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Resistance to experimental autoimmune encephalomyelitis
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Experimental autoimmune encephalomyelitis (EAE) is an inflammatory disease of the brain and spinal cord
that is mediated by CD4+ T lymphocytes specific to myelin components. In this study we compared development
of EAE in Lewis rats from two colonies, one kept in pathogen-free conditions (CEMIB colony) and the other
(Botucatu colony) kept in a conventional animal facility. Female Lewis rats were immunized with 100 µl of an
emulsion containing 50 µg of myelin, associated with incomplete Freund�s adjuvant plus Mycobacterium
butyricum. Animals were daily evaluated for clinical score and weight. CEMIB colony presented high EAE inci-
dence with clinical scores that varied from three to four along with significant weight losses. A variable disease
incidence was observed in the Botucatu colony with clinical scores not higher than one and no weight loss.
Immunological and histopathological characteristics were also compared after 20 days of immunization. Sig-
nificant amounts of IFN-γ, TNF-α and IL-10 were induced by myelin in cultures from CEMIB animals but not
from the Botucatu colony. Significantly higher levels of anti-myelin IgG1 were detected in the CEMIB colony.
Clear histopathological differences were also found. Cervical spinal cord sections from CEMIB animals showed
typical perivascular inflammatory foci whereas samples from the Botucatu colony showed a scanty inflamma-
tory infiltration. Helminths were found in animals from Botucatu colony but not, as expected, in the CEMIB
pathogen-free animals. As the animals maintained in a conventional animal facility developed a very discrete
clinical, and histopathological EAE in comparison to the rats kept in pathogen-free conditions, we believe that
environmental factors such as intestinal parasites could underlie this resistance to EAE development, supporting the
applicability of the hygiene hypothesis to EAE.
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The extraordinary susceptibility of the Lewis rat to a
large number of different inducible tissue-specific au-
toimmune diseases has made it a much-studied experi-
mental model in the field of autoimmunity. Experimen-
tal autoimmune encephalomyelitis (EAE) is a Th1 me-
diated inflammatory paralytic disease of the central ner-
vous system (CNS), which serves as a model of human
demyelinating diseases of the CNS such as multiple scle-
rosis (MS) (Swanborg 1975, Gold et al. 2006). The
autoreactive CD4+ T cells cross the blood-brain barrier
and secrete the pro-inflammatory cytokines IFN-γ and
TNF-α in response to epitopes present in CNS proteins,
including myelin basic protein (MBP), proteolipid pro-
tein and myelin oligodendrocyte glycoprotein. EAE can
be actively induced in the Lewis rat by subcutaneous in-
jection of MBP in Complete Freund�s Adjuvant (CFA),
or passively by the adoptive transfer of in vitro MBP-
restimulated T cells from MBP-sensitized syngeneic
donor rats (Swanborg 1988). The clinical course of
MBP-induced EAE in the Lewis rat is an acute ascend-
ing paralysis, that is monophasic and self-limiting, making

it an ideal model to study the regulatory events that lead
to recovery from autoimmune diseases (Swanborg
1995). MS and EAE development are clearly affected
by different factors as gender (Papenfuss et al. 2004),
age (Ditamo et al. 2005), and also by genetic and envi-
ronmental conditions (Sotgiu et al. 2004). The hygiene
hypothesis has been proposed to explain the increased
incidence of autoimmune diseases and allergy in areas
of the world with improved health care and sanitation.
This hypothesis proposes that the lack of intense infec-
tions in industrialized countries owing to improved hy-
giene, vaccination and use of antibiotics alters the im-
mune system in a way that it responds inappropriately.
Imbalance of Th1 and Th2 responses and lack of regula-
tory T-cell populations are two of many proposed po-
tential mechanisms for immune failures such as autoim-
munity and allergy (Sewell et al. 2002).  During stan-
dardization of EAE we initially used a Lewis rat colony
established in the Department of Microbiology and Im-
munology (UNESP, Botucatu). In spite of exhaustive tri-
als, only very discrete clinical scores were observed. As
our animal facility is conventional and Lewis rats are
described as highly susceptible to EAE development
(Swanborg 2001), we attributed this resistance to dif-
ferences in sanitary barrier conditions. To test this pos-
sibility we compared EAE development in two colonies
of Lewis rats, one raised and kept in pathogen-free con-
ditions (CEMIB colony) and the other in a conventional
animal facility (Botucatu colony).
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MATERIALS AND METHODS

Animals - Female Lewis rats (4-6 weeks old) were
obtained from two sources: CEMIB/UNICAMP and
UNESP/Botucatu, and named CEMIB and Botucatu colo-
nies, respectively. These two colonies are from differ-
ent origins. The Botucatu colony was established with
rats from the laboratory of Clinical and Experimental
Allergy and Immunology, Faculty of Medicine, São Paulo
University, originally obtained from MA Bioproducts
(Walkerville, MD, USA), while the CEMIB colony was
established with pairs purchased from Harlan Sprague
Dowley (Indianapolis, IN, USA).  The animals were fed
with a standard granulated food and water ad libitum. Food
and water were sterilized. Animals were manipulated in
compliance with the ethical guidelines adopted by
Colégio Brasileiro de Experimentação Animal, being the
experimental protocol approved by the local Ethics Com-
mittee (protocol 458).

Induction and scoring of EAE - The main immuni-
zation protocol used for both colonies was inoculation
of 100 µl of an emulsion containing 50 µg of MBP
(Sigma Chemical Co, St. Louis, MO, USA) associated
with 50 µl of Incomplete Freund�s Adjuvant (Difco Labo-
ratories, Detroit, MI, USA) plus 5 mg/ml of Mycobac-
terium butyricum (Difco Laboratories, Detroit, MI,
USA), in the left footpad. Larger amounts of myelin or
Freund�s adjuvant or subcutaneous route were also tried.
Non immunized animals from both colonies were used
as control groups. Weight variation and clinical scores
were daily recorded. Signs of disease were graded as 0
(zero): no disease; 1: loss of tonicity of the distal por-
tion at the tail; 2: total loss of tail tonicity; 3: hind limb
weakness (partial paralysis); 4: complete hind limb pa-
ralysis and urinary incontinence, and 5: moribund.

Histopathological analysis - The histological analy-
sis of cervical spinal cord sections was performed on
day 20 following immunization. Fragments from the cer-
vical spinal cord were removed, fixed in 10% formalin
and embedded in paraffin. Five micrometer sections were
cut and stained with hematoxylin and eosin and exam-
ined with an Olympus microscope.

Anti-myelin antibody levels - Serum samples were
collected on day 20 following immunization and tested
by enzyme linked immunosorbent assay (ELISA) for the
presence of antibodies against MBP. Briefly, plates were
coated with 5 µg/ml of antigen in coating solution
(Na2CO3/NaHCO3, pH 9,6) overnight at 4ºC. Non-spe-
cific antibody binding was blocked by incubation with
0,05% Tween 20, 10% fetal calf serum (FCS) in phos-
phate buffered saline (PBS, 200 µl per well) for 1 h at
37°C. Subsequently the plates were incubated overnight
at 4°C with dilutions of serum from control and immu-
nized rats. For the detection of specific serum IgG1 and
IgG2b, the plates were incubated with biotinylated mouse
anti-rat antibodies (Oxford Biotechnology). Plates were
then incubated for 30 min at room temperature with Strept
AB (kit from Dako, Carpinteria), and revealed by adding
H2O2 with o-phenylenediamine (OPD) (Sigma, St. Louis,
MO, USA). Color development was stopped with H2SO4
and optical density was measured at 492 nm.

IFN-γ, TNF-α and IL-10 production - Normal and
immunized rats were sacrificed 20 days after immuni-
zation. Lymph node (popliteal + inguinal) cells were
collected, and adjusted to 2.5 × 106/ml. Cells were cul-
tured in complete RPMI medium (RPMI supplemented
with 5% FCS, 20 mM glutamine and 40  IU/ml of gen-
tamicin), in the presence of 10 µg/ml of myelin or
5 µg/ml of Concanavalin A (ConA, Sigma, St. Louis, MO,
USA). Cytokine levels in culture supernatants were evalu-
ated 48 h later by ELISA according to manufacturer in-
structions (R&D Systems, Minneapolis, MN, USA). 96
well plates (NUNC) were coated with capture antibod-
ies for IFN-γ (DY 585), TNF-α (DY 510) or IL-10 (DY
522) diluted in PBS at 2 µg/ml, 4 µg/ml and 4 µg/ml,
respectively. Plates were incubated overnight and then
blocked during 2h with 1% albumin in PBS. Standard rat
cytokines and culture supernatants were added and the
plates incubated for 2 h. Biotinylated anti-IFN-γ, anti-
TNF-α and anti-IL-10 antibodies were added (150, 100
and 100 ng/ml, respectively), and plates were incubated
during 2 h at room temperature. Then, plates were incu-
bated at room temperature for 30 min with Streptavidin
and then revealed by adding H2O2 + OPD. Color devel-
opment was stopped with H2SO4, and optical density was
measured at 492 nm. Sensitivity of ELISA for IFN-γ,
TNF-α and IL-10 were 20, 30 and 30 pg/ml, respectively.

Statistical analysis - Statistical analysis was per-
formed using Minitab Version 1996 (Minitab, State Col-
lege, PA, USA). One-way ANOVA and the Tukey test were
used to compare the clinical scores, the production of
anti-myelin antibodies and the cytokine levels (p < 0.05).

RESULTS

EAE susceptibility in CEMIB and Botucatu colonies
- Susceptibility to EAE development was clearly differ-
ent in these two colonies. All animals from CEMIB
colony developed a standard paralysis, reaching score 4
during the acute phase of the disease (Fig. 1a). As ex-
pected from other reports these animals lost around 25%
of their initial weight. Differing from these results, ani-
mals from Botucatu colony displayed a very low sus-
ceptibility to EAE development. In the experiment
showed at Fig. 1b, the animals reached only score 1 (pa-
ralysis at the tail tip). In addition, these animals mani-
fested no weight loss, and they even showed a weight
gain similar to that observed in the control group. Weight
variation in both colonies is documented at Fig. 1d. A
diversity of protocols, including the use of increased
amounts of myelin or M. butyricum, inoculation by sub-
cutaneous route at the dorsal region and immunization
of younger animals were additionally tried. Also, some
immunized rats from Botucatu colony were observed dur-
ing prolonged periods. These strategies were incapable of
enhancing EAE development in Lewis rats from this colony.

Differential immune response to myelin in CEMIB
and Botucatu colonies - Lymph node cells from immu-
nized CEMIB rats stimulated in vitro with myelin pro-
duced significantly higher levels of IFN-γ, TNF-α and
IL-10 (Figs 2a, 2c and 2e, respectively) than cultures
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from Botucatu colony. IFN-γ production by ConA stimu-
lated cells was similar in both colonies (Fig. 2b), whereas
TNF-α and IL-10 induction by ConA were also clearly
higher in CEMIB colony (Figs 2d and 2f, respectively).
Levels of IgG1 (Fig. 3a), but not of IgG2b (Fig. 3b) were
significantly higher in CEMIB colony.

Histological analysis - Inflammatory infiltrates were
observed in the CNS of both colonies but were quantita-
tively very distinct. Confirming the clinical status ob-
served in CEMIB colony, a clear perivascular mono-
nuclear cell inflammation was observed in the cervical
spinal cords of these animals. In contrast, the correspond-
ing neurological tissues from Botucatu colony showed
very discrete inflammatory foci. These differences can
be observed in Figs 4a (normal rat), 4b (CEMIB EAE
rat), and 4c (Botucatu EAE rat).

DISCUSSION

A very clear difference in susceptibility to EAE de-
velopment was observed between the two colonies.
CEMIB animals colony developed a standard disease,
clinically characterized by significant weight loss and
high clinical score during the acute phase of the disease.
This high susceptibility has frequently been reported by
many authors since the early description of EAE in Lewis
rats (Swanborg 1975, Stepaniak et al. 1995, Gold et al.
2006). These clinical manifestations were also associ-
ated with typical immunological and histopathological
signs of EAE development. IFN-γ and TNF-α levels
whose activity is considered pivotal to both, MS and EAE
evolution (Mustafa et al. 1991, Imitola et al. 2005), were
significantly elevated in lymph node cell cultures stimu-
lated with myelin. The severity of histologic neural tis-
sue lesions clearly correlated with these clinical symp-
toms. Cervical spinal cord sections showed typical and
abundant inflammatory foci, localized around small ves-
sels, similar to many research reports (Stanislaus et al.
2001). Differing from these results, animals from
Botucatu colony immunized in similar conditions, dis-
played a very low susceptibility to EAE development.
These animals presented no weight loss and even showed
a weight gain similar to the one observed in the control
group. They also showed very low clinical scores char-
acterized by loss of tonicity only at the distal portion of
the tail. Other protocols of EAE induction, including the
addition of higher amounts of autoantigen, adjuvant and
the use of a subcutaneous route of immunization did not
change the low clinical scores observed in Botucatu
colony. Analysis of the immunological parameters
clearly demonstrated that specific anti-myelin response
was much more prominent in the CEMIB colony. The
finding of a significantly higher production of IFN-γ and
TNF-α in these animals that developed EAE with high
scores is supported by many literature reports that at-
tribute a fundamental role of these cytokines to CNS
lesions in both, EAE and MS (Mustafa et al. 1991, Imitola
et al. 2005). High IL-10 production by the CEMIB colony
was expected and is supported by reports that demon-
strate its presence during spontaneous clinical recovery
(Diab et al. 1997), and also during immunomodulatory
procedures that decrease clinical and histopathological
alterations (Stanislaus et al. 2002). However, differently
form what was expected, animals form Botucatu colony
submitted to EAE induction produced no IL-10 in re-
sponse to myelin and even produced less IL-10 after
ConA stimulation. We cannot, however, exclude other
possibilities as production of this cytokine by other kind

Fig 1: clinical scores and weight variation in two Lewis rat colonies sub-
mitted to experimental autoimmune encephalomyelitis (EAE) induction.
EAE was induced by subcutaneous injection of myelin plus incomplete
Freund adjuvant plus Mycobacterium butyricum in the left footpad clini-
cal scores. a: individual results for CEMIB colony; b: individual results
for Botucatu colony; c: comparison of average scores of both colonies at
acute and recovery stages; d: weight variation was also daily recorded.
This data represents one experiment from three with similar results. Four
animals were included in the control group. Asterisks indicate p < 0.05 in
comparison to EAE Botucatu group.
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Fig 2: differential specific immune response in immunized CEMIB and Botucatu Lewis rats. Rats were injected with myelin plus incomplete Freund
adjuvant plus Mycobacterium butyricum. Twenty days later the animals were euthanized and cytokine production by regional lymph nodes stimu-
lated with myelin (a, c, and e) or ConA (b, d, and f) were determined by ELISA IFN-γ (a and b), TNF-α (c and d), IL-10 (e and f). Results represent the
geometric mean ± SEM of four individually tested animals per group. Asterisks indicate p < 0.05 in comparison to EAE Botucatu group; ND: not detected.

Fig 3: specific antibody production in immunized CEMIB and Botucatu Lewis rats. Rats were injected with myelin plus incomplete Freund adjuvant
plus Mycobacterium butyricum. Twenty days later the animals were euthanized and serum anti-myelin antibody levels were determined by ELISA.
a: IgG1;  b: IgG2b. Results represent the geometric mean ± SEM of four individually tested animals per group. Asterisks indicate p < 0.05 in comparison
to EAE Botucatu group.
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of cells as dendritic cells or by cells that migrated to the
CNS as has been demonstrated in EAE (Jander et al. 1998,
Yang et al. 2000). Additionally, the contribution of other
cytokines as TGF-β that is described as an important
endogenous mechanism to limit the extension of inflam-
mation cannot be ruled out (Tanuma et al. 1997). In this

Fig 4: histopathological analysis of spinal cord from Lewis rats with
experimental autoimmune encephalomyelitis (EAE). EAE was induced by
subcutaneous injection of myelin plus incomplete Freund adjuvant plus
Mycobacterium butyricum in the left footpad. Twenty days after the
animals were euthanized and cervical spinal cord sections were stained
with hematoxylin and eosin and evaluated for extent of inflammatory cell
infiltration. a: absence of cellular infiltrates in normal rats; b: typical EAE
perivascular inflammatory infiltrates in rats from CEMIB colony; c: very
discrete cellular infiltration in rats from Botucatu colony. This analysis
refers to one animal from four with very similar results.

context, our data could suggest that disease resistance
may be a result of an immunologic deficit, maybe trig-
gered by a regulatory T cell (Treg cell). Contribution of
Treg cells to initiate remission phase in experimental
EAE and its deficiency in clinical MS manifestations
have been reported (Viglietta et al. 2004, Mann et al.
2007). Therefore, a very appealing explanation for this
striking difference could be the differential sanitation
condition used to raise and keep these two colonies.  This
possibility is based on a growing body of evidence suggest-
ing that excessive hygiene conditions could contribute to
the increased incidence of allergic and autoimmune dis-
eases in developed countries. This idea has been named
�hygiene hypothesis� and has been supported by investi-
gations in epidemiology (Cooke et al. 2004), basic im-
munology (Vercelli 2006), animal models (Kitagaki et
al. 2006), and human trials with probiotic agents (Floch
& Monrrose 2005). A prominent theme emerging from
this research has been the discovery of a relative defi-
ciency of T-regulatory cell activity in allergy and autoim-
munity (Randolph & Fathman 2006). Additionally, in
some animal models, restitution of T-regulatory cell
activity has been achieved by exposure to infectious
agents such as helminths or products derived from them
(Wilson et al. 2005). The relevance of hygiene hypoth-
esis to EAE and MS has been scientifically supported by
both experimental approaches and epidemiological stud-
ies in MS population. For example, in a murine EAE
model, it was demonstrated that the infection with Schis-
tosoma mansoni delayed the onset of the disease and
also prevented inflammation in the CNS (La Flamme et
al. 2003, 2004, Sewell et al. 2003). Epidemiological
investigation revealed a dichotomous relationship be-
tween the global distribution of MS and parasitic infec-
tions (Fleming & Cook 2006). Also, longitudinal and
migratory studies of MS have been consistent with the
hygiene hypothesis, showing a paralleled increase in MS
and improved sanitation (Cabre et al. 2005). In this con-
text we evaluated the presence of worm eggs in the fe-
ces and adult worms in the intestine of Lewis rats from
both colonies. Interestingly, a high amount of eggs from
Aspiculuris sp. and Syphacia sp. were found in Botucatu
animals, but not in CEMIB ones.

In light of recent reports that demonstrated or sug-
gested a protective effect of Schistosoma infections in
MS or EAE, these results support the view that this natu-
ral rodent infection could protect these animals from
developing EAE. The possibility that a helmintic infec-
tion can block EAE development in Lewis rats from
CEMIB colony is being investigated in our laboratory.
This approach will allow us to establish the contribution
of the infection and also of Treg cells to EAE resistance
as has been demonstrated for allergic airway inflamma-
tion (Wilson et al. 2005).

Even though we believe that our findings and the epi-
demiological evidences suggest a strong correlation with
the hygiene hypothesis, we cannot exclude the possibil-
ity of a genetic diversion in these animals. Genetic mu-
tations involving, for example, nitric oxide synthase and
regulatory cytokines, which have been described as rel-
evant factors for EAE development, could contribute to
this resistance (Cautain et al. 2001, Staykova et al. 2005).
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