL12 and eqIL18 (pUSErIRESeqIL12
and 18, courtesy of L. Nicholson, University of Glasgow, via
Intervet International, Boxmeer, The Netherlands). Oligo-
nucleotides coding for the IL-1beta receptor antagonist
protein (ILRAP) (Microsynth, Balgach, Switzerland) were li-
gated to the IL18 gene (see Additional file 1).

Preparation of MIDGE-Th1/SAINT-18 complexes
MIDGE-Th1/SAINT-18 (1-methyl-4-(cis-9-dioleyl) methyl-
pyridinium-chloride, Synvolux Therapeutics, Groningen,
The Netherlands) complexes were prepared as described by
Endmann et al. [30]. MIDGE-Th1/SAINT-18 complexes
were formed at a ratio of 1 mg DNA dissolved in PBS to
0.75 μmol SAINT-18. The PBS concentration in the final
mixture was 1× PBS.

Treatment
Three groups of 9 grey horses each were treated on
days 1, 22 and 78 with MIDGE-Th1 vectors coding for
eqIL12 and ILRAP-eqIL18 alone or in combination
with hgp100MIDGE-Th1 or htyrMIDGE-Th1 (Table 2).
Throughout the study period the test items were blinded
by a color code and unblinded upon completion of data
analysis only.
For each treatment, 0.5 ml (half of the vaccine dose)

were injected intradermally (i.d.) peritumorally around
one pre-selected, well-measureable and easily-accessible
melanoma (“locally treated melanoma”). Injection was
performed using a 25 G cannula and a 1 ml syringe. An-
other 0.5 ml (the second half of the dose) were adminis-
tered intramuscularly (i.m.) into the semimembranosus
muscle using a 22 G cannula and a 1 ml syringe. The
identical injection sites were used for the first, second
and third immunisation.

Clinical evaluation for determination of response to
treatment
In each horse the locally treated melanoma and up to eight
additional melanoma lesions (“non-locally treated melan-
oma lesions”) were monitored prior to each injection and
on day 120 using calipers and ultrasound (LogiQ P5,
General Electrics, Connecticut, USA). The ultrasonographic
measurements were performed independently by two ex-
aminers. All measurements were performed in triplicates.
The length (mm, longest diameter), width (mm, perpen-
dicular to length), and depth (mm, only by ultrasound)
were documented and the tumor volume (cm3) calculated
(volume = length × width2 × 0.5 for caliper measurements
and volume = length × width x depth × 0.5 for ultrasono-
graphic measurements).
The relative volumes were calculated in reference to

the volume on day one (pre-dosing), which was defined
HNOLOGIES________________________



Table 1 Patient demographics and group assignment

Treatment
(encoded genes)

Horse ID Age
(years)

Breed Sex Color Number of
Melanoma

FNA Localisation

eqIL12, eqIL18 1 22 Warmblood m flea
bitten

>7 no vt, mu, o

2 18 Warmblood g flea
bitten

1 yes vt

7 20 Icelandic-Horse m white >7 yes pa, vt, ge

9 12 Berber m white >7 yes pa, vt, ge, p

12 11 Carmargue m dappled >7 no vt, pa, ge, p

13 11 Shetland g dappled 3 no pa, ge, vt

17 17 Andalusian m white >7 yes pa, vt, ge, mu,
o

23 14 Arabian g flea-
bitten

1 yes p

24 16 Warmblood m flea-
bitten

>7 yes pa, vt, ge

eqIL12, eqIL18, hgp100 3 18 unclassified g flea
bitten

1 yes pa

5 12 Andalusian m dappled >7 yes pa, vt, mu, p, o

6 18 Andalusian s white >7 no e, vt, ge

8 15 Berber s white >7 yes pa, vt

15 14 Andalusian s white >7 no pa, vt

18 16 Warmblood m white >7 yes pa, vt, ge

19 15 Arabian g flea-
bitten

>7 yes p

22 14 Warmblood m flea-
bitten

2 no pa, vt

27 22 Icelandic-Horse m flea-
bitten

>7 yes pa, vt, ge

eqIL12, eqIL18, htyr 4 19 Arabian s flea
bitten

>7 yes pa, vt

10 15 Arabian s white >7 yes pa, vt, mu

11 20 Carmargue s white 4 no vt

14 15 Shetland m white >7 no vt

16 13 Warmblood m flea-
bitten

2 yes pa, vt

20 22 Trakehner g white >7 yes pa, vt

21 19 Arabian g white 1 yes vt

25 13 Arabian m white >7 yes pa, vt, ge, mu,
o

26 11 Irish horse
(Hunter)

g white 1 yes vt

Legend:

m: mare vt: ventral tail e: eyelid

g: gelding p: parotid region mu: muscle

s: stallion ge: genitals o: other
regions

FNA: fine needle
aspirate

pa:
perianal
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Table 2 Treatment substances administered to horses of
the three treatment groups on days 1, 22 and 78

Vaccine component Dose per injection

Group
eqIL12/18

Group
hgp100

Group
htyr

MIDGE-Th1 eqIL12 200 μg 200 μg 200 μg

MIDGE-Th1 eqILRAPIL18 200 μg 200 μg 200 μg

MIDGE-Th1 hgp100 - 500 μg -

MIDGE-Th1 htyr - - 500 μg

SAINT 18 0.35 μmol 0.675 μmol 0.675 μmol
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as 100%. For all recorded non–locally treated melanoma
lesions of each horse, a mean value per time point was
calculated to statistically evaluate the effect on these tu-
mors, i.e. the systemic effect of the treatment. Further-
more, the change of tumor volume was calculated by
subtraction of the relative volume on day 1 (100%) from
the relative volume on day 120 (%), with a negative value
implying tumor reduction and a positive value standing
for tumor growth.
These measurements and calculations were used in

previous studies investigating the effect of gene therapies
against equine melanoma [28] and were found to be ap-
propriate for this mostly slow growing tumor and for
comparability with aforementioned studies.
Clinical evaluation of safety of treatment
Horses were hospitalized for 3 days after each injection.
Safety and tolerability of the treatment were evaluated
by clinical examination, hematologic and blood bio-
chemistry profile: a general clinical examination was per-
formed before injection, on each day of hospitalisation
and on day 120. A hematologic examination was realized
before injection, on the 3rd day after injection and on
day 120, a biochemistry profile was accomplished before
each injection and on day 120. The injection sites were
monitored for signs of local inflammation and depig-
mentation. Other pigmented skin areas (eyelids, nostrils)
were observed for signs of depigmentation.
Measurement of the immune response induced by
vaccination
To measure specific serum antibodies against hgp100
and htyr a cell based, flow cytometric antibody assay was
performed. Therefore, sera from the patients were ob-
tained before each injection and on day 120. The sera
were incubated with hgp100 and htyr plasmid trans-
fected HEK 293 cells. Evaluation was performed by flow
cytometry after staining bounded antibodies with a sec-
ondary antibody (see Appendix A, Additional file 1).
At any time post-vaccination a humoral response was

considered positive when fluorescence increased ≥ 3
__________________________ WORLD TEC
standard deviations over the mean value at baseline and
had an absolute value > 0.1%.
The establishment of an assay to detect a potential T-

cell response induced by the vaccine was not followed
up after transfection rates of primary autologous dermal
cells, derived from skin of patients were inconsistent and
low. Thus expression of antigens was insufficient to in-
duce T cell activation after co-culture of transfected cells
and peripheral blood mononuclear cells (data not
shown).

In vitro expression of transgenes eqIL12, eqIL18, htyr and
hgp100 on mRNA level
Chinese hamster ovary (CHO)-K1 cells (ATCC CCL-61)
were cultured in Ham`s F12 (10% FCS, 1% Penicillin/
Streptomycin) medium at 37°C in 5% CO2. Prior to
transfection the culture medium was removed, cells were
washed once with PBS, then detached with trypsin/
EDTA and 0.12E + 06 cells per well suspended in 500 μL
transfection medium (Ham`s F12 cell culture medium
w/o additives). 100 μL of each DNA/SAINT-18 complex
were prepared as follows: MIDGE-Th1 vectors were
mixed with previously vortexed SAINT-18 (0.75 mM) at
a ratio of 5 μl SAINT-18 per μg DNA and filled up to
100 μL with HBS. Complexes were allowed to form for
5 min. Cells were incubated with complexes containing
a) MIDGE-Th1 vectors encoding eqIL12 and eqIL18
(0.5 μg per vector), b) MIDGE-Th1 vectors encoding
eqIL12 (0.5 μg), eqIL18 (0.5 μg) and htyr (1.25 μg), c)
MIDGE-Th1 vectors encoding eqIL12 (0.5 μg), eqIL18
(0.5 μg) and hgp100 (1.25 μg) and d) MIDGE-Th1 vec-
tors encoding eGFP (1.25 μg) as positive control for the
transfection method and CHO-K1 expression efficiency
(measured by FACS). Salmon sperm DNA (Invitrogen)
served as negative control item. The DNA SAINT-18
complexes were added to the cells, followed by a brief
centrifugation step. After 2.5 hours of incubation, 1 mL
of complete Ham`s F12 was added and cells incubated
for 24 hours at 37°C in 5% CO2. Cells were harvested
and detached as described above, centrifuged and pellets
stored on ice until RNA was extracted using the
NucleoSpin RNA II Kit (Macherey & Nagel) as described
in provider`s instructions.
mRNA specific Reverse Transcription quantitative PCR

(RT-qPCR) was performed with 100 ng mRNA per reac-
tion using the TaqMan® RNA-to-CT 1-Step Kit (Applied
Biosystems) according to manufacturer`s instructions.
Primers and probes (TIBMOLBIOL, Berlin) had specific
sequences to generate and detect cDNA of eqIL12-p35
(fw 5`-AAATTGCTAACGCAGTCAGT-3`, rv 5`-GCT
AGCTCCGGAGTT-3`, probe FAM-CGACTGATCACA
GGGGTACC-BBQ), eqIL12-p40 (fw 5`-AAATTGCTAAC
GCAGTCAGT-3`, rv 5`-GACCAACCACTGGTGAC-3`,
probe FAM-CGACTGATCACAGGGGTACC-BBQ), eqIL18
HNOLOGIES________________________
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(fw 5`-AAATTGCTAACGCAGTCAGT-3`, rv 5`-GAGGC
CTCTGCAGATT-3`, probe FAM-CGACTGATCACAGGG
GTACC_BBQ), hgp100 (fw 5`-AAATTGCTAACGCAGTC
AGT-3`, rv 5`-AGCCAAATGAAGAAGGCATC −3`, probe
FAM-CGACTGATCACAGGGGTACC-BBQ) and htyr (fw
5`-AAATTGCTAACGCAGTCAGT-3`, rv 5`-CCACAGCA
GGCAGTAC −3`, probe FAM-CGACTGATCACAGGGGT
ACC-BBQ). Samples were measured in technical triplicates.

Statistical analysis
An Analysis of Variance (ANOVA) for repeated measure-
ments was performed to identify statistically significant
influences on the relative tumor volume. Parameters in-
cluded in the model were the individual horse, examin-
ation day (1, 22, 78, 120), treatment group (eqIL12/18,
hgp100, htyr), locally treated versus non-locally treated
melanoma lesions and examination method (caliper and
ultrasound with differentiation between the two exam-
iners). After starting with the full model, non-significant
variables and correlations were eliminated stepwise.
For post-hoc testing a Tukey-Kramer Multiple-Comparison

Test was performed to compare the relative volumes
on the different examination days.
An ANOVA for repeated measurements was performed

to analyse changes in body temperature over time. A one-
way ANOVA was used to evaluate differences in body
temperature between the groups.
A p–value < 0.05 was considered significant for all stat-

istical tests applied.
Statistical analyses were performed using the statistical

software JMP 8.0 (SAS Institute Inc., Cary, NC, USA)
and NCSS (NCSS, Kaysville, Utha, USA).

Results
Safety of treatment
Based on the clinical examinations of the horses the

vaccine was safe and well tolerated. The only consistent
abnormal finding was a significant increase in body
temperature on the day after injection (p < 0.00001,
Figure 1). No difference in body temperature between
the groups (p = 0.98) was observed. Hematology and
blood biochemistry profile revealed no abnormalities at
any time point. At the intradermal injection sites (3x27
injections = 81 injections in total), horses showed mild
subcutaneous swelling (81/81 injections), reddening (10/
81), exudation (7/81) and mild ulceration (2/81). These
signs of acute inflammation occurred within the first three
days after injection and resolved until the next treatment
except in horse 11 were they persisted for 21 days after
the first injection. Twentysix of 27 horses developed local
dermal depigmentation restricted to the intradermal injec-
tion sites, only. The depigmentation was first observed
after 22 days in 23 horses and after 81 days in 3 more
horses. There were no signs of depigmentation observed
__________________________ WORLD TEC
in the monitored pigmented regions or melanoma lesions.
No differences of local reactions were noted between
treatment groups. No local reactions were observed at the
sites of intramuscular injections.

Caliper and ultrasonographic measurements of tumor
size
In total 136 melanoma lesions (groups IL12/18: n = 42,
hgp100: n = 50, htyr: n = 44) were measured. After step-
wise elimination of insignificant variables and correla-
tions the only variable influencing the relative volume
was the examination day (p = 0.00001) and an individual
effect of the horses. Post-hoc testing showed a signifi-
cant decrease of the relative melanoma-volume over
time. Mean relative volume of all measured melanoma
decreased significantly to 71.5 ± 29.73% - equalling to
28.5% of tumor volume reduction - as measured by cali-
per and 87.0 ± 24.42% (13% tumor volume reduction),
82.1 ± 28.02% (17.9% tumor volume reduction) as mea-
sured by ultrasonography (ultrasound examiner 1, ultra-
sound examiner 2) (Figure 2, Table 3). The relative
tumor volume ranged from 0 to 205% (caliper) and 0 to
194, 196% (ultrasound examiner 1, ultrasound examiner
2) at day 120.

Measurement of the humoral response induced by
vaccination
No specific antibodies against htyr or hgp100 were de-
tected in equine sera collected on days 1, 22, 78 and 120
(see Additional file 2: Figure S1).
Proof of function of DNA vectors: In vitro expression
The expression of all encoded genes was proven on
mRNA level after transfection of cells in vitro. MIDGE-
Th1 vectors were used in mixtures at weight ratios equal
to those administered to the patients and complexed with
SAINT-18. The amount of cDNA generated from mRNA
was analysed in a RT-qPCR assay using a plasmid stand-
ard, allowing for detection and estimation of the mRNA
expression levels produced from individual transgenes.
eqIL12, eqIL18, htyr and hgp100 were shown to be
expressed from all respective mixtures of MIDGE-Th1
vectors (Table 4).

Discussion
In the present clinical study, three treatments with mix-
tures of MIDGE-Th1 eqIL12 and ILRAP-eqIL18 alone
or in combination with MIDGE-Th1 hgp100 or MIDGE-
Th1 htyr, all complexed with the cationic transfection
agent SAINT-18, resulted in a moderate reduction of the
relative volume of examined melanoma lesions (28.5%).
The lack of differences in treatment effects between the
three groups suggests that MIDGE-Th1 hgp100 or
HNOLOGIES________________________



Figure 1 Daily rectal temperatures (in °C) measured in 27 horses before each injection (1) and on three consecutive days. There was a significant
transient increase in the temperature on the first day after injection (Tukey-Kramer Multiple Comparison Test). The center horizontal line of
the box plot marks the median of the sample. The edges of the box mark the first and third quartiles. The dotted lines define the 75th
percentile plus 1.5 times the interquartile range (IQR) and the 25th percentile minus 1.5 times IQR. The singular dots represent the outside
values. *** Significant difference (p ≤ 0.0001).
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MIDGE-Th1 htyr did not augment the effect of the
other components of the treatment.
In former studies on equine melanoma the placebo

group showed progression or no change in size during
the study period of 64 days [28,31]. A placebo group was
not included in this study because a positive anti-
tumoral effect of treatment with interleukin-12 and −18
DNA had been demonstrated in these earlier studies.
Ethical considerations regarding withholding any poten-
tially effective treatment from client-owned horses pre-
cluded inclusion of an untreated cohort. However, it is
reasonable to attribute the tumor size reduction ob-
served in this study to the treatment, as no spontaneous
regression of equine melanoma lesions has been re-
ported up to date. Importantly, the size reduction was
not only seen in locally treated but also in non-locally
treated melanoma lesions indicating a systemic effect of
the treatment. Comparing the development of volume of
peritumorally treated and distant melanoma lesions,
there was no statistically significant difference observed.
The systemic effect might be based on a primarily un-
specific immune response that, in the presence of mel-
anoma antigens, converted into an anti-melanoma
specific immune response. However, this is a hypothesis
only since such aspecific immune response has not been
detected in our assays.
__________________________ WORLD TEC
The present study was the first to use a combination
of DNA vectors encoding eqIL12 and eqIL18 for the
therapy of equine melanoma. Previously either eqIL18 or
eqIL12 DNA injected intratumorally induced some size
reduction in equine melanoma lesions [28] but systemic
effects were not evaluated. Experimental studies in mice
[24,25] have proven synergistic effects of IL12 and IL18,
suppressing collateral [26] or distant tumor growth [20].
In the present study the cationic-amphiphilic transfec-

tion agent SAINT-18 was used to enhance expression
in vivo. SAINT-18 has been reported to strengthen the
immune response against antigens encoded by MIDGE-
Th1 vectors [32,30]. While the complexed DNA was
very well tolerated in mice and rats [30], in the horses of
the study presented here it caused local inflammation at
the site of intradermal injection. This could be either ex-
plained by an inflammatory reaction triggered by the
two expressed cytokines eqIL12 and eqIL18 upon trans-
fection of dermal cells, or respectively and by a higher
sensitivity of horses against DNA complexed with SAINT-
18. In mice, expressed cytokines were found to mediate
antitumoral effects by reduction of angiogenesis [20] as
well as improved cellular immunity represented by in-
creased IFNγ production and enhanced cytotoxic T- and
Natural Killer cell activities [25]. In addition to the local
reaction, horses developed fever on the day post injection,
HNOLOGIES________________________



Figure 2 (See legend on next page.)
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(See figure on previous page.)
Figure 2 a): Relative volumes (%) of locally and non-locally treated melanoma lesions calculated by caliper and ultrasound measurements (ultrasound
examiner 1 and 2) on days 1, 22, 78 and 120. Relative volume of melanoma lesions decreased significantly from day 1 to 120 (Tukey-Kramer Multiple
Comparisons Test). There were no statistically significant differences detected between the treatment groups, locally or non-locally treated melanoma
lesions and measurement modality/ultrasound examiner. Dots, squares and triangles represent the median and the vertical lines the standard deviations.
*** Significant difference (p≤ 0.0001). b): Relative volumes (%) of non-locally treated melanoma lesions calculated by caliper measurements on days 0, 22,
78 and 120. Relative volume of all non-locally treated melanoma lesions decreased significantly on day 120. There were no statistically significant
differences detected between the treatment groups. *** Significant difference (p≤ 0.0001). c): Relative volumes (%) of locally treated melanoma lesions
calculated by caliper measurements on days 0, 22, 78 and 120. Relative volume of all locally treated melanoma lesions decreased significantly on day 120.
There were no statistically significant differences detected between the treatment groups. . *** Significant difference (p≤ 0.0001). d): Relative volumes (%)
of non-locally treated melanoma lesions calculated by ultrasonographic measurements on days 0, 22, 78 and 120. Relative volume of all non-locally
treated melanoma lesions decreased significantly on day 120. There were no statistically significant differences detected between the treatment groups. .
*** Significant difference (p≤ 0.0001). e): Relative volumes (%) of locally treated melanoma lesions calculated by ultrasonographic measurements on
days 0, 22, 78 and 120. Relative volume of all locally treated melanoma lesions decreased significantly on day 120. There were no statistically significant
differences detected between the treatment groups. . *** Significant difference (p≤ 0.0001).

Table 3 Relative volume of melanoma lesions measured by calipers in individual horses on Day 120, and number of
new lesions by Day 120

Treatment
(encoded genes)

Horse ID % of reduction of the tumor volumes at day
120 in reference to the volume on day 1

Number of
new lesions

Peritumoral treated
melanoma lesion

Distant melanoma
lesions

eqIL12, eqIL18 1 −16 −35,- 31,-30,-17, 2, 7, 10, 23 0

2 −38 −40 0

7 −33 −69, −7, −4 0

9 2 −42, −24, −16 0

12 −35 −78, −49, −46, −42, −26 0

13 0 −39, −32 0

17 −43 −40, −11, −8 0

23 −47 - 0

24 −26 −40, −21, −19, −12, −8, −4, −3, −3 0

eqIL12, eqIL18, hgp100 3 48 - 0

5 −46 −56, −50, −36, 6 0

6 −31 −75, −61, −40, −33, −6 0

8 −59 −56, −49, −31, −31, −23, −15, 9, 22 0

15 −46 −58, −43, −37, −23, −27, −21, 0, 0 0

18 −16 −53, −41, −35, −25, −24, −23, −21, −20 0

19 −43 −36 0

22 −8 −47 0

27 −45 −73, −45, −23, −15, −12, 0 0

eqIL12, eqIL18, htyr 4 −59 −79, −50, −32, −27, −24, −14, −12, 105 0

10 −79 −65, −42, −32, −32, −22, −7, −5, 33 0

11 −25 −58, −56, −46 0

14 −71 −46, −32, −31 0

16 −1 −33 0

20 −20 −55, −46, −17, −15, −9, −5, −3, 12 0

21 −38 - 0

25 −18 −38, −30, −5, −15 0

26 7 - 0
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Table 4 Results of RT-qPCR to evaluate in vitro expression of transgenes from MIDGE-Th1 vectors encoding eqIL12,
eqIL18, htyr and hgp100

MIDGE-Th1 Estimated mRNA/cDNA copy numbers per transgene (Ct values)

Vectors [μg] eqIL12-p35 eqIL12-p40 eqIL18 htyr hgp100

eqIL12, eqIL18 [0.5 + 0.5] 1.14 + E03(27) 1.52 + E04(23) 3.16 + E03(25) < LOD < LOD

eqIL12, eqIL18, htyr [0.5 + 0.5 + 1.25] 1.01 + E03(28) 2.10 + E04(23) 5.23 + E03(25) 3.01 + E04(22) < LOD

eqIL12, eqIL18, gp100 [0.5 + 0.5 + 1.25] 9.10 + E02(28) 9.79 + E03(24) 1.98 + E03(26) < LOD 1.30 + E04(23)

LOD (limit of detection): = < 25 copies/reaction.
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a systemic reaction to the treatment. Dow et al. [33]
showed that i.v. injections of plasmid DNA complexed
with lipid-protamine with non-coding DNA, resulted in
local inflammation of the lung and other organs of mice.
Thus, it is possible that in the present study fever and the
local inflammation were in part induced by the complexes
of DNA and transfection agent. In mice injection of
SAINT-18 formulated DNA was tolerated well. Neither
local nor systemic signs of intolerance were observed [30].
The use of SAINT-18 in pigs proved to enhance their
humoral immune response to DNA vaccination. The study
did not mention adverse side effects of the transfection re-
agent [32]. However both, the fever as well as the signs of
acute inflammation were transient and are therefore con-
sidered not to be a serious drawback regarding the safety
of the vaccination. As Dow et al. [33,34] showed also that
lipoplexes with DNA encoding IL12 induced a more
effective antitumor response than lipoplexes with non-
coding plasmid DNA in mice the effect of the DNA-
SAINT-18-complex might have potentially enhanced the
antitumoral effect of the Interleukins.
The tumor size reduction in the present study was

moderate and – according to the Response Evaluation
Criteria In Solid Tumors (RECIST) [35] or immune-
related Response Criteria (irRC) [36] used in human
medicine - would not be considered as tumor regression
but as stable disease. However, Wolchok et al. consider
stable disease as a positive therapeutic outcome in can-
cer immunotherapy [36].
Dosages of 100, 500 and 1500 μg plasmid DNA for

hgp100 in humans [8] and for htyr in dogs [12] suc-
cessfully induced detectable immune responses. In the
studies of Lembcke et al. [17] and Phillips et al. [37] a
dosage of only 100 μg plasmid induced a measurable,
though variable and relatively weak, immune response
in nontumor-bearing healthy horses. Thus the doses
used in our study, i.e. 500 μg per antigen encoding
MIDGE-Th1 vector per application should have been
appropriate to induce a detectable immune response.
Moreover, MIDGE-vectors are devoid of plasmid back-
bone DNA and therefore have a smaller molecule size,
so their effective transgene dose per microgram DNA is
much higher than that of conventional plasmids [30].
__________________________ WORLD TEC
Tyrosinase and gp100 were found to be (over-)expressed
in equine melanoma lesions [32,38,39]. Homology be-
tween equine and human proteins is comparable to the
proteins of mice compared to human for gp100 [75.5%
[16]] and canine tyrosinase as well as the mouse and hu-
man equivalent [84.4% and 87.5% [12]]. Since xenogenic
DNA vaccination encoding these proteins in mice and dogs
induced an antitumoral immune response [10-12,14,16] it
can be assumed that the proteins chosen and the differ-
ence in the amino acid sequence are adequate.
The vaccination interval used in the recent study is

comparable to immunisation strategies for infectious
diseases and also to a therapeutic vaccination protocol
against melanoma in humans [40]. However, vaccination
against tumors generally elicits a weaker immunity than
vaccination against infectious diseases [41]. In other
studies, in which an immunological response was suc-
cessfully induced, more frequent application schemes for
therapeutical antitumor vaccines [8,12,13] or cytokine
gene therapy were used [42]. Lembcke et al. [17] vacci-
nated healthy horses four times with human tyrosinase
DNA every two weeks, resulting in the successful induc-
tion of specific antibodies and IFNγ producing cells.
They stated that the altered immunologic status of
tumor-bearing patients (tumor tolerance) might make it
more challenging to induce a specific immune response
to tumor antigens than in healthy animals [17].
No specific humoral response could be observed in

the present study.. In future studies additional tests to
evaluate the cellular immune response [17] might give
additional information about immunological mecha-
nisms. However, in contrast to studies by Lembcke
et al. [17] and Phillips et al. [37], we treated melanoma-
bearing horses which might have developed an immune
tolerance to gp100 and tyrosinase previously. To over-
come this specific immune tolerance, higher DNA doses
encoding xenogenic antigens and/or a more condensed
immunisation schedule than in the present study might be
necessary to induce a detectable immune response.

Conclusions
In the present study, treatment of horses with MIDGE-Th1
vectors encoding eqIL12 and ILRAP-eqIL18 alone or in
HNOLOGIES________________________



188 Animal Health and Nutrition
combination with MIDGE-Th1 vectors encoding hgp100 or
human htyr, all complexed with the transfection agent
SAINT-18 resulted in a measurable systemic antitumoral
effect on equine melanoma lesions. To our knowledge this
is the first report on a systemic antitumoral effect against
equine melanoma upon treatment with DNA vectors.
Because no specific immune response was detected, it

remains to be elucidated whether this systemic antitu-
moral effect was caused by interleukins expressed from
the DNA vectors, or an unspecific immune reaction to
the combination of DNA and transfection reagent.
In future studies, a stronger anti-tumoral effect as well

as a detectable specific immune response may be in-
duced by an increased vaccine dose and/or an improved
dosing schedule. Additionally, more sensitive immune
assays should be applied to characterize the immune re-
sponse in detail.
Additional files

Additional file 1: Contains supplementary text file 1.

Additional file 2: Figure S1. No specific antibodies were detected in
serum samples from vaccinated horses on days 1, 22, 78 and 120.
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Evaluation of the efficacy of meloxicam for
post-operative management of pain and
inflammation in horses after orthopaedic surgery
in a placebo controlled clinical field trial
Ulrich Walliser1, Albrecht Fenner2, Nicole Mohren2, Thomas Keefe3, Frerich deVries2 and Chris Rundfeldt4*
Abstract

Background: The benefit of pre and post-operative administration of non-steroidal anti-inflammatory drugs for the
relief of post-operative pain and control of inflammation in horses following orthopaedic surgery has not been
previously investigated in controlled clinical field trials, and the utility of such treatment is a matter of ongoing
dispute. Recently the utility of post-operative pain management was emphasized. It was therefore our aim to
determine the efficacy of meloxicam in horses following partial resection of fractured splint bones. This condition
was selected since the limited extent of the insult and the defined surgical intervention allowed the conduct of a
randomized, double blinded, placebo-controlled, parallel group, multi-centre clinical field study in a homogenous
patient population.

Results: Sixty-six client owned horses requiring unilateral partial splint bone resection were recruited in 15 centres
in Germany and were allocated in a 1:1 ratio to receive meloxicam, 0.6 mg/kg for 5 days.
Lameness at trot grades prior to surgery were similar in the meloxicam and placebo treatment groups but were
significantly lower in the meloxicam group on day 6 post surgery. Clinical scores for soft tissue swelling and
assessment of analgesic and anti-inflammatory efficacy by the investigators at the end of the study were
significantly better for the meloxicam compared to the placebo group. No treatment-related adverse reactions
were observed.

Conclusion: The administration of meloxicam i.v. once prior to surgery followed by once daily oral administration
for four consecutive days is efficacious for the control of post-operative pain and inflammation in horses
undergoing orthopaedic surgery.

Keywords: Horse, Orthopaedic surgery, Post-operative, Pain control, Non-steroidal anti-inflammatory, Meloxicam,
Splint bone fracture, Partial resection, Lameness at trot
Background
Surgical intervention on distal extremities in horses is a
standard of care for many orthopaedic conditions in-
cluding splint bone fractures, condylar fractures, arthro-
scopic joint revisions, and various other conditions [1-3].
While orthopaedic surgical procedures are well estab-
lished, the medical management of pain and inflamma-
tion resulting from such intervention remains to be an
* Correspondence: chris.rundfeldt@t-online.de
4Drug-Consulting Network, 01445 Coswig, Germany
Full list of author information is available at the end of the article
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under-addressed field. The benefit of pain management
during and after orthopaedic surgery is a matter of con-
troversial discussion. In the past it has been suggested
that analgesics be withheld in equine patients to main-
tain protective reflexes and reduce the risk of injury [4],
but more recently the utility of post-operative pain man-
agement was emphasized [4-6].
Nonsteroidal anti-inflammatory drugs (NSAIDs) are ex-

tensively used as analgesics in veterinary medicine, having
proven efficacy in dogs and cats for post-operative pain
management in orthopaedic surgery [7]. NSAIDs combine
HNOLOGIES________________________
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analgesia with anti-inflammatory activity. This pharma-
cology is the result of their inhibition of the cyclooxy-
genase pathway and prevention of the formation of
pro-inflammatory prostaglandins at the site of injury
[8]. Despite recommendations for the use of NSAIDs in
equine orthopaedic surgery [5,9,10], evidence for effi-
cacy from controlled clinical field studies is limited
[4,11]. Meloxicam is an NSAID which is licensed and
widely used for the treatment of pre- and post-operative
pain and inflammation following orthopaedic and soft
tissue surgery in cats and dogs [12]. It is licensed for use
in horses for the alleviation of inflammation and relief
of pain in both acute and chronic musculo-skeletal dis-
orders as well as for the relief of pain associated with
colic [13]. The anti-inflammatory efficacy of meloxicam
in equines has been demonstrated in pharmacodynamic
and pharmacokinetic studies [14,15]. But to date no data
are available supporting its use in post-operative pain
control in orthopaedic surgery.
The objective of this study was to examine the effi-

cacy of meloxicam for the control of post-operative
pain and inflammation in horses undergoing ortho-
paedic surgery in a double-blind placebo-controlled
study. Partial resection of fractured splint bones is a
small, well defined surgical intervention. This condition
was therefore selected as a condition to demonstrate
clinical efficacy of meloxicam. Both, the limited extent
of pre-surgical pain and the limited and standardized
surgical intervention, which involves only non-weight
bearing structures and which likely does not result in
severe pain, enables a placebo controlled study ap-
proach. Part of the data have been previously published
in abstract form [16].
Methods
The study was designed as a randomized, double blind,
placebo-controlled parallel group multi-centre clinical
field study using two treatment groups with equal num-
bers of clinical cases per group and was conducted in
compliance with good clinical practice [17]. The use of
a placebo in the clinical field trial setting of the present
study can be justified by the low level of post-operative
pain induced by the limited surgical intervention, non-
availability of a licensed veterinary medicine for peri-
operative treatment, or at least a drug with proven
clinical evidence for efficacy, as comparator for the
clinical indication investigated. The study was approved
by the local competent authority of the principle inves-
tigator Dr. Walliser, Regierungspräsidium Karlsruhe,
Baden-Würtemberg, Az. 35–9182.00, and by all local
authorities of all participating study centres in full compli-
ance with German drug law, and by the local animal wel-
fare officer of Boehringer Ingelheim Vetmedica GmbH.
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Animals
Client owned horses requiring orthopaedic surgery for a
closed splint bone fracture associated with marked exo-
stosis and development of connective tissue indurations
were eligible for inclusion in the study with the consent
of the owner. Exclusion criteria were defined as pregnant
mares, foals less than 6 weeks of age, horses with distal
fractures of the splint bones with absolutely non-reactive
tissue, compound fractures, proximal fractures which re-
quired internal fixation, lameness of other origin (e.g.
coffin joint, fetlock joint), or clinical chemistry values in-
dicative of hepatic, renal or hemorrhagic disease. Prior
treatment with short acting corticosteroids or NSAIDs
during the previous 8 days or treatment with long acting
corticosteroids during the previous 8 weeks also pre-
cluded inclusion in the study.

Treatments
Premedication for surgery was performed according to the
study site’s usual practices (except for any treatment that
might have affected or masked the clinical symptoms of
post-operative pain (e.g. NSAIDs and corticosteroids). For
pain control during surgery only drugs with duration of
action of up to 4 hours were permitted. In most cases
L-methadone and/or ketamine were administered; the
use of these analgesic agents did not differ between the
two treatment groups. Induction and maintenance of in-
halation anaesthesia was also performed according to
the study site’s usual practices. To control for potential
exaggerated pain after surgery during the study conduct,
butorphanol was allowed as a rescue medication for the
control of very strong pain but was not required or used
in any case.
After an initial examination and confirmation of eligibil-

ity for inclusion in the study, the horses were allocated
according to a randomization list to one of two treatments
as follows: (i) a single intravenous injection of meloxicama

(0.6 mg/kg b.w.) immediately prior to premedication
followed by (starting on the following morning) 4 once
daily oral administrations of meloxicamb at the same dos-
age; or (ii) a single intravenous injection of placebo imme-
diately prior to premedication followed (starting on the
following morning) by 4 once daily equivalent volume oral
administrations of placebo. The parenteral and oral investi-
gational interventions for the two treatment groups looked
identical and were identically packaged and labelled. The
formulation of the placebo was identical to that of the ac-
tive treatment except for the absence of the active ingredi-
ent. The administration of the interventions was carried
out by the blinded investigator at each study site.

Clinical examinations
General characteristics (e.g. age, breed, and bodyweight),
blood chemistry profile, affected limb, site and date of
HNOLOGIES________________________
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the splint bone fracture, and duration of lameness before
surgery were recorded, and diagnosis was confirmed by
radiographic assessment before surgery. Daily monitor-
ing included body temperature (°C), heart rate (beats/
minute), respiratory rate (breaths/minute) and food in-
take (scoring system: 0, unchanged (normal); 1, reduced
by ≤ 1/3; 2, by ≥ 1/3; 3, none). Immediate post-surgery
recovery was assessed in terms of the number of attempts
which the horses made to stand until they actually man-
aged to remain standing upright and the interval between
the time of extubation and the time when the horse was
able to remain standing upright.
The primary endpoint was prospectively defined as

lameness at trot (LAMET) (prior to and at 3 and 6 days
after surgery) according to the severity of lameness grad-
ing system of the American Association of Equine Prac-
titioners (AAEP) [18]. LAMET was not assessed on day
1 post surgery due to the proximity to the surgery. To
evaluate the level of pain perception at rest throughout
the study, lameness at walk (LAMEW) was assessed
prior to and at 1, 3 and 6 days after surgery. Assessment
of soft tissue swelling, wound healing and analgesic and
anti-inflammatory efficacy were additional secondary
endpoints. At the surgical site, soft tissue swelling was
evaluated on Days 1, 3 and 6, and local palpatory pain
on Days 3 and 6, using a 4 point scoring system for both
endpoints with 0, 1, 2, 3 indicating none, mild, moderate
and severe, respectively. The circumference (cm) of the
affected area and wound healing at the surgical site were
evaluated on Days 3 and 6; wound healing was scored as
either: 0, no signs of complications; 1, increased local
temperature; 2, wound secretion; 3, suture dehiscence
and 4, other complications such as wound infections.
Dressings were changed on Days 3 and 6. At the end of
the study the investigator provided a general assessment
of analgesic and anti-inflammatory efficacy of the treat-
ment for each horse using a 4 point grading system
whereby 1, 2, 3 and 4 denoted excellent, good, moderate
and poor, respectively.

Data analyses
Baseline characteristics for the horses in the study were
summarized using descriptive statistics. Data for LAMET
and LAMEW were analysed using ordinal logistic regres-
sion (OLR) analysis [19] with treatment as the main effect,
first with all six AAEP categories and then for LAMET
also with a reduced lameness scale, which was constructed
post-hoc to focus on clinically relevant lameness at trot
(CRLAT): 1, none or minimal (i.e. combination of AAEP
grades 0 and 1); 2, mild (i.e. AAEP grade 2); and 3, moder-
ate to severe (i.e. combination of AAEP grades 3, 4 and 5).
To adjust for potential differences in severity of lameness
prior to treatment (Day 0), the LAMET and CRLAT data
on both study days 3 and 6 were also evaluated using the
__________________________ WORLD TEC
OLR analysis with adjustment for the respective values at
Day 0. For this purpose, the OLR model included two cat-
egorical variables, treatment (Meloxicam or placebo) as
the main effect and LAMET or CRLAT, respectively, at
Day 0 as a potential confounder [19,20].
Data on the categorical secondary efficacy variables

(assessments of soft tissue swelling and local palpatory
pain at the surgery site, wound healing and the general
assessment of analgesic and anti-inflammatory efficacy)
were evaluated statistically via chi-square analyses. Data
on the quantitative traits, i.e. circumference of the most
severely affected area, rectal temperature, heart rate, and
respiratory rate, were evaluated using repeated-measures
analysis of variance or covariance with treatment and day
as fixed effects and, for each of the three physiological var-
iables, with the corresponding values at Day 0 as a covari-
ate. The analysis of each of these four variables included
Tukey-Kramer mean comparisons between the meloxi-
cam and placebo treatment groups both overall and on
each study day. All statistical analyses were carried out
using the SAS computer software package [20].

Results
A total of 15 investigators contributed 66 clinical cases
in the study. Six of the cases enrolled (two in meloxicam
and four in placebo group) were subsequently found to
be in violation of the inclusion/exclusion criteria and
were not further considered in the evaluation of the re-
sults for efficacy. Two cases on placebo had two fractures;
one horse on placebo got a 2nd fracture on the day after
surgery preventing adequate evaluation of lameness com-
pared to pre-surgery; in three horses (one in the placebo
group and two in the meloxicam group), the required pre-
study procedures were not performed according to proto-
col or were not documented correctly, preventing the
evaluation of treatment efficacy for these cases. All 6 were
excluded from the primary study population.
Population characteristics of the meloxicam and placebo

groups were well balanced. In particular, more than 80 %
of the horses in both treatment groups were Warmbloods,
and the two treatment groups were well balanced with re-
spect to sex, age, bodyweight and duration of lameness
prior to surgery (Table 1). The treatment groups were
broadly similar with regard to the radiographic assessment
of the affected splint bone prior to surgery and with regard
to both the location of the fracture and the severity of
callus formation. Fractures were most frequently pre-
sented in one of the forelimbs in both treatment groups
and represented 54.8 and 69.0 % of the cases in the melox-
icam and placebo groups, respectively. The distribution of
fractures between left and right limbs was equal for the
two groups. Mild to moderate callus formation was ob-
served in 96.8 and 93.1 % of the cases in the meloxicam
and placebo groups, respectively.
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Table 1 Demographics of study population

Treatment Number of
cases [n]

Race distribution:
Warmblood /Pony /
Other [%]

Sex: Female /Male /
Neutered male [%]

Age [years,
mean ± SD]

Weight
[kg, mean ± SD]

Lameness duration
[days, mean ± SD]

Meloxicam 31 83.3 / 13.3 / 3.3 60 / 4 / 36 9.5 ± 4.9 537 ± 96 23.2 ± 18.4

Placebo 29 86.2 / 3.5 / 10.4 52.2 / 13 / 34.8 10.2 ± 3.7 539 ± 107 25.0 ± 24.8
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Lameness at trot (LAMET) was determined on Day 0
prior to surgery and again on Day 3 and Day 6; the dis-
tribution of LAMET scores are summarised in Table 2.
As determined by OLR, the lameness scores on Day 6
were significantly lower in the meloxicam group as com-
pared to the placebo group (p = 0.007), indicating a sig-
nificant clinical effect of meloxicam treatment. A similar
trend towards a positive treatment effect, although not
statistically significant (p = 0.067), was seen on Day 3.
However, more cases with no or minimal lameness were
included in the meloxicam group; 38.8 % of horses in
the meloxicam group had either no or only minimal lame-
ness at trot on Day 0 compared to 20.6 % for the placebo
group (Table 1). The frequency of horses with moderate
lameness (grade 3) was comparable in both groups (48.4 %
and 55.2 %). While the difference in LAMET on Day 0
was not statistically significant (p = 0.162), a baseline ad-
justment in the evaluation of the treatment success was
deemed appropriate to correct for a potential advantage
Table 2 Distribution of study horses by the AAEP grade for
lameness at trot (LAMET) on study days 0, 3, and 6 for the
meloxicam and placebo treatment groups

Lameness at Trot Meloxicam Placebo

Day Grade N % N %

Day 0 None (0) 10 32.3 3 10.3
Minimal (1) 2 6.5 3 10.3

Mild (2) 3 9.7 5 17.2

Moderate (3) 15 48.4 16 55.2

Serious (4) 1 3.2 2 6.9

Severe (5) 0 0.0 0 0.0

Day 3 None (0) 8 25.8 4 13.8
Minimal (1) 3 9.7 2 6.9

Mild (2) 8 25.8 4 13.8

Moderate (3) 9 29.0 15 51.7

Serious (4) 3 9.7 3 10.3

Severe (5) 0 0.0 1 3.5

Day 6 None (0) 12 38.7 4 13.8
Minimal (1) 11 35.5 11 37.9

Mild (2) 5 16.1 2 6.9

Moderate (3) 3 9.7 10 34.5

Serious (4) 0 0.0 2 6.9

Severe (5) 0 0.0 0 0.0

Total 31 100.0 29 100.0
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for the meloxicam group. Even with baseline adjust-
ment, the meloxicam-treated animals had significantly
less severe lameness on Day 6 (p = 0.040, Table 3).
Application of the same statistical analyses to the data
on the more clinically relevant lameness scale CRLAT
yielded essentially similar results, however the treat-
ment effect on Day 3 was now very close to being sig-
nificant (p = 0.053, Table 3).
LAMEW scores were very low prior to, on the day

after surgery, and throughout the study (Table 4). In fact,
the measurements taken indicated only scores of 0 to 2
(none, minimal, or mild lameness), and the majority of
measurements throughout the study reflected a score of
0, representing no lameness at all at walk. There was no
difference between the placebo and the treatment group
for this measure at any day, and the post-surgical grades
were not significantly higher than the pre-surgical ones.
There was only one animal from the placebo group which
was reported on day 3 only to have a LAMEW score ex-
ceeding 2. The animal otherwise did not show any clinic-
ally relevant sign of pain at rest and therefore rescue
medication was not applied.
The significant treatment effect of meloxicam as seen for

the primary efficacy variable LAMET was also reflected in
secondary endpoints. The treatment groups were signifi-
cantly different in terms of the general assessment of anal-
gesic efficacy at the end of the study (p = 0.029, Figure 1).
Based on combining the categories "Moderate" and "Poor"
to reflect treatment failure and "Excellent" and "Good" to
reflect treatment success, meloxicam treatment was judged
to be successful in 83.9 % of cases, compared to 51.7 % in
placebo-treated animals (p = 0.008). Soft tissue swelling at
the surgical site did not differ between the two treatment
groups on study days 1 and 3 (p = 0.380 and p = 0.292, re-
spectively) but was significantly less in the meloxicam
group on Day 6 (p = 0.010, Figure 2). In particular, the per-
cent of horses categorized as having moderate to severe
swelling of soft tissue at the surgical site on Day 6 was only
9.7 % in the meloxicam group compared to and 34.4 % in
the placebo group.
The treatment group scores for local palpatory pain at

the site of surgery, circumference of the most severely
affected area of the affected limb, and the scores for
wound healing were similar at the various assessment
time points in the study. There was no evidence for any
significant difference between the two treatment groups
with respect to food intake, rectal temperature or heart
HNOLOGIES________________________



Table 3 Summary of the statistical analysis of the primary
parameter lameness at trot (LAMET) and clinically relevant
lameness at trot (CRLAT)

Variables Probability value Variables Probability value

LAMET on Day: CRLAT on Day:

Day 0 0.162 Day 0 0.256

Day 3 0.067 Day 3 0.053

Day 6 0.007 Day 6 0.027

LAMET adjusted for day 0
value at Day:

CLRAT adjusted for day 0
value at Day:

Day 3 0.479 Day 3 0.112

Day 6 0.040 Day 6 0.043

Results of the ordinal logistic regression (OLR) analysis of LAMET and CRLAT
at Days 0, 3, and 6 and at Days 3 and 6, adjusted for the values at Day 0,
based on including Day 0 in the OLR model as a categorical variable. CRLAT
calculation was based on combining AEEP grades 0 and 1 and combining
grades 3 to 5 to generate a 3-point scale.

Figure 1 General assessment of treatment success on Day 6.
Distribution (%) of the categories for the general assessment of
analgesic and anti-inflammatory efficacy of treatment for the
meloxicam and placebo treatment groups on Day 6. Treatment groups
were significantly different based on chi-square analysis (p = 0.029)
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rate at any of the assessment time points in the study.
Post-surgery recovery assessments in terms of the num-
ber of attempts which the horses made to stand until
they actually managed to remain standing upright and
the interval between the time of extubation and the time
when the horse was able to remain standing upright
were similar for both groups. No abnormality was ob-
served in the localisation of callus formation in more
Table 4 Distribution of study horses by the AAEP grade for
lameness at walk (LAMEW) on study days 0, 1, 3, and 6 for the
meloxicam and placebo treatment groups

Lameness at Walk Meloxicam Placebo
Day Grade N % N %

Day 0 None (0) 22 71.0 21 72.4
Minimal (1) 1 3.2 4 13.8

Mild (2) 8 25.8 4 13.8

Moderate to severe (3–5)1 0 0.0 0 0.0

Day 1 None (0) 20 64.5 16 55.2
Minimal (1) 2 6.5 6 20.7

Mild (2) 9 29.0 7 24.1

Moderate to severe (3–5)1 0 0.0 0 0.0

Day 3 None (0) 22 71.0 19 65.5
Minimal (1) 7 22.6 6 20.7

Mild (2) 2 6.5 3 10.3

Moderate to severe (3–5)1 0 0.0 1 3.4

Day 6 None (0) 29 93.5 23 79.3

Minimal (1) 2 6.5 4 13.8

Mild (2) 0 0.0 2 6.9

Moderate to severe (3–5)1 0 0.0 0 0.0

Total 31 100.0 29 100.0
1Since all but one horse had LAMEW grades lower than 3, the grades 3–5
were combined.
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than 80 % of the cases in both treatment groups. No ad-
verse events were observed in any of the horses, and all
were returned to their owners at the end of the study.

Discussion
Good pain control after surgery has been recognized as
important component to prevent negative outcomes in-
cluding poor wound healing and prolonged recovery
[21]. Exacerbations of acute pain can lead to neural
sensitization and release of mediators both peripherally
and centrally, contributing to delayed recovery. This
phenomenon, called wind up, was found to be caused
by N-Methyl D-Aspartate (NMDA) receptor activation
mediated central sensitization, long-term potentiation
of pain (LTP), and transcription-dependent sensitization
[22]. The knowledge of these pathways has led to increased
awareness on post-operative pain and has changed the atti-
tudes towards pain management [22]. Both in human
medicine and in small animal medicine, post-operative in-
tensive pain management is now standard [21,22].
In contrast, the utility of post-operative pain manage-

ment in horses undergoing orthopaedic surgery is still a
matter of controversial discussion, since pain is seen as a
protective mechanism resulting in reduced usage of the
affected limb [4]. The fallacy, however, that pain is pro-
tective and must be allowed to avoid risk for damage after
surgery should be challenged. Post-operative analgesia is
directed at aching pain, whereas sharp pain associated
with inappropriate movements persists [21]. While theor-
etical evidence is strong in support of post-operative pain
management in horses undergoing orthopaedic surgery,
and while post-operative pain management is used at least
in a fraction of horses undergoing castration [23], clinical
proof of improved outcome due to pain management is
limited. In fact, only one placebo-controlled small clinical
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Figure 2 Effect on soft tissue swelling. Distribution (%) of the
categories for soft tissue swelling at the surgical site on study days
1, 3, and 6 for the meloxicam and placebo treatment groups.
Treatment groups were not significantly different on study days 1
and 3 (p = 0.380 and p = 0.292, respectively) but were significantly
different on day 6 (p = 0.010) based on chi-square analysis with the
"Moderate" and "Severe" categories combined
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field study in horsed was identified evaluating the use of
NSAIDs in post-operative pain management [11]. In that
study in horses undergoing arthroscopic surgery, phenyl-
butazone was found to reduce the pain severity if assessed
using a composite pain score, but due to the low number
of cases involved (15 on phenylbutazone and 10 on
placebo), the study failed to demonstrate statistically sig-
nificant and clinically meaningful effects. That study also
demonstrated the difficulties associated with pain assess-
ment in horses after surgery, which is especially challen-
ging when multiple investigators are involved, resulting in
inter-rater variability [24-26].
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Therefore, the current study was designed to reduce
variability where possible. The surgical condition selected,
i.e. unilateral closed splint bone fracture with marked exo-
stosis and development of connective tissue induration, is
a condition found in sufficient frequency to recruit a siz-
able clinical study in a multi-centre setting. At the same
time, the condition is relatively homogenous, and the
surgical procedure involved is well defined and limited in
extent, thereby reducing the variability within the trial
population. Since no weight bearing structures are directly
involved, horses can be expected not to suffer from un-
acceptable postoperative pain during rest, enabling the use
of placebo. In fact, while the short-acting morphine de-
rivative butorphanol was allowed as rescue medication, no
case required its use. Instead of attempting to quantify
pain, we selected lameness as the primary outcome in that
it reflects the pain perception of the affected horse. Lame-
ness quantification using the AAEP scale is a routine pro-
cedure well established at all participating study sites. Two
different conditions were evaluated. LAMET was selected
to represent the pain perception arising from tissue move-
ments in the surgical region induced by forcing the horses
to trot. LAMEW was selected to represent the pain per-
ception during rest and walking, and this measure was se-
lected to best reflect the overall suffering level during the
recovery. As can be expected from the medical condition,
LAMEW was very low throughout the study and did not
differ between the placebo and the treatment group, indi-
cating that placebo animals were not exposed to unaccept-
able pain (Table 4).
We selected meloxicam as the trial drug because it is

licensed for use in horses for the alleviation of inflamma-
tion and relief of pain in both acute and chronic musculo-
skeletal disorders, as well as for the relief of pain associated
with colic [13]. Information on pharmacokinetic and phar-
macodynamic relationship in orthopaedic conditions, as
well as safety of single and multiple doses, is available
enabling the selection of the dose and dosing interval
[15,27,28]. While phenylbutazone is frequently used in
horses, its use is associated with the highest rate of ad-
verse events of NSAIDs, with a stronger effect on gastric
mucosa as compared to meloxicam, and, therefore, was
not considered as study medication [29,30].
Using this study design, we were able to demonstrate

that preoperative and post-operative administration of
meloxicam resulted in a significant reduction in lameness
on the 6th day after surgery, indicating that the recovery in
animals receiving pain treatment was accelerated com-
pared to placebo-treated animals. This positive effect was
also reflected by the significantly improved overall clinical
assessment of treatment success, reflecting both a signifi-
cant better analgesia and a significant reduction in soft tis-
sue swelling on day 6. The reduced lameness on day 6 is
clinically relevant, since it reduces the risk for development
HNOLOGIES________________________
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of support-limb laminitis, an unfortunate sequela that can
render prior surgery needless and that often leads to the
demise of the affected horse [5].
The strongest clinical effects were seen on day 6 after

surgery, while immediately after surgery there was no
difference as assessed by number of attempts to stand
until managing to remain standing and time from extu-
bation to time to remaining to stand upright. This indi-
cates that early recovery from surgery may rather be
related to anaesthetic procedures, which did not differ
between groups, than to post-operative pain control. In
fact, the pain related to the selected surgical procedure
can be expected to be rather limited, having little effect
on time to recovery from anaesthesia. Our data indicate
that, in conditions with limited surgical intervention, early
recovery cannot be improved with post-operative pain
management. On day 3 after surgery, there was a trend, al-
though not statistically significant, towards reduced lame-
ness (Table 3). The reduced efficacy on day 3 compared to
day 6 was somewhat unexpected. One reason for the de-
layed manifestation of clinical benefit may be the selected
treatment scheme. The analgesia of an intravenous dose
of 0.5-1 mg/kg meloxicam lasts in horses up to 24 hours,
supporting once daily dosing [15]. In our study, an intra-
venous dose of 0.6 mg/kg was given immediately prior to
pre-medication of anaesthesia, and the first post-surgical
oral dose was administered about 24 hours later in the
morning on the day following the surgery. An analgesia
gap due to switching from intravenous to oral dosing
could be a potential concern for inappropriate post-
surgical pain relief [4,27]. In future studies, a more
aggressive early treatment, potentially involving a 2nd

intravenous dose, timed to bridge the gap until oral
treatment reaches effective plasma levels, may result in
even further improved outcome.
Our primary endpoint was based on lameness assess-

ment using the 6-point AAEP scale for lameness at trot.
Unfortunately, lameness evaluation is afflicted with low
reproducibility, especially if low grades of lameness are
involved, even if experienced raters are involved [18].
When the mean lameness AAEP score was lower than 1.5,
the inter-rater agreement whether a respective limb was
lame or not was only 61.9 %, while it was 93.1 % if the
lameness score was >1.5 [18]. In view of this problem, we
evaluated whether a reduction of the number of lameness
scores could increase the sensitivity of this scale to treat-
ment effects. For this purpose, the AAEP scores 0 and 1
were grouped to present the positive outcome of none or
minimal lameness, while the scores 3–5 were grouped as
moderate to severe lameness, leaving score 2 as well
recognizable, but mild lameness. This lameness scale, re-
vised to represent clinically relevant differences, aimed at
reducing the uncertainty of evaluating low grades of lame-
ness and also at avoiding the need for rating different
__________________________ WORLD TEC
grades of moderate to severe lameness. Based on applica-
tion of this scale, the study result obtained was essentially
similar but the difference on day 3 became almost statisti-
cally significant (p-value = 0.053, Table 3). This indicates
that the reduced lameness scale may present a method
which is less affected by inter-rater variability.
In carefully reviewing the data, it became evident that,

despite the blinded randomization of the cases resulting
in equal distribution of cases with regard to race, sex, age,
weight, and lameness duration, there was a slight but sta-
tistically non-significant difference in pre-randomization
lameness grade, with a tendency towards less severe lame-
ness in the meloxicam group. While the study aimed at
evaluating the drug effect on surgical pain, this slight dif-
ference could have influenced the study outcome. There-
fore, the OLR analysis of lameness was repeated for day 3
and 6 with adjustment for day 0 values. This adjustment
was without effect on the overall study outcome on day 6.
During the course of the study, no treatment-related

adverse events were recorded, but this was expected
given that meloxicam was dosed in accordance with the
label and that known NSAID related toxicity, including
gastric ulceration and necrosis, require longer treatment
duration to develop [29,31]. In addition, NSAIDs have not
been found to have a detrimental effect on wound healing
[32]. In fact, we showed in this study that the scores for
wound healing were similar at the various assessment time
points in the study, but the treatment resulted in signifi-
cantly reduced swelling of soft tissue on day 6.
Conclusions
We have demonstrated for the first time that pre and
post-operative meloxicam administration has a statisti-
cally significant beneficial effect on recovery in horses
undergoing orthopaedic surgery of limited degree. This
positive effect could be identified and verified in a rela-
tively small placebo-controlled field study population of
60 evaluable horses by selecting a homogenous study
population and utilizing a subjective outcome measure,
i.e. lameness at trot. The utilization of a clinically rele-
vant lameness scale increased the sensitivity of the study
to treatment effects. Our results for the first time support
the empirical conclusion drawn by experienced clinicians
that post-operative pain management using clinically safe
NSAIDs, such as meloxicam, is advantageous in equine
orthopaedic surgery.
Endnotes
aMetacam® 20 mg/ml Solution for Injection, Boehringer

Ingelheim Vetmedica GmbH, Ingelheim, Germany.
bMetacam® 15 mg/ml Oral Suspension for Horses,

Boehringer Ingelheim Vetmedica GmbH, Ingelheim,
Germany.
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Reactive oxygen species generation by bovine
blood neutrophils with different CXCR1 (IL8RA)
genotype following Interleukin-8 incubation
Joren Verbeke1*, Xanthippe Boulougouris2, Carolien Rogiers2, Christian Burvenich2, Luc Peelman3,
Bart De Spiegeleer4 and Sarne De Vliegher1
Abstract

Background: Associations between polymorphisms in the bovine CXCR1 gene, encoding the chemokine (C-X-C motif)
receptor 1 (IL8RA), and neutrophil traits and mastitis have been described. In the present study, blood neutrophils
were isolated from 20 early lactating heifers with different CXCR1 genotype at position 735 or 980. The cells were
incubated with different concentrations of recombinant bovine IL-8 (rbIL-8) for 2 or 6 h and stimulated with phor-
bol 12-myristate 13-acetate (PMA) or opsonized zymosan particles (OZP). Potential association between CXCR1
genotype and production of reactive oxygen species (ROS) was studied.

Results: Although on single nucleotide polymorphisms (SNPs) may potentially affect CXCR1 function, SNPs c.735C > G
and c.980A > G showed no association with ROS production with or without incubation of rbIL-8. Neutrophils
incubated with rbIL-8 for 2 or 6 h showed higher PMA- and lower OZP-induced ROS production compared to control
without rbIL-8.

Conclusions: In the present study no association could be detected between superoxide production by isolated
bovine neutrophils during early lactation and CXCR1 gene polymorphism. IL-8 showed to possess inhibitory effects
on ROS generation in bovine neutrophils.

Keywords: Bovine Neutrophil, Reactive Oxygen Species Generation, CXCR1 Polymorphism, Interleukin 8
Background
Intramammary infection induces a fast influx of blood
neutrophils into the site of infection [1]. Activated neu-
trophils eliminate invading pathogens by phagocytosis
and a diverse array of oxygen-dependent and oxygen-
independent killing mechanisms. A powerful mechanism
is the generation of reactive oxygen species (ROS) or
superoxide [2]. It is widely accepted that neutrophils
play a pivotal role in mammary gland immunity. Since
1990, an overwhelming amount of evidence has been
generated of neutrophil dysfunction around parturition
and early lactation with consequences on the defense of
the mammary gland [3]. For example, although E.coli
strains may influence the severity of infection, the
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Ghent University, Salisburylaan, 133 Merelbeke, Belgium
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primary determinant of severity is the physiological state
of the cow. Severity of experimentally induced E.coli
mastitis during early lactation was tightly correlated with
the pre-infection capacity of isolated blood neutrophils
to generate ROS after zymosan and phorbol ester stimu-
lation [4,5] and their chemotactic response as well [6].
Interleukin 8 (IL-8), an important chemokine in the
innate immune response of the mammary gland [3],
enhances ROS generation [7], causes chemotaxis [8] and
delays apoptosis [9] of isolated bovine blood neutrophils
in vitro. Interleukin 8 priming of isolated human neutro-
phils for higher superoxide production was mediated
through CXCR1 (IL8RA) and not through CXCR2
(IL8RB) [10,11].
Many polymorphisms have been detected in the cod-

ing region of the bovine CXCR1 gene [12,13]. Single
nucleotide polymorphism (SNP) c.735C > G (dbSNP ID:
rs208795699) causes an amino acid change in the third
HNOLOGIES________________________
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intracellular loop (p.His245Glu) potentially affecting
G-protein binding and signal transduction. Further-
more, c.735C > G was found to be in full linkage
disequilibrium with SNPs c.37A > T (rs380621468),
c.38 T > A (rs110296731) and c.68G > A (rs133273369)
causing amino acid changes p.Ile13Tyr and p.Gly23Glu in
the N-terminus of CXCR1 known to have an important
role in the first steps of binding IL-8 [13,14]. Associations
between SNP c.735C >G and neutrophil functionality
have been studied: blood neutrophils with genotype
c.735GG showed a higher intracellular calcium release
when stimulated with IL-8 and an increased ROS gener-
ation in response to PMA compared to neutrophils with
genotype c.735CC (reviewed in [15]). Single nucleotide
polymorphisms c.980A >G (rs43323012) and c.995A >G
(rs43323013) cause changes in the C-terminus (p.Lys327Arg
and p.His332Arg) and might interfere with adaptin-2
binding and receptor internalization [12].
Previous research indicated an association between SNP

c.980A >G and likelihood of intramammary infection by
major pathogens in early lactating heifers [13]. In the
present study we wanted to know if CXCR1 gene poly-
morphism (SNPs c.735C >G and c.980A >G) could affect
neutrophil functionality. Blood neutrophils, with different
CXCR1 genotype, were isolated from 20 heifers during
early lactation. ROS production as detected by chemilu-
minescence was measured following IL-8 incubation and
stimulation with either PMA or opsonized zymosan parti-
cles (OZP). Freshly calved heifers were sampled because
neutrophil functionality is reduced during this period [16].
We report the results of an association study between

CXCR1SNPs c.735C > G and c.980A > G and blood neu-
trophil ROS. Additionally, we discuss the unexpected
effect rbIL-8 had on neutrophil ROS depending on the
stimulatory agent.

Methods
Study design
The experiment has been approved by the ethical com-
mittee of the Faculty of Veterinary Medicine, Ghent
University (EC2013/190). Twenty Holstein heifers with
different CXCR1 genotype were included from 5 differ-
ent commercial dairy herds. Selected heifers were not
siblings, had no history of diseases and all quarters were
culture negative for major mastitis pathogens. Within
24 h after calving, neutrophils were isolated from blood
and incubated with 0, 40 or 400 ng/ml recombinant bo-
vine IL-8 (rbIL-8) for 2 and 6 h. Next, neutrophils were
stimulated with PMA or OZP and ROS generation was
measured by chemiluminescence. Finally associations
between ROS generation and genotype, incubation time
and rbIL-8 concentration were statistically analyzed. The
sample size (n = 20) was based on previous research
demonstrating significant differences in ROS generation
__________________________ WORLD TEC
between 10 early and 10 mid lactating cows [16]. The
incubation times were determined in a preliminary ex-
periment in which blood neutrophils from 2 early lactat-
ing heifers were incubated for 2, 4, 6 and 18 h with 0, 40
or 400 ng/ml rbIL-8. A differential count of the isolated
cells was performed to estimate the % neutrophils.
Viability of neutrophils was measured after isolation and
after each incubation time by trypan blue exclusion.

Bacteriological culture
As mastitis can affect functionality of blood neutrophils
[17], aseptic quarter milk samples were collected at the
time of blood sampling and bacteriologically cultured.
Ten μL of each sample was spread on blood-esculin and
MacConkey’s agar and incubated aerobically for 24–48 h
at 37°C. Bacteriological culture was performed according
to National Mastitis Council (NMC) guidelines [18]. Four
heifers were culture-positive in five quarters for major
pathogens and excluded from the analysis. Staphylococcus
aureus, esculin-positive cocci and Escherichia coli were
isolated from 2 quarters of 1 heifers, 1 quarter of 1 heifer
and 2 quarters of 2 heifers, respectively.

CXCR1 genotype
To include heifers with common and rare CXCR1 geno-
types (e.g. c.980AA), a sufficient number of heifers were
genotyped before calving. A blood sample was taken
from 60 Holstein heifers belonging to 5 herds and hav-
ing an expected calving date between January and June
2014. Genotype at SNPs c.735C > G and c.980A > G was
determined using a fluorescent multiprobe PCR assay as
previously described [19]. Efforts were made to include
sufficient heifers with genotype c.980AA or c.980AG. Of
the 20 heifers included in the final analysis, 7, 6 and 7
had genotype c.735CC, c.735CG and c.735GG, respect-
ively. Three, 5 and 12 had genotype c.980AA, c.980AG
and c.980GG, respectively.

Reactive oxygen species assay
Seventy-five mL blood was collected from the coccygeal
vein using 8 mL Vacutainer tubes (Becton Dickinson,
Erembodegem, Belgium) containing 150 μL of EDTA as
anticoagulant. Blood neutrophils were isolated within
1 h of collection by hypotonic lysis of red blood cells
and Histopaque 1077/1119 gradient (Sigma-Aldrich,
Bornem, Belgium) centrifugation according to Siemens
et al. [20]. Cell concentration was measured in triplicate
with a Bürker chamber.
Two hundred thousand blood neutrophils were sus-

pended in 200 μL of 1 × Hank's balanced salt solution
(HBSS; Gibco, Life technologies, Carlsbad, CA) supple-
mented with 0, 40 or 400 ng recombinant bovine IL-8
(rbIL-8; Kingfisher Biotech, Saint Paul, MN) per mL
and incubated for 2 or 6 h at 37°C in 2 mL test tubes.
HNOLOGIES________________________
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Next, blood neutrophils were pelleted by centrifuga-
tion at 1000 × g for 5 min and resuspended in 120 μl 1 ×
HBSS. Luminol (0.30 mmol/L Sigma-Aldrich) and PMA
(100 ng/mL; Sigma-Aldrich) or OZP (750 μg/mL) were
added to a final volume of 200 μL. Zymosan A (Sigma-
Aldrich) was opsonized by washing the pellet with 60 and
30 mL 1 × phosphate-buffered saline (PBS; Gibco) (centri-
fugation at 200 × g for 10 min) followed by 1 h incubation
at 37°C in 5 mL 1 × PBS and 35 mL bovine serum and
two additional washing steps with 30 mL 1 × PBS (cen-
trifugation at 200 × g for 10 min). Bovine serum was
collected from the coccygeal vein of a healthy Holstein
cow using 8 mL gel and clot activator tubes (Vacutest
Kima, Piove di Sacco, Italy). Reactions of blood neutro-
phils primed by rbIL-8 were performed in duplicate.
Chemiluminescence was measured every 60 sec for
90 min with a luminometer (TriStar2 LB 942 Multide-
tection Microplate Reader, Berthold Technologies, Bad
Wildbad, Germany) and expressed in relative light units
(RLU). Area under the curve (AUC) values (in 106 RLU * s)
were calculated to analyze the total ROS generation
whereas peak values (RLUmax; in 103 RLU) and time of
peak values (Tmax; in min) were saved in the dataset to
study the kinetics of ROS generation [5].
Statistical analysis
Different linear mixed regression models (PROC MIXED,
SAS 9.4, SAS Institute Inc.) were fit for AUC, RLUmax and
Tmax after stimulation with PMA or OZP (6 outcome vari-
ables) and for SNP c.735C >G or c.980A >G (12 models in
total). Heifer was added as random effect to correct for
clustering of multiple observations (6) per heifer (RAN-
DOM statement). The models included heifers’ genotype at
position of the SNP, incubation (2 or 6 h) and rbIL-8 (0, 40
or 400 ng/ml) as categorical fixed effects. All two-way inter-
actions between fixed effects were tested but removed from
the models because they were non-significant (P > 0.05).
Results
Preliminary experiment
A differential count demonstrated 94.3% [standard devi-
ation (SD) 0.1%] of the isolated cells to be neutrophils.
The viability of the neutrophils was 100% immediately
after isolation and decreased to 96% (SD 1%), 96% (SD
2%), 98% (SD 1%) and 81% (SD 3%) after 2, 4, 6 and 18 h
isolation, respectively. Differences in viability between
neutrophils incubated with 0, 40 or 400 ng/mL rbIL-8
were small (data not shown). Because of the low viability
and strongly diminished ROS generation after 18 h incu-
bation, neutrophils were incubated for 2 and 6 h (Figure 1).
As expected [21], chemiluminescence increased fast after
PMA stimulation with a clear peak and increased more
gradually after OZP stimulation (Figure 1).
__________________________ WORLD TEC
Associations with ROS generation after PMA stimulation
Single nucleotide polymorphisms c.735C > G and
c.980A > G were not associated with AUC, RLUmax or
Tmax (P > 0.05) (Table 1). Incubation was associated with
AUC, RLUmax and Tmax. Blood neutrophils incubated
for 6 h showed higher AUC, RLUmax and Tmax values
compared to blood neutrophils incubated for 2 h
(P < 0.05). Concentration of rbIL-8 was associated with
AUC and Tmax (P <0.01) and not with RLUmax (P = 0.17).
Blood neutrophils incubated with 40 or 400 ng/mL
showed higher AUC and Tmax values compared to blood
neutrophils incubated without rbIL-8.

Associations with ROS generation after OZP stimulation
Single nucleotide polymorphisms c.735C > G and
c.980A > G were not associated with AUC, RLUmax or
Tmax (P > 0.05) (Table 2). Incubation was associated
with AUC and RLUmax and not with Tmax. Blood neu-
trophils incubated for 6 h showed higher AUC and RLU-
max values compared to blood neutrophils incubated
for 2 h (P < 0.05). Concentration of rbIL-8 was associ-
ated with AUC and RLUmax (P <0.01) and not with
Tmax (P = 0.89). Blood neutrophils incubated with 40
or 400 ng/ml showed lower AUC and Tmax values
compared to blood neutrophils incubated without rbIL-
8. Differences were mainly in neutrophils incubated
with rbIL-8 at a concentration of 400 ng/mL, AUC
values were smaller.

Discussion
Research on genetic polymorphisms enlarges our know-
ledge on mammary gland immunity and helps us to
understand why certain cows are more mastitis resistant
than others [15]. Because of the important function of
CXCR1 in the innate immunity of the mammary gland
[8,22] and a quantitative trait locus for clinical mastitis
in this region of the bovine genome [23], CXCR1 poly-
morphisms form interesting study objects. In this study,
an in vitro model was used to analyze the effect of
CXCR1 SNP on neutrophil functionality in a sample
population of freshly calved heifers. Associations be-
tween CXCR1 genotype and neutrophil ROS generation
after rbIL-8 incubation and stimulation with PMA or
OZP were studied in detail.
The association between SNP c.735C > G and PMA-

induced ROS generation reported by Rambeaud et al.
(2006) could not be confirmed in our model. In contrast
to the previously demonstrated higher ROS generation
[9], we observed numerically lower AUC values in
c.735GG neutrophils compared to c.735CC neutrophils.
Additionally, no significant interaction effects between
c.735C > G and rbIL-8 concentration were observed.
Based on previous research [13], we hypothesized a higher
ROS generation and response to rbIL-8 in c.980AG
HNOLOGIES________________________
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Figure 1 Effect of Interleukin-8 on reactive oxygen species generation of blood neutrophils.Preliminary experiment studying the reactive oxygen
species (ROS) generation of blood neutrophils isolated from 2 early lactating dairy cows and incubated with 0 (——), 40 (••••) or 400 (− − −) ng
recombinant bovine interleukin-8 (rbIL-8) per mL for 2 (A and B), 4 (C and D), 6 (E and F) or 18 (G and H) h measured using luminol chemiluminescence
[expressed in relative light units (RLU)]. Prior to measurement, neutrophils were stimulated with phorbol 12-myristate 13-acetate (A, C, E and G)
or opsonized zymosan particles (B, D, F and H).
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compared to c.980GG neutrophils. However, neither
c.980A > G nor the interaction between rbIL-8 concen-
tration and c.980A >G were associated with AUC, RLU-
max or Tmax of PMA- or OZP-induced ROS generation
in our model. Despite potential effects on ligand binding,
signal transduction and internalization of CXCR1 [12], no
interaction between CXCR1 SNPs and rbIL-8 incubation
could be demonstrated. Human CXCR1 but not hCXCR2
was found to be important for activation of ROS [24].
Latter functional differences were partly attributed to
amino acid sequence differences in the C-terminus
__________________________ WORLD TEC
causing a faster receptor phosphorylation and internal-
ization of hCXCR2 compared to hCXCR1 [25-27]. In
contrast to hCXCR1 and hCXCR2, the C-terminus of
both bovine IL-8R show identical amino acid sequences
[28]. Hence, activation of neutrophils could be mediated
by both receptors and functional effects caused by
CXCR1 SNP might be compensated by a fully functional
CXCR2, explaining similar rbIL-8 responses on ROS
across CXCR1 genotypes in our study.
Several studies demonstrated a priming effect of IL-8

on ROS generation in human neutrophils [10,29,30].
HNOLOGIES________________________



Table 1 Statistical analysis of reactive oxygen species generation by blood neutrophils following phorbol 12-myristate
13-acetate stimulation

Polymorphism1 Fixed effect n2
AUC3 RLUmax4 Tmax5

β6 SE7 P8 β6 SE7 P8 β6 SE7 P8

c.735C > G Intercept 71 8 37 6 9.2 1.0

Genotype 0.69 0.94 0.47

c.735CC 7 Ref.9 … Ref.9 … Ref.9 …

c.735CG 6 -6 11 -3 9 0.3 1.3

c.735GG 7 -9 11 -1 8 -1.2 1.3

Incubation <0.01 <0.01 <0.05

2 h Ref.9 … Ref.9 … Ref.9 …

6 h 11 2 4 1 1.2 0.5

rbIL-8 <0.01 0.17 <0.01

0 ng/ml Ref.9 … Ref.9 … Ref.9 …

40 ng/ml 7 2 -3 2 3.1 0.6

400 ng/ml 5 2 -2 2 3.1 0.6

c.980A > G Intercept 66 11 29 9 8.9 1.5

Genotype 0.45 0.56 0.78

c.980AA 3 Ref.9 … Ref.9 … Ref.9 …

c.980AG 5 10 14 12 11 0.7 1.8

c.980GG 12 -4 13 5 10 -0.2 1.6

Incubation <0.01 <0.01 <0.05

2 h Ref.9 … Ref.9 … Ref.9 …

6 h 11 2 4 1 1.2 0.5

rbIL-8 <0.01 0.17 <0.01

0 ng/ml Ref.9 … Ref.9 … Ref.9 …

40 ng/ml 7 2 -3 2 3.1 0.6

400 ng/ml 5 2 -2 2 3.1 0.6
1Linear mixed regression models describing the association between reactive oxygen species generation by blood neutrophils and CXCR1 polymorphisms
c.735C > G and c.980A > G, respectively. Neutrophils were incubated with 0, 40 or 400 ng recombinant bovine interleukin 8 per mL for 2 or 6 h and stimulated
with phorbol 12-myristate 13-acetate,
2Number of heifers,
3Area under the curve values in 106 RLU (relative light units) * s,
4Peak values in 103 RLU.
5Time of peak values in min,
6Regression coefficient,
7Standard error,
8Overall P-value of the fixed effect,
9Reference,
All two-way interactions between the fixed effects were non-significant (P > 0.05) and removed from the model.
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Enhancement of ROS generation already occurred after
5 min of IL-8 incubation [29] and was explained by
intracellular calcium mobilization [30] and by activation
of phospholipase D (PLD) [10], protein kinase C-ε
(PKC-ε) [25] and phospholipase A2 [29]. To the best of
our knowledge, Mitchell et al. [7] were the only to study
the priming effect of IL-8 on bovine neutrophils. Intra-
cellular ROS generation was measured by 2,7-Dichloro-
dihydrofluorecein diacetate (H2DCFDA) flow cytometry.
Incubation with rbIL-8 for 18 h enhanced the Mannhei-
mia haemolytica-induced ROS generation whereas incu-
bation for 30 or 60 min had little effect [7]. In our study,
__________________________ WORLD TEC
ROS generation was measured using luminol chemilu-
minescence. This assay has the benefit that both intra-
and extracellular ROS generation are measured and
allows for measurement over time [31]. Neutrophils
were exposed to the same concentrations of rbIL-8 as in
the study of Mitchell et al. [7] but for only 2 or 6 h. We
opted not to incubate for 18 h because our preliminary
experiments showed a reduced viability and a strongly
diminished ROS generation after such a long period. As-
sociations were detected between rbIL-8 concentration
and ROS generation indicating the presence of a func-
tional IL-8 receptor on the isolated blood neutrophils. In
HNOLOGIES________________________



Table 2 Statistical analysis of reactive oxygen species generation by blood neutrophils following opsonized zymosan
particles stimulation

Polymorphism1 Fixed effect n2
AUC3 RLUmax4 Tmax5

β6 SE7 P8 β6 SE7 P8 β6 SE7 P8

c.735C > G Intercept 253 32 69 10 31.7 4.0

Genotype 0.40 0.82 0.22

c.735CC 7 Ref.9 … Ref.9 … Ref.9 …

c.735CG 6 -36 47 -6 14 -3.6 5.3

c.735GG 7 -63 45 -9 14 -9.2 5.1

Incubation <0.01 <0.01 0.54

2 h Ref.9 … Ref.9 … Ref.9 …

6 h 20 7 5 2 1.2 1.9

rbIL-8 <0.01 <0.01 0.89

0 ng/ml Ref.9 … Ref.9 … Ref.9 …

40 ng/ml -6 8 -3 2 -0.6 2.3

400 ng/ml -26 8 -8 2 0.5 2.3

c.980A > G Intercept 248 48 63 15 32.9 6.0

Genotype 0.32 0.58 0.44

c.980AA 3 Ref.9 … Ref.9 … Ref.9 …

c.980AG 5 13 61 12 18 -3.6 7.3

c.980GG 12 -51 54 -2 16 -7.8 6.4

Incubation <0.01 <0.01 0.54

2 h Ref.9 … Ref.9 … Ref.9 …

6 h 20 7 5 2 1.2 1.9

rbIL-8 <0.01 0.17 0.89

0 ng/ml Ref.9 … Ref.9 … Ref.9 …

40 ng/ml -6 8 -3 2 -0.6 2.3

400 ng/ml -26 8 -8 2 0.5 2.3
1Linear mixed regression models describing the association between reactive oxygen species generation by blood neutrophils and CXCR1 polymorphisms
c.735C > G and c.980A > G, respectively. Neutrophils were incubated with 0, 40 or 400 ng recombinant bovine interleukin 8 per mL for 2 or 6 h and stimulated
with opsonized zymosan particles,
2Number of heifers,
3Area under the curve values in 106 RLU (relative light units) * s,
4Peak values in 103 RLU
5Time of peak values in min,
6Regression coefficient,
7Standard error,
8Overall P-value of the fixed effect,
9Reference,
All two-way interactions between the fixed effects were non-significant (P > 0.05) and removed from the model.
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contrast to research on human neutrophils [29,30], IL-8
also had inhibitory effects on neutrophils ROS gener-
ation in our model. Incubation with rbIL-8 had a posi-
tive effect on the total PMA-induced ROS generation
but a negative effect on the total OZP-induced ROS gen-
eration. The stimulatory agent dependent effect could be
explained by differences in the pathways of ROS gener-
ation by PMA and OZP [32]. Incubation with rbIL-8
might have simultaneously activated components of the
pathway induced by PMA (e.g. PKC) while inhibiting
components of the pathway induced by OZP (e.g. cal-
cium mobilization).
__________________________ WORLD TEC
Conclusions
In conclusion, no differences in PMA- or OZP-induced
ROS generation were detected in blood neutrophils
isolated from early lactating heifers with different
CXCR1 c.735C > G and c.980A > G genotypes. The in-
hibitory effects of rbIL-8 on neutrophil ROS gener-
ation suggest a complex interaction between IL-8 and
ROS generation in bovine neutrophils.

Abbreviations
AUC: Area under the curve; CXCR1: Chemokine (C-X-C motif) receptor 1;
IL-8: Interleukin 8; IL8RA: Interleukin 8 receptor A; NMC: National mastitis
council; OZP: Opsonized zymosan particles; PMA: Phorbol 12-myristate
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13-acetate; rbIL-8: Recombinant bovine interleukin 8; RLU: Relative light units;
RLUmax: Peak value; ROS: Reactive oxygen species; SCC: Somatic cell count;
SNP: Single nucleotide polymorphism; Tmax: Time of peak value.
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