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Infectious diarrhea remains one the biggest health challenges in both the beef and
dairy industries. More than 20% of beef cattle owners feel that calf diarrhea has a sig-
nificant impact on their economic productivity, and diarrhea accounts for more than
half of all calf mortality on dairy farms.2 Currently, enterotoxigenic Escherichia coli
(ETEC), Cryptosporidium parvum, rotavirus, and coronavirus appear to be the most
significant infectious causes of calf diarrhea. Research into the pathophysiology of
these organisms may ultimately lead to more specific treatment and control
recommendations.

ENTEROTOXIGENIC ESCHERICHIA COLI

Epidemiologic studies of both beef and dairy calves have implicated ETEC as the
major cause of neonatal diarrhea occurring in the first 4 days of life; however it rarely
leads to diarrhea in older calves or adult cattle.>® Immediately after birth, oral expo-
sure to fecal coliforms leads to colonization of the gut with the normal commensal
flora, and these organisms continue to move caudally through the gastrointestinal
tract with ingesta.”® If environmental contamination is high, ETEC organisms are
ingested at this same time and are able to produce disease caused by the presence
of two virulence factors, K99 fimbria and heat stable toxin. Because nonpathogenic E
coli are extremely common, fecal cultures as a diagnostic test are of little value unless
the presence of these two virulence factors can be demonstrated.

Attachment of Escherichia coli to Intestinal Epithelium

Attachment to the intestinal epithelium allows the bacteria to maintain residence in the
small intestine and multiply instead of being passed though with the ingesta. Studies
have shown that up to 80% of the organisms are attached in calves with ETEC diar-
rhea, instead of only 10% to 20% in normal calves.>%° This attachment is mediated
by the presence of fimbrial antigens. The antigen most commonly associated with
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ETEC diarrhea in calves is K99, which is more appropriately referred to as F5.5'" The
F41 and 987P antigens can also be found in calf ETEC isolates, often in conjunction
with F5.1213 Because the K99 antigen is only expressed at an environmental pH level
of less than 6.5, the distal small intestine is the initial site of colonization. This is
because the pH level of the intestinal fluid increases as it moves caudally, and it
only reaches this threshold at the ileum.'#~'8 The ability of K99 ETEC to bind to the
small intestinal epithelium is age dependent and gradually decreases from 12 hours
of age to 2 weeks of age. However, there is not a precipitous drop in the binding ability
that would explain the age resistance to ETEC.'® The attachment of ETEC allows the
bacteria to colonize the ileum, proliferate, and spread proximally through the small
intestine.317:1820 Once established in the gut, ETEC produces heat stable toxin
leading to secretory diarrhea.

Heat Stable Toxin-Mediated Secretory Diarrhea

Classically, mechanistic discussions of enterotoxin-mediated secretory diarrhea have
focused on the cholera toxin of Vibrio cholerae and the heat labile toxin (LT) of E coli.
These are both significant causes of diarrhea in humans, and have a similar mecha-
nism of action involving increases in intracellular cyclic adenosine monophospate
(cAMP), which activates the cystic fibrosis transmembrane conductance regulator
(CFTR) and ultimately causes secretion of chloride. This movement of chloride ions
osmotically draws water into the lumen of the intestine, leading to diarrhea.?"22 These
models of human diarrhea have less bearing on toxin-mediated secretory diarrhea in
the calf because the heat stabile toxin (STa) of ETEC is the primary mediator.!23:24
STais an 18- or 19-amino-acid peptide that is secreted by many strains of ETEC; how-
ever, the production can vary up to 1,000 fold between strains when cultured under
identical conditions.?52® After being secreted by E coli, STa binds to guanylyl
cyclase-C (GCC), a brush border membrane enzyme that is present throughout the villi
and crypts.?”-28 The concentration of GCC appears to be highest in the lower villous,?®
but this may vary by species,?” and its precise location on the villous has not yet been
determined in the calf. In contrast to rodents and humans, in which concentrations of
GCC decrease in the distal small intestine,?® GCC is present throughout the gastroin-
testinal tract of calves and is concentrated in the ileum.?%3° In both mice and humans,
the density of this receptor declines after birth,2%3" and it remains present in pigs until
up to 7 weeks of age.3? No specific research has been done detailing the expression of
GCC at various ages of calves, however inoculation with STa induces diarrhea in
animals up to 15 days of age.?® This indicates that GCC is present until at least 2
weeks of age and down-regulation of the receptor is not the reason for age-dependent
resistance to ETEC diarrhea.

Binding of STa to GCC leads to the production of intracellular cyclic guanylyl mono-
phospate (cGMP), which acts as a second messenger to activate cGMP-dependent
protein kinase Il (cGKIl). This kinase phosphorylates CFTR, inducing movement of
the protein to the cell surface and activation, which in turn leads to chloride
secretion.®® This up-regulation of chloride secretion osmotically pulls water into the
intestinal lumen, which outweighs the absorptive ability of the villous (Fig. 1).2
Blocking the CFTR dramatically decreases intestinal fluid secretion, indicating the
importance of this protein in the pathogenesis of ETEC diarrhea. However, secretion
is not completely prevented,®* indicating that STa may have additional effects in the
small intestine.

Further research has shown that STa can induce bicarbonate secretion through a ty-
rosine kinase that is independent of the GCC/cGMP/CFTR pathway, and this secreted
bicarbonate can act as an osmotic agent to pull water into the lumen of the
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Fig.1. Frame 1: K99 ETEC binds to an intestinal epithelial cell, and heat stable toxin (STa) is
secreted, which binds to the receptor GCC. The enteric nervous system becomes activated by
the secretion of STa, but the mechanism of this activation is unclear. At this point, CFTR is
not active. Frame 2: STa binds to GCC, which converts guanylyl triphosphate (GTP) to
¢GMP. cGMP activates cGKIl to phosphorylate the CFTR, and the CFTR moves to the luminal
surface and is activated, leading to chloride (Cl) secretion. Frame 3: Secreted STa activates
tyrosine kinase through an unknown pathway, which leads to bicarbonate (HCOs) secretion.
STa also directly inhibits the sodium-hydrogen exchanger, decreasing the movement of so-
dium (Na) and hydrogen (H) across the membrane.

intestine.3%%% The receptor and other messengers in this pathway have not been
elucidated. An opposing model of STa-induced diarrhea has also been proposed
that is not based on fluid secretion caused by movement of chloride or bicarbonate,
but which instead is caused by decreased fluid absorption. In addition to activating
the CFTR, STa inhibits the apical Na-H exchanger, leading to failure of sodium absorp-
tion. This failure of sodium absorption decreases fluid movement from the intestinal
lumen to the interstitial space. The importance of this mechanism of ETEC diarrhea
in calves is unknown because this has been most conclusively shown in the
duodenum and proximal jejunum of rodent models.37-38

Similar to expression of K99, production of STa is pH dependent. When the environ-
mental pH is less than 7.0, toxin production is severely limited.'®3° Therefore, toxin
production is maximized in the distal small intestine because the pH level is greatest
in this segment. Although it has not been directly investigated, it can be theorized that
STa-mediated secretion of bicarbonate and inhibition of the Na-H exchanger would
have the net effect of alkalinizing the proximal small intestine. This would create an
environment more hospitable to ETEC promoting its spread to the proximal small
intestine.

The autonomic and enteric nervous systems are known to be involved in the
secretory response to cholera toxin through the actions of prostaglandin E, (PGE,),
5-hydroxytriptamine (5-HT), and vasoactive intestinal polypeptide (VIP).#°-*2 STa-me-
diated secretion may also involve local reflex arcs in the enteric nervous system (ENS);
however, it does not involve the autonomic nervous system.*® Most of the support for
this idea comes from studies that inhibit the ENS and subsequently reduce the
secretory effect of STa.**~*® The neurotransmitters critical in these responses are nitric
oxide (NO) and VIP,%%46 whereas PGE, and 5-HT are not involved.*! Furthermore,
a well-defined example of the influence of the ENS in ETEC is its role in exacerbating
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STa-mediated secretory diarrhea in states of malnutrition,*”*° however the impor-
tance of these mechanisms in the calf is unknown because this was found in a
rodent model of human disease.

Ultimately, the pathophysiology of ETEC is dependent on several factors. First is
the exposure to and ingestion of the organism. Once ingested, ETEC must survive
the acidic pH of the abomasum. This is facilitated in neonatal calves because the
pH level of their abomasum ranges from approximately 6 to 7, which enables survival
of ETEC. The pH of the abomasum decreases to less than 2 by 5 days of age, which is
low enough to kill ETEC strains.'®®° Once ETEC reaches the ileum, both the K99
antigen and STa are expressed as a result of the increased pH level, yet this may occur
sooner because the pH level can be higher in the proximal Gl tract of neonatal calves.
K99 allows attachment of the organism, leading to colonization of the ileum. Produc-
tion of STa induces secretion and may increase the luminal pH level, which would
make the normally acidic proximal small intestine more hospitable for the organism.
ETEC bacteria then move proximally toward the duodenum, and secretion dramati-
cally increases, leading to diarrhea and dehydration. 85

Treatment of Escherichia coli Diarrhea

The focus of treatment for ETEC diarrhea should be to remove the organism from the
gastrointestinal tract and combat dehydration until normal absorption is restored.
Based on an extensive review on the topic by Constable in 2004, the only antibiotic
with documented efficacy and legal use in food animals in the United States is
amoxicillin trihydrate, which is recommended at a dose of 10 mg/kg, orally every 12
hours. Ideally, this would only be used in calves with signs of systemic illness caused
by diarrhea.5?

Oral electrolyte solutions remain the mainstay of on-farm fluid replacement therapy
for most calves with ETEC diarrhea. Based on the pathophysiology of the organism,
two characteristics of oral replacement fluids are critical. The first is to maximize
sodium absorption through means other than the Na-H exchanger, because this
may be inhibited by STa. Most oral electrolyte solutions take advantage of the
sodium-glucose cotransporters to improve sodium absorption, which bypasses
the inhibited Na-H exchanger. Although this will not reduce the secretory response
(and diarrhea), it will improve the hydration status of the calf.?

Second, increasing the pH of the abomasum and proximal small intestine favors the
survival of ETEC, as discussed above. Hence, oral replacement fluids with bicarbon-
ate as the alkalinizing agent may favor the proliferation of ETEC, expression of the K99
antigen, and secretion of STa."® If secretion of bicarbonate caused by STa is a signif-
icant component of the disease in calves, as it appears to be in some models, the
additional bicarbonate load from an oral electrolyte solution could even exacerbate
the secretory response. Because of the potential harm of bicarbonate, oral electrolyte
solutions containing acetate are recommended for treatment of ETEC diarrhea.
Additional approaches for increasing the abomasal pH are discussed in the article
by Marshall found elsewhere in this issue.

CRYPTOSPORDIUM PARVUM

C parvum is one of the most commonly isolated gastrointestinal pathogens from dairy
calves and immunosuppressed humans®® and is a significant cause of waterborne
diarrhea outbreaks.* Infection occurs when oocysts are ingested from the environ-
ment. Once in the host, the organism goes through a complicated life cycle that
involves multiple stages. The cycle starts with exposure to gastric acid and bile salts,
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leading to excystation of the oocyst to the first life stage, the sporozoite. The sporo-
zoites invade the intestinal epithelial cells of the ileum, where the infection is
typically concentrated, but they can infect the gastrointestinal tract anywhere from
the abomasum to the colon. The sprorozoites create an invagination of the luminal
membrane, allowing them to maintain an extracytoplasmic but intracellular location
known as a parasitophorous vacuole. From this location, the sporozoites transform
into trophozoites. At this stage, asexual reproduction occurs and Type | meronts
are formed. Merozoites are then released into the lumen. These organisms can form
additional Type | meronts or Type Il meronts, which form micro- and macrogamonts.
Micro- and macrogamonts reproduce sexually to create thin- and thick-walled
oocysts. The thin-walled oocysts lead to autoinfection, whereas the thick-walled oo-
cysts pass out with feces to contaminate the environment. These oocysts are infective
immediately, and remain viable in the environment for extended periods of time.5%-57

C parvum oocyst shedding occurs as early as 3 days of age, peaks at 2 weeks of
age, and can continue to occur in adult cattle. However, diarrhea caused by C parvum
rarely occurs after 3 months of age.®”-%% After infection, clinical signs peak at 3 to 5
days and last 4 to 17 days.®%* Some studies have shown that up to 100% of dairy
calves become infected with C parvum,>8-6® and become the major source of environ-
mental contamination because calves shed up to 107 oocysts per gram of feces.®®
Shedding in beef calves is much less frequent and occurs in less than 5% of calves.5%:%6
Calves appear to be resistant to subsequent infection after the initial episode of C par-
vum diarrhea.®® Severity of diarrhea and incidence of clinical signs in calves shedding
oocysts can be variable within and between farms, leading some to question the true
importance of C parvum as a primary pathogen;®” however, it has been repeatedly iso-
lated independent of other known pathogens in clinical cases.®”

Malabsorptive Diarrhea Caused by Cryptospordium parvum

Infection with C parvum has been shown to induce severe villous atrophy (Fig. 2) in
calves and other food animal species.®468° This atrophy is caused by the loss of
villous enterocytes and the subsequent retraction of the villous to maintain a continu-
ous epithelial barrier. Crypt hyperplasia also occurs in an effort to replace the lost
epithelial cells, however in severe infections, disruption of the epithelial barrier can
occur despite these efforts.®47%7" Furthermore, both cell culture and animal models
have shown an increase in epithelial permeability after C parvum infection when the
loss of epithelial surface area is taken into account.”®72 In spite of this well recognized
consequence of C parvum infection, the precise mechanism of cell loss remains
elusive. It is still not understood whether the cell loss is an effect of the pathogen or
is part of the host response in an effort to resolve the infection.

There are two potential mechanisms for the increased loss of epithelial cells in
C parvum infections. The first is a direct cytotoxic effect of the organism on the intes-
tinal epithelium, but this is not well supported by the current literature. In a few cell
culture models of C parvum infection, the cytosolic enzyme, lactate dehydrogenase,
has been shown to leak into the cell media.”>"> However, this may simply be caused
by the deformation of the apical membrane by the organism as it attaches to and is
enveloped by the membrane.”®

The second and more likely mechanism for cell loss is apoptosis because apoptotic
cells are consistently found in both in vitro and in vivo models of infection.”®82 Yet there
is evidence in cell culture models that the loss of epithelial cells is minimized by the in-
hibition of apoptosis during the infection,”®8% and many infected cells are not apopto-
tic.”® Specifically, research has shown that the activation and inhibition of apoptosis is
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Fig. 2. Normal and C parvum-infected intestinal mucosa from a calf ileum at 100x magnifi-
cation. (A) Normal calf ileal mucosa. (B) and (C). Calf ileal mucosa experimentally infected
with C parvum. Note the blunting of the villi and the hyperplasia of the crypts. There are
more severe histologic changes in (C), because the villi are more atrophied and the mucosa
no longer completely covers the lamina propria (hematoxylin and eosin).

related to the life stage of C parvum, and that apoptosis is inhibited during the tropho-
zoite stage when the organism is most dependent on the host, but then increases later
during the infection. Furthermore, the incidence of apoptosis will vary over time
between infected cells and uninfected neighboring cells. This may be beneficial to
the host to limit spread of the organism, limit the severity of cell loss, and/or speed clear-
ance of the organism.82 Pharmacologically induced apoptosis in infected cell cultures is
also prevented, indicating that apoptosis mechanisms are actively inhibited,”®8% which
has been shown to be mediated by NF-kB.”® Additional research is needed to elucidate
the ultimate beneficiary of this apoptotic regulation: the organism, to maintain its intra-
cellular habitat, or the host, to limit cell loss and spread of infection.

Irrespective of how or why epithelial cell loss and villous atrophy occurs, this leads
to a malabsorptive diarrhea. The net absorption of fluid is caused by the movement of
sodium coupled with either chloride or other nutrients in the villous tip versus the se-
cretion of anions in the crypts. Therefore, absorption is impaired because of the loss of
the mature villous epithelial cells and their associated transporters as well as a de-
crease in total surface area.®+7%-8485 Apsorption of sodium and water can still occur
to some degree in the crypts when coupled with glucose or neutral amino acids
(eg, glutamine), which can be used to improve absorption of oral rehydration solu-
tions,®87 but overall absorption of carbohydrates, lipids, and amino acids is
reduced.®8°" This malabsoption leads to diarrhea that can range from very mild to
life threatening, depending on the dose of organism and coinfection with other
pathogens. However C parvum has not been shown to decrease overall growth in
calves once the infection has resolved.®®
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Prostaglandin-Mediated Diarrhea Due to Cryptospordium parvum

Epithelial cell loss, villous atrophy, and malabsorption cannot account for all the fluid
loss seen in C parvum infections, and studies have documented a prostaglandin-me-
diated anion secretion (CI~ or HCO3;™) and inhibition of neutral NaCl absorption
(Fig. 3). The prostaglandins PGE, and prostaglandin |, (PGl,) are found at higher
concentrations in infected tissue, and blocking the secretion of these prostaglandins
reverses the anion secretion and inhibition of NaCl absorption.”®#* However, in vivo,
inhibition of prostaglandins exacerbated the villous atrophy, indicating that this
approach is unlikely to be useful therapeutically.®®> The source of prostaglandins in
the infected tissue is unknown, but is believed to be leukocytes that infiltrate the
lamina propria in the infection. Macrophages appear to be the most likely source be-
cause they invade the lamina propria after infection and can induce prostaglandin
secretion from mesenchymal cells,5470-92.9% whereas inhibition of neutrophil migration
into infected tissue had no effect on prostaglandin synthesis.g4 Furthermore, NO,
which has been shown to be important in defense against C parvum infections,®®
stimulates prostaglandin-mediated secretion when NO production is augmented by
arginine supplementation.®®

/’ \_}
/! Ca*/cAMP

Enteric nerve

Fig. 3. Infection of intestinal epithelial cells with C parvum induces the epithelial cell to se-
crete PGE; and leads to activation of macrophages (M4) in the lamina propria. This leads to
secretion of PGE, and PGl, from the mesenchymal cells. PGI, activates the enteric nervous
system to secrete acetylcholine (Ach) and VIP. The secretion of Ach, VIP, and PGE; leads to
an increase in intracellular calcium and cAMP, which activates anion secretion (Cl and
HCO3) and inhibits neutral sodium and chloride absorption (NacCl).

19



20

Foster & Smith

The mechanism of action of the two prostaglandins differs because PGE; acts on
the enterocyte directly, whereas PGl exerts its effect through the ENS. PGI, causes
75% of the secretion in C parvum infection by stimulating the nicotinic ganglia and the
VIP-ergic and cholinergic motor neurons that innervate the intestinal mucosa. Prosta-
glandin secretion ultimately leads to increases in calcium and cAMP that increase
anion secretion and decrease sodium absorption.*>7%92 |nhibiting the effects of
prostaglandins on the ENS is a potential method of decreasing the diarrhea associ-
ated with C parvum without exacerbating the villous atrophy. Specifically, peptide
YY, which is naturally found in the intestinal epithelium, is a potent inhibitor of VIP
and can abolish the secretory response to PGl,.%” Furthermore, if the inhibition caused
by prostaglandins can be blocked, the intestine is capable of absorbing NaCl and
water despite the villous atrophy, indicating that the transporters are fully functional,
even in the immature enterocytes.85-87

Treatment and Prevention of Cryptospordium parvum Diarrhea

Because of the privileged location of C parvum, drug delivery can be difficult. Drugs in
the lumen of the intestine may pass through without actually reaching the organism,
whereas drugs that penetrate the intestinal epithelial cell would concentrate in the
cytoplasm instead of the extracytoplasmic parasitophorous vacuole. Despite these
challenges, multiple drugs have been studied as potential treatments with varying
degrees of success, and none are currently licensed for calves in North America.®%5”
Halofuginone is licensed for prevention of C parvum infection in Europe when admin-
istered during the first 7 days of life. Unfortunately, clinical trials have not shown it be
consistently effective. When used as directed in a study of 31 bull calves, there was no
difference in the incidence of or treatment rates for diarrhea between the treated and
control calves. There was a significant delay in shedding of oocysts, but upon
withdrawal of the drug, the treated calves began to shed a similar number of organ-
isms. There was no difference in milk intake, weight gain, or age at weaning between
the two groups.®® Another study in which halofuginone treatment was initiated at 7 to
10 days of age saw no difference in the number of calves shedding oocysts or in the
incidence of diarrhea. However, the total number of oocysts shed was reduced for the
7 days during treatment as well as the following 7 days. Oocyst shedding then
rebounded and was greater than in control animals 21 days after the start of
treatment.®® Other studies have shown more favorable results in which the incidence
of diarrhea and excretion of oocysts was reduced. Re-excretion of oocysts after
stopping treatment continued to be a problem, but was less if a lower dose was
used.'9%-192 |n an experimental infection, the only difference noted with treatment
was a decrease in the number of calves dying. However, calves began excreting
oocysts after treatment was discontinued, even though they had been housed individ-
ually and reinfection was unlikely. This indicates that halofuginone is cryptosporidio-
static but is unlikely to effectively kill oocysts.’®® Halofuginone appears to be
effective at decreasing oocyst shedding only when it is being administered. It may
or may not reduce clinical signs in the calf, and has not been consistently shown to
be effective as a treatment for C parvum diarrhea.

Paromomycin was shown to be effective in one trial of experimental infection as
a prophylaxis for C parvum infection. The drug was administered 1 day prior to infec-
tion and continued for a total of 11 days. Oocyst shedding and diarrhea were
decreased, but calves began to shed organisms at the end of the treatment period,
and the shedding continued after treatment was stopped.'®* Decoquinate has also
been used to control C parvum in calves, but trials have not consistently shown it to
reduce diarrhea or oocyst shedding in calves.®”:9%1% |n a study from Turkey,
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azithromycin was shown to be effective as a treatment of calves that were know to be
shedding C parvum when it was administered at a dose of 1,500 mg/calf/day for 7
days. Treatment decreased oocyst shedding and diarrhea, and improved weight
gain.'°® However, the cost of azithromycin in the United States would likely prevent
its use to treat cryptosporidiosis at this time. In a small study, activated charcoal
with wood vinegar liquid was effective in stopping diarrhea and oocyst shedding
when administered after the start of experimentally induced C parvum diarrhea. This
effect was noted 24 hours after addition of this product to the milk replacer.'®” It
remains to be seen if this effect can be duplicated in a large-scale field trial.

Similar to chemotherapeutic agents, both active and passive vaccination have notbeen
consistently successful in preventing C parvum infection, diarrhea, and oocyst shed-
ding."® Vaccination of dry cows with whole organisms'® or a recombinant protein'®
both reduced oocyst shedding and clinical signs, but neither have been validated under
field conditions. An oral vaccine to be given to calves at birth prior to colostrum
administration showed promise initially,’"! but was ineffective in a field trial.’2113

Because of the questionable benefit of mass medication or vaccination for control,
prevention should be focused on decreasing exposure to the organism by appropriate
hygiene and husbandry. Because C parvum is a zoonotic agent, appropriate personal
hygiene is also important for public health and farm employee safety.!'? Specific
treatment for C parvum-infected calves also cannot be recommended in the United
States at this time, although the extralabel use of azithromycin or activated charcoal
with wood vinegar appears promising. In general, treatment should be focused on
appropriate fluid therapy and supportive care because most calves will recover
from cryptosporidiosis if there is not an overwhelming infection or coinfection with
another pathogen.

ROTAVIRUS

Rotavirus was one of the first identified viral causes of diarrhea, and was initially known
as neonatal calf diarrhea virus. Subsequently, it has been found throughout the world
and has been identified as a significant pathogen of children and most other
mammals.'#115 Antibodies to rotavirus can be found in more than 90% of
unvaccinated cattle,'® and the virus was isolated from 94% of dairy calves at a large
dairy and calf ranch during the first 2 weeks of life.!'” It has also been isolated from
approximately 20% of calf diarrhea samples,’'®11° and from at least one calf on
63% of farms.'2° Calves become infected after ingesting the virus from fecal contam-
ination of the environment, because the virus remains quite stable if the temperature
does not get near freezing. The virus typically affects calves less than 3 weeks old, with
a peak incidence at 6 days of age. After ingestion of the virus, the incubation period is
approximately 24 hours, with resolution of diarrhea in uncomplicated cases in 2
days.""® Classically, rotavirus diarrhea is thought to be primarily a malabsorptive
diarrhea, but recent evidence indicates that there is also a toxin-mediated secretory
component as well.

Malabsorptive Diarrhea Caused by Rotavirus

Similar to C parvum, rotavirus preferentially targets the mature villous enterocytes and
spares the crypts, generally causing moderate villous damage. The virus attaches to
these cells via specific receptors and invades through an unknown mechanism. The
virus replicates within the cells, leading to enterocyte death. Malabsorption will then
occur because of the loss of surface area, and unabsorbed glucose and other
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carbohydrates create an osmotic load pulling fluid into the lumen. Furthermore, fluid
secretion from the crypts increases the amount of fluid in the intestinal lumen relative
to villous absorption, which leads to diarrhea.?"1'411% However, the severity of clinical
signs does not always correlate with histologic damage to the villi. This has led to
speculation that there may be another mechanism contributing to the diarrhea seen
with rotaviral infections, and that enterocyte damage is less critical than previously
believed.

In the mid-1990s, a viral enterotoxin was demonstrated to be crucial to the
pathogenesis of rotaviral diarrhea.?! This was the first time an enterotoxin could be
identified in a viral diarrheal pathogen, and this changed our fundamental understand-
ing of rotavirus diarrhea.'?? The rotavirus protein, nonstructural glycoprotein 4 (NSP4),
was found to induce a dose- and age-dependent diarrhea that is clinically similar to
rotavirus diarrhea. Unlike the bacterial enterotoxins, diarrhea due to NSP4 is unrelated
to cAMP, cGMP, or CFTR.'23124 The protein is initially produced during intracellular
viral replication and acts on the infected cell. It is secreted or released upon cell death,
and acts in a paracrine manner.'?® Exogenous exposure of intestinal epithelial cells to
NSP4 allows binding to caveolae, special lipid rafts within the endoplasmic reticulum
(ER) and cell membrane. It specifically binds to caveolin-1, a transmembrane, hairpin
protein unique to these rafts.’®127 Binding to caveolin-1 leads to an increase in
intracellular calcium concentrations by causing the release of calcium from ER stores
and increasing movement across the plasma membrane. This is mediated by
phospholipase C (PLC), which increases the level of intracellular inositol 1,4,5-triphos-
phate (IP3),'24128-130 however intracellular NSP4 causes the release of calcium
independent of the PLC pathway. '3’

Extracellular and intracellular exposure to NSP4 causes several changes in the
movement of nutrients and water across the epithelium (Fig. 4). Increases in intracel-
lular calcium inhibit the translocation of disaccharidases from the intracellular vesicles
to the luminal surface, decreasing the ability to digest carbohydrates and leading to
maldigestion and exacerbation of the diarrhea.’®34 NSP4 also directly inhibits
sodium glucose cotransporter SGLT1, the primary sodium and glucose cotransporter
that is critical for effective water absorption, significantly contributing to the pathogen-
esis of rotaviral diarrhea.3® The actions of NSP4 better account for the maldigestion
and malabsorption that are seen in rotavirus diarrhea, and is are likely more important
to the pathogenesis than is histologic damage to the epithelium.

Secretory Diarrhea Caused by Rotavirus

NSP4 has also been implicated in causing secretion of chloride through the increase in
intracellular calcium,’* but the importance of this finding is being increasingly
questioned because the increase is relatively mild and only occurs early in the course
of diarrhea.'®®"37 As previously mentioned, the actions of NSP4 are independent of
CFTR, so the ion channel that is important for this chloride movement is unknown,
and has been hypothesized to be created by NSP4.7'4124 An alternate mechanism
that may explain the chloride secretion occurring in rotaviral diarrhea is activation of
the ENS. Pharmacologically inhibiting the ENS dramatically reduces the diarrhea
seen with rotavirus infections, although the mechanism by which the virus activates
ENS-dependent secretion is unknown.*?114.138 pProstaglandins and other inflamma-
tory mediators may also play a role in causing secretion by affecting the ENS,'3”
similar to other intestinal pathogens such as C parvum.*?>7%%2 The ENS appears to
play a critical role in rotavirus-induced secretion, but the mechanism responsible for
this effect is unclear.
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Fig. 4. Once rotavirus replicates in an intestinal epithelial cell, the enterotoxin NSP4 is pro-
duced. It has autocrine effects by causing calcium (Ca) release from the endoplasmic reticu-
lum. NSP4 has paracrine effects by being secreted and binding to caveolin-1. This activates
PLC, which increases cytoplasmic IPs. IP3 increases intracellular calcium by increasing release
from the endoplasmic reticulum and increasing calcium movement across the luminal mem-
brane. The increased intracellular calcium inhibits movement of disaccharidases to the lumi-
nal surface. NSP4 directly inhibits the SGLT1 which decreases the absorption of sodium (Na)
and glucose, and increases chloride (Cl) secretion by an unknown mechanism, but may in-
volve a channel created by NSP4. NSP4 also activates the enteric nervous system by an un-
known mechanism.

Treatment and Control of Rotavirus Diarrhea

Treatment of rotavirus diarrhea is focused solely on rehydration because there are no
currently available pharmacologic methods of controlling the infection in calves.
Whereas the inhibition of SGLT1 and subsequent decrease in sodium and glucose
absorption mediated by NSP4 would theoretically make sodium- and glucose-con-
taining oral rehydration solutions less effective, this has not been shown clinically or
experimentally. Currently, the Centers for Disease Control and Prevention recommend
a low-osmolality rehydration solution that contains sodium and glucose for children
with acute gastroenteritis. This recommendation is irrespective of the cause, yet
rotavirus is likely involved in a majority of the cases.'® Similar fluids would be
expected to be effective in rehydrating calves with rotaviral diarrhea as well.
Enhancing colostral antibody transfer to the calf from the dam appears to be the
most effective method of control for rotaviral diarrhea in calves. First, proper
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colostrum management is critical to ensure that an adequate IgG mass is delivered to
each calf. This can be enhanced by administering vaccines to cows in the dry period to
increase the amount of rotavirus-specific antibodies in the colostrum.#° Experimental
evidence has shown these vaccines to be effective at decreasing clinical signs;141-144
however, some authors feel that the commercial vaccines are not as effective clini-
cally.’® There appears to be protection initially that is caused by the presence of spe-
cific antibodies in the intestinal lumen, but immunity in subsequent weeks is
dependent on the resecretion of IgG into the intestine.'? Oral vaccination of the
calves at birth has been found to be less successful, and is not recommended.'*® Sim-
ilar to other gastrointestinal pathogens, reducing exposure is also critical for control of
rotaviral diarrhea in calves. Therefore, appropriate housing, stocking density, and hy-
giene cannot be ignored.

CORONAVIRUS

The epidemiology and pathophysiology of coronavirus diarrhea in calves overlaps
significantly with that caused by rotavirus. Antibodies to coronavirus are ubiquitous
in cattle,’® and the virus is frequently found in both normal and diarrheic feces of
calves.' Coronavirus typically affects calves with the first 3 weeks of life, and
peak incidence occurs between days 7 and 10. The virus is ingested from the environ-
ment, which is contaminated by other calves or adult cattle.'48 Clinical signs begin
approximately 2 days later and continue for 3 to 6 days."*%14° Diarrhea secondary to
coronavirus is mainly caused by intestinal epithelial cell loss and malabsorption. This
virus has also been implicated in respiratory disease outbreaks in older calves as well
as a diarrheal disease of adult cattle (winter dysentery), but discussion of these
syndromes is beyond the scope of this report.

Malabsorptive Diarrhea Caused by Coronavirus

Coronavirus infection begins in the proximal small intestine, but then usually spreads
throughout the jejunum, ileum, and colon. Initially, the virus attaches to the enterocyte
via the spike and hemagglutinin glycoproteins, which also allow fusion of the viral
envelope with the cell membrane or endocytotic vesicles.'#®150-152 Once in the cell,
the virus replicates and is released using normal secretory mechanisms and upon
cell death.'#8153 Diarrhea begins at the time of virus entry into the cell (before cell
death occurs), but it is unknown if this is the result of secretion, malabsorption, or
both.1®

Infected cell loss is significant by 2 days after onset of diarrhea, and villous blunting
occurs. The mature villous epithelial cells are the primary target for the virus, but crypt
enterocytes are also affected.’ 155 As in rotavirus and C parvum infections,
maldigestion and malabsorption lead to diarrhea. Because the crypt enterocytes
and the colonocytes can be affected by coronavirus, the clinical signs often have a lon-
ger duration. 149154

Treatment and Control of Coronavirus Diarrhea

Like rotavirus diarrhea, there are no specific treatment methods for coronavirus
infections, and little research has been done to confirm specific control measures
for coronavirus in calves. Oral electrolyte solutions should be provided to prevent
dehydration and treat acidosis. Methods aimed at controlling rotavirus infections
(proper housing and hygiene, good colostrum management, and dry cow vaccination)
are believed to be the best measures for control of coronavirus as well. Furthermore,
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most dry cow vaccinations targeted for neonatal calf diarrhea contain both rotavirus
and coronavirus.

OTHER CAUSES OF INFECTIOUS DIARRHEA IN NEONATAL CALVES

Salmonella is the other major infectious cause of diarrhea in calves, but it is discussed
in a separate article in this issue. A few other minor causes of diarrhea in calves are
worth brief discussion.

Attaching and Effacing E coli

In addition to ETEC, there are several other types of E coli that are potential pathogens
in calves, and these fall into the broad category of attaching and effacing E coli. These
bacteria are characterized by the presence of the eae gene,®® which encodes the
protein intimin, a key component of the outer membrane that mediates attachment
to the intestinal epithelium.'®” If these bacteria do not secrete any enterotoxins,
they are classified as enterpathogenic E coli (EPEC).'5” EPEC organisms attach to
the epithelium, disrupt the microvilli, and cause malabsorption.’®® They also use
a Type lll secretory protein to inject effector proteins into the host cell, inducing a se-
cretory response by an undefined mechanism. Furthermore, they disrupt tight junc-
tions between epithelial cells and lead to inflammation; all of which contribute to
diarrhea.’®® The importance of EPEC as a pathogen of calves is debatable. It can
be found in abnormal fecal samples, but is also frequently found in healthy calves'6°
or not found at all.’®"

Enterohemorrhagic E coli (EHEC) are typically defined as expressing the eae gene
and Shiga toxin. Strains that lack eae but secrete Shiga toxin are designated
STEC."®2 Shiga toxin mediates many of the systemic effects that are seen in humans
with E coli O157:H7 infections, and may cause some intestinal damage in some
species.’®® Many epidemiological studies have shown that EHEC and STEC are
commonly found in calves with normal and abnormal feces, and there is significant
interest in these bacteria from the public health standpoint.160:161.163-166 However,
Shiga toxin receptors cannot be found in the intestine of calves or adult cattle, and
no diarrhea was seen following experimental infection,'®” calling into question claims
that these bacteria are pathogens of calves.

Clostridium difficile

Diarrhea caused by Clostridium difficile appears to be an emerging problem in both
humans and veterinary patients. Diarrhea caused by C difficile is mediated by bacterial
toxins that lead to epithelial cell death, damage to epithelial cell tight junctions,
inflammation of the mucosa and submucosa, and activation of the ENS."®8 C difficile
and its toxins can be found in the feces of both normal and diarrheic calves,'%%~72 put
its role as a pathogen has not been clearly established. Purified toxins will cause
epithelial damage and an increase in luminal fluid in a calf intestinal loop model,'°
however experimental infection has not been successful.'”?

Giardia

Giardia organisms can be found in the feces of calves with diarrhea throughout the
world, but is also commonly found in the feces of normal calves,58°59.66:173-182
Some of these studies also found other pathogens along with Giardia, and none
were controlled experiments. Only a single study has documented attempted
experimental infection of calves with Giardia. In that study, histologic changes were
found in only 2 of 12 calves, clinical signs were simply described as not severe, and
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the incidence of diarrhea was not reported.'® Giardia has been documented to cause
villous atrophy in naturally infected calves,'®* and is known to cause a malabsorptive
diarrhea in other species.'®5'8¢ Therefore, some have proposed that it may not be
a significant cause of disease, but could still negatively impact calf growth.®® This
has also not been experimentally proven. Although Giardia is commonly found in
the feces of both dairy and beef calves, it is unknown if it is truly a pathogen.

Torovirus

In the early 1980s, an infectious agent similar to coronavirus was identified in a herd of
beef cattle in lowa.'® It was initially named Breda virus, but has subsequently been
renamed torovirus. Since that time, it has been identified in both beef and dairy calves
throughout the world, and 94% of adult cattle are seropositive.'®8 Torovirus is found in
calves with normal and abnormal feces, but is isolated more frequently in diarrheic
feces. The incidence in calves with diarrhea ranged from 5% to 35%, while it was
never isolated from more than 12% of normal calves. Other pathogens were
commonly, but not always, found in conjunction with torovirus, but none appeared
to be consistently associated with torovirus infection.8-193 After ingestion, the virus
infects the epithelium of the distal half of the jejunum, the ileum, and colon. Histopath-
ologic lesions in experimental infections include necrosis of the crypt and villous
enterocytes and villous atrophy, but infection does not consistently lead to clinical
signs or histologic damage.'®”19419% Although it has not been conclusively shown,
these lesions would be expected to lead to a malabsorptive diarrhea. There is no
specific information on control of torovirus, but as with other viruses, proper housing,
decreasing exposure to adult cattle, and good hygiene are likely important to prevent
its spread.

SUMMARY

Pathophysiologic mechanisms of infectious diarrhea in calves can be generally
divided into malabsorptive/maldigestive, secretory, or both, and research into these
mechanisms at the cellular level may ultimately lead to more specific control and
treatment methods. Currently, most information must be extrapolated from other
research models because calves are not commonly used. Further elucidation of the
mechanisms by which these pathogens affect calves is critical because diarrhea is
a significant cause of morbidity and mortality in both dairy and beef cattle.
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