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Campylobacter jejuni are gram-negative, spiral, microaerophilic, 
motile bacteria and 1 of the most common enteric bacterial patho-
gens globally.15,20 The annual incidence of C. jejuni diarrheal dis-
ease varies geographically, ranging from sporadic infections in 
young adults in developed countries28 to as frequent as 40,000 
per 100,000 among children living in hyperendemic regions.15 
In addition, C. jejuni is the primary cause of ‘traveler’s diarrhea’ 
in various regions of the world.39,41,44 The clinical disease of C. 
jejuni infection has a wide spectrum of symptoms, varying from a 
mild, transient watery diarrhea to a bloody diarrhea with severe 
abdominal cramps and fever. C. jejuni infection also is associated 
with development of Guillain–Barré syndrome.51 Most strains of 
C. jejuni contain lipooligosaccharides that mimic human ganglio-
sides structurally. Antibodies against these lipooligosaccharide 
structures lead to an autoimmune response, resulting in Guillain–
Barré syndrome.52

Despite extensive study, little is understood about the mecha-
nism by which C. jejuni causes diarrheal disease. Various Campy-
lobacter small animal models have been reported, but these 
require surgical manipulation,13,46 administration of chemicals or 
antibiotics (or both),17,26,30 or inoculation by an unnatural route.5 
None of these published models incorporate the natural route of 
infection. Although several immunodeficient mouse models have 
been reported,35,36,49 the applicability of these models for studying 

the pathogenesis and immune response of natural infection is 
limited. An adult mouse lung model has been described that may 
be useful for studying pathogenesis and inflammatory response 
and acquired immunity, but the route of infection is not the same 
as that in humans.1,5 Unlike other small animals, naïve ferrets 
(younger than 11 wk) intragastrically inoculated with C. jejuni de-
veloped mild to moderate diarrhea with mucus, fecal leukocytes 
or frank blood that lasted for as long as 3 d and remained colo-
nized for as long as 8 d.9,10,18 Moreover, on rechallenge with the 
homologous bacterial strain, ferrets asymptomatically excreted 
C. jejuni in their stools.10 The observation of resistance to disease, 
but not to infection, is similar to findings from human studies, in 
which protection against disease developed before colonization 
resistance.11 Ferrets have been used to evaluate vaccines against 
C. jejuni14 and in molecular pathogenesis studies using strain 81-
176 to confirm a role in virulence for capsular polysaccharide and 
flagellar glycans.3,21 However, we evaluated the histopathology 
and immune response after C. jejuni infection in ferrets in more 
detail in the present study.

C. jejuni CG8421 was isolated from a case of dysentery in Thai-
land. It has an lipooligosaccharide core that, as shown by chemical 
analyses, lacks all ganglioside mimicry.38 The absence of ganglio-
side mimicry is predicted to reduce the risk of Guillain–Barré 
syndrome. We selected strain CG8421 for the current studies as 
part of an evaluation of a potential strain for use in future hu-
man vaccine challenge studies. Here we report the pathogenesis, 
histopathology, inflammatory, and immune responses after oral 
infection of ferrets with C. jejuni strain CG8421.
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blood in the stool, signs of dehydration, and other infection-asso-
ciated illness. To determine whether infection affected the rate of 
growth, body weights were measured before infection and daily 
for 9 d after infection.

Sample collection and processing. While ferrets were under 
deep anesthesia [ketamine (25 to 40 mg/kg) and xylazine (1 to 2 
mg/kg) mixed and delivered intramuscularly], cardiac blood (7 
to 14 mL) was collected in a syringe and placed immediately in 
either tubes containing EDTA or serum separator tubes. A portion 
of the whole blood was used to determine complete blood cell 
count, and mononuclear cells were isolated from the remainder 
by density gradient, cryopreserved in DMSO-containing medium 
(Sigma Chemical, St Louis, MO) at a controlled rate, and stored in 
liquid nitrogen to be used later to determine antibody secreting 
cells.6,7 Serum was used to determine liver enzymes (alanine ami-
notransferase, alkaline phosphate, aspartate aminotransferase, to-
tal bilirubin), total protein, albumin, gammaglobulins, C-reactive 
protein, and Campylobacter antigen-specific serum IgA and IgG by 
ELISA. Once blood was obtained, the animals were euthanized 
with sodium pentobarbital (Euthasol, Henry Schein) through in-
tracardiac injection, and tissues were collected for microbiology 
and histopathology.

Fecal samples were collected before infection and on days 1 
through 4, and 6 and 9 after infection to determine excretion of C. 
jejuni in stool, presence of occult blood, lactoferrin, and the levels 
of C. jejuni antigen-specific IgA and IgG.

Due to difficulty in obtaining blood from 1 of the control ani-
mals (blood clotted in EDTA), that animal was removed from the 
study.

Necropsy and tissue collection. Full necropsies were performed 
on all animals. To maintain consistency between animals, the en-
tire intestine was measured and sampled obtained for histology 
from the greater curvature of the stomach; 1 cm distal to the pylo-
rus, 20 cm distal to the pylorus and 80 cm distal to the pylorus for 
the small intestine; and 0.5 cm proximal to rectum, 2.5 cm proxi-
mal to rectum, and 5 cm proximal to rectum for large intestine. 
The tissues were placed in 10% buffered formalin, processed by 
standard methods, embedded in paraffin, sectioned at 4 μm, and 
stained with hematoxylin and eosin. Numerical scores for super-
ficial inflammation, mucosal changes, epithelial hyperplasia, and 
goblet cell loss were as follows: 0, none; 1, minimal; 2, mild; 3, 
moderate; 4, marked; and 5, severe. Peritonitis was scored as ei-
ther 0 (absent) or 1 (present). Histopathologic scores for stomach, 
small intestine, and colon are presented as mean ± 1 SD during 
acute phase (days 1 through 3), recovery phase (days 6 and 9, and 
controls. Liver, kidney, lung, mesenteric lymph nodes, and any 
tissue that looked grossly abnormal were processed in addition to 
intestinal tissues. Immunohistochemistry was performed by us-
ing polyclonal antibodies prepared by immunizing rabbits with 
formalin-fixed C. jejuni CG8421 (Harlan, Indianapolis, IN). Sec-
tions of liver, spleen, and large and small intestine were used to 
determine the presence of C. jejuni by culture (described later).

Inflammatory responses. Occult blood (Hemoccult, Beckman 
Coulter, Brea, CA) and lactoferrin (Leuko-Test, Inverness Medical 
Professional Diagnostics, Princeton, NJ) in stool and C- reactive 
protein (RapiTex, Dade Behring, Marburg, Germany) in serum 
were determined by using commercially available kits according 
to the manufacturer’s instructions.

Campylobacter microbiology. At various intervals after infec-
tion, blood, liver, spleen, large intestine, small intestine, and fecal 

Materials and Methods
Ferrets. Pathogen-free (including Campylobacter and Helicobacter 

spp.) female domestic ferrets (Mustela putorius furo; age, 5.5 to 6 
wk) were purchased from Triple F Farms (Sayre, PA). To ensure 
absence of Campylobacter infection, rectal swabs were obtained im-
mediately on receipt of each animal from the vendor and plated 
on sheep blood agar plates containing cefoperazone, vancomycin, 
and amphotericin B (CVA agar, Remel, Lenexa, KS). Ferrets were 
housed singly in guinea pig polycarbonate cages (Lenderking 
Caging Products, Millersville, MD), with Alpha Pads (Quality 
Lab Products, Elkridge, MD) lining the bottom. Commercial fer-
ret chow (Triple F Farms) and water were provided ad libitum. 
Animals were allowed to acclimate to housing conditions for 5 d 
before being used in experiments. All husbandry and experimen-
tal procedures were performed under Animal Biosafety Level 2 
requirements in accordance with institutional policies regarding 
animal care and use and guidelines in the Guide for the Care and 
Use of Laboratory Animals24 and were approved by the institutional 
animal care and use committee.

Bacterial strain and growth conditions. C. jejuni strain CG8421 
(serotype HS23/36) was isolated from a United States military 
service member with acute dysentery in Khorat, Thailand, in 
May 1999. The subject presented to the clinic with acute diar-
rhea, dysentery, gross blood in stool, abdominal cramps, and 
fever. The strain was isolated by filtration of a stool suspension 
onto Brucella sheep blood agar, confirmed as C. jejuni, serotype 
HS23/36, and found to be susceptible to nalidixic acid, ciprofloxa-
cin, and azithromycin with resistance to tetracycline. The genome 
sequence and lipooligosaccharide core structure of this strain 
have been determined.38 C. jejuni strain 81-176 (Penner serotype, 
HS23/36) was used as an infectivity reference strain; this strain 
initially was isolated from a child with watery diarrhea during 
a milkborne outbreak33 and then was used in a human challenge 
study.11 A recovered isolate from a subject with diarrhea11 was 
obtained, and a stock was kept frozen for animal studies.4

Frozen bacterial stock of each strain was inoculated onto Mu-
eller–Hinton agar and incubated overnight at 37 °C under mi-
croaerophilic conditions. Biphasic cultures then were prepared by 
using Brucella broth over 5% sheep blood agar in Brucella agar.14,50 
After additional overnight incubation at 37 °C, the broth portion 
was harvested and suspended in PBS. The bacterial concentration 
was adjusted spectrophotometrically to obtain approximately 
2 × 109 CFU/mL. Precise bacterial counts of the inoculum were 
obtained by plating serial dilutions on blood agar plate (described 
later).

Study protocol and C. jejuni feeding. Animals were randomized 
into 5 groups (to be euthanized on study days 1, 2, 3, 6, and 9) of 4 
animals (3 to be infected, 1 PBS control). After withholding of food 
and water for 2 to 3 h, animals were anesthetized with ketamine 
(25 to 40 mg/kg IM) and xylazine (1 to 2 mg/kg; Phoenix Scien-
tific, St Joseph, MO) and then were fed 10 mL of bacterial culture 
in NaHCO3 (5 mL of 2 × 109/mL bacteria + 5 mL 5% NaHCO3) via 
orogastric feeding tube. Five randomly assigned control animals 
received 5 mL PBS without bacteria and 5 mL 5% NaHCO3. One 
hour after inoculation with C. jejuni or PBS, 2.8 mL/kg of tincture 
of opium (Paregoric liquid, Henry Schein Animal Health, Reno, 
NV) was injected intraperitoneally; the detailed challenge pro-
cedure is described elsewhere.10,14 After infection, animals were 
observed twice daily for development of diarrhea (defined as 
loose stool with strings of nonteaseable mucus), presence of frank 
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n = 6), or control (n = 5) groups. Analysis of variance was used to 
compare results of complete blood counts and serum chemistry 
analyses between groups. Pairwise comparisons were used to de-
tect differences between the acute and recovery groups. Repeated 
measures ANOVA was used to analyze body weights. Data were 
compared by ANOVA with Tukey–Kramer correction to adjust 
for multiple comparisons. ANOVA was used to analyze fecal IgA 
and IgG data, and t tests were used to analyze IgA–ASC, serum 
IgA, and serum IgG results. The significance (alpha) level was set 
at 0.05. All analyses were done by using SAS (SAS Institute).

Results
C. jejuni infection outcome. After oral challenge with 1010 CFU 

C. jejuni 81-176 or C. jejuni GC8421, all 15 (100%) ferrets were in-
fected, by fecal culture, whereas 7 of 8 (87.6%) strain 81-176 re-
cipients and 5 of 7 (71.4%) strain CG8421 recipients developed 
diarrhea. The preliminary results showed similar infectivity for 
the 2 strains. In the subsequent study, oral challenge with 1010 
CFU C. jejuni GC8421, all 15 (100%) ferrets were infected, and 13 
of 15 (86.7%) developed diarrhea. In contrast, neither strain was 
isolated from animals that received PBS only, and a change in 
their fecal consistency was not noted. Of the 13 animals infected 
with CG8421 that developed diarrhea, the first diarrheal stool was 
within 12 h for 3 animals (23%), 24 h for 9 animals (69%), and 60 
h for 1 animal (8%). Duration of diarrhea varied between 1 and 
3 d, but the precise diarrheal day for all animals could not be de-
termined because animals were selected randomly for euthanasia 
for the first 3-d of the experiment. These findings are similar to 
those reported for other strains of C. jejuni.3,10,14,50

Lactoferrin and gross and occult blood in feces were measured 
as markers for inflammation. One day after challenge, 80% of 
all infected animals (92% of animals that developed diarrhea) 
showed gross blood in their stool; this value gradually declined to 
22% by day 3, but no gross blood was present on or beyond day 4 
(Table 1). Compared with occult blood, lactoferrin was more sen-
sitive in detecting inflammation (Table 1). C-reactive protein was 
not detected in blood at any time during the study period. No 
difference in growth rates between infected and control animals 
were observed.

Course of infection. After oral infection of ferrets with 1010 
CFU C. jejuni, 3 patterns emerged. First, initial colonization dur-
ing the acute phase and then reduction in bacterial load during 
the recovery phase occurred in both the small and large intestine 
(Figure 1). C. jejuni was isolated from all animals, although the 
bacterial counts per gram of large intestine were approximately 
2 logs lower (P < 0.05) during recovery phase than acute phase. 
The reduction in bacterial counts in the small intestine did not dif-
fer between acute and recovery periods. The second pattern that 
emerged involved the secretion of C. jejuni in feces. The number 
of C. jejuni shed in feces gradually increased, peaked at day 3, and 
then declined by 1 log and persisted essentially at unchanged lev-
els through the course of the study (Figure 2). The third pattern of 
infection occurred in the liver. C. jejuni was isolated from livers of 
7 of 9 animals during the acute phase of infection, but no bacteria 
were isolated during the recovery phase (Figure 1). C. jejuni was 
not isolated from the blood of any animal or from 14 of 15 spleens 
(data not shown).

Clinical pathology. Results of complete blood counts and serum 
chemistries are summarized in Table 2. White blood cell counts 
during the acute phase of infection were significantly lower (P 

material from 3 infected and 1 control animal were collected and 
individually processed to determine the presence of challenge 
organisms. Approximately 150 to 300 mg feces per animal was 
used to prepare a 1:4 (w/v) homogenous suspension in PBS. Por-
tions of organs and tissues (300 to 500 g) were homogenized in 
cold PBS (1:5, w/v). Dilutions of each homogenate were plated in 
duplicate on CVA agar (Remel). After 48 h of incubation, C. jejuni 
colonies were counted. Data are expressed as mean CFU per gram 
of tissue or feces or per milliliter of blood.

Measurement of immune response. Total protein was extracted 
from fecal samples collected from infected animals on days 4 (n = 
6), 6 (n = 6), and 9 (n = 3) and from controls (n = 5), as described 
elsewhere.4 Serum samples were collected from control animals 
(n = 5) and from animals euthanized on days 6 and 9 (total, 6 
animals). C. jejuni CG8421 glycine-extracted proteins (3 µg/mL) 
were used to detect antigen-specific fecal and serum IgA and IgG. 
Endpoint titers (highest dilution of the sample given a net OD405 
of 0.12 for fecal samples, 0.15 for serum immunoglobulins) of 
individual samples were determined and log transformed (loge) 
and are presented as mean ± 1 SD.

Measurement of IgA antibody-secreting cells. Cardiac blood 
mononuclear cells collected from controls (n = 4) and animals eu-
thanized on days 6 and 9 (n = 6) were used to determine Campy-
lobacter-specific IgA antibody-secreting cells (ASC) by ELISpot 
using a modification of a procedure published previously.5,7 
After thawing and washing, viability of mononuclear cells was 
determined using Guava ViaCount Reagent (Guava Technolo-
gies, Hayward, CA). Viable cells (average viability 92.8 ± 1.9%) 
were adjusted to 5 × 106/mL in medium containing 10% FCS, 2 
mM L-glutamine, and 50 μg/mL gentamicin (complete medium). 
Multiscreen immunoplates (catalog no. S2EM004M99, Millipore, 
Bedford, MA) were coated with C. jejuni glycine-extracted anti-
gens, and control wells were coated with bovine serum albumin 
(10 µg/mL). Plates were blocked with 5% FCS in RPMI; then 100 
μL complete medium containing 5 × 105 mononuclear cells was 
added in duplicate. Plates were incubated overnight at 37 °C in 
a 5% CO2 environment. After addition of 0.025 μg alkaline-phos-
phate–conjugated goat antiferret IgA (Rockland Immunochemi-
cal, Gilbertsville, PA), plates were incubated for an additional 2 
h at 37 °C. Spots were developed by using nitroblue tetrazolium, 
5-bromo-4-chloro-3-indolyl phosphate substrate (SigmaFast, Sig-
ma Chemicals, St Louis, MO). After an additional 15 min of incu-
bation, plates were rinsed extensively with water, air-dried, and 
counted by using a spot analyzer (Cellular Technology, Shaker 
Heights, OH). Data are expressed as the number (loge) of ASC per 
106 mononuclear cells.

Transmission electron microscopy. Samples for transmission 
electron microscopy were obtained distal to the samples from 
the small intestine and proximal to those from the large intes-
tine. The samples were fixed in 4% formaldehyde–1% glutaral-
dehyde, washed twice in phosphate buffer (Dako, Carpentaria, 
CA), postfixed in 1% osmium tetroxide, dehydrated in graded 
ethanol solutions and propylene oxide, and embedded in EM-
bed 812 (Electron Microscopy Sciences, Hatfield, PA). Thin (80 to 
100 nm) sections were stained in lead citrate and uranyl acetate 
and examined by electron microscopy (model LEO912, Carl Zeiss 
SMT, Thornwood NY).

Statistical analyses. Animals were assigned randomly by us-
ing the PROC PLAN procedure (SAS version 8.1, SAS Institute, 
Cary, NC) to either acute (day 1 to 3, n = 9), recovery (day 4 to 9, 
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were areas of epithelial cell loss, and the remaining epithelial cells 
often were attenuated and diffuse, presumably in response to a 
loss of enterocytes (Figure 3 B compared with normal shown in 
Figure 3 A). Increases in the mitotic rate of enterocytes were noted 
in both the crypts and superficial surface tissues. Cells in the af-
fected sections were less mature, and as a result, few goblet cells 
were present. Initially the primary inflammatory cells in these 
areas were neutrophils, but during recovery, mucosal changes 
were much less prominent. In most cases, epithelial coverage was 
nearly normal by day 6. The initial infiltration of neutrophils into 
the mucosa was followed by macrophages. Peritoneal histopatho-
logic evaluation revealed no significant changes in infected or 
control animals at anytime during the study. No histologic chang-
es were seen in livers, kidneys, lungs, or mesenteric lymph nodes.

Immunohistochemistry. C. jejuni were found throughout the 
lumen of the small and large intestines and were present both 
intra- and extracellularly in the large intestine (Figure 3 C – wide 
and thin arrows). Bacteria reactive to antiC. jejuni antibody were 
apparent in liver from 5 of 7 (71%) infected animals (Figure 3 D).

Transmission electron microscopy. C. jejuni were most numer-
ous in the lumen of the colon, in close association with colonic 
epithelial cells. At the sites of bacterial attachment, surface villi 
usually were absent (Figure 4 A). Occasionally, the cellular mem-
brane next to bacteria was invaginated (Figure 4 A, B). However, 
intracellular bacteria did not appear to be contained in vacuoles 
(Figure 4 C, D).

Immune response to C. jejuni. Blood samples collected at days 
6 and 9 after infection and those from control animals were used 
to determine C. jejuni-specific IgA-ASC and IgA and IgG levels in 
serum (Figure 5). Control animals lacked ASC, whereas 5 of 6 ani-
mals infected with C. jejuni had about 20 ASC/106 mononuclear 
cells (mean loge, 2.92 ± 0.51) in their blood. Similarly, significantly 
(P < 0.05) higher levels of serum IgA and IgG specific for C. jejuni 
glycine-extracted protein were detected in infected animals. In-
fection was followed by induction of antigen-specific fecal IgA 
at day 4, which increased significantly (P < 0.05) at day 6 and re-
mained at the same level on day 9. Significant (P < 0.05) fecal IgG 
was detected in 2 of 3 animals on day 6 and all 3 animals on day 9.

< 0.05) than those of controls, whereas neutrophils in infected 
animals during both phases of infection were significantly (P < 
0.05) lower than those of control ferrets. Compared with control 
animals, total serum protein in infected animals was increased (P 
< 0.05) during the recovery phase.

Histopathology. Histopathologic changes in the small intestine 
of infected and control animals during various phases of infection 
were fewer and less intense than those in the colon (score: acute 
phase, 1.1 ± 0.7; recovery phase, 1.1 ± 0.8; controls, 0.5 ± 0.5; P < 
0.05 for all comparisons). Changes in the colon appeared more 
representative of pathology related to infection with C. jejuni. Co-
lonic lesions were more severe earlier in the course of the experi-
ment: pronounced changes in the colonic mucosa were present 
primarily on the first and second days of infection (score: acute 
phase, 2.3 ± 1.0; recovery phase, 0.9 ± 0.8; controls, 0.5 ± 0.7). There 

Table 1. Inflammatory response to C. jejuni infection

Fecal inflammatory marker 
[no. positive/no. tested (%)]

Group Day Gross blood
Occult 
blood Lactoferrin

C. jejuni sCG8421 1 12/15 (80) 8/15 (53) 10/15 (67)
2 5/12 (42) 5/12 (42) 6/12 (50)
3 2/9 (22) 3/9 (33) 5/9 (56)

6 or 9 0/6 (0) 0/6 (0) 0/6 (0)
Control Any 

day
0/5 (0) 0/5 (0) 0/5 (0)

Stool samples collected on days 6 (n = 6) or day 9 (n = 3) were negative 
for all markers. C-reactive protein was not detected in any serum sample 
during the study.

Figure 1. Isolation of C. jejuni from tissues. Acute-phase samples were 
collected during days 1 through 3, and recovery-phase samples were 
collected on days 6 and 9. Numbers over each box indicate the number 
of ferrets positive / number tested. In liver and large intestine, levels 
of colonization were significantly (P < 0.05) different during acute and 
recovery phases, whereas no difference was observed for the small 
intestine (P > 0.05). Compared with the large intestine, small intestine 
yielded significantly (P > 0.05) lower levels of C. jejuni.

Figure 2. Fecal excretion of C. jejuni after oral infection. All ferrets chal-
lenged with C. jejuni excreted bacteria in their stools until the day of 
euthanize. None of the 5 controls were positive for C. jejuni excretion at 
any given time (17 fecal samples from controls were evaluated during 
the study). The magnitude of colonization throughout the study did not 
differ significantly (P > 0.05).
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total protein during the recovery phase may be an indication of 
an active immune system. Significant pathology was observed in 
the colons of the infected animals. Damage of the brush border 
was noted in the colons of infected animals in areas adjacent to 
bacteria that appeared to be bound to the epithelial cells (Fig-
ure 3 B). Similar villus damage during C. jejuni infection of IL10 
knockout mice35 and in a hamster model of C. jejuni infection23 
have been reported recently. Studies of C. jejuni interactions with 
epithelial cells in vitro have indicated that the organism is inva-
sive, although there is a considerable range in invasive level of in-
dividual strains19,31 Strain 81-176, one of the most highly invasive 
strains in vitro, invades by a microtubule-dependent mechanism 
and is internalized into vacuoles within the epithelial cells.32 After 
internalization, C. jejuni survives within the vacuoles by inhi-
bition of endosomal acidification or prevention of fusion with 
lysosomes.48 The reported levels of in vitro invasion of CG8421 
are significantly lower than those of 81-176.38 However, immuno-
histochemistry and electron microscopy showed intracellular, as 
well extracellular, CG8421 bacteria within the intestine (Figures 
3 B and 4). Moreover, electron microscopy revealed no evidence 
of a membranous vacuole surrounding CG8421 (Figure 4). This 
observation will require additional studies to determine whether 
it is specific to the host (ferrets) or to this strain of C. jejuni.

The presence of C. jejuni (by microbiologic isolation and immu-
nohistochemical reactivity) in liver within 24 h after inoculation 
did not elicit a detectable inflammatory response, as verified by 
lack of C-reactive protein in the blood. The failure to detect this 
protein may be due at least in part to the use of reagents for test-
ing humans. However no histopathologic lesions were seen in any 
of the ferret liver samples, although the isolation of C. jejuni from 
liver in other animal species has been reported previously.16,34 The 
mechanism of dissemination of Campylobacter has not been de-
fined, but potentially C. jejuni enter the portal system and are 
filtered by the liver, travel retrograde through the bile duct, or are 
carried by monocytes or macrophages.22,29,37

We designed the present study to increase understanding of the 
pathogenesis, histopathology, and acquired immunity of ferrets 
infected with C. jejuni CG8421. The results confirm the virulence 
of this strain, which lacks a siaylated lipooligosaccharide core, 
and underscore the usefulness of the ferret model for studies of 
C. jejuni pathogenesis.
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Discussion
The primary goal of this study was to determine the virulence 

of C. jejuni strain CG8421 and the antigen-specific immune re-
sponses in ferrets as part of the characterization of this strain for 
future use as a challenge strain in human vaccine efficacy studies. 
Ferrets infected orally with C. jejuni CG8421 developed diarrhea 
at rates and with illness patterns comparable to those reported 
for humans under experimental conditions11 or in natural settings 
in epidemiologic studies.2,8,15,39,40,43,44 C. jejuni CG8421-induced di-
arrhea in these animals contained mucus and gross blood. The 
inflammatory nature of the diarrhea was further confirmed by the 
presence of lactoferrin and blood in stools. The commercial kits 
we used had not been validated for use in ferrets; similar kits have 
been reported to detect occult blood in other animals.45 Although 
diarrhea resolved spontaneously within 3 d of infection, C. jejuni 
was excreted from feces throughout the study. The duration of 
diarrhea and infection rates associated with CG8421 were similar 
to those reported for strain 81-176 in ferrets.3,14,21 The pattern of di-
arrhea after C. jejuni CG8421 infection and colonization in ferrets 
was similar to those reported for humans.47 In humans, untreated 
C. jejuni cases may excrete bacteria asymptomatically for as long 
as 2 wk.11,12,47 In the present study, both mucosal (associated with 
production of ASC, fecal IgA and IgG) and systemic (serum IgA 
and IgG) immune responses were detected and appeared to be 
functional in controlling diarrhea, while fecal excretion of C. je-
juni continued. In mice,4 ferrets,10 nonhuman primates,25,27 and 
humans,11,42 immunity to sickness is suggested to be controlled by 
an immune mechanisms distinct from that controlling immunity 
to infection.

C. jejuni CG8421 stimulated both mucosal and systemic anti-
gen-specific IgA and IgG. However, the detection of IgG in feces 
is not a frequent finding, because IgG generally is not secreted 
across intestinal epithelial cells. It is unclear whether the IgG de-
tected was synthesized locally or resulted from leakage due to 
intestinal epithelial disruption. However, a significant fecal IgG 
level was detected on day 9, without concurrent inflammation of 
the mucosa (gross blood, occult blood, lactoferrin). Because of the 
limited duration of the study, the kinetics and magnitude of the 
immune responses could not be determined.

C. jejuni generally is considered to cause an inflammatory di-
arrhea in humans, consistent with the observed pathology of 
C. jejuni CG8421 in ferrets. Numerous neutrophils were present 
within the epithelial layer and lamina propria of the colons of the 
infected animals (Figure 3 B). The neutropenia seen in infected 
animals may be the result of continual sequestering of the neu-
trophils to the intestinal epithelium. The significant rise in serum 

Table 2. Clinical pathology

Experimental group (mean ± 1 SD)

Control

Infected with C. jejuni

Parameter Acute phase Recovery phase

WBC (x106 /mL) 10.1 ± 4.8 5.4 ± 1.9a 5.7 ± 1.4a

Neutrophils (x106 /mL) 4.8 ± 2.8 2.1 ± 1.1a 2.1 ± 0.9a

Total protein (mg /mL) 44.5 ± 3.7 44.2 ± 3.6 50.0 ± 2.7
 Albumin (mg /mL) 23.3 ± 2.2 22.0 ± 1.4 26.2 ± 2.1
 Globulin (mg /mL) 21.3 ± 9.0 22.1 ± 2.7 23.8 ± 4.0

No changes in other parameters (RBC and liver enzymes, as listed in Material and Methods) occurred.
aMean was significantly (P < 0.05) different from that of controls; no significant changes between infection phases were noted.
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Figure 3. Histopathology and immunohistochemistry of C. jejuni. (A) Colon of a control ferret, showing abundance of goblet cells, the columnar epi-
thelium, and the distance between colonic crypts. Hematoxylin and eosin; magnification, ×20. (B) Colon of an infected ferret on day 3, showing the lack 
of goblet cells, attenuation and loss of epithelium, and separation of the colonic crypts by numerous inflammatory cells. Hematoxylin and eosin; mag-
nification, ×20. (C) Colon of an infected ferret on day 3, showing presence of Campylobacter along the luminal surface(narrow arrow) as well as within 
or between enterocytes (wide arrow) by using immunohistochemistry for antiCampylobacter antibodies and hematoxylin counterstain. Magnification, 
×40. (D) Liver of an infected ferret on day 1, showing Campylobacter within hepatocytes (arrow) by using immunohistochemistry for antiCampylobacter 
antibodies and hematoxylin counterstain (oil immersion). Magnification, ×100.
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Figure 4. Transmission electron microscopy of Campylobacter jejuni in the colon of an infected ferret. (A) Electron micrograph showing attachment of 
3 bacteria (arrows) to the epithelial cell surface. Notice the loss of microvilli (mv) at the site of attachment. Original magnification, ×35,000. (B) Loss of 
microvilli at the site of Campylobacter attachment to epithelial cells (arrows). A membranous vesicle is present next to the longer microorganism. Origi-
nal magnification, × 27,000. (C) Epithelial cell invasion by C. jejuni. The clear space is being formed on one side of the microbe (arrow) is suggestive of 
direction of the invasion. No membrane is visible surrounding the internalized bacteria. Original magnification, ×54,000. (D) Intracellular Campylobacter 
apparently free in the cytoplasm (arrow). M, mitochondria. Original magnification, ×54,000.
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