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Weese J. S., 2010). Interestingly, Schneeberg and others have found that some ribotypes such
as 078, 126 and 413/FLI101 are more likely to be found in pigs older than 2 weeks
(Schneeberg A. et al., 2012; Schneeberg A. et al., 2013). Similar results have been reported
in calves where ribotypes 078 and 126 appeared to be able to colonize longer than other
ribotypes (Zidaric V. et al., 2012). These results suggest that some ribotypes may be better
adapted to their host species.

Epidemiologic studies investigating the presence of C. difficile in retailed meat
showed that the bacteria can be found at low-levels in uncooked pork (Curry S. R. et al.,
2012). Similar results were found when other types of meat such as poultry, beef, veal, sea
food, fish and vegetables were investigated (Harvey R. B. et al., 2011; Houser B. A. et al.,
2012; Metcalf D. et al., 2010; Metcalf D. et al., 2011; Metcalf D. S. et al., 2010; Rodriguez-
Palacios A. et al., 2007; Weese J. S. et al., 2009; Weese J. S. et al., 2010).

Lesions associated with disease are primarily concentrated in the large intestine.

Macroscopic examination of affected animals reveals mesocolonic edema (Figure 2).

Figure 2. Severe mesocolonic edema observed in a 4-day-old piglet challenged with
toxigenic C. difficile.
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Microscopic examination reveals a multifocal to locally extensive ulcerative
fibrinopurulent colitis. Gnotobiotic pigs have been described as having systemic disease
resulting in ascites, pleural effusion, hepatic abscesses, renal dysfunction, and acute
respiratory distress (Steele J. et al., 2010). The mechanism by which the microorganism
causes systemic disease is not yet completely understood.

In contrast to CDI in humans, where old-age is a risk factor, the disease in swine is
predominately observed within 1-7 day-old piglets (Hopman N. E. et al., 2011; Songer J. G.,
Anderson, M. A., 2006). Neonatal piglets are highly susceptible to C. difficile colonization as
the intestinal microflora is not fully established. A recent study conducted by Arruda and
others (Arruda P. H. et al., 2013) demonstrated that 10 days-old piglets are as susceptible as
neonatal piglets when challenged with a toxigenic strain of C. difficile. In this particular
study, piglets were kept in a research environment from birth to the day of challenge, and
therefore may not be colonized by the microbiota present in a typical farm environment. This
likely played a role on the susceptibility to disease of these older animals.

Many risk factors are thought to contribute to CDI including: administration of
antimicrobials, challenge dose, associated toxin-profile, and animal age. Clostridium difficile
is the major cause of AAD in humans (Bartlett J. G. 2002; Carter G. P. et al., 2010; Keel M.
K., Songer, J. G., 2006; Kelly C. P., LaMont, J. T., 2008; McDonald L. C. et al., 2005; Steele
J. etal., 2010), however in pigs, scientific evidence for the role of antibiotic usage and
development of disease is lacking (Waters E. H. et al.,1998; Yaeger M. et al.,2002; Yaeger
M. J. et al., 2007). A recent study investigated the role of antibiotic usage on neonatal piglets

in the development of CDI (Arruda P. H. et al., 2013). Results from this study did not show
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any statistical association between antimicrobial usage and disease development or severity
(Arruda P. H. et al., 2013).
Disease diagnosis in piglets

There is a significant gap in knowledge regarding CDI diagnosis in animals, and there
are no official guidelines available for C. difficile diagnosis. The endemic nature and
ecological characteristics of this bacterium raise significant challenges for diagnosis. For
instance, simple culture and isolation of the organism should not be used solely as a
diagnostic test given the organism can be isolate from healthy animals. Commercially
available molecular diagnostics, such as real time PCR targeting the detection of the TcdB
gene (Crobach M. J. et al., 2009), should not be used as a sole diagnostic since this test falls
for the same reason that mere identification of the organism is not sufficient to diagnose
disease.

Identification of an age-group risk (1-7 days-old piglets), and systematic examination
of clinical signs (watery yellow diarrhea) are the first steps to identify potential cases. At
necropsy, macroscopic examination of the carcass can reveal mild to severe mesocolonic
edema (Figure 2). However, mesocolonic edema in piglets is not a good predictor of C.
difficile toxins (Yaeger M. J. et al., 2007). Though this lesion is suggestive of disease, it is
not pathognomonic of CDI.

Clinical signs are primarily due to the release of exotoxins, in this case TcdA and
TcdB. Cell culture cytotoxicity neutralization assays is considered the gold standard for toxin
detection (Bartlett J. G., 2006); however, this test is time-consuming, taking approximately
1-2 days, and requires access and expertise with cell culture methods. There are currently

different commercial enzyme immunoassays (ELISA assays) targeting TcdA and TcdB.
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These tests were developed and extensively evaluated for use in human infections and have
not been extensively evaluated for use in swine. Studies investigating the sensitivity and
specificity of two commercial ELISA kits Tox A/B 1l (Techlab, Blacksburg, VA) and
Gastro-Tect Clostridium difficile Toxin A+B (Medical Chemical Corp, Torrance, CA) on
piglet feces revealed a much lower sensitivity and specificity when compared to human
stools (Keessen E. C. et al., 2011Db). Other studies evaluating the use of ELISA assays on
stools from horses, pigs and dogs showed similar results where sensitivity and specificity
were significantly lower when compared to human cases (Anderson M. A., Songer, J. G.,
2008; Arroyo L. G. et al., 2007; Chouicha N., Marks, S. L., 2006). Stools and/or colonic
content from diarrheic piglets are the recommend sample to perform the ELISA assays
despite lower sensitivity and specificity in comparison to human samples (Keessen E. C. et
al., 2011b).

In addition to complexity and flaws in the toxin-detection tests, Yaeger and others
showed that when additional enteric pathogens were excluded, pigs with toxin-positive
results were significantly more likely to have normal feces when compared to toxin-negative
pigs (Yaeger M. J. et al., 2007). The same study showed that a high percent of apparently
healthy pigs were positive for the toxins. Clostridium difficile toxin ELISA is routinely used
for C. difficile diagnosis at the lowa State Diagnostic laboratory. Table below summarizes
the total number of C. difficile ELISA(S) performed annually at the lowa State Diagnostic

Laboratory (ISU-VDL) and the number of negative and positive results respectively.
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Table 1. Total number of Clostridium difficile ELISA tests performed at the ISU-VDL per
year since 2003 in addition to the total number of positive and negative results.

Clostridium difficile toxin ELISA results in piglets, lowa State
Diagnostic Laboratory
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At necropsy, a longitudinal section including several colonic loops should be placed
in 10% formalin for histopathologic examination. Microscopic lesions observed are
characterized by variably neutrophilic infiltration admixed with low to abundant amounts of
fibrin and cellular and karyorrhectic debris. Inflammatory exudate is often associated with
multifocal to coalescing areas of erosion and ulceration, also known as volcano-like lesions
(Figure 4.) (Songer J. G., Uzal, F. A., 2005). Histologic lesions are highly suggestive of
disease, however not pathognomonic. Yaeger and other have shown that histologic lesions
such as erosion, ulcerations and a neutrophilic infiltration are good predictor of the presence

of the toxins (predict value of 76%)



Figure 4. Histopathologic examination of a piglet challenged with toxigenic C. difficile.
Section of colon: classic volcano-like lesion characterized by a focal ulceration and
replacement by moderate to abundant amounts of cellular and karyorrhectic debris,
degenerate neutrophils, and fibrin. Additionally, expanding lamina propria and separating
crypts are neutrophils and cellular and eosinophilic debris.

At the ISU-VDL a multi-step diagnosis process including the identification of
potential cases (clinical history), toxin-detecting ELISA assays, and histologic examination is
recommend to properly diagnose CDI in piglets. Summary of the ISU-VDL diagnosed data
revealed that approximately 8984 cases of enteric disease in pigs within the first-week-of life
were diagnosed since 2003 to the present; C. difficile was diagnosed in 501 of the cases.
Figure below summarizes the major factors associated with C. difficile in piglets including

aspects associated with epidemiology, transmission and pathogenesis of disease.
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Virtually 100% of neonatal piglets are
Clostridium difficile PCR positive

~25% of sows are

Clostridium difficile PCR positive
Spores are highly resistent to disinfection R

0-8% Finisher pigs are
Clostridium difficile PCR positive

Figure 5. Clostridium difficile intestinal colonization occurs within the first hours of life in
the neonatal pig, and virtually one hundred percent of piglets in some herds are colonized
within 48 h of birth. Majority of spores are present with environment and a smaller
percentage within sow's gastrointestinal tract. Despite the high percentage of neonatal
colonization, not all piglets within a litter develop disease. Clostridium difficile colonizes the
colonic epithelium and produces toxins A (TcdA) and B (TcdB). Toxin A binds to receptors
within the apical border of enterocyte and is internalized via receptor-mediated endocytosis.
Disruption of tight junctions and cell rounding allows toxin B to bind to lateral base border of
cells. Toxin A and B are involved in cell signaling and actin cytoskeleton regulation and can
eventually reach blood vessels within submucosa and in combination with cytokine produced
by enterocyte death attract neutrophils to affected area. The prevalence of C. difficile carriage
animals drops dramatically with age. Studies in a variety of countries investigating the
prevalence of C. difficile in slaughter pigs revealed a consistently low prevalence, ranging
from as low as 0% to approximately 8%.

Alternatives for prevention of Clostridium difficile infection in neonatal piglets
In humans, the prevention of C. difficile disease is primarily divided in two major

categories: first minimize and/or avoid disruptions of the normal intestinal flora, and
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secondly decrease the exposure of susceptible patients to the bacteria or spores. Similar
principles apply to the disease in piglets; however, the disease is primarily observed in
neonatal piglets likely due to lack of an established intestinal flora. To date, there are no
commercially available products to prevent and/or treat CDI in piglets. Results from a recent
study investigating possible risk factors in piglets show that development and severity of
lesions can be associated with challenge dose, and therefore alternatives to decrease the
exposure-dose to neonatal piglets might prevent and/or minimize disease (Arruda P. H. et al.,
2013). The process of cleaning and disinfection is particularly complicated due to the fact
that C. difficile spores are highly resistant to commonly used disinfectants (Wullt M. et al.,
2003).

The use of immunotherapy is also considered a good strategy to prevent and control
disease. In 1991, Lyerly and others investigated the use of antibodies from previously
immunized cows to prevent disease in hamsters challenged with CDI. Results from this study
revealed that study-hamsters were protected against the effects of the toxins (Lyerly D. M. et
al., 1991). More studies utilizing different sources of antibodies followed this study, for
instance, hamsters were protected from lethal challenge with CDI when previously
administered avian immunoglobulins against TcdA and TcdB (Kink J. A., Williams, J. A.,
1998). Positive results from these studies and others encouraged the further test in humans.
To date, there were a total of 15 small clinical trials, and results from these trials suggest that
intravenous administration of antibodies directed against toxins is beneficial to patients
suffering from CDI (Leung D. Y. et al., 1991; Rebeaud F., Bachmann, M. F., 2012). Along
the same lines, researchers investigated the used of equine-originating antitoxins to prevent

disease in piglets. Results from this study show a statistical benefit of this technique.
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Immunoglobulins were not able to completely prevent disease, but it significantly decreased
the severity of histologic lesions associated with CDI on neonatal piglets (Ramirez A. et al.,
2014). More studies are necessary to understand the real benefit and the possible logistical
issues associated with the use of such techniques in modern swine production.

Disruption of the intestinal flora and/or lack of flora are considered to be the major
risk factors and restoration is important for the recovery from CDI. Different studies have
shown that normal Gl flora inhibits C. difficile growth and toxin release (Borriello S. P.,
1990; Parkes G. C. et al., 2009). According to the World Health Organization, probiotics are
“living organisms, which when administrated in adequate amounts, confer a health benefit to
the host” (Parkes G. C. et al., 2009). Several studies investigating the use of probiotic to treat
and/or prevent CDI have led to inconclusive and often contradictory results. Common
probiotics investigated often contain microorganisms such as Lactobacillus species and yeast
like Saccharmoyces boulardii. In a recent study, neonatal piglets were intragastrically
administered with a single dose of lactobacillus and non-toxigenic C. difficile isolate
respectively, and later challenged with a toxigenic isolate. Results from this study revealed
that the use of non-toxigenic C. difficile as a probiotic reduced the severity of histologic
lesions associated with CDI and the amount-of toxins detected in neonatal piglets. Use of
Lactobacillus species did not yield any form of protection against challenge, and animals
were statistically undistinguishable from piglets receiving toxigenic strains of C. difficile
alone (Arruda et al. 2014, submitted).

Antibiotic treatment is the most common treatment utilized for CDI in humans.
Vancomycin and metronidazole are the drugs of choice. Studies evaluating the antimicrobial

susceptibility of C. difficile isolates originating from confirmed CDI piglet cases are lacking.
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CHAPTER 2. EFFECT OF AGE, DOSE AND ANTIBIOTIC THERAPY ON THE
DEVELOPMENT OF CLOSTRIDIUM DIFFICILE INFECTION IN NEONATAL
PIGLETS

A paper published in
Anaerobe 22:104-110, 2013
Paulo H. E. Arruda, Darin M. Madson, Alejandro Ramirez, Eric Rowe, Joshua T. Lizer and J.

Glenn Songer
Abstract

Piglet diarrhea is associated with increased pre-weaning mortality, poor growth rates, and
variation in weight at weaning. Clostridium difficile is a known cause of enteric disease in
neonatal piglets, yet risk factors associated with C. difficile infection in piglets are unknown.
The objectives of this study were (1) to evaluate the consistency and severity of lesions in
piglets challenged with C. difficile at different bacterial doses (DOSAGE experiment), (2)
evaluate the use of antibiotics as a contributing risk factor in 1-day-old piglets
(ANTIMICROBIAL experiment), and (3) to provide a clinical and histological evaluation of
C. difficile infection in 10-day-old piglets (AGE experiment). One hundred and eleven
conventional neonatal pigs were snatch farrowed and divided into experimental groups
addressing the objectives. In the DOSAGE experiment, 40 1-day-old piglets were sham
inoculated or challenged with varying amounts of C. difficile heat shocked spores and
euthanized 72 h post infection. Results indicate a clear trend for disease development as
bacterial numbers increase. In the ANTIMICROBIAL experiment, 39 1-day-old piglets were
challenged and then treated with one of four different antibiotics after 16 h. No significant
difference in disease development was found. Thirty-three 10-day-old piglets were given

varying doses of C. difficile in the AGE experiment. Disease and lesions were reproduced in
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10 day-old piglets. Combined results indicate that C. difficile dosage appears to be an
important factor that influences the appearance and severity of lesions, 10 day-old pigs can
develop disease associated with Clostridium difficile, and antibiotic administration following
inoculation may not be a major contributor for disease in neonatal piglets.

Introduction

Clostridium difficile is a Gram positive, anaerobic, spore-forming bacterium first
described as part of the neonatal intestinal flora in 1935 [1]. Subsequently, in 1978,
Clostridium difficile was linked to human colitis [2], and is now a significant cause of
antibiotic-associated diarrhea in several countries worldwide [3-8]. Clostridium difficile
infection (CDI) in humans is characterized by mild to severe diarrhea, pseudomembranous
colitis, and, in the most severe cases, by paralytic ileus, toxic megacolon, bowel perforation,
peritonitis, and death. CDI has also been described in several non-human species including
pigs, horses, primates, rabbits, rats, domestic dogs and domestic cats [1,9-12]; disease is
typically life-threatening only in horses.

The incidence of CDI has been steadily increasing in veterinary medicine. The
majority of cases are associated with disequilibrium of commensal intestinal flora. Neonates,
as well as animals treated with select antimicrobials, are most commonly affected [13,14],
and the hypothesis of causation is that antimicrobials eliminate susceptible microflora within
the intestine, thereby allowing strains of C. difficile to establish in empty niches and
overgrow due to lack of competition.

CDI in piglets is associated with large bowel inflammation, with the potential for
pseudomembrane formation. Gnotobiotic pigs have been described as also having systemic

disease resulting in ascites, pleural effusion, hepatic abscess, renal dysfunction, and acute
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respiratory distress [8]. The mechanism by which the microorganism causes systemic
disease is not completely understood. Toxin A (TcdA), toxin B (TcdB), and binary toxin
(CDT) are known products of many strains of C. difficile. TcdA and TcdB are large
polypeptides, which are believed to be essential virulence factors associated with disease
development [1,15]. TcdA is known for enterotoxicity while TcdB is a potent cytotoxin and
enterotoxin in vivo [5]. There are reports of failed disease associated with TcdB in vivo
unless prior cellular damage by TcdA has occurred [5,16]. The significance and accuracy of
these observations is in question, especially due to the occurrence of human infections with
TcdATcdB" strains. A mouse study demonstrated that TcdB is several times more toxic than
TcdA and C. difficile isolates lacking TcdA are still capable of causing severe disease [17].
These results contradict the theory that TcdA action on tissues is an essential prerequisite to
cell damage by TcdB. This is further supported by a more recent study using TcdA or TcdB
gene knock out C. difficile strains. Reported results from this study indicate both are able to
cause cellular alterations in vitro and in vivo disease in hamsters, highlighting the fact that
both toxins are independently capable of producing disease [18].

Clostridium difficile intestinal colonization occurs within the first hours of life in the
neonatal pig, and nearly one hundred percent of piglets in some herds are colonized within 48
h of birth [11]. In contrast to colonization, CDI does not affect all piglets within a litter, but
can manifest as mild to severe diarrhea in 1-7 day-old piglets [11,19]. Neonatal piglets are
highly susceptible to colonization, as the intestinal microflora is not fully established. This
establishes piglets as a good model for human studies but also presents a serious problem in

the swine industry.
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Many risk factors are thought to contribute to CDI, including administration of
antimicrobials, dose, associated toxin profile, and animal age. However, there is a lack of
knowledge regarding these aforementioned risk factors in swine. The objectives of this study
were (1) to evaluate the consistency and severity of lesions in piglets challenged with
different bacterial doses, (2) to evaluate the use of antimicrobials as a contributing risk factor
in the development of disease, and (3) to provide a clinical and histological evaluation of C.
difficile infection in 10-day-old piglets.

Material and Methods
Animals

One hundred and eleven conventional neonatal pigs were procured from a 2,500 head
sow farm located in central lowa. Procedures involving sow preparation, piglet collection and
care were as previously described [20]. Once piglets have been collected and properly
processed, colostrum collection and administration was performed as described [20]. Pigs
were then transported to a BSL-2 animal facility at lowa State University. Sera from all
procured neonatal pigs were negative for porcine reproductive and respiratory virus (PRRS)
nucleic acid by PCR. Serum was analyzed for PRRSV nucleic acids using a licensed real
time PCR assay (Applied Biosystems, CA, USA).

Housing

Piglets were housed in one of six identical raised plastic tubs partitioned into eight
individual pens (approximately 0.7 x 0.7 m) with clear solid plastic dividing walls. Piglets
housing and daily care were as described previously [20] with slight modifications. Prior to
piglet arrival, rooms and plastic tubs were cleaned with total removal of organic material and

disinfected with 2% potassium peroxymonosulfate (Virkon® S, DuPont; Wilmington, DE)
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for a 4 h period to effectively eliminate environmental vegetative cells and spores. All
challenged pigs were housed in the same room and airspace. Negative control piglets were
housed separately.
Experimental Design

Three separate experiments were completed. Table 1 summarizes the design for all
three experiments. Each experiment was a specific objective to be investigated: bacterial
dosage was evaluated in experiment 1 (DOSAGE), antimicrobial usage and the development
of disease in experiment 2 (ANTIMICROBIAL), and the effect of piglet age in experiment 3
(AGE). In each experiment, pigs were randomly allocated into four (DOSAGE and AGE) or
five (ANTIMICROBIAL) groups using several random number iterations in Microsoft
Excele. The experimental protocol was approved by the lowa State University Institutional
Animal Care and Use Committee (#9-10-7014-S). In the DOSAGE experiment, three
different quantities of heat shocked C. difficile spores were inoculated. Group 1 received
sham material and groups 2, 3, and 4 received 2x10°, 2x10°, 2x10° heat-shocked Clostridium
difficile spores, respectively (Table 1). For the ANTIMICROBIAL experiment, all groups
were challenged with 2x10° heat-shocked Clostridium difficile spores. Sixteen hours
following C. difficile challenge, groups 6, 7, 8, and 9 were each administered a different
antibiotic (Table 1). The AGE experiment utilized the same protocol for piglet collection.
Piglets were kept for 10 days and then challenged with 2x10%, 2x10°, or 2x10° C. difficile
spores (Table 1). Piglets were euthanized 72 h after challenge in all experiments.
Inoculum

C. difficile isolate ISU-15454-1, was used for all experiments. This isolate originated

from a field case of neonatal diarrhea in 3-6 day-old piglets. High levels of toxin A and/or B
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(4+) were detected by ELISA (C. DIFFICILE TOX A/B 1™, Blacksburg, VA) from the
clinically affected piglets. Isolate 15454-1 is ribotype 078, toxinotype V, and contains both
toxin A and toxin B gene sequences [21]. The isolate was stored at -80°C until culture
preparation. Procedures involving C. difficile isolation, growth harvesting, and titration of
spores was accomplished as previously described [20].
Inoculation

All piglets were inoculated intragastrically using an eight-gauge rubber French
catheter as an oral-gastric tube (Sovereign ™, Tyco/Healthcare, Mansfield, MA). Inoculation
occurred approximately four h after birth in the DOSAGE and ANTIMICROBIAL
experiments, and 10 days for the AGE experiment. The negative control groups in the
DOSAGE and AGE experiments were given 1.25 ml of sterile nanopure water, and then
flushed with 20 ml of milk replacement. For all inoculated groups in the DOSAGE,
ANTIMICORBIAL, and AGE experiments, 1.25 ml of challenge preparation containing
heat-shocked Clostridium difficile spores [20] was given followed by 20 ml of milk
replacement.
Antimicrobials

Sixteen hours post-inoculation, select groups in the ANTIMICROBIAL experiment
(Table 1) were injected intra-muscularly with one of four antibiotics commonly used in the
swine industry. The subsequent antibiotics were used: Lincomycin (Lincocin®, Pfizer Animal
Health, New York, NY), Ceftiour (Excede®, Pfizer Animal Health, New York, NY), Tylosin
(Tylan®, Elanco Animal Health, Greenfield, IN) and Tulathromycin (Draxxin®, Pfizer
Animal Health, New York, NY). All antibiotics were administered per labeled directions.

Necropsy
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Piglets from all experiments were monitored for 72 h post-challenge and then
euthanized by an intravenous overdose of pentobarbital. Gross observations at necropsy
included 1) body condition, 2) dehydration status, 3) perineal fecal staining, 5) consistency of
colonic contents, 6) mesocolonic edema, and the presence of 7) visible gross colonic luminal
necrosis and were scored independently in a blinded fashion as previously described [20,22].
Necropsies, clinical sign scores and gross lesion scores were completed by the same two
individuals for all experiments (PHEA and DMM).

Sample collection

Immediately prior to inoculation rectal swabs were taken from all pigs. At necropsy,
fresh and formalin-fixed tissues were collected with flamed instruments soaked in 70%
alcohol and included ileum, jejunum, descending colon, cecum, and a cross section of spiral
colon containing 4-5 loops. Colonic and cecal contents were collected in a sterile plastic cup.
A luminal swab (Dacron® Fiber Tipped, Fisher brand®, Leicestershire, UK) of the ileum was
also taken.

Toxin detection and culture

Rectal swabs collected prior to inoculation and pooled colon and cecum contents
retrieved at necropsy were assayed for C. difficile toxins with a commercially available toxin
ELISA kit (C. DIFFICILE TOX A/B 1II™ Blacksburg, VA) used according to manufacturer
instructions and analyzed on a microplate reader (IDEXX Corp, Molecular Device, Lake
Forest, IL) to semi-quantitatively grade the amount of toxin from 0 (no toxin detection) to 4+
(marked toxin detection) as indicated by the manufacturer. Toxin ELISA was performed

within 4 h following sample collection.
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Pre-inoculation rectal swabs, and post-euthanasia pooled colonic and cecal contents
were cultured on Clostridium difficile selective agar, both directly and following a 30 minute
room temperature incubation in 0.5 ml absolute ethanol [20]. All plates were incubated at
37°C for 48 h in an anaerobic chamber. C. difficile growth following incubation was semi-
quantitatively scored in a blinded manner by a veterinary microbiologist as follows: 0 = no
growth, 1 = few colonies, 2 = low numbers of colonies, 3 = moderate growth and 4= high
growth [20]. Luminal swabs collected at necropsy from the small intestine were examined by
routine aerobic and anaerobic culture methods for Salmonella spp, Escherichia coli, and
Clostridium perfringens. Genotyping for E. coli, and C. perfringens were performed [23,24]
to determine surface antigen and associated toxin genes.

Histopathology

Tissue sections were collected in 10% neutral buffered formalin and allowed to fix
for 24h. Tissues were then placed in 70% ethanol until routine tissue sectioning followed by
paraffin embedding and staining with hematoxylin and eosin. Large intestinal sections were
assessed for goblet cell loss, neutrophilic aggregates within the lamina propria, and mucosal
epithelial defects as previously described [20].

Scoring

Three categories of scores were compared: 1) clinical signs, 2) gross lesions, and 3)
microscopic lesions. The scoring system was as previously described [20].Clinical sign
scores were created by summing scores for body condition, hydration status, and perineum
staining which ranged from 0 (normal) to three (severe) for each category. Gross lesion
scores were created by summing scores for necrotizing lesions, mesocolonic edema, culture

result for C. difficile, and toxin amount. Microscopic lesion score was the sum of scores for
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all histopathology categories. Briefly, large intestinal segments were microscopically
assessed for goblet cell loss, the quantity of infiltrating neutrophils within the lamina propria,
mucosal alterations, and mesenteric inflammation. Each microscopic category was scored 0
(normal) to three (severe) depending on severity as previously described [20].
Statistical methods

Scores for clinical signs and gross and microscopic lesions were analyzed by a non-
parametric test. Wilcoxon/Kruskal test was used to determine if differences existed between
comparisons of control groups to isolate groups, and isolate groups to each other. JMP 9
(JMP®, Cary, NC) statistical software was used to perform analyses.

Results

Clinical signs

Clinical scores were independently scored for all pigs within their respective groups
and experiments. Results are summarized in Table 2. Statistical evaluation of clinical signs
scores from DOSAGE, ANTIMICROBIAL, and AGE experiments revealed no statistical
difference (p>0.05) among their respective groups. The majority of pigs at necropsy in the
DOSAGE experiment presented with normal body condition as well as hydration status with
exception of one animal challenged at 2x10°, which presented with moderate levels of
dehydration. Forty percent (4/10) of piglets challenged at 2 x10° C. difficile spores, 50%
(5/10) of 2x10°, and 80% (8/10) of 2x10° presented with staining of perineum at necropsy.
Thirty percent (3/10) of control pigs also had mild staining.

In the ANTIMICROBIAL experiment, most piglets were mildly to severely

dehydrated (37/39, 94.9%) at 72 h post inoculation and had moderate to marked fecal
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staining of the perineum (38/39, 97.4%). All but one or two piglets in each group (33/39,
84.6%) were noted to be thin or emaciated.

Piglets from all groups in the AGE experiment were of normal body condition,
hydration status, and had no perineal fecal staining 72 h post inoculation with few
exceptions. One (1/7, 14.3%) piglet in group 10 was thin and two (2/9, 22.2%) piglets in
group 13 had fecal staining of the perineum.

Gross lesions

Statistical differences were not detected between groups of the DOSAGE,
ANTIMICROBIAL, and AGE experiments. Grossly visible mucosal necrosis was not seen
within the cecum or spiral colon of individual piglets in all experiments. Gross lesions by
experiment are summarized in Table 3. The gross lesions score for the DOSAGE experiment
were not statistically different between groups. However, the score of group 1 was
numerically lower than groups 2, 3, and 4. No mesocolonic edema was reported in group 1.
Mesocolonic edema presented in 30% (3/10) of group 2 piglets and 40% (4/10) of piglets in
groups 3 and 4.

Within the ANTIMICROBIAL experiment, mesocolonic edema was reported at
different frequencies among all groups. Edema was observed in one (1/8, 12.5%) pig each
from groups 5, 6, and 8. Two (2/8, 25%) piglets in group 7 and four (4/7, 57.1%) from group
9 had mesocolonic edema 72 h post inoculation.

Five (5/7, 71.4%) piglets in group 10 of the AGE experiment developed mild
mesocolonic edema. In group 11, four (4/8, 50%) piglets had edema. Three (3/9, 33.3%) and
five (5/9, 55.6%) piglets had mesocolonic edema at necropsy in groups 12 and 13,

respectively.
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Microscopic lesions

Classical microscopic lesions with high numbers of neutrophils infiltrating the lamina
propria, loss of goblet cells and the presence of single to multiple sites of erosions and/or
ulcerations were observed in sections of colon and cecum from C. difficile challenged piglets
in the DOSAGE, ANTIMICROBIAL, and AGE experiments. Observed microscopic lesions
for all experiments are detailed in Table 4. Significant differences between groups were not
observed in the DOSAGE, ANTIMICROBIAL, and AGE experiments.

For the DOSAGE study, overall microscopic lesions scores were not statistically
different between groups (p=0.2), however, there is a clear numeric trend between dose of C.
difficile and associated microscopic lesions (Figure 1). Lesion severity was elevated in
animals challenged at higher doses when compared to lower doses and negative piglets. Only
rare aggregates of neutrophils were seen within the group 1 piglets. No goblet cell loss or
mucosal alterations were apparent. Small intestinal bacterial adherence suggestive of
Escherichia coli was not observed in any pig from all experiments.

Toxin ELISA

Prior to C. difficile inoculation, rectal swabs from all pigs in the DOSAGE
ANTIMICROBIAL, and AGE experiments were negative for both toxins A and/or B. Toxin
ELISA at termination of experiments is summarized in Table 5.

All the group 1 piglets in the DOSAGE experiment remained toxin negative. Fifty percent
(5/10) of group 2 piglets were toxin positive at necropsy. Moderate to high levels of toxin
were detected in four of the five (80%) piglets. Similarly, 50% (5/10) of group 3 piglets were

toxin positive 72 h after inoculation. Toxin quantity varied from in these five piglets.
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Alternatively, 90% (9/10) of group 4 piglets were toxin positive 72 h following inoculation.
All positive pigs in group 4 had moderate to high levels, (3 or 4+), of toxin present.

Toxin levels were not detected in any group 6 (0/8) piglet from the
ANTIMICROBIAL experiment. Low to moderate levels of toxin were detected in three (3/8,
37.5%) group 7 piglets. Two (2/8, 25%) group 8 and one (1/7, 14.3%) group 9 piglet had low
amounts of C. difficile toxin present at 72 h post inoculation. Within the positive control
piglets, group 5, one (1/8, 12.5%) piglet was toxin positive. However, contrary to other
groups, toxin was detected at high levels (Table 5).

In the AGE experiment, no (0/7, 0%) group 10 piglets were positive for C. difficile
toxin at necropsy. Toxin was detected in three (3/8, 37.5%) group 11 piglets. Two (2/9,
22.2%) piglets from group 12 and 13 had detectable toxin.

Bacterial Culture

Clostridium difficile culture results for the DOSAGE, ANTIMICROBIAL, and AGE
experiments are summarized in Table 6. No Salmonella spp was isolated from any pig.
Twelve C. perfringens isolates were randomly selected for PCR, and all were determined to
be type A. Genes associated with Beta 2 toxin were found in three (3/12, 25%) isolates; all
others were negative. Twelve hemolytic and non-hemolytic E. coli isolates were randomly
selected and were all negative for pilus antigen and associated toxin genes.

Discussion

Several studies have reported that neonatal piglets are susceptible to C. difficile toxin
which results in yellow pasty diarrhea [8,25,26]. Pre-weaning mortality, poor growth rates
and variation in piglet weight at weaning are common problems associated with CDI [27].

Although the awareness of this disease has increased in swine production over the last
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decade, more research is needed to better understand basic principles such as prevention, risk
factors, epidemiology and treatment. The treatment of affected animals is occasionally
complicated by the fact that this bacterium is resistant to different classes of antibiotics [28].
A better understanding of the risk factors or triggers is very important in order to effectively
block or minimize the occurrence of the disease because there is a lack of commercial
preventive products for CDI.

Microscopic results of the DOSAGE experiment suggest amplified CDI prevalence
and severity with increasing exposure dose. It was believed that C. difficile shed by sows in
farrowing crates was the main route of exposure for neonatal pigs. Although, a recent study
reported that only about 25% of sows tested were actively shedding the organisms during
lactation [12]. Studies investigating the source of C. difficile have concluded that neonatal
pigs, ambient air, and the environment are the major sources of piglet exposure [11,29]. C.
difficile spores are highly resistant to physical and chemical agents such as farm cleaning
procedures and most common disinfectants [30,31] and can survive for many months in the
environment [32]. Therefore, we hypothesize that decreasing the exposure dose to piglets in
the first day of life and allowing colonization of other microbiome species could have a
significant impact in disease occurrence as well as disease severity.

Clostridium difficile is the major cause of antibiotic-associated diarrhea in humans [3-
8] and the same phenomenon is observed in veterinary medicine, where the majority of cases
are associated with disequilibrium of common intestinal microflora, due to antibiotic
treatment or young age of animals [33]. A recent study done in mice reported that the use of
antimicrobials is a critical element in order to cause disease and histopathologic lesions [34].

Piglet CDI is thought to be a spontaneous disease with no real antimicrobial interaction
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[22,35,36], but confirmation is lacking. In the current study, microscopic lesions associated
with CDI were observed in piglets enrolled in the ANTIBIOTIC experiment; however, no
statistical difference was demonstrated between groups. This finding suggests that antibiotic
treatment, as applied, does not play an important role in the development of and/or in the
severity of CDI lesions in piglets.

One day-old piglets do not have an established intestinal microflora, and therefore
antibiotics would not significantly alter the microflora. This is a potential reason for
antibiotic therapy not influencing disease severity in the current study. Another debate is that
the isolate used in this study was susceptible to used antimicrobials reducing the influence of
treatment. A considerable percentage of piglets involved in this experiment were toxin
negative and culture negative at the end of the experiment (Table 5). The antibiotic resistance
profile of C. difficile strains associated with human disease is constantly investigated [37,38];
however, studies investigating the resistance profile of piglet C. difficile isolates are lacking.
A different, susceptible C. difficile isolates could potentially enhance disease severity. Piglets
treated with antibiotics did, however, have more clinical diarrhea than expected, but a
reasonable conclusion could not be drawn for this finding. Nonetheless, we believe that a
better understanding of the role played by antimicrobials in the dynamic of microorganism
colonization, succession, and competition in the first day of life could contribute to the
knowledge of neonatal intestinal diseases and the establishment of a healthy microflora.

There is consensus in the literature that a large majority of cases of CDI in piglets
occur within the first five days of life [25]. In the AGE experiment, CDI was induced in 10-
day old piglets, indicating susceptibility. The results from this experiment suggest that the

challenge dose does not correlate with development and severity of disease in older piglets as
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it does in one day-old piglets. However, these data should be interpreted with caution since
piglets were kept in a controlled environment until they reached 10 days of age. This perhaps
limited, and potentially altered, the normal colonization of gut flora which would typically
have occurred in piglets raised in the farm environment. Another factor that differentiates
experimental piglets from piglets raised on farm is milk and its rich source of antibodies.
These antibodies are responsible for mucosal protection and possibly play a role in bacterial
colonization and growth. Unexpectedly, the total microscopic score was relatively high in the
control group. A single piglet in this group had significant microscopic lesions, accounting
for more than half of the total score of the group. However, this was toxin negative and was
C. difficile culture negative at the end of the study. Therefore we suspect that microscopic
lesions are likely not due to C. difficile infection although possible cause of lesions could not
be determined at this point.

TcdA and TcdB are believed to be the main factors in disease development [15,39].
Toxin ELISA test was performed on piglet feces with the objective of quantifying the toxin
levels. We were not able to demonstrate a correlation between ELISA results and
microscopic lesions, and these results were consistent across the three different experiments.
The effects of C. difficile toxins on enterocytes has been well described[1,5], therefore we
hypothesize that this failure of correlation might be due to the lack of sensitivity of the
ELISA used in this study [39]. Furthermore, ELISAs commonly used in veterinary medicine
were primarily designed to human cases; therefore, any difference which might exist between
piglet and human cases could potential influence the results.

Recently, several articles have investigated the use of ELISA as a diagnostic tool for

CDI in humans. The consensus is that the ELISA should not be used as a sole diagnostic tool



39

due to the wide range in sensitivity and specificity as well as poor positive predictive value
[40,41]. The ELISA test used in the study identifies the total amount of toxin A and B within
sample; the test is not capable to differentiating which particular toxin is present within the
sample. Therefore, it is not possible to extrapolate the role a particular toxin played on
disease development or the prevalence of toxins within studied animals. As a way to improve
CDI diagnosis, hospitals are introducing multiple testing algorithms which use ELISA
associated with other tests such as PCR (targeting genes responsible for toxin production)
and the glutamate dehydrogenase assay, with the objective of increasing sensitivity and
specificity.

In swine medicine, ELISAs are still the most widely used diagnostic tools and are
frequently the only diagnostic tool used. The lack of correlation in our results, as well as the
poor sensitivity performance in human medicine, we believe that new CDI diagnostics, such
as immunohistochemistry and molecular assays, are needed in veterinary diagnostic
laboratories. Based on the results from these studies, clinical evaluation of piglets is not a
good measure to evaluate disease development or severity; microscopic lesions appear to be
the most appropriate method to evaluate such parameters.

The C. difficile model used for these experiments is predictable and repeatable [20];
however, there are multiple limitations. Piglet procurement was from a commercial sow
farm, and although multiple precautions were taken, all piglets were potentially infected with
endemic microorganisms [20]. This was important for these experiments as the dynamic of
microorganism succession and competition is believed to be the key factor for disease
development. The farm had no previous history of CDI in piglets, but few control piglets

were found to be colonized with C. difficile, which correspond to the current literature that
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piglets start to become colonized within a few hours post-farrowing, and within 48 h of life
100% of farm-raised piglets are colonized [11]. All C. difficile isolates from control pigs
were toxin negative throughout the study period. Cesarean-surgery piglet derivement would
limit this potential hazard in future repetitions of the model. Additionally, the large normal
variation in measured variables, the short study period and the small numbers of piglets per
group might have contributed to the lack of statistically significant findings of this study.

In conclusion, the results demonstrate that our isolate can cause microscopic lesions
and the challenge dose appears to be an important factor that influences the development and
severity of lesions. In this study, antimicrobial administration appeared to not influence the
appearance and severity of lesions. It was also demonstrated that 10 day-old-piglets are
susceptible to the developmental of CDI under these study circumstances. More studies are
needed to better understand risk factors, epidemiology, and the contribution of antimicrobial
treatment to the prevalence and severity of C. difficile disease in piglets.
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