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Campylobacter jejuni, a motile gram-negative bacterium, is a 
common cause of human bacterial gastroenteritis worldwide 
and is considered by the World Health Organization to be 1 of 
the 4 key global causes of diarrheal disease.60 Although high 
numbers of C. jejuni can colonize chickens without causing ap-
parent disease, infected people develop symptoms that typically 
include diarrhea, abdominal pain, and fever.60,64 Although usu-
ally self-limiting, human campylobacteriosis has been linked to 
multiple postinfectious complications including irritable bowel 

syndrome, inflammatory bowel disease, reactive arthritis, and 
Guillain–Barré syndrome (GBS).27,60 GBS is debilitating, with 
many patients experiencing protracted recovery and residual 
neurologic deficits.57 This syndrome is clinically heterogeneous, 
but common characteristic symptoms include rapidly progress-
ing limb weakness and reflex deficits. Pain, weakness, ataxia, 
and respiratory insufficiency are variably seen, depending on 
the specific GBS disease subtype present.57 Estimates of GBS 
incidence after C. jejuni infection vary from 1 in 1000 to 5000 
cases to 7 in 10,000.27,57 Although several infectious agents have 
been associated with GBS, epidemiologic studies have identified 
C. jejuni as the most common antecedent infection in GBS;20,26 
one group estimated that among more than 2500 GBS cases, 
31% were attributable to antecedent Campylobacter infection.45

Structural similarity between the lipooligosaccharides of 
some C. jejuni isolates and peripheral nerve gangliosides, such 
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as GM1, has been implicated in development of antiganglioside 
antibodies and GBS.2,40,66 Antibodies to gangliosides, particularly 
to GM1 and often of the IgG isotype, are detected frequently in 
the sera of patients with GBS.46 Furthermore, the presence of 
antiganglioside antibodies is correlated with slower patient clini-
cal recovery and increased disability, and clinical improvement 
was seen with decreasing antiganglioside antibodies in patients 
with C. jejuni–associated GBS or the Miller–Fisher syndrome 
GBS subtype.24,48 Ganglioside-like epitopes were found more 
frequently in lipooligosaccharides of C. jejuni isolates from pa-
tients with GBS or Miller–Fisher syndrome than in isolates from 
those with uncomplicated enteritis.2 However, the presence of 
ganglioside-like moieties alone appears insufficient to elicit GBS, 
because the expression of ganglioside mimics can be found in 
C. jejuni isolates from enteritis patients without GBS.2,54 These 
findings suggest a potential role for both C. jejuni–specific factors 
(for example, ganglioside mimics on the lipooligosaccharide) 
and host factors (for example, effects of the immunogenetic 
background on susceptibility to GBS after campylobacteriosis).

Murine models that resemble human C. jejuni-induced 
colitis5,11,17,35,36 exploit features of the immune system, micro-
biota, or both to provide robust models that lack the transient 
or persistent asymptomatic colonization that have been ob-
served in previous mouse models.7,8 Of particular relevance 
to the current study was the development of a colitis model 
in IL10-deficient C57BL/6 mice after infection with C. jejuni 
11168.36 Development of age-related spontaneous enterocolitis 
in IL10−/− mice on different genetic backgrounds is well docu-
mented and results primarily from unchecked Th1-mediated 
immunologic responses to intestinal microbiota in the absence 
of the regulatory action of IL10.6,29 This cytokine has important 
immunosuppressive effects, especially on monocytes and mac-
rophages, and inhibits release of proinflammatory mediators.50 
In our previous studies, the absence of IL10 has proven critical 
for induction of inflammatory disease after C. jejuni infection 
in that WT mice infected with colitogenic C. jejuni strain 11168 
are stably colonized but do not develop the severe colitis seen 
in infected IL10−/− mice.9.36.37

Robust animal models of human GBS have been difficult to 
develop. Models in species including mice,21,51,62 rabbits,65 and 
chickens31,42 bear some similarity to various aspects of human 
disease. However, anatomic and physiologic differences be-
tween birds and humans limit the utility of the chicken model. 
Dogs will sometimes develop acute idiopathic polyradiculo-
neuritis that can serve as a model for the axonal form of human 
GBS but this canine condition is rare.56 Furthermore, aside from 
the occurrence of spontaneous autoimmune peripheral poly-
neuropathy in mice,51 the aforementioned mammalian models 
are experimentally induced, and disease induction requires 
injection of lipooligosaccharide,65 myelin,62 or antiganglioside 
antibody,21 together with factors like Freund complete adju-
vant62,65 or normal human serum.21

Mouse models of GBS after oral infection with C. jejuni mimic 
the typical route of human infection.9,35,55 C57BL/6 IL10−/− mice 
infected with C. jejuni 260.94, a strain isolated from a patient 
with GBS, developed Th2-mediated responses including the 
production of IgG1 antibodies to gangliosides GM1 and GD1a.35 
WT nonobese diabetic (NOD) mice and congenic IL10−/− and 
costimulatory molecule B7-2−/− mice infected with C. jejuni 
strain 260.94 showed greater generation of antiganglioside 
antibodies and macrophage and T-cell infiltration into pe-
ripheral nerves, including the sciatic nerve and dorsal root 
ganglia (DRG), as compared with controls.55 The microbiota 
also contribute to antiganglioside antibody production after  

C. jejuni strain 260.94 infection in WT C57BL/6 mice; mice with 
a human-derived microbiota had higher anti-GM1 IgG1 anti-
bodies than did mice with a conventional mouse microbiota.9 
These models showed that expression of ganglioside mimics in 
an infecting C. jejuni lipooligosaccharide elicited production of 
antiganglioside antibodies and was associated with peripheral 
nerve damage;9,55 however, other factors may contribute.

The importance of host factors in determining susceptibility 
to GBS is poorly understood. Mouse strains with C57BL/6 and 
NOD backgrounds have been studied,9,55 but the development 
of mouse models on additional genetic backgrounds could 
elucidate how the host immune response mediates GBS neuro-
pathology. However, such studies must be performed rigorously 
using a similar study design for mouse strains anticipated to 
be informative. C57BL/6 IL10−/− mice infected with C. jejuni 
strain 11168 developed colitis and Th1/Th17-mediated im-
mune responses, whereas mice of the same genotype infected 
with the GBS patient-derived C. jejuni strain 260.94 mounted 
Th2-mediated responses, including IgG1 that reacted with 
GM1 and GD1a gangliosides, but did not develop colitis.35 
Reports indicate that BALB/c and C57BL/6 mice have diver-
gent immunologic response after infection with a number of 
pathogens.32,33,39,58 In Leishmania major infections, BALB/c mice 
produce high amounts of IL4 and are susceptible to disease, 
whereas C57BL/6 mice downregulate IL4 production, produce 
IFNγ, and are relatively resistant to disease.49 Multiple studies 
have demonstrated that upon in vitro stimulation, peritoneal 
macrophages, spleen cells, and dendritic cells derived from 
BALB/c mice exhibit a relative Th2 bias when exposed to vari-
ous stimuli whereas C57BL/6 mice exhibit a more inflammatory, 
Th1-mediated bias.32,33,39,58 In 2 studies of GBS patients, presence 
of type 2 IgG1 antiganglioside antibodies alone was associated 
with previous C. jejuni infection and worse clinical outcomes, 
whereas IgG3 antibodies, either alone or in combination with 
IgG1 antiganglioside antibodies, were associated with previous 
respiratory infection and better outcomes.25,28 Therefore, we 
sought to develop a GBS model in mice that were characterized 
by Th2-biased responses after enteric infection and were likely 
to show strong IgG1 responses when inoculated orally with a 
patient-derived C. jejuni GBS strain.

We hypothesized that WT and IL10−/− BALB/c mice infected 
with C. jejuni 260.94 would 1) mount systemic and local gas-
trointestinal tract Th2-driven immune responses, including 
production of antiganglioside antibodies, without develop-
ing colitis and 2) develop gait abnormalities, neuromuscular 
weakness, and macrophage infiltration into peripheral nerves, 
reflecting C. jejuni-associated neuropathology. In addition, we 
hypothesized 3) that immune responses and neuropathology 
would be exacerbated in mice lacking antiinflammatory IL10. 
To test these hypotheses, BALB/c mice (WT and IL10−/−) were 
orally infected with the C. jejuni GBS patient-derived strain 
260.94, which expresses a GM1a ganglioside mimic.34 This 
strain consistently colonized mice of NOD and C57BL/6 genetic 
backgrounds without inducing colitis4,9,35,55 while producing an-
tiganglioside antibodies35,55 and nerve lesions.55 We used ELISA 
to measure plasma anti-C. jejuni, anti-GM1, and anti-GD1a IgG 
antibody subtypes. A flow cytometry–based multiplex bead 
assay was used to measure cytokines in the proximal colon 
that reflected local Th-adaptive immune responses. Histologic 
lesions in the gastrointestinal tract were graded according to 
a previously published scale.36 Neurologic phenotyping tests 
included DigiGait, open field test (OFT) and hang testing. 
Morphometry was used to quantify macrophages labeled im-
munohistochemically with F4/80 in lumbar DRG.
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Results from this study indicate that C. jejuni 260.94 colonized 
BALB/c mice and induced a Th1/Th17 response that was exac-
erbated in IL10−/− mice but did not produce colitis. Significant 
differences in antiganglioside antibody isotypes were related to 
mouse genotype, but not to C. jejuni infection status, and did 
not correlate with increased macrophage numbers in DRG. No 
overt neurologic phenotype was observed in any experimental 
mouse. Thus, this reportedly Th2-biased mouse strain, when 
infected with a C. jejuni strain expressing ganglioside mimics 
in the outer core that was reported to induce a Th2 response 
in C57BL/6 IL10−/− mice, mounted predominantly Th1/Th17-
mediated responses. The contrasting immune responses between 
mice of different genetic backgrounds after exposure to the same 
C. jejuni strain as reported in this study and previously35 reinforce 
the role of host factors in determining susceptibility to GBS after 
C. jejuni infection. In addition, our results support the use of WT 
and IL10−/− mice on the BALB/c genetic background as an addi-
tional model for studying immune responses to C. jejuni infection.

Materials and Methods
Mice. All mouse experiments were performed according to 

recommendations in the Guide for the Care and Use of Laboratory 
Animals and NIH guidelines (04/07-044-00). All procedures were 
approved by the Michigan State University IACUC (approval 
numbers 06/12-107-00 and 06/15-101-00). BALB/cJ (referred 
to as BALB/c WT) and C.129P2(B6)-Il10tm1Cgn/J (referred to as 
BALB/c IL10−/−) mice were purchased from Jackson Laboratory 
(Bar Harbor, ME) and bred inhouse for a period of 2 y before use 
for these studies. Age-matched male and female mice used in 
the experiment were bred and maintained inhouse. Husbandry 
has been previously described.36 The WT or IL10-deficient geno-
types were verified by using a PCR assay offered by the Jackson 
Laboratory (https://www.jax.org/Protocol?stockNumber=0145
30&protocolID=28729). DNA extracted from feces or cecal tissue 
collected from experimental mice used in this study was screened 
for enteric pathogens including Citrobacter rodentium, Enterococcus  
faecium and E. faecalis, Helicobacter spp., and Campylobacter  
spp. by PCR analysis as previously described.36 Sentinel mice 
housed in the same rack as experimental mice were tested for 
Corynebacterium bovis, pinworms, and fur mites and by serologic 
evaluation for antibodies to epidemic diarrhea of infant mice 
virus, mouse hepatitis virus, mouse parvovirus, minute virus of 
mice (parvovirus type), and Theiler murine encephalomyelitis 
virus. These mice were also tested by PCR assay for Aspiculuris 
tetraptera, Corynebacterium bovis, Myocoptes, Radfordia/Myobia,  
Syphacia muris, and Syphacia obvelata. Finally, pelt swabs from 
these mice were tested for Corynebacterium bovis, Myocoptes, and 
Radfordia/Myobia. All test results were negative. Prior to inocula-
tion, mice were transported to the Michigan State University 
Research Containment Facility. The mice were housed individu-
ally after a 1-wk acclimation. At humane gastrointestinal and 
neurological disease endpoints that we described earlier36,55 or 
at the end of the experiment, all mice were euthanized by CO2 
overdose according to AVMA guidelines (https://www.avma.
org/KB/Policies/Pages/Euthanasia-Guidelines.aspx).

Experimental design. Prior to this study, the ability of C. jejuni 
260.94 to colonize BALB/c WT mice was verified by inoculation 
of 5 mice with C. jejuni 260.94 (dose, 3.7 × 109 cfu) by gastric 
gavage; 3 mice inoculated with tryptic soy broth (TSB; sham/
vehicle) served as controls. The inoculum was prepared and 
the confirmation of C. jejuni 260.94 colonization by culture and 
PCR analysis for this pilot study were performed as described 
in the following section.

The primary study used 40 mice (20 BALB/c WT and 20 
BALB/c IL10−/− mice). Mice of each genotype were randomized 
with regard to sex, litter, treatment group, and cage position on 
the rack. Mice were inoculated at 14 to 15 wk of age. Specifi-
cally, 10 BALB/c WT and 10 BALB/c IL10−/− mice received TSB; 
likewise, 10 BALB/c WT and 10 BALB/c IL10−/− mice received 
C. jejuni 260.94. BALB/c WT mice were inoculated 1 wk before 
BALB/c IL10−/− mice. Both groups were euthanized 5 wk after 
their respective inoculation.

Preparation and inoculation of C. jejuni inoculum. C. jejuni 
strain 260.94 originally obtained from American Type Culture 
Collection (strain BAA-1234; Vienna, VA) and stored as glycerol 
stock cultures at –80 °C was used in this study. The inocula for 
the BALB/c WT and BALB/c IL10−/− groups were prepared as 
previously described.36 Briefly, for each preparation, inoculum 
from frozen stock was streaked onto tryptic soy agar plates 
supplemented with 5% defibrinated sheep blood (TSAB plates; 
Cleveland Scientific, Bath, OH). The plates were incubated for 
approximately 24 h at 37 °C in vented anaerobic jars. Generation 
of the microaerobic environment was achieved by evacuation to 
–25 cm Hg followed by equilibration with a gas mixture com-
prising 80% N2, 10% CO2, and 10% H2. Colonies were harvested, 
suspended in TSB, spread into lawns on fresh TSAB plates, and 
incubated overnight at 37 °C in the microaerobic environment. 
The following day, lawns were harvested and suspended in TSB, 
aiming to achieve an optical density at 600 nm of approximately 
1.0 in a 1:10 dilution of culture. Motility, spiral morphology, and 
purity of both inoculums were confirmed by wet mount and 
Gram stain preparations. Mice were inoculated with 0.1 mL of C. 
jejuni 260.94 or TSB via intragastric gavage by using a 3.5-French 
red rubber catheter. Immediately before and after inoculation, 
the inocula were serially diluted in TSB and spread on TSAB 
plates, and the plates incubated at 37 °C in the microaerobic 
environment for approximately 48 h. Final calculated doses of 
C. jejuni 260.94 inocula were 3.1 × 108 cfu for BALB/c WT mice 
and 2.8 × 108 cfu for BALB/c IL10−/− mice.

Monitoring for clinical signs. Starting at inoculation, mice were 
checked at least once daily for clinical signs. Evaluated clinical 
parameters included observation of eating and drinking and 
overall activity level and gauging abnormalities in respiratory 
rate, hair coat, posture (for example, hunching), defecation 
including diarrhea, and level of movement including rearing. 
Any mouse reaching a predetermined gastrointestinal or neu-
rological humane endpoint36,55 was immediately euthanized, 
and necropsy was performed. Early euthanasia was required 
for only one mouse, as described in the results section.

Neurologic phenotyping. Mice underwent phenotyping tests 
weekly to evaluate clinical signs of neurologic disease, includ-
ing gait abnormalities and loss of motor strength. Assessments 
included treadmill analysis, hang test, and OFT. Before inocula-
tion, mice were acclimated to these tests for 1 wk before the start 
of the experiment. Baseline data collected prior to inoculation 
were included in the statistical analyses.

Treadmill imaging system. The DigiGait (Mouse Specifics, 
Quincy, MA) treadmill system records numerous gait indices 
to allow detection of subtle gait abnormalities. Each mouse 
was placed on a transparent moving belt. A digital camera 
underneath the belt captured movement using DigiGait Video 
Imaging Acquisition software (Mouse Specifics). Data were 
recorded over a 3-s run in which the mouse ran in the center 
of the belt, with no or minimal leaning against the clear plastic 
siding or contact with the front or back bumpers. Digital images 
were then processed by using the DigiGait Imaging Analysis 
software (Mouse Specifics). Numerical data reflecting multiple 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-28



66

Vol 72, No 2
Comparative Medicine
April 2022

gait parameters are calculated for each limb and exported to an 
Excel spreadsheet for statistical analysis. Of the 42 available gait 
parameters, 8 were deemed most relevant for analysis:14,22,44 
swing (in seconds), propel (seconds), stance (seconds), stride 
(seconds), stride length (centimeters), stride frequency (steps 
per second), absolute paw angle (degrees), and stance width 
(centimeters). In this study, the mice were recorded running at 
speeds of 25 cm/s, 30 cm/s, and 35 cm/s. When needed, mice 
were given multiple chances to achieve a 3-second run, with 
rest periods between attempts. The belt was cleaned with 70% 
ethanol between mice.

Hang test. The hang test served as a measure of motor 
strength and balance. This test was performed as described12,55 
with minor modifications. Briefly, each mouse was placed on 
a square metal grid elevated several inches above its cage and 
allowed to grip the metal. A stopwatch was started when the 
grid was flipped upside down. Mice were allowed to hang for 
a maximum 60 s, and the time elapsed until they fell from the 
grid into the cage was recorded. This process was performed 
a total of 3 times, with a 60 s rest between trials. The grid was 
cleaned with 70% ethanol between mice. The average time to 
fall (or a maximum of 60 s when the mouse did not fall) over 
the 3 trials was used in the analyses.

OFT. The OFT allows assessment of gait, posture, and activity 
level. The OFT was performed by allowing the mouse to move 
freely within a clear plastic standard 18 in. × 8 in. rat cage with 4 
quadrants demarcated on the bottom. The activity of the mouse 
was recorded for 60 s, beginning with its placement in the center 
of the cage, by using a stationary video camera mounted on a 
tripod and set at approximately the same angle each week. At 
the end of each video, the mouse number was shown, with 
genotype and treatment group de-identified to eliminate bias. 
The cage was cleaned with 70% ethanol between mice. Param-
eters intended for assessment included the number of quadrants 
crossed, number of rears, and gait or posture abnormalities such 
as increased stance width or splayed toes.

Necropsy procedures. Mice were euthanized by CO2 overdose 
at 5 wk after inoculation. Immediately thereafter, mice were 
weighed, and blood samples were collected via cardiocentesis 
using a 1-mL tuberculin syringe loaded with 0.1 mL 3.8% so-
dium citrate.

Instruments tips were sterilized between manipulations 
sections of the gastrointestinal tract by placing them in a hot 
bead sterilizer for 2 min. The cecum was excised including ap-
proximately 0.5 to 1 cm of adjoining proximal colon and ileum. 
The tip of the cecum was removed for bacteriology studies. The 
remaining ileocecocolic junction was infused with 10% neutral 
phosphate-buffered formalin (Fisher Scientific, Hampton, NH), 
placed on a sponge in a histologic tissue cassette (Fisherbrand 
Histosette II Tissue Cassette, Fisher HealthCare, Pittsburgh, PA), 
and immersed in 10% neutral phosphate-buffered formalin.

Sections of stomach, jejunum, and proximal colon and the 
tip of the cecum were excised and rinsed in PBS. Each tissue 
specimen was divided into 3 sections: 2 were snap-frozen in 
microfuge tubes and cryovials, and the third was streaked onto 
Campylobacter-selective medium36 (i.e., TSAB plates contain-
ing cefoperazone [20 µg/mL], vancomycin [10 µg/mL], and 
amphotericin B [2 µg/mL]); antimicrobials were obtained from 
Sigma–Aldrich (St Louis, MO). Plates were placed into air-tight 
jars with a CampyGen sachet (Oxoid, Basingstoke, Hampshire, 
United Kingdom). Fecal pellets were collected into microfuge 
tubes and placed on ice.

DRG and their afferent nerve fibers were collected from 
experimental mice for histologic and morphologic analysis in 

a 2-step procedure. At the time of necropsy, each mouse was 
skinned and the muscles overlying the spine were removed. 
The roof of the vertebral canal was removed using Castroviejo 
microsurgical scissors to expose the spinal cord. Muscle and 
connective tissue were bluntly dissected to expose the sciatic 
nerve on each side. Thereafter, the carcass was submerged in 
10% neutral buffered formalin in a specimen cup for dissection 
of tissues at a later date.

Snap-frozen tissues were stored at –80 °C. Gastrointestinal 
samples streaked on Campylobacter-selective plates in the air-
tight jars were placed at 37 °C. Fecal pellets in TSB containing 
15% glycerol were mashed by using a sterile applicator stick, 
vortexed, spread onto Campylobacter-selective plates, and 
incubated at 37 °C in jars with the microaerobic environment 
generated by evacuation and equilibration with the gas mixture. 
Plasma was separated from whole blood by centrifugation, 
harvested, and stored at –80 °C until analysis. The cassettes 
containing ileocecocolic samples and the carcasses for nerve 
dissection were transferred from formalin to 60% ethanol after 
24 and 48 h, respectively.

Confirmation of colonization via culture and PCR analysis. 
Colonization of stomach, jejunum, cecum, colon, and feces was 
reported according to a semiquantitative grading system of 
plate coverage by C. jejuni colonies36 after 48 to 72 h of incuba-
tion: 0, no growth; 1, light growth (approximately 1 to 20 cfu); 
2, moderate growth (20 to 200 cfu); 3, heavy growth (more than 
200 cfu); and 4, confluent growth.

To confirm that infected mice were colonized by C. jejuni 
260.94 and to exclude colonization in sham-inoculated mice, 
C. jejuni-specific PCR analysis for the C. jejuni gyrA gene was 
conducted at necropsy.36,61 For culture-positive mice, isolates of 
C. jejuni from cecal samples obtained at necropsy were used. For 
culture-negative infected mice and sham-inoculated mice, DNA 
was extracted from frozen cecal tissues obtained at necropsy by 
using a commercial kit (DNEasy Blood and Tissue Kit, Qiagen, 
Valencia, CA).

Pathologic changes: gastrointestinal tract. Gross lesions in the 
gastrointestinal tract and changes in the ileocecocolic lymph 
node and spleen noted during necropsy were recorded as 
noted by a veterinarian (JMB) and other experienced person-
nel. The ileocecocolic samples were processed routinely by the 
Investigative Histopathology Laboratory (Division of Human 
Pathology, Michigan State University). Briefly, tissue samples 
were embedded in paraffin, sectioned at 4 to 5 µm, stained with 
hematoxylin and eosin, and coverslipped. The ileocecocolic 
preparations were examined histologically by a board-certified 
veterinary clinical pathologist (JMB) who was blind to geno-
type and treatment groups. Lesions were graded by using a 
previously published scoring system.36 The scale encompasses 
changes in the lumen (exudates, excessive mucus), epithelium 
(surface integrity, goblet cell hypertrophy or depletion, crypt 
abnormalities), lamina propria (inflammatory cell infiltrates), 
and submucosa (inflammation, edema, fibrosis). Raw scores 
(maximum, 42) were ranked as semiquantitative grades: 0 (0 
to 9 points; no colitis), 1 (10 to 19 points; mild colitis), or 2 (20 
or more; moderate or severe colitis).

ELISA. Plasma was stored in aliquots to prevent repeated 
freeze–thaw cycles. Anti-C. jejuni and antiganglioside GM1 
and GD1a antibody isotypes including IgG1, IgG2a, IgG2b, 
and IgG3 were evaluated. The assays were performed as pre-
viously described.17,36 Briefly, 96-well plates (Nunc Maxisorp, 
Thermo Scientific, Rochester, NY) were coated with antigen 
and incubated at 4 °C overnight. Antigens were diluted in PBS 
to the following concentrations: C. jejuni antigen,36 1.9 µg/mL; 

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-28



67

Immune response to GBS-associated C. jejuni infection in BALB/c mice

GM1 antigen (US Biologic, Swampscott, MA), 2 µg/mL; GD1a 
antigen (Sigma–Aldrich, St. Louis, MO) 20 µg/mL. The plates 
were blocked with blocking buffer (10 mM PBS containing 3% 
BSA and 0.05% Tween20 [Sigma]) overnight at 4 °C. After 3 
washes in wash buffer (PBS with 0.025% Tween20), plasma sam-
ples diluted in blocking buffer (all samples were diluted 1:25, 
except for anti-C. jejuni IgG2b and IgG2a, which were diluted 
at 1:100) were loaded in triplicate. Positive controls included 
plasma from mice from previous experiments with a high optical 
density or commercially available antibodies (anti-GD1a IgG1, 
EMD Millipore, Temecula, CA). Negative controls included 
antiToxoplasma gondii antibody (ViroStat, Portland, ME) and 
wells including only blocking buffer. Sealed anti-GM1 and anti-
GD1a antibody plates were incubated with samples overnight at  
4 °C, whereas anti-C. jejuni antibody plates were incubated for 
1 h on a platform shaker. Plates were washed, and secondary 
antibodies (Biotin-SP–conjugated AffiniPure Goat AntiMouse 
IgG1, IgG2a, IgG2b, IgG2c, or IgG3; Jackson ImmunoResearch, 
West Grove, PA) diluted in blocking buffer were added. After 
incubation for 1 h on a platform shaker, plates were washed 
again and ExtrAvidin peroxidase (Sigma–Aldrich; diluted 1:2000 
in 10 mM PBS containing 1% BSA and 0.05% Tween20) was 
added. Plates were incubated for 1 h on a platform shaker and 
washed, and tetramethylbenzidine (TMB substrate; Rockland 
Immunochemicals, Gilbertsville, PA) was added. The reaction 
was stopped by adding 2 N H2SO4. Absorbance was read at 450 
nm by using a model EL800 Universal Microplate Reader with 
KC Junior software (Bio-Tek Instruments, Winooski, VT). In a 
few samples, the coefficient of variance for triplicate values was 
10% or greater. In these cases, if a clear outlier was present, that 
value was excluded. The absorbance generated from the diluent 
(blocking buffer) alone was subtracted from the mean absorb-
ance obtained for each sample run in triplicate. This adjusted 
value was used in statistical analyses. Negative values generated 
by subtracting the absorbance of the blocking buffer from the 
mean sample absorbance were treated as 0 for the purpose of 
statistical analysis.

Measurement of colonic cytokine production. Rinsed samples 
of proximal colon collected in microfuge tubes and snap-frozen 
at necropsy were stored at –80 °C until analysis. Samples were 
thawed on ice and wet weight was recorded. Samples were 
homogenized on ice for 1 min in 400 µL of Hanks Balanced 
Salt Solution (Sigma) containing 0.5% Triton X100 (Sigma) and 
protease inhibitors (Roche cOmplete Mini EDTA-free Protease 
Inhibitor cocktail, Sigma) by using a microtube pellet pestle 
rod powered by a handheld Kontes pellet pestle motor. Ho-
mogenates were centrifuged at 12,000 × g for 30 min at 4 °C, 
and supernatants were aliquoted into cryovials and stored at 
–80 °C until analysis.

Cytokines were measured by using a flow cytometry–based 
multiplex bead assay panel (LEGENDPlex Mouse Th Cytokine 
Panel, BioLegend, San Diego, CA). Cytokines included in 
the panel are designed to characterize the adaptive immune 
response by delineating Th polarization. Analytes included 
IFNγ, TNFα, IL2, IL4, IL5, IL6, IL9, IL10, IL13, IL17A, IL17F, 
IL21, and IL22. Prior to analysis, aliquoted supernatants of 
the colon homogenates were thawed on ice and centrifuged at 
300 × g for 10 min at 4 °C. The assay was performed by using 
undiluted supernatant and a V-bottom microplate according 
to the manufacturer’s instructions. Data were acquired on a 
FACSCanto II flow cytometer (BD Biosciences, San Jose, CA) 
and analyzed by using LEGENDplex Data Analysis software 
(BioLegend). A standard curve was generated for each analyte. 
Each cytokine had a maximum standard concentration of 10,000 

pg/mL. Data are presented as the number of picograms per 
milligram of tissue weight.

Assessment of nerve histopathology. Dissection of fixed tissue 
was performed using a dissecting microscope and nerves and 
dorsal root ganglia were embedded en bloc in a single cassette. 
Two or 3 lumbar DRG were harvested from the left side of the 
mouse. Where possible and in many cases, connections from 
the sciatic nerve to one or all DRG collected, including those in 
L3, L4, or L5 regions, were visualized prior to removal of DRG. 
The left sciatic nerve, brachial plexus, and lumbar DRG were 
placed in a cassette and stored in 60% ethanol until submission 
for histopathology.

The Investigative Histopathology Laboratory (Division of 
Human Pathology, Michigan State University) labeled sections 
immunohistochemically for the mouse macrophage marker 
F4/80. Specimens were embedded in paraffin and sectioned on 
a rotary microtome at 4 μm. Sections were placed on charged 
slides and dried at 56 °C overnight, deparaffinized in xylene, 
and hydrated through descending grades of ethyl alcohol to 
distilled water. Slides were then placed in Tris-buffered saline 
(pH 7.4; Scytek Labs, Logan, UT) for 5 min for pH adjustment. 
Epitope retrieval was performed by using Citrate Plus Retrieval 
Solution (pH 6.0; Scytek) in a vegetable steamer for 30 min fol-
lowed by a 10-min countertop incubation with several changes 
of distilled water. After pretreatment, standard avidin–biotin 
complex staining steps were performed at room temperature 
on an autostainer (Dako, Agilent, Santa Clara, CA). All stain-
ing steps were followed by 2-min rinses in Tris-buffered saline 
containing Tween20 (Scytek Labs). After blocking nonspecific 
proteins by incubating in normal rabbit serum (Vector Labs, 
Burlingame, CA) for 30 min, sections were incubated with avidin 
(avidin D, Vector Labs) and biotin (d-biotin, Sigma) for 15 min 
each. Primary antibody slides were incubated for 60 min with 
monoclonal rat antimouse F4/80 (dilution, 1:100; AbD, Serote, 
Raleigh, NC) in Normal Antibody Diluent (Scytek Labs), then 
incubated for 30 min biotinylated rabbit antirat IgG (H + L 
mouse absorbed; prepared at 10.0 μg/mL in Normal Antibody 
Diluent), followed by incubation for 30 min in R.T.U. Vector 
Elite Peroxidase Reagent (Vector Labs). Reaction development 
used incubation for 15 in Nova Red Kit peroxidase chromogen 
(Vector Labs) followed by counterstaining in Gill 2 Hematoxy-
lin (Cancer Diagnostics, Durham, NC) for 30 s, differentiation, 
and dehydration, clearing, and mounting (Permount, Fisher 
Scientific).

The number of F4/80-positive cells was quantified morpho-
metrically. Images were analyzed by using ImageJ software 
(version 2.0.0rc-49/1.51d; distributed by Fiji [Fiji Is Just ImageJ]) 
for Windows (http://imagej.net/Fiji/Downloads).52,53 The in-
vestigator (MMC) was blind to mouse genotype and treatment 
group. Contiguous images of each DRG section obtained at a 
magnification of 100× (10× objective) were opened in the ImageJ 
program. Positive cells were marked on the image by using the 
Cell Counter plugin. After all positive cells were marked, the 
area was outlined by using the Freehand Selections Tool. When 
necessary, multiple areas were traced individually, and the sum 
of the areas was recorded. Results are given as the number of 
F4/80-positive cells per area, with area representing 100,000 
pixels. Finally, the slides were unblinded for statistical analysis.

Statistical analyses. Analyses were performed by using com-
mercially available statistical software packages (GraphPad 
Prism version 6.00 for Windows, GraphPad Software, La 
Jolla, CA; SigmaStat 3.5 for Windows, Systat Software, Point 
Richmond, CA) and online statistical applications (VassarStats 
Website for Statistical Computation; vassarstats.net). Descrip-
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tive data are expressed as mean ± SEM. P values of <0.05 were 
considered to be statistically significant.

DigiGait data generated for individual limbs were analyzed 
by using 2-way repeated-measures ANOVA followed by the 
Holm–Sidak multiple-comparisons test. These analyses were 
conducted by using SigmaStat because of missing values for 
weeks in which a mouse was unwilling to run on the DigiGait; 
SigmaStat uses a general linear model to generate a best estimate 
of the missing values. The mice were first grouped according 
to combined genotype and treatment group (for example, [WT 
TSB], [IL10−/− C. jejuni 260.94]) to compare all experimental mice 
together. Subsequent analyses evaluated differences in all param-
eters between control and infected groups for WT mice alone 
and for IL10−/− mice alone. Data were tested for normality and 
equal variance. Data that did not meet the assumption of equal 
variance were not analyzed. This applied only to a few specific 
DigiGait outcome measures (e.g., swing of a paw). Data from 
the hang test were analyzed by using 2-way repeated-measures 
ANOVA followed by the Holm–Sidak multiple-comparisons test.

The Freeman–Halton extension of the Fisher Exact Probability 
test was used to assess differences in colonization identified by 
culture between infected BALB/c WT and infected BALB/c 
IL10−/− mice. For this analysis, semiquantitative colonization 
grades included 0 (0 cfu), 1 (1 to 20 cfu), 2 (20 to 200 cfu), and 3 
(more than 200 cfu, including grades of more than 200 cfu and 
confluent growth).

Gross pathology in sham-inoculated and C. jejuni 260.94-in-
fected BALB/c IL10−/− mice was assessed similarly by using the 
Freeman–Halton extension of the Fisher Exact Probability test. 
For this analysis, gross pathology changes recorded at necropsy, 
including enlarged or thickened proximal colon, enlarged ce-
cum, enlarged spleen, and enlarged ileocecocolic lymph node, 
were graded as 0 (no changes), 1 (1 change), or 2 (2 changes).

Due to the lack of independence of observations comprising 
the composite score, ranks of colitis scores were analyzed by 
using the Freeman–Halton extension of Fisher Exact Probability 
test performed on overall group data, followed by 6 pairwise 
comparisons. In addition, Kruskal–Wallis one-way ANOVA on 
ranks, followed by the Dunn posttest, was performed on raw 
histopathology scores.

Data obtained from plasma ELISA, colon cytokine measure-
ments, and F4/80 scoring of DRG and afferent nerve fibers 
were analyzed by using nonparametric Kruskal–Wallis one-way 
ANOVA, which was followed by the Dunn multiple-compari-
sons test when overall significance was found.

Results
Confirmation of mouse genotype and absence of enteropathogens.  

Genotype (WT or IL10−/−) was confirmed by PCR analysis of DNA 
obtained from cecal tissue of all mice. All mice were confirmed 
to be PCR-negative for all enteropathogens tested (Citrobacter 
rodentium, Enterococcus faecium and E. faecalis, Helicobacter spp., 
and Campylobacter spp.).

Clinical signs. One infected BALB/c WT mouse required early 
euthanasia at 14 d after infection due to a progressively wors-
ening hunched posture, mildly decreased activity, roughened 
coat, thin body condition, and mildly increased respiratory 
effort. Necropsy revealed a large thoracic mass, which was 
considered to be unrelated to C. jejuni infection and was not 
further investigated. Due to morbidity unrelated to C. jejuni 
infection and the time span between the euthanasia of this mouse 
and the remaining experimental mice (approximately 3 wk),  
data for this mouse are included in the results of colonization 
but other experimental parameters are not. Questionable or 

mildly hunched posture, decreased activity, and hair coat 
quality were monitored carefully and were noted at least once 
during the study in 3 of the 10 sham-inoculated WT mice, 7 of 
the 10 infected WT mice, 5 of the 10 sham-inoculated IL10−/− 
mice, and 6 of the 10 infected IL10−/− mice. Many of these signs 
were attributed to characteristic BALB/c posture or hair coat 
appearance. No other mice required early euthanasia, and the 
remaining 39 experimental mice were euthanized at 5 wk after 
inoculation.

Neurologic phenotyping. Of all neurologic phenotyping 
tests, the results of the DigiGait treadmill analysis were most 
informative. Data from the OFT were not analyzed because the 
mice did not display enough spontaneous activity to provide 
sufficient information regarding rearing, quadrant crossing, or 
gait abnormalities.

Treadmill analysis system. Images recorded at 25 cm/s were 
processed because the most mice consistently ran at this speed 
each week. An infected male BALB/c IL10−/− mouse with sev-
eral weeks of missing data was excluded from analysis. A few 
metrics failed equal variance and were excluded from results: 
right hindlimb stride and stride length in the combined analy-
sis; left hindlimb swing in the IL10−/−-only analysis; and left 
forelimb absolute paw angle in the WT-only analysis. We have 
reported only the data having a P value of less than 0.05 for 
either treatment group or time in the overall analysis (Table 1).  
Significant differences related to week of testing were found for 
multiple parameters, most frequently involving baseline and 
week 4. Significant treatment-group differences were identified 
for the forelimbs, including stance width and paw angle. When 
WT and IL10−/− genotypes were analyzed together (combined 
analysis), infected IL10−/− mice had a wider forelimb stance 
width than sham-inoculated WT mice. When the genotypes 
were analyzed separately, forelimb stance width was wider in 
infected than in sham-inoculated WT mice, but the difference 
was not significant for IL10−/− mice. In addition, the combined 
analysis showed a significant effect of treatment group for 
absolute paw angle of the right forelimb, but no pairwise com-
parisons were significant. Collectively, these data suggest that 
a relatively small proportion of gait parameters analyzed were 
affected by C. jejuni infection.

Hang test. No significant differences were found between 
treatment groups (P = 0.199). However, time had a significant 
effect (P < 0.001) emerged, with significant differences in pair-
wise comparisons between baseline and weeks 2, 4, and 5 (data 
not shown).

Colonization. At euthanasia, 9 of the 10 infected mice from 
each group were culture-positive in at least one area of the gas-
trointestinal tract. Although samples from the gastrointestinal 
tract included stomach, jejunum, cecum, colon, and feces, the 
cecum has been reported to be the most consistently and heavily 
colonized area of the gastrointestinal tract;36,37 therefore results 
from the cecum are shown (Figure 1). Culture results positive 
for C. jejuni 260.94 among all samples from infected WT BALB/c 
mice (n = 10) were as follows: stomach, 1; jejunum, 7; cecum, 
8; proximal colon, 9; and feces, 9. Culture results positive for 
C. jejuni 260.94 among infected BALB/c IL10−/− mice (n = 10) 
were: stomach, 1; jejunum, 0; cecum, 9; proximal colon, 9; and 
feces, 8. PCR analysis for the C. jejuni gyrA gene was positive 
for all isolates cultured from necropsy samples. All 20 TSB-
inoculated mice were negative for C. jejuni by culture in all 5 
areas sampled from the gastrointestinal tract. The 2 infected 
but culture-negative mice and all sham-inoculated mice were 
negative for C. jejuni by gyrA PCR on DNA isolated from frozen 
cecal tissue. Results of the Fisher Exact Probability test showed 
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no significant difference in colonization of the cecum between 
infected BALB/c WT and IL10−/− mice (PB = 0.775).

Gross pathology and histologic assessment of colitis. Gross path-
ologic changes seen at necropsy included enlarged or thickened 
proximal colon, enlarged cecum, enlarged spleen, and enlarged 
ileocecocolic lymph node. Gross pathology in WT mice was 
minimal, regardless of infection status. Nearly all mice exhibiting 
one or more gross pathologic changes were BALB/c IL10−/− 
mice, regardless of C. jejuni 260.94 infection status (Figure 2 A).  
Of the 10 sham-inoculated IL10−/− mice, 9 had an enlarged or 
thickened proximal colon, and one also had an enlarged spleen. 
Similarly, 8 of the 10 C. jejuni-infected IL10−/− mice had an en-
larged or thickened proximal colon; of these 8 mice, 3 also had 

an enlarged spleen, one also had an enlarged lymph node, and 
one also had a thickened cecal wall. Because only one mouse 
from each of the WT treatment groups had only one gross patho-
logic change and the remaining mice from both groups had no 
changes, gross pathology was not further analyzed in WT mice. 
Within BALB/c IL10−/− mice, comparison of gross pathology 
between sham-inoculated and C. jejuni 260.94-infected mice was 
assessed by using the Fisher Exact Probability test. No significant 
difference was found in gross pathology between infected and 
control IL10−/− mice (PB = 0.087).

Histologic scoring of the ileocecocolic area placed all mice 
from all 4 treatment groups into grade 0 (0 to 9 points; no colitis) 
or grade 1 (10 to 19 points; mild colitis). As with changes noted 
grossly, more BALB/c IL10−/− mice than BALB/c WT mice had 
histologic lesions in the ileocecocolic junction, regardless of 
C. jejuni infection status (Figure 2 B). All 10 sham-inoculated 
and all 9 C. jejuni-infected WT mice had scores of less than 10, 
indicating no colitis. The TSB-inoculated IL10−/− mice showed 
the greatest range of raw scores (3 to 17 points) of any of the 
4 treatment groups. Of the 10 sham-inoculated IL10−/− mice, 4 
had mild colitis (score, 10 to 17); the remaining 6 mice in this 
group had no colitis (score, ≤ 9). The most frequent changes 
seen in TSB-inoculated IL10−/− mice were subjectively mild, 
reflecting the numerical score in the mild colitis category, and 
included luminal exudates comprising mucus and few neutro-
phils, damage to single cells in the surface epithelium, goblet 
cell depletion, crypt hyperplasia, increased mononuclear cells 
in the lamina propria, and extension of inflammation into the 
submucosa. Similarly, 4 of the 10 C. jejuni-infected IL10−/− mice 
had mild colitis (score, 11 to 16), whereas the remaining 6 mice 
in this group had no colitis (score, ≤ 9). Pathologic changes 
seen in C. jejuni-infected IL10−/− mice with mild colitis were 
similar to those seen in sham-inoculated mice and included 
mucus and a few neutrophils in the lumen, damage to single 
cells in the surface epithelium, goblet cell depletion, crypt hy-
perplasia, increased mononuclear cells in the lamina propria, 
and extension of inflammation into the submucosa (2 of 4 mice). 
Although significant differences were seen overall by using both 
the Fisher Exact Probability test on ranked data (PB = 0.012) and 

Table 1. Results of DigiGait analysis

Gait parameter P Significant comparison

Analysis including both genotypes
LH propel 0.011 Week: baseline compared with week 4
LH stance 0.049 Week: pairwise comparisons nonsignificant
RH propel <0.001 Week: baseline compared with weeks 2, 3, 4, and 5 and weeks 1 compared with 3

RH stance 0.017 Week: baseline compared with week 4
RH absolute paw angle 0.042 Week: pairwise comparisons nonsignificant
LF absolute paw angle 0.017 Week: baseline compared with week 4
LF stance width 0.003 Treatment group: IL10–/– 260.94 compared with WT TSB
RF absolute paw angle 0.031 Treatment group: pairwise comparisons nonsignificant
RF absolute paw angle 0.010 Week: baseline compared with weeks 4 and 5

Analysis within BALB/c WT mice
RH absolute paw angle 0.031 Week: week 1 compared with 3
LF stance width 0.034 Treatment group: 260.94 compared with TSB

Analysis within BALB/c IL10–/– mice
LH propel 0.017 Week: baseline compared with weeks 2 and 4
LH stance 0.035 Week: baseline compared with week 4
RH propel <0.001 Week: baseline compared with weeks 3, 4, and 5

LF absolute paw angle 0.021 Week: baseline compared with week 4
RF absolute paw angle 0.004 Week: baseline compared with weeks 3, 4 and 5

Figure 1. Culture results of Campylobacter jejuni 260.94 colonization of 
the cecum at the time of necropsy. WT and IL10-knockout (IL10−/−) 
BALB/c mice were inoculated with either C. jejuni 260.94 or vehicle 
(tryptic soy broth, TSB). Colonization rates were semiquantitatively 
graded according to approximate number of colony-forming units 
on the plate. Except for one infected WT mouse requiring early eu-
thanasia unrelated to C. jejuni infection, mice were euthanized at 5 
wk after infection. Colonization in the cecum was not significantly 
different between infected WT and IL10−/− mice (Fisher Exact Prob-
ability test, PB = 0.775).
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Kruskal–Wallis analysis of raw scores (P = 0.0265), no pairwise 
comparisons were significant in either analysis. Overall, these 
data suggest that IL10−/− mice had mildly higher baseline levels 
of gross gastrointestinal pathology and histologic lesions in the 
ileocecocolic junction than did WT mice, attributed to spontane-
ous colitis in IL10−/− mice unrelated to C. jejuni infection.

Immune response to C. jejuni infection. Systemic (plasma) and 
local (colonic) immune responses to infection were measured.

Plasma antibodies. Multiple antibody isotypes reacting 
with C. jejuni and gangliosides GM1 and GD1a antigens were 
analyzed via an indirect ELISA format. Isotypes were chosen to 
reflect systemic Th1 (IgG3, IgG2a, IgG2b), Th17 (IgG2b), and Th2 
(IgG1) -mediated responses.1,3,38,59 Plasma antibody responses to  
C. jejuni are shown in Figure 3 A. Infected mice mounted primar-
ily a Th1/Th17 response to C. jejuni, as shown by statistically 
significant increases in plasma anti-C. jejuni IgG2a and IgG2b 
levels as compared with control mice, in both WT and IL10−/− 
genotypes. The Th1-mediated IgG3 was significantly higher in  
C. jejuni-infected IL10−/− mice as compared with sham-inoculated 
mice of either WT or IL10−/− genotype. However, infection with 
C. jejuni did not produce significantly higher IgG3 in WT mice 
as compared with sham-inoculated WT mice, indicating that  
C. jejuni infection stimulated a significant IgG3 response only in 
IL10−/− mice. Th2-mediated IgG1 responses were significantly 
higher in both sham-inoculated and infected IL10−/− mice as 
compared with sham-inoculated WT mice. Collectively, these data 
indicate that BALB/c mice infected with C. jejuni 260.94 mounted 
a primary Th1/Th17 systemic response that was exacerbated by 
IL10 deficiency.

Because antiganglioside antibodies are a hallmark of GBS 
and because immunopathogenesis of GBS is thought to involve 
molecular mimicry between C. jejuni lipooligosaccharide and 
peripheral nerve gangliosides, we also measured anti-GM1 and 

anti-GD1a antibodies via ELISA. In general, magnitude of re-
sponse and patterns of elevation in different groups were similar 
for anti-GM1 antibodies (Figure 3 B) and anti-GD1a antibodies 
(Figure 3 C). Significant increases in anti-GM1 and anti-GD1a 
IgG2b were seen in IL10−/− mice, with infected IL10−/− mice 
having significantly higher levels than did infected WT mice. 
However, antiganglioside IgG2b was not significantly differ-
ent in C. jejuni-infected mice as compared with control mice 
of either genotype. Anti-GM1 IgG3 was significantly higher in 
sham-inoculated WT mice than in infected and control IL10−/− 
mice. Infected WT mice had significantly higher IgG3 than did 
sham-inoculated IL10−/− mice. No other significant differences 
were seen between groups, including in Th2-mediated IgG1 
antibodies. Collectively, these data suggest that elevations in 
antiganglioside antibodies were more closely related to the pres-
ence or absence of IL10 rather than to C. jejuni infection status.

Colon cytokine production. Cytokines reflecting differentia-
tion of Th1, Th2, Th17, Th9, Th22, and Tfh cells were measured 
in a panel that included IFNγ, TNFα, IL2, IL4, IL5, IL6, IL9, IL10, 
IL13, IL17A, IL17F, IL21, and IL22. Cytokines that were not 
statistically analyzed included IL5, IL17F, and IL21, of which 
only 1 of the 39 mice produced a detectable amount; IL10, of 
which only one WT mouse and no IL10−/− mice produced a 
detectable amount; and IL4 and IL13, of which no mouse of 
either genotype produced a detectable amount.

No significant changes related to infection status were found be-
tween the WT and IL10−/− genotypes for any cytokine (Figure 4).  
However, sham-inoculated IL10−/− mice produced significantly 
more TNFα and IFNγ than did either sham-inoculated or C. 
jejuni 260.94–infected WT mice. The overall analysis of IL17A 
was statistically significant (Kruskal–Wallis, P = 0.0289), but 
none of the pairwise comparisons were significantly different. 
Mean values of TNF-α, IFN-γ, IL-6, IL-17A, and IL-22 were  

Figure 2. (A) Gross pathologic changes noted at necropsy and (B) histopathologic assessment of the ileocecocolic junction of 19 BALB/c WT 
and 20 BALB/c IL10−/− mice that received either Campylobacter jejuni 260.94 or vehicle control (tryptic soy broth, TSB). Mice were euthanized at 
5 wk after infection. One infected WT mouse required early euthanasia unrelated to C. jejuni and is excluded from these data. (A) Gross lesions 
noted at necropsy included enlarged or thickened wall of proximal colon (present in all 17 IL10−/− mice with at least one change); other more 
sporadic changes included enlarged or thickened cecum, enlarged spleen, and enlarged ileocecocolic lymph nodes. Gross pathology scores were 
not significantly different between sham-inoculated and C. jejuni 260.94-infected IL10−/− mice (Fisher exact test, PB = 0.087). (B) Histologic as-
sessment of colitis in the ileocecocolic junction involved assigning a raw score (maximum, 42 points) and subsequent ranking of raw scores for 
statistical purposes. Whiskers span minimum to maximum values, the box extends from the 25th to 75th percentiles, and the line in the middle 
of the box denotes the median. Mice with scores of 9 points or lower are considered to have no colitis, whereas scores of 10 to 19 indicate mild 
colitis. Significance was seen overall by using both the Fisher Exact Probability test on ranked data (PB = 0.012) and Kruskal–Wallis analysis of 
raw scores (P = 0.0265), but no pairwise comparisons were significant in either analysis.
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numerically lower in C. jejuni 260.94-infected IL-10−/− mice than 
in sham-inoculated IL-10−/− mice, but the differences were not 
statistically significant, Overall, these data suggest that produc-
tion of cytokines reflecting Th1/Th17/Th22 differentiation may 
be a characteristic of IL10−/− mice.

Nerve histopathology. Cells positively labeled with the 
F4/80 macrophage marker in DRG and afferent nerve fibers 
were quantified by morphometry (Figure 5). C. jejuni-infected 
BALB/c IL10−/− mice showed the most variation in number of 
F4/80-positive cells, with scores ranging from 2 to 33, whereas 
F4/80-positive scores in sham-inoculated WT mice were the 
most tightly clustered (range, 5 to 18). No statistically significant 
differences were found between treatment groups (P = 0.290). 
These data indicate that, in this model, neither absence of IL10 
nor infection with C. jejuni 260.94 significantly influenced mac-
rophage numbers in DRG after 5 wk of infection.

Discussion
The aim of the current study was to develop a mouse model 

of GBS subsequent to C. jejuni infection, to further our under-
standing of the complex immunopathogenesis of this important 
human disease. The model aimed to exploit the reported Th2 

bias of BALB/c mice; in the absence of antiinflammatory IL10, 
these mice were expected to mount strong Th2-mediated im-
munity after infection with GBS patient-derived C. jejuni 260.94, 
which harbors a GM1a ganglioside mimic.33 We expected the 
production of antiganglioside antibodies and associated nerve 
lesions, as had been reported for C57BL/6 IL10−/− and WT, B7-
2−/−, and IL10−/− NOD mice infected with C. jejuni 260.94.35,55 
Instead, our WT and IL10−/− BALB/c mice orally inoculated 
with C. jejuni 260.94 mounted primarily Th1/Th17 immune 
responses and did not develop colitis, antiganglioside antibody 
production, an overt neurologic phenotype, or nerve lesions. 
When considered in the context of previously published mod-
els from our group using various combinations of mouse and 
C. jejuni strains,4,35,36,55 the current study further highlights 
the importance of both the characteristics of the infecting  
C. jejuni strain (e.g., presence of ganglioside mimics, invasive-
ness, colitogenic potential) and host factors (genetic background, 
immunologic biases) in determining disease outcome.

Our first hypothesis was that Th2-mediated immune re-
sponses, including the production of antiganglioside antibodies 
but without induction of colitis, would predominate after oral 
inoculation of WT and IL10−/− BALB/c mice with C. jejuni 

Figure 3. Quantification of plasma antibodies in experimental mice by indirect ELISA. Antibodies detected are A) Anti-C. jejuni IgG1, B) Anti-C. jejuni  
IgG2a, C) Anti-C. jejuni IgG2b, D) Anti-C. jejuni IgG3, E) Anti-GM1 ganglioside IgG1, F) Anti-GM1 ganglioside IgG2a, G) Anti-GM1 ganglio-
side IgG2b, H) Anti-GM1 ganglioside IgG3, I) Anti-GD1a ganglioside IgG1, J) Anti-GD1a ganglioside IgG2a, K) Anti-GD1 ganglioside IgG2b,  
L) Anti-GD1 ganglioside IgG3. BALB/c WT and IL10−/− mice were inoculated with either C. jejuni 260.94 or vehicle (tryptic soy broth, TSB) and 
euthanized at 5 wk after infection. One infected WT mouse required early euthanasia unrelated to C. jejuni and is excluded from these data.  
P values less than 0.05 were considered significant. Lines above the data (mean ± SEM) indicate significant differences between groups  
(Kruskal–Wallis analysis, followed by the Dunn posttest).
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260.94. This reasoning was based on reports in the literature of 
a relative Th2 bias exhibited by BALB/c mice in comparison 
with other mouse strains, including C57BL/6 mice, in both in 
vivo infection models and in vitro studies,33,39,49 and the Th2-
mediated response shown in C57BL/6 IL10−/− mice infected 
with C. jejuni 260.94.35 Instead, infected WT and IL10−/− BALB/c 
mice responded with significantly increased C. jejuni-specific 
plasma antibodies including IgG2a, IgG2b, and IgG3 antibody 
isotypes but without significantly increased IgG1 production 
related to infection (Figure 3), indicating Th1/Th17-mediated 
class switching.1,3,59 This unexpected result offers deeper insight 
into the diverse regulatory actions of IL10 and the interplay of 
infecting pathogen and immunologic bias of the host genetic 
background. Although C57BL/6 and BALB/c mice reportedly 
exhibit Th1- and Th2-mediated immune biases, respectively, 
the current study and others demonstrate that characteristics of 
the infecting pathogen or stimulus contribute substantially to 
immunologic outcomes. C57BL/6 and C.B-17 (a BALB/c strain 
congenic for the C57BL/6 Ig heavy-chain gene segment) mice 
infected with Cryptococcus neoformans, a fungal lung mucosal 
pathogen, showed differing immune responses and ability 
to clear the pathogen: susceptible C57BL/6 mice exhibited 
increasing lung burden over time, whereas resistant C.B-17 
mice mounted an early and local Th1-mediated response that 
correlated with superior pathogen clearance.23 BALB/c mice are 
resistant to developing chemically induced (i.e., dextran sulfate 
sodium) colitis, whereas C57BL/6 mice are susceptible.63 As-
sessment of cytokine production after exposure to DSS indicates 
that BALB/c mice exhibit Th2/Th17/Treg-mediated responses, 
characterized by the production of IL4, IL6, IL10, and IL17 
and higher numbers of Treg cells in the regional lymph node, 
whereas C57BL/6 mice respond with strong IFNγ production.63 
C. jejuni is a mucosal enteric pathogen and elicits a Th1/Th17-
mediated response in most in vivo and in vitro mouse and ex 

vivo human C. jejuni infection studies.4,16,17,35,36,47,55 Therefore, 
WT BALB/c mice may be predisposed to Th2 responses to 
some challenges, but the current study suggests that Th1/Th17 
responses are predominant in BALB/c mice after C. jejuni infec-
tion, even with a C. jejuni strain that previously induced Th2 
responses in C57BL/6 IL10−/− mice.35 Th1/Th17 responses were 
more robust in IL10−/− mice, but because a similar pattern was 
observed in WT mice, the absence of IL10 and subsequent en-
hancement of Th1-mediated immunity cannot be the sole reason 
for this outcome. These results further highlight the complexity 
of GBS immunopathogenesis and the interplay of both host and 
pathogen characteristics in the induction of immunity.

The induction of antiganglioside antibodies is a hallmark of 
GBS and a partial reflection of the immune response to C. jejuni 
infection. We expected that infected WT and IL10−/− BALB/c 
mice would produce antibodies to GM1 and GD1a gangliosides, 
as previously reported in other mouse genotypes.9,35,55 In the 
current study, Th1/Th17-mediated IgG2b and IgG3 isotypes 
reacting with GM1 and GD1a antigens showed significant  
elevations related only to presence or absence of IL10 (Figure 3)  
but not to C. jejuni infection status. The primary Th1/Th17 
response, as opposed to a primary Th2-mediated response, 
apparently does not preclude generation of antiganglioside 
antibodies: in a separate study, BALB/c IL10−/− mice infected 
with the enteritis-associated C. jejuni 11168 strain developed 
severe colitis, marked local and systemic Th1/Th17-mediated 
immunity, and anti-GM1 and anti-GD1a antibodies.10 Therefore, 
the possibility that severe colitis or strong local colonic adaptive 
immune responses are required for generation of antiganglioside 
antibodies in some models cannot be excluded. Another possibil-
ity is that IL10-mediated host–microbiota interactions influence 
antiganglioside antibody production in response to ganglioside 
mimics expressed by commensal flora, but additional studies 
would be necessary to establish such a connection.

Figure 4. Cytokine production, presented as picograms of cytokine per milligram of colonic tissue, was measured in supernatants of homoge-
nized colon samples by using a flow cytometry-based multiplex bead array. Panels show A) TNFα, B) IL2, C) IFNγ, D) IL6, E) IL17A, F) IL22, and 
G) IL9 cytokines. Treatment groups included WT and IL10−/− BALB/c mice, either sham-inoculated (tryptic soy broth, TSB) or orally infected 
with C. jejuni 260.94. Mice were euthanized at 5 wk after infection. The one infected WT mouse requiring early euthanasia unrelated to C. jejuni 
is excluded. P values less than 0.05 were considered significant. Lines above data (mean ± SEM) indicate significant differences (Kruskal–Wal-
lis ANOVA on ranks, followed by the Dunn posttest). Overall significance was found in analysis of IL17A (P = 0.0289), although no pairwise 
comparisons were significant.
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Figure 5. Macrophages in lumbar dorsal root ganglia (DRG) dissected from 19 BALB/c WT and 20 BALB/c IL10−/− mice given either C. jejuni 
260.94 or TSB (sham; tryptic soy broth). Panels show representative sections from groups A) BALB/c TSB, B) BALB/c C. jejuni 260.94, C) BALB/c 
IL 10−/− TSB, and D) BALB/c IL 10−/− C. jejuni 260.94. Panel E graph shows positive F4/80-stained cells from the dorsal root ganglia of the four 
groups of mice. Mice were euthanized at 5 wk after infection. Macrophages identified by immunohistochemical labeling with F4/80 were 
quantitatively scored by using morphometry in Image J. Results are given as the number (mean ± SEM) of F4/80-positive cells per unit area 
(100,000 pixels). No significant differences between groups were seen (Kruskal–Wallis, P = 0.290). Bar, 60 µm.
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Data from the current study showed similar patterns of 
anti-GM1 and anti-GD1a antibody production. C. jejuni 260.94 
is reported to harbor a GM1a mimic but apparently not other 
ganglioside mimics.34 Similar patterns of production of anti-
GM1 and anti-GD1a antibodies were also reported in a study 
involving C. jejuni 11168,10 which reportedly does not possess 
GD1a mimics.34 GM1 and GD1a gangliosides are extremely 
similar in structure,2 and the possibility that the plasma anti-
bodies directed at GM1 also bound GD1a antigen in the ELISA 
should be considered. In addition, the lipooligosaccharide of 
C. jejuni strain 81–176 possesses structures mimicking several 
gangliosides, and phase variation can change the expression of 
ganglioside mimics.19 Therefore, the possibility that C. jejuni or 
commensal flora can express different or multiple ganglioside 
mimics in vivo, resulting in generation of more than one type 
of antiganglioside antibody, cannot be excluded.

Despite persistent colonization of 90% of infected mice at the 
end of the 5-wk study, neither gross pathology nor histologic 
changes in the ileocecocolic junction were significantly increased 
in either WT or IL10−/− mice as compared with sham-inoculated 
mice (Figure 2). A higher baseline of overall mild colitis in 
IL10−/− mice regardless of C. jejuni infection status likely re-
flects the development of spontaneous colitis in IL10−/− mice 
due to unchecked responses to the intestinal microbiota.6,29 In 
addition, uncontrolled immune responses to enteric antigens 
may explain (at least in part) the presence of C. jejuni-specific 
plasma IgG1 and IgG2a in some sham-inoculated IL10−/− mice 
(Figure 3); all sham-inoculated mice were negative for C. jejuni 
by both culture and PCR analysis, and the positive C. jejuni 
plasma response may reflect generation of antibodies against a 
structurally similar antigen in the microbiota. Colitis can occur 
in IL10−/− mice at as early as 3 to 4 wk of age,6,29 and the mice 
in the current study were inoculated at 14 to 15 wk of age and 
euthanized at 5 wk after inoculation. Therefore, we attribute the 
mild pathology in our IL10−/− mice to spontaneous disease and 
not to C. jejuni infection. The relatively later age at inoculation 
in the current study as compared with other studies was chosen 
to allow the mice to increase in body size prior to intragastric 
gavage. Results of the current study are consistent with other 
mouse models demonstrating lack of colitis despite high colo-
nization rates after infection with C. jejuni 260.94.4,9,35,55 C. jejuni 
strains vary widely in ability to colonize and cause colitis, with 
pathogenicity related to genomic content of certain open reading 
frames,4 and even in IL10−/− mice C. jejuni 260.94 has not been 
colitogenic in our models.

C. jejuni-specific plasma antibody isotypes reflected a systemic 
Th1/Th17 response in infected mice, but a significant local 
adaptive immune response was not identified in the proximal 
colon (Figure 4). Consistent with a shift toward Th1-mediated 
immunity in the absence of IL10 and infection with a mucosal 
enteric pathogen, the production of Th2 cytokines—including 
IL4, IL5, and IL13—was virtually undetectable. Significant 
increases were identified only in TNFα and IFNγ production 
in sham-inoculated IL10−/− mice compared with WT mice, 
reflecting the Th1-mediated spontaneous colitis occurring in 
IL10−/− mice. No significant difference in production of any 
cytokine by either WT or IL10−/− mice was related to infection.

The second aim of the current study was to determine whether 
C. jejuni 260.94 infection leads to neuropathology—manifested 
by gait abnormalities, neuromuscular weakness, and mac-
rophage infiltration into DRG—in BALB/c mice. To determine 
neurologic deficits, we performed 3 vigorous phenotyping tests 
prior to inoculation and weekly thereafter until euthanasia at 
5 wk. Of these tests, the DigiGait treadmill analyses were most 

informative (Table 1). Two-way repeated-measures ANOVA 
revealed numerous significant differences in variables with 
time, most of which included baseline compared with 4 wk 
after inoculation. The only variable exhibiting significant dif-
ferences related to infection status when all treatment groups 
were analyzed together was forelimb stance width, with infected 
IL10−/− mice having a wider stance than sham-inoculated WT 
mice. The difference in stance width between infected and 
sham-inoculated mice remained significant when WT mice were 
analyzed separately but was insignificant within IL10−/− mice. 
The wider stance width could indirectly reflect hindlimb weak-
ness, with more body weight being front-loaded to compensate, 
leading to wider stance width in the front. The DigiGait system 
is designed to detect subtle gait changes, but this single change is 
difficult to interpret without other concurrent gait disturbances 
to clarify its significance.

The hang test and OFT were not informative in the current 
study. The hang test was used as a measure of motor strength 
and balance. Significant differences determined by 2-way re-
peated measures ANOVA were related to time but not infection 
status. Subjective observations suggest that, in the current study, 
this test likely was inadequate for detecting neurologic deficits. 
More active mice tended to move around more on the grid, lead-
ing to a shorter hang time that was unrelated to weakness. In 
contrast, some mice tended to hook their feet through the bars 
and hang on until the end of the test period. These observations 
suggest that for BALB/c mice, the hang test performed with 
this technique did not reflect motor deficits but instead activity 
level and was thus not a useful neurologic indicator. Similarly, 
recordings of the OFT—in which mice were placed in a stand-
ard rat cage to observe gait, movement, and posture—were not 
analyzed because the mice did not consistently exhibit sufficient 
spontaneous movement to allow meaningful observation. Less 
movement and rearing by BALB/c mice as compared with other 
mouse strains has been reported previously for the OFT12,30 
and may be related to photophobia in albinos, such as BALB/c 
mice.13 Despite the disadvantages of the OFT and hang test, the 
3 neurologic phenotyping tests combined with careful daily 
observation should have revealed an overt neurologic pheno-
type, had one been present. Considering all of these findings, 
we conclude that infection with GBS patient-derived C. jejuni 
260.94 did not lead to neurologic deficits in the current study.

Neuropathology was assessed by evaluation of macrophage 
numbers in lumbar DRG and their afferent nerve fibers. We 
chose macrophages as indicators of neuropathology due to 
their postulated role in GBS pathogenesis, particularly in the 
acute motor axonal form of GBS, which some consider to be 
the subtype most closely associated with preceding C. jejuni 
infection.15,41,57 We also chose DRG for assessment, because 
GBS patients frequently describe pain and sensory defects.57 
Cell bodies of sensory fibers reside in the DRG, which are also 
reported to have a particularly leaky blood-nerve barrier that 
predisposes this area to immune-mediated damage.41 Pathology 
in dorsal roots has been described in the autopsies of patients 
succumbing to the motor-sensory axonal form of GBS,18 and 
increased numbers of F4/80-positive cells were present mainly 
in the DRG, with fewer in the sciatic nerve or brachial plexus, 
of NOD and NOD IL10−/− mice infected with C. jejuni 260.94.55

Taken together with other studies,9,35,55 the current study in 
BALB/c mice further indicates that the immunopathogenesis 
of nerve damage in GBS is incompletely understood. Despite 
significantly elevated antiganglioside GM1 and GD1a IgG2b 
and IgG3 antibodies in the plasma of C. jejuni 260.94-infected 
BALB/c mice (Figure 3), no significant increases were found in the 
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number of F4/80-positive cells in lumbar DRG and their afferent 
nerve fibers and no detectable defects were found in the DRG 
(Figure 5). C. jejuni 260.94-infected C57BL/6 mice with a human 
gut microbiota similarly demonstrated few F4/80-positive cells 
in sciatic nerves and DRG, even though they had significantly 
elevated anti-GM1 IgG1.9 However, in another model developed 
by our group, NOD C. jejuni 260.94-infected mice exhibited the 
onset of nerve lesions at 5 wk after inoculation.55 In that study, 
both NOD and NOD IL10−/− C. jejuni 260.94-infected mice had 
GBS lesions in the DRG and afferent nerve fibers 4 to 6 wk after 
infection, whereas uninfected controls did not, and lesions were 
seen only in mice with higher anti-GM1 or anti-GD1a antibody 
levels.55 The lack of increased macrophages in DRG and afferent 
nerve fibers in infected BALB/c mice, despite significantly higher 
plasma antiganglioside antibodies in some groups, suggests that 
antiganglioside antibodies alone are not sufficient to cause nerve 
lesions mediated by macrophages in DRG. The gut microbiome 
may influence GBS onset. Bacteria other than C. jejuni possess 
GM1 gangliosides that could produce molecular mimicry.43 
These organisms may play an important role in GBS develop-
ment, causing immune-mediated tolerance or training toward 
the ganglioside antigen. We acknowledge that labeling of other 
immune components implicated in nerve damage in GBS, such 
as T cells, complement, and IgG41,57 in peripheral nerve tissues 
and conducting a time-course study to determine whether and 
when neuropathology is correlated with antiganglioside antibody 
production, would provide a more complete assessment of GBS 
immunopathogenesis. Regardless, when taken together, the data 
regarding the absence of neurologic deficits identified by rigorous 
phenotyping tests—including DigiGait treadmill analysis, OFT, 
and hang testing—and the lack of increased macrophages in DRG 
indicate that neuropathology was not induced by C. jejuni 260.94 
in BALB/c WT or IL10−/− mice in the current study.

The final aim of this study was to determine whether the 
absence of the regulatory actions of IL10 resulted in exacerba-
tion of immune responses and neuropathology. The systemic 
Th1/Th17 immune response to C. jejuni 260.94, manifested by 
significant increases in C. jejuni-specific IgG2a, IgG2b, and IgG3 
antibody isotypes, was greater in magnitude in IL10−/− com-
pared with WT BALB/c mice (Figure 3). Furthermore, C. jejuni 
induced significant IgG3 production only in the IL10−/− group. 
Therefore, the absence of IL10 enhanced systemic Th1/Th17 
immunity in C. jejuni infected mice in this model.

The presence or absence of IL10 led to differences in anti-
ganglioside antibody production, and the absence of IL10 was 
associated with mild colitis and increased production of specific 
cytokines in the colon. However, IL10 deficiency did not lead 
to significant exacerbation of C. jejuni-induced changes in im-
munity or neuropathology. No significant difference in cecal C. 
jejuni colonization was found between WT and IL10−/− mice. 
Equal numbers of sham-inoculated and infected IL10−/− mice 
developed mild colitis with similar histologic lesions, indicating 
that IL10−/− mice had underlying spontaneous colitis that was 
not exacerbated by C. jejuni infection. Similarly, the production 
of TNFα and IFNγ in the proximal colon was increased overall  
in IL10−/− mice, but no significant differences were seen re-
lated to C. jejuni infection. Therefore, in this model, synergism 
between C. jejuni infection and IL10 deficiency that resulted in 
increased pathology or neurologic deficits was not observed.

Results of this study indicate that WT and IL10−/− BALB/c 
mice orally inoculated with GBS patient–derived C. jejuni 260.94 
are stably colonized, mount systemic Th1/Th17 responses, and 
do not develop colitis, produce antiganglioside antibodies, or 
develop neuropathology, including neurologic deficits and 

inflammatory lesions in DRG. Systemic Th1/Th17-mediated 
immunity was unexpected, considering the reported Th2 im-
munologic bias in BALB/c mice and the previous induction of 
Th2-mediated immunity in C57BL/6 IL10−/− mice infected with 
C. jejuni 260.94.35 These results indicate BALB/c mice are a useful 
model for studying C. jejuni infection and could provide criti-
cal insights into the influence of host genetic background in the 
polarization of the immune response and resulting pathology.
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