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Abstract

Background: Exercise training (ET) has beneficial effects on multiple sclerosis

and its animal model experimental autoimmune encephalomyelitis (EAE). How-

ever, the intensity-dependent effects of ET on the systemic immune system in

EAE remain undefined. Objective: (1) To compare the systemic immune modu-

latory effects of moderate versus high-intensity ET protocols in protecting

against development of EAE; (2) To investigate whether ET affects autoimmu-

nity selectively, or causes general immunosuppression. Methods: Healthy mice

performed moderate or high-intensity treadmill running programs. Proteolipid

protein (PLP)-induced transfer EAE was utilized to examine ET effects specifi-

cally on the systemic immune system. Lymph node (LN)-T cells from trained

versus sedentary donor mice were transferred to na€ıve recipients and EAE sever-

ity was assessed, by clinical assessment and histopathological analysis. LN-T cells

derived from donor trained versus sedentary PLP-immunized mice were ana-

lyzed in vitro for proliferation assays by flow cytometry analysis and cytokine

and chemokine receptor gene expression using real-time PCR. T cell-dependent

immune responses of trained versus sedentary mice to the nonautoantigen oval-

bumin and susceptibility to Escherichia coli-induced acute peritonitis were exam-

ined. Results: High-intensity training in healthy donor mice induced

significantly greater inhibition than moderate-intensity training on proliferation

and generation of encephalitogenic T cells in response to PLP-immunization,

and on EAE severity upon their transfer into recipient mice. High-intensity

training also inhibited LN-T cell proliferation in response to ovalbumin immu-

nization. E. coli bacterial counts and dissemination were not affected by training.

Interpretation: High-intensity training induces superior effects in preventing

autoimmunity in EAE, but does not alter immune responses to E. coli infection.

Introduction

Exercise training (ET) attenuates symptoms and delays

the progression of disability in multiple sclerosis (MS)

patients,1–4 while low levels of physical fitness have been

suggested as a risk factor for developing MS.5 Accord-

ingly, ET has been shown to modulate other autoimmune

diseases, such as systemic lupus erythematosus, rheuma-

toid arthritis, inflammatory bowel disease, and others.6

Beneficial effects of ET in experimental autoimmune

encephalomyelitis "EAE", the animal model of MS,7–12

have been established. Notably, moderate-intensity ET

reduced the encephalitogenicity of autoreactive T cells to

attenuate transfer EAE, but did not induce a direct pro-

tective effect on the CNS from encephalitogenic T cells.12

Several studies demonstrated an anti-inflammatory

effect of ET in various mouse models of systemic inflam-

mation.13–15 Other studies suggested complex effects of
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ET on the systemic immune system, including activation

of both pro- and anti-inflammatory processes.2,16,17 This

discrepancy may derive from the use of protocols of vary-

ing exercise intensity that can differentially affect the bal-

ance of T cells and pro- versus anti-inflammatory

cytokines in mice.13–15,18–,20 Moreover, while moderate

ET can ameliorate chronic neuroinflammation and its

related pathologies and enhance antigen-specific immune

response, intense ET may impair immune function and

lead to transient increases in susceptibility to infec-

tion.12,19,21–24 Thus, a major unanswered question is

whether ET modulates autoimmunity selectively, or

causes general effects (positive or negative) on the

immune system. Uncertainty is highlighted by the obser-

vation that intense exercise may cause transient immune

suppression.25–27

In this study, we aimed: (1) To compare moderate ver-

sus high-intensity training on immunomodulation and the

development of EAE; (2) To investigate whether the more

potent ET protocol affects autoimmunity selectively, or

causes general immunosuppression. We employed a

unique experimental paradigm using the chronic-relapsing

transfer EAE model that enabled identification of selective

effects of ET on the systemic immune system in EAE.

Materials and Methods

Experimental animals

Female SJL/JCrHsd mice (6–7 weeks of age) were pur-

chased from Envigo Inc, Israel. Animal experimentation

was approved by the Institutional Animal Care and Use

Committee. The studies were conducted in accordance

with the United States Public Health Service’s Policy on

Humane Care and Use of Laboratory Animals.

Experimental design

The transfer EAE experimental setup enabled compar-

ison of the effects of moderate-intensity continuous

training (MICT) and high-intensity continuous training

(HICT) on systemic autoimmunity, as indicated by

induction of lymph node (LN)-derived T cell encephali-

togenicity (Fig. 1). To assess the modulatory effects of

the two exercise protocols on systemic autoimmunity,

we examined in vivo and in vitro the amount, potency

and encephalitogenicity of LN-derived T cells from

donor mice that underwent MICT or HICT programs

or control sedentary (SED) mice prior to PLP immu-

nization. To that end, healthy mice were subjected to

defined treadmill running programs, followed by their

immunization with a PLP peptide. Then, inguinal LN-T

cells were isolated, stimulated in culture with PLP pep-

tide and injected into na€ıve recipient mice, which devel-

oped EAE. Recipient mice that were injected with PLP-

reactive LN-T cells from SED mice served as controls.

Encephalitogenicity was evaluated (1) in vivo by clinical

and pathological severity of EAE following transfer of

LN-T cells from MICT or HICT versus SED donor mice

into recipient na€ıve mice; (2) in vitro following sec-

ondary activation of lymph node cells (LNCs) by the

PLP autoantigen.

Figure 1. Experimental protocol to investigate effects of exercise training on the systemic immune system in experimental autoimmune

encephalomyelitis (EAE). Transfer EAE model in mice was used to isolate the effects of exercise training (ET) on systemic immune system. Healthy

mice were subjected to a 6 week moderate (MICT) or high-intensity treadmill-running program (HICT). At the end of the 5th week of training,

MICT, HICT,and sedentary (SED) mice were immunized with a PLP peptide and at the end of the 6th week their lymph node (LN) was removed

and stimulated in culture with proteolipid (PLP) peptide. Donor MICT-, HICT- or SED-derived encephalitogenic T cells were injected to na€ıve

recipient mice, which developed EAE and were scored daily for neurological symptoms up to 30 days post transfer. PLP stimulated LN-T cells from

MICT, HICT and SED mice were also analyzed in vitro for activation, proliferation and gene expression characteristics. Mice were sacrificed for

central nervous system (CNS) histopathology analyses 30 days post EAE induction.
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Treadmill exercise training (ET)

Six- to seven-week-old female SJL healthy mice under-

went 6-week treadmill running programs, including pre-

and posttraining performance tests on a 5-lane treadmill

designed for mice (Panlab Harvard Apparatus, USA), as

previously described.12 MICT and distance-matched

HICT protocols (Table 1) were based on the initial

exhaustion speed performance tests. We defined MICT as

55–60% of exhaustion speed, according to widely used

training protocols, and HICT as 70–75% of exhaustion

speed, as mice did not tolerate higher speeds to complete

the designated distance (Table 2). Lack of facilities to

measure maximal oxygen consumption (VO2max) led us

to use the aforementioned protocols, rather than intensi-

ties expressed as % of VO2max.

Transfer experimental autoimmune
encephalomyelitis (EAE)

Proteolipid protein (PLP) 139–151 transfer EAE model in

6- to 7-week-old female SJL/JCrHsd mice was utilized as

previously described.12,28 EAE was developed in recipient

mice, induced by transfer of LN-T cells obtained from

MICT, HICT or SED donor mice (Fig. 1). Recipient

EAE mice were scored daily for neurological symptoms

up to 30 days after EAE induction as previously

described.12,28

Histopathology analyses

Thirty days after LN-T cell transfer, SED- and HICT EAE

animals were sacrificed for histopathological analysis as

previously described.12,28 Serial paraffin-embedded trans-

verse sections were obtained from mid-cervical, mid-tho-

racic, and mid-lumbar levels of the spinal cords. Sections

were stained with hematoxylin and eosin (H&E) and

Luxol fast blue (LFB)/nuclear fast red to assess inflamma-

tion and demyelination, respectively. Immunohistochem-

istry was performed in adjacent serial sections for

macrophages (rat anti-mouse Mac3, 553322, 1:800, BD

Pharmingen), T cells (monoclonal rabbit anti–CD3, RM-

9107-SO; 1:800, Thermo-Scientific) and nonphosphory-

lated neurofilament H (anti-mouse SMI32, NE1023,

1:2000, Calbiochem). For each staining, the whole white

matter of three sections per mouse was quantified, one

section per each spinal cord level. The number of

immune cells in perivascular infiltrates was counted in

H&E stained sections, and reported as total average num-

ber per square millimeter. Mac3+ and CD3+ cells were

counted both in the perivascular infiltrates and parench-

yma, and reported as total average number of each cell

type per square millimeter. Demyelination and axonal

damage were assessed by calculating the area of LFB loss

and SMI32 protein expression, respectively. All pathology

measurements were performed by using the Image J soft-

ware analysis (ver. 1.51H, NIH, USA).

Table 1. Moderate and high-intensity training protocols.

1st week 2nd week 3rd week 4th week 5th week 6th week

MICT Duration per session 10 min 20 min 30 min

Speed per session 23 cm/sec

Sessions per week 5 d/w

HICT Duration per session 10 min 20 min 30 min 23 min

Speed per session 23 cm/sec 28 cm/sec 30 cm/sec

Sessions per week 5 d/w 3 d/w

MICT, Moderate intensity continuous training; HICT, High intensity continuous training; Min, minutes; cm/sec, centimeters per second; d/w, days

per week.

Table 2. Moderate and high-intensity training improve performance.

Test type

SED (n = 10) MICT (n = 10)1 HICT (n = 10)

Pre-SED period Post-SED period Pre-ET Post-ET Pre-ET Post-ET

Exhaustion Speed (cm/sec) 42 � 1 43 � 1 40 � 1 45 � 1* 44 � 1 48 � 1***

Exercise Tolerance (min:sec) 14:03 � 0:50 18:24 � 1:44** 14:18 � 0:32 22:33 � 1:29*** 15:15 � 0:26 29:47 � 2:50***

Data are represented as mean � SE. *P < 0.05, **P < 0.01, ***P < 0.001, as compared to pretraining period. SED, sedentary; MICT, moderate

intensity continuous training; HICT, high-intensity continuous training.
1Taken from.12
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In vitro proliferation assays of LN-T cells

Lymph nodes were excised from MICT, HICT, or SED

mice at 10 days after PLP immunization (n = 12–15/
group). Stimulation index (SI) was calculated as LNC num-

ber in the experimental group divided by LNCs number in

na€ıve, nonimmunized mice. LNCs were cultured as single

cell suspensions with 10 lg/mL PLP peptide or 2.5 lg/mL

concanavalin A (ConA) or no stimulation, as previously

described.12,28 The proliferation of T cells was evaluated by

flow cytometry analysis for bromodeoxyuridine (BrdU)

incorporation as previously described.12,28 SI was calculated

as fraction of CD3+, BrdU+ cells (relative to total) in the

experimental group divided by the fraction in na€ıve, non-

immunized mice with no secondary activation (n = 3). All

samples were analyzed in a Cytomics FC 500 apparatus

(Beckman Coulter, Life Science) using the CXP analysis

software (ver. 2.1; Informer Technologies, Inc).

Cytokines and chemokine receptor genes
determination of PLP-reactive LNCs

Total RNA was prepared using the RNeasy Plus Mini Kit

(QIAGEN) from LNCs that were excised from mice

10 days after PLP immunization following their activation

in vitro with PLP peptide (n = 12–15/group). cDNA was

prepared from 300 ng total RNA using qScript cDNA

Synthesis Kit (Quanta Biosciences), according to manu-

facturer’s instructions. Semiquantitative real-time PCR

was performed using the PerfeCTa SYBR Green FastMix,

ROX (Quanta Biosciences).

Ovalbumin immunization and in vitro
proliferation assays of LN-T cells

To evaluate T cell-dependent immune responses to a

nonautoantigen stimulus, HICT, and SED mice (n = 10/

group) were immunized with 250 lg ovalbumin (OVA;

Tamar laboratories Supplies Ltd.) in 100 lL saline and an

equal volume of complete Freund’s adjuvant (CFA;

Fig. 6A). Other groups of HICT and SED mice (n = 5/

group) were injected intraperitoneally with 100 lL of

CFA alone. Ten days after immunization, LNCs were har-

vested and cultured in vitro for 72 h in the presence of

200 lg/mL OVA. LNCs counts and the proliferation of

LN-T cells were evaluated as described.

Escherichia coli (E. coli)-induced acute
peritonitis-sepsis model in PLP-immunized
HICT and SED mice

To evaluate innate immune responses to bacterial

infection, PLP-immunized–HICT and SED mice

(n = 9/group) were injected intraperitoneally with an

extraintestinal pathogenic E. coli strain 76 (a previously

characterized clinical bloodstream isolate,29 a logarith-

mic culture of 6 9 105 CFU per mouse) 4 days after

immunization, at the end of the training program

(Fig. 7A). The infecting inoculum did not cause animal

mortality but was proven to cause morbidity, bacterial

propagation, and systemic infection involving innate

immune responses. Twenty-four hours postinfection

mice were sacrificed and peritoneal fluids (as a measure

of local proliferation) and spleens (as a measure of sys-

temic infection) were collected aseptically from all ani-

mals. Bacterial counts were determined by serial

dilutions of peritoneal fluids or spleen homogenates

and by colony counting on LB agar plates after an ON

incubation.

Statistical analyses

All data are presented as mean � standard error of mean

(SE). For performance tests, the values before and after

training for each experimental group were compared

using Student’s paired t test. For differences in physical

performance following the training program, in EAE clin-

ical parameters and in LNCs and T cells characteristics,

the experimental groups were compared using two-way

analysis of variance (ANOVA) followed by Newman–
Keuls multiple comparison tests. For pathology parame-

ters, OVA-immunized or CFA-injected mice-derived

LNCs and T cell analyses and for bacterial counts the

experimental groups were compared using two tailed

Mann–Whitney test. Data were analyzed in GraphPad

Prism software v.5. Differences were considered statisti-

cally significant at P < 0.05.

Results

Exercise training improves physical
performance

In SED mice, there was a statistically significant but lim-

ited (see below) increase in exercise tolerance, but not in

maximal speed (Table 2). Improvement in exercise toler-

ance may be due to age-dependent maturation of mice.

MICT and HICT protocols improved significantly both

maximal speed and exercise tolerance, compared to base-

line performance (Table 2). MICT induced >10% increase

in maximal speed and ~60% increase in exercise toler-

ance. HICT increased maximal speed similarly (~9%) and

markedly increased exercise tolerance by >90% (Table 2).

ANOVA test confirmed that HICT improved exercise tol-

erance significantly more than MICT (P < 0.001) and

SED (P < 0.001).
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Exercise training induces systemic immune
modulation in donor mice to attenuate the
clinical course of transfer EAE

The transfer of LN-T cells derived from PLP-immunized

MICT and HICT mice induced a significantly milder

clinical course of EAE in recipient mice, as compared to

the clinical course in control EAE group that received

LN-T cells derived from PLP-immunized SED mice

(Fig. 2A). LN-T cells from PLP-immunized HICT mice

induced the least severe overall clinical course of disease

along the 30-day observation (Fig. 2A). The day of onset

was significantly delayed in the two experimental groups,

compared to the control group (Fig. 2B). The average

maximal clinical score of disease was similar in SED-

and MICT-treated groups, but was significantly decreased

in the HICT-treated group (Fig. 2B). Finally, the burden

of disease in mice that received PLP-immunized, MICT-

derived LN-T cells was ~30% lower than in mice receiv-

ing PLP-immunized, SED-derived LN-T cells. Remark-

ably, mice that received PLP-immunized, HICT-derived

LN-T cells exhibited over 70% reduction in the burden

of disease (Fig. 2B). ANOVA test indicated that LN-T

cells derived from PLP-immunized HICT mice induced a

significant reduction in the maximal clinical score

(P < 0.01) and a trend toward delayed onset and reduc-

tion in the burden of disease, as compared to LN-T cells

from MICT mice.

Figure 2. Superior inhibitory effect of high-intensity training on the encephalitogenicity of lymph node (LN) T cell-derived from proteolipid (PLP)-

immunized mice in transfer model of experimental autoimmune encephalomyelitis (EAE). Clinical course (A) and clinical parameters (B) of transfer

EAE in mice that received PLP-reactive LN-T cells from moderate-intensity continuous trained (MICT-transfer EAE, n = 22), high-intensity

continuous trained (HICT-transfer EAE, n = 11) or sedentary (SED-transfer EAE, n = 18) mice. The severity of EAE was scored on a 0–6 scale.

Transfer of LN-T cells derived from HICT, PLP-immunized mice to na€ıve recipients induced the most significant attenuation of EAE development.

Data are mean � SE. *P < 0.05, **P < 0.01, as compared to SED-transfer EAE.
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PLP-reactive LN-T cells from HICT mice
induce less tissue damage and milder
inflammation in recipient EAE mice

Next, we examined whether the milder disease induced by

LN-T cells derived from HICT mice was associated with

reduced tissue injury. In HICT-transfer EAE mice, there

was a 65% reduction in the area of demyelination

(Fig. 3A–C) and ~10% decrease in nonphosphorylated-

neurofilament SMI32-expressing injured axons (Fig. 3D–
F), as compared to control SED-transfer EAE mice. While

SED-transfer EAE mice exhibited an aggressive and exten-

sively distributed pattern of demyelination and axonal

injury, in HICT-transfer EAE mice, the tissue damage was

milder and scattered.

There was also a marked reduction in the inflammatory

process in HICT-transfer EAE (Fig. 4A, D and G), as com-

pared to SED-transfer EAE controls (Fig. 4B, E and H).

This was indicated by ~80% decrease in perivascular

immune cell infiltrations (Fig. 4C), 60% decrease in CD3+
T-cell counts (Fig. 4F) and 90% decrease in Mac3+ macro-

phage counts (Fig. 4I) in HICT-transfer EAE spinal cords.

High-intensity training modulates T cell
reactivity to the autoantigen

Since there was a reduction in encephalitogenicity of LN-

T cells derived from PLP-immunized MICT and HICT

mice to induce brain inflammation in vivo, we investi-

gated the training effects on LNCs and T cells activation,

proliferation, and pro-inflammatory gene expression in

response to PLP stimulation in vitro. Training decreased

the stimulation index of LNCs by 40–50% versus control

with no significant difference between training intensities

(Fig. 5A). MICT inhibited PLP-stimulated T-cell prolifera-

tion by 55% and HICT inhibited T-cell proliferation in

response to PLP by ~80%, versus control (Fig. 5B). HICT

inhibited PLP-induced T cell proliferation by >50%, as

compared to MICT. Both MICT and HICT decreased

TNFa and TGFb mRNA levels in stimulated T cells, as

compared to PLP-stimulated SED T cells (Fig. 5C). HICT

markedly inhibited mRNA levels of IFNc IL-17 and IL-10.

While ET induced a reduction in cytokine mRNA

levels, this was not accompanied by suppression of other

immune-related genes in T cells. MICT and HICT had

differential effects on mRNA levels of several chemokine

receptors from T cells ranging from marked increases to

mark decreases (Fig. 5D). Interestingly, there was a 10-

fold decrease in CCR5 mRNA levels in PLP-immunized

HICT derived T cells, compared to that of PLP-immu-

nized SED or MICT T cells.

To examine the overall ability of T cells to respond to

stimuli, we examined the proliferation of T cell derived

from MICT, HICT or SED, PLP-immunized mice in

response to the nonspecific mitogen ConA (Fig. 5E). Flow

cytometry analysis for CD3+, BrdU+ T cells showed that

Figure 3. Attenuation of pathology parameters in the spinal cords of experimental autoimmune encephalomyelitis (EAE) mice injected with

proteolipid (PLP)-reactive lymph node (LN)-T cells from high-intensity trained mice. Evaluation of demyelination (A–C) and axonal damage (D–F)

was performed on cross sections of the spinal cords in EAE mice that were injected with LN-T cells from control sedentary (SED-transfer [trans]

EAE; A, A1, D, D1; n = 6) or from high-intensity trained mice (HICT-trans EAE; B, B1, E, E1; n = 5) mice, at 30 days post EAE induction. C, F –

quantification of tissue pathology in spinal cord white matter. A, B – luxol fast blue (LFB) histochemistry with periodic acid schiff (PAS)

counterstaining, A1, B1 – LFB histochemistry without PAS counterstaining, dashed lines: represent areas of demyelination shown in A, B,

respectively; D, E – SMI32 immunohistochemistry with hematoxylin counterstaining, D1, E1 – SMI32 immunohistochemistry without hematoxylin

counterstaining, in brown SMI32+ injured axons. LFB staining showed reduction in the area of demyelination in HICT-transfer EAE (B, B1), as

compared to SED-transfer EAE mice (A, A1, C). SMI32 immunostainnings showed less axonal damage (F) in HICT-transfer EAE (E, E1) than in

control SED-transfer EAE mice (D, D1). Scale bars = 100 lm. Data are mean � SE. **P < 0.01, ***P < 0.001.

1652 ª 2019 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

Exercise Intensity-Dependent Attenuation of EAE N. Fainstein et al.



neither training protocol affected the proliferative

response of T cells to 72 h ConA stimulation in vitro, as

compared to the SED group (Fig. 5E).

High-intensity training inhibits T cell
response to ovalbumin (OVA)

Since HICT induced superior immune modulation to

PLP autoimmunity, we further investigated the effects of

HICT on immune responses to other immunogenic chal-

lenges. We first addressed the question whether the inhi-

bitory effect of HICT was selective to the autoantigen or

was a general suppressive on T cell-dependent immunity.

Immunization with OVA induced a mild 1.5-fold increase

in total LNCs counts in SED mice that were not affected

by HICT (Fig. 6B). However, HICT markedly inhibited

the proliferation of OVA-stimulated T cells by ~75%,

compared to OVA-stimulated T cell proliferation from

SED mice (Fig. 6C). To exclude the possibility that the

inhibitory effects of ET on PLP and OVA immunizations

were related to differences in response to the adjuvant,

similar experiments were performed with CFA. CFA had

no noteworthy effects (Fig. 6D and E).

High-intensity training does not affect
innate immune system response to E. coli
infection

Finally, the effects of HICT on innate immune system

response, as studied by susceptibility of mice to bacterial

infection, were examined (Fig. 7A). Proliferation of bacte-

ria in the peritoneum (Fig. 7B) and systemic bacterial dis-

semination (Fig. 7C) at 24 h post-infection were similar

in HICT and SED mice groups.

Figure 4. Attenuation of inflammatory parameters in the spinal cords of experimental autoimmune encephalomyelitis (EAE) mice injected with

proteolipid (PLP)-reactive lymph node (LN)-T cells from high-intensity trained mice. Evaluation of inflammation was performed on cross sections of

the spinal cords in EAE mice that were injected with LN-T cells from control sedentary (SED-trans EAE; A, D, G; n = 6) or from high-intensity

trained HICT-trans EAE; B, E, H; n = 5) mice, at 30 days post EAE induction. C, F, I – counts of inflammatory cell types in spinal cord white

matter. In HICT trans-EAE mice, there was a significant reduction in total perivascular immune cell infiltrations (B), in CD3+ T cells (E) and in

Mac3+ macrophages (H), as compared to SED tans-EAE mice (A, D, G, respectively). A, B: arrows – indicate perivascular infiltrates, D, E: arrows –

indicate perivascular CD3+ T cells, G, H: arrows – indicate Mac3+ macrophages. Scale bars = 100 lm. Data are mean � SE. **P < 0.01,

***P < 0.001.
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Discussion

The major findings of the present study are that preven-

tive intervention of high-intensity training: (1) modulates

the systemic autoimmune system more effectively than

moderate-intensity training; (2) inhibits the potency of

encephalitogenic T cells to induce EAE; (3) induces inhi-

bition of T cell-dependent response to a nonautoantigen;

and (4) does not increase susceptibility to acute bacterial

infection, suggesting preserved innate immune system

response.

Previous studies on the effects of ET on EAE yielded

variable results. Clinical outcomes ranged from worsening

of symptoms,30 no effect on clinical severity,10,31,32 to dis-

ease attenuation, as indicated by delayed onset and peak

of disease33,34 and even overall attenuation of the clinical

course.11,12 The inconsistencies in these studies likely

derived from variations in training modes (running,

swimming) and protocols (intensity, speed, volume, dura-

tion) that were employed. To provide standardization of

the association between ET intensity and its effects on

EAE, we employed two controlled treadmill running ET

protocols. These protocols were distance matched, but

differed in their intensity level, and therefore were com-

parable in terms of training volume (i.e. work output).

Both training protocols improved physical performance,

but the high-intensity-training program achieved higher

improvement in exercise tolerance.

Positive effects of high-intensity, but not moderate-in-

tensity, swimming were recently reported in myelin oligo-

dendrocyte glycoprotein-induced EAE.35 In contrast, we

found that both training intensities attenuated autoimmu-

nity in an intensity-dependent manner. Noteworthy is that

swimming is not the natural mode of physical activity for

mice. Importantly, our experimental design using the

transfer EAE model enables investigation of the effect of

Figure 5. Superior inhibitory effect of high-intensity training on lymph node cells (LNCs) and T cells derived from proteolipid (PLP) immunized

donor mice. LNCs were excised from moderate-intensity continuous trained (MICT), high-intensity continuous trained (HICT) and sedentary (SED)

mice at 10 days post PLP immunization and were stimulated in vitro for 72 h with PLP peptide (A–D, n = 12–15/group) or concanavalinA (ConA,

E). (A) Number of LNCs per mouse at day of LN excision represented by stimulation index (SI): The number of LNCs in the experimental group

divided by the number of LNCs in na€ıve, nonimmunized mice (n = 3). Flow cytometry analysis for bromodeoxyuridine (BrdU) incorporation into

CD3+ T cells at 72 h after PLP (B) or ConA (E) stimulation in vitro, represented by SI: The fraction of CD3+ BrdU+ T cells in the experimental

group divided by the fraction of CD3+ BrdU+ T cells in na€ıve, nonimmunized mice. Real-time PCR analysis at 72 h after PLP stimulation in vitro

for cytokine mRNA levels of tumor necrosis factor (TNF)-a, interferon (IFN)-c, interleukin (IL)-10 and transforming growth factor (TGF)-b (C) and

chemokine receptors mRNA levels of CXCR3, CCR1, CCR2, CCR5 and interleukin-10 receptor a (IL17RA) (D). HICT in PLP-immunized mice

induced the most prominent reduction in the number of LNCs (A), T cell proliferation (B) and mRNA levels of cytokines (C) in response to the

autoantigen PLP in vitro. This was accompanied by an overall increase in mRNA levels of chemokine receptors (D). Training did not affect T cell

proliferation in response ConA nonspecific stimulation (E). (A, B, E) Summary of three independent experiments. Data are mean � SE. (C, D)

Representatives of one of three independent experiments. Relative expression to SED group = 1. *P < 0.05, **P < 0.01, ***P < 0.001.
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ET specifically on the peripheral immune system. Further,

we utilized the transfer EAE model to examine effect of ET

on the systemic response to other immunologic challenges.

Our results indicate that ET induces a dose-dependent

decrease in the proliferative response of PLP-reactive T

cells. However, no significant changes in cytokine and

chemokine receptors gene expression, nor trends that

could be attributable to the level of training intensity were

notable. We therefore suggest that the modulatory effect

of training is mediated by a reduction in the amount of

encephalitogenic T cells, rather than by their cytokine/

chemokine profile.

While studies in different experimental setups suggested

that ET may improve the ability of the immune system to

respond to deleterious stimuli,17,36,37 others demonstrated

that intense ET may cause transient immune suppres-

sion.25–27 Several lines of evidence in our study demon-

strate that ET modulates PLP-autoimmunity rather than

inducing general immune suppression. First, T cells from

MICT, HICT and SED, PLP-immunized mice proliferated

similarly following ConA stimulation in vitro, indicating

that ET does not reduce the maximal capacity of T cell

response to a nonspecific mitogen. Second, no differences

were measured in the number of LNCs obtained from

OVA-immunized HICT and SED mice. However, HICT

induced significant inhibition of T cell proliferation in

response to OVA immunization. These findings indicate

that the inhibitory effect of high-intensity ET is not selec-

tive to an autoantigen, but is also observed in T cell

responses to a nonautoantigen. Thus, one potential conse-

quence of HICT may be a limitation in effective immu-

nization to deleterious immune challenges. The

observation that HICT does not increase susceptibility of

mice to E. coli-induced acute peritonitis suggests, how-

ever, that the innate immune response of trained mice is

not compromised.

In the current study, we investigated selected immuno-

genic stimuli to test the effects of high-intensity training

on the systemic immune system in the EAE model. There-

fore, we cannot provide generalized conclusions on global

adaptive and innate immune responses. Further studies

are required to examine the mechanisms whereby high-in-

tensity training induces inhibition of CNS autoimmunity.

In conclusion, our findings demonstrate intensity-de-

pendent effects of ET on modulating the systemic

autoimmune system to attenuate EAE development.

Defining the optimal training protocol to attenuate EAE

will further our understanding of the cellular and molecu-

lar mechanisms underlying the beneficial immune modu-

latory effects of ET on EAE. The current findings provide

a basic biological rationale that can be further translated

to clinical trials in MS patients. Notably, while the

Figure 6. High-intensity training inhibits T cell-dependent responses to ovalbumin (OVA) immunization. (A) Experimental outline. Healthy mice

were subjected to a 6 week high-intensity treadmill running program (HICT, n = 15). Sedentary mice served as controls (SED, n = 15). At the end

of the 5th week of training, HICT and control SED mice were immunized with ovalbumin (SED OVA, HICT OVA; n = 10/group) or injected with

complete Freund0s adjuvant alone (SED CFA, HICT CFA; n = 5/group). At the end of the 6 weeks, lymph node (LN) was removed, stimulated

in vitro for 72 h in culture with OVA and analyzed for their proliferation activity. Number of lymph node cells (LNCs) per mouse at day of LN

excision from OVA-immunized HICT and SED mice (B) or CFA-injected HICT and SED mice (D) represented by stimulation index (SI): The number

of LNCs in the experimental group divided by the number of LNCs in na€ıve, nonimmunized mice (n = 3). Flow cytometry analysis at 72 h in

culture for bromodeoxyuridine (BrdU) incorporation into CD3+ T cells derived from OVA-immunized HICT and SED mice (C) or CFA-injected HICT

and SED mice (E), represented by SI: The fraction of CD3+ BrdU+ T cells in the experimental group divided by the fraction of CD3+ BrdU+ T cells

from na€ıve, mice (n = 3). In OVA-immunized mice, HICT did not affect the number of LNCs (B), but significantly reduced T-cell proliferation (C).

HICT did not affect the number of LNCs (D) nor T-cell proliferation (E) in CFA-injected mice. Data are mean � SE.*P < 0.05.
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experimental design here was of EAE prevention by ET,

our findings may be relevant for relapsing-remitting MS

patients, in whom intense physical training during remis-

sions may have protective effects against development of

further relapses. Translation of these training programs

from rodents to human patients may be challenging, yet

possible. Importantly, to maintain the therapeutic effect

of ET, it may be necessary to constantly adjust the train-

ing program to the improvement in physical fitness, by

gradually increasing its intensity.
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