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Impact of High Intensity Exercise on Muscle Morphology in EAE Rats
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Summary

The impact of high-intensity exercise on disease progression and
muscle contractile properties in experimental autoimmune
encephalomyelitis (EAE) remains unclear. Control (CON) and EAE
rats were divided into sedentary and exercise groups. Before
onset (experiment 1, n=40) and after hindquarter paralysis
(experiment 2, n=40), isokinetic foot extensor strength, cross
sectional area (CSA) of tibialis anterior (TA), extensor digitorum
longus (EDL) and soleus (SOL) and brain-derived neurotrophic
factor (BDNF) levels were assessed. EAE reduced muscle fiber
CSA of TA, EDL and SOL. In general, exercise was not able to
affect CSA, whereas it delayed hindquarter paralysis peak. CON
muscle work peaked and declined, while it remained stable in
EAE. BDNF-responses were not affected by EAE or exercise. In
conclusion, EAE affected CSA-properties of TA, EDL and SOL,
which could, partly, explain the absence of peak work during
isokinetic muscle performance in EAE-animals. However, exercise

was not able to prevent muscle fiber atrophy.
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Introduction

Multiple sclerosis (MS) is an inflammatory
demyelinating disease of the central nervous system
(CNS) with
oligodendrocytes and axons in the brain, brain stem and

subsequent destruction of myelin,
spinal cord (Compston and Coles 2002, Noseworthy et al.
2000). Muscle weakness and muscle fatigue are two
frequently occurring symptoms in MS. Consequently,
many MS patients show a reduced daily life physical
activity level, often leading to inactivity related loss of
muscle strength and muscle mass and reduced quality of
life (Petajan and White 1999, White and Dressendorfer
2004).
properties in MS patients (Carroll et al. 2005, De Haan et
al. 2000, Garner and Widrick 2003, Kent-Braun et al.
1994, 1997, Ng et al. 2004, Sharma et al. 1995, Wens et
al. 2014). The effects of MS per se on muscle fiber
characteristics such as cross sectional area (CSA) and

Several studies already investigated muscle

fiber proportion has already been evaluated by our group,
reporting a reduced muscle strength and a smaller
m. vastus lateralis fiber CSA in MS patients compared to
healthy controls. Furthermore, a selective type Il(a)
atrophy was reported in MS patients and muscle fiber
CSA was highly correlated with muscle strength,
emphasizing the relation between muscle fiber CSA,
proportion and muscle strength/performance (Wens et al.
2014). Similar to other pathologies, it is clear that muscle
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weakness in MS can, at least in part, be reversed by
physical exercise (Broekmans et al. 2010, 2011, Dalgas et
al. 2008, Hortobagyi et al. 2000, Rietberg et al. 2005,
Stuifbergen 1997). The impact of physical exercise on
muscle fiber characteristics in MS has only been
investigated by Dalgas and co-workers, reporting
increased m. vastus lateralis mean fiber CSA (8%15 %)
after 12 weeks of progressive resistance training (Dalgas
et al. 2010). The impact of other training modalities such
as aerobic training on muscle morphology has not been
investigated yet. Furthermore, several authors suggested
that MS patients could benefit more from higher aerobic
training intensities (Collett et al. 2011, Dalgas et al.
2008, 2009a, 2009b). However, it is unclear whether high
intensity exercise could be tolerated in MS patients, due
to the possible worsening of symptoms. To address this
concern and before evaluating the effects of high
intensity aerobic training on muscle morphology and
function in MS patients, it therefore seems relevant to
investigate this first in a MS animal model, experimental
(EAE).
applying the EAE model further allows analysis of whole

autoimmune encephalomyelitis In addition,
muscle samples contrary to muscle biopsies only in
humans.

The EAE animal model allows investigation of
an inflammatory demyelinating disease of the CNS, that
is often used to investigate demyelination of the CNS in
general, and MS in particular (Constantinescu et al. 2011,
Raine and Traugott 1984). Briefly, after an external
immunization step (injection of a myelin antigen) to
induce the disease, myelin reactive T-cells are activated,
crossing the blood brain barrier and causing inflammation
after reactivation in the CNS (Ben-Nun and Cohen 1982,
Ben-Nun et al. 1981, Vandenbark et al. 1985). This
model can be induced in mice (Olitsky and Yager 1949),
rats (Lipton and Freund 1953), hamsters (Tal and Behar
1958), marmosets (Genain and Hauser 1996), rabbits
(Morrison 1947), goats (Innes 1951), sheep (Innes 1951)
and dogs (Thomas et al. 1950) and can, depending on the
genetic background of the animal strain and the myelin
protein, follow an acute monophasic, a progressive or
amore chronic relapsing-remitting disease course.
Clinically, exacerbations are characterized by hindquarter
paralysis, starting at the tip of the tail and progressing to
the trunk, and are scored on a scale ranging from 0
(no signs) to 5 (death) (Polfliet ef al. 2002).

Literature investigating the impact of EAE and
physical exercise on muscle morphology is sparse and

partly conflicting, but most results are promising

(Broekmans et al. 2009, De Haan et al. 2004, Eijnde et
al. 2008, Le Page et al. 1994, 1996, Rossi et al. 2009,
Wens et al. 2015). De Haan and co-workers demonstrated
a significant EAE-induced loss of gastrocnemius muscle
mass (33 %), reduced muscle fiber CSA of all fiber types
(40-50 %) and reduced maximal muscle force and power
(58 and 73 %, respectively) (De Haan et al. 2004). We
previously reported comparable results for muscle
strength and type IIb fiber CSA of m. tibialis anterior
(TA) and m. extensor digitorum longus (EDL) (Wens et
al. 2015). In accordance to Le Page and co-workers
(1994) we also demonstrated that daily high intensity
(1 h/day) treadmill exercise, during the inflammatory
period (days 1 to 10 after EAE induction), delayed EAE
associated hindquarter paralysis onset, while low and
moderate exercise intensities had no effect on the disease
course (Broekmans et al. 2009, Wens et al. 2015).
Furthermore, inactivity, due to EAE induced paralysis,
prevented exercise effects on muscle fiber characteristics
(Wens et al. 2015).

These findings warrant further exploration of the
beneficial disease modifying effects of exercise and the
underlying neurological basis of these benefits, since the
underlying mechanisms of the therapeutic effects of
exercise in MS patients are not clear yet. In this respect, it
is important to mention that exercise can affect the
production of brain-derived neurotrophic factor (BDNF)
(Castellano and White 2008, Cotman and Berchtold
2002), a neurotrophin that often plays an important role
in neurogenesis (Rossi et al. 2006) and synaptic plasticity
(Cotman and Berchtold 2002, Dalgas and Stenager 2012,
Lu 2003, McAllister et al. 1999, Schinder and Poo 2000).
In fact, BDNF is an important key-regulation mediator in
this process due to its activity depended regulation (Lu
2003) and neuroprotective potential (Lewin and Barde
1996). Interestingly, Rojas Vega et al. (2006) showed
that 10 min of moderate aerobic cycling was not
sufficient to increase the serum BDNF concentration
above the pre-exercise level, whereas a single bout of
maximal incremental exercise resulted in a significant
increase in serum BDNF. In accordance with these
results, Ferris ef al. (2007) indicated that the magnitude
of the increase in serum BDNF concentration during
exercise is dependent on exercise intensity. In MS, Gold
and co-workers showed that 30 min of moderate aerobic
exercise significantly induced BDNF production in MS
patients to the same extent as in healthy controls (Gold et
al. 2003). However, Schulz et al. (2004) and Castellano
and White (2008) investigated the effect of 8-weeks of
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aerobic bicycle training of moderate intensity in
MS patients and found no changes in basal nor exercise-
induced serum BDNF levels. Moreover, an investigation
of the impact of high intensity aerobic exercise on BDNF
levels in MS patients is warranted. Since tolerance to
high intensity aerobic exercise may be limited in persons
with MS, initial studies applying the EAE model seem
appropriate.
Consequently, the current study aimed to
investigate the impact of high intensity aerobic exercise
on disease course, muscle morphology and BDNF release
in EAE animals, immediately before (experiment 1)
and after (experiment2) hindquarter paralysis. We
hypothesized that high intensity aerobic exercise affects
disease course, muscle contractile properties and BDNF
release, keeping in mind that paralysis induced inactivity
may temper these effects. In doing so, a protocol of
regular exercise prior to the start and development of the
disease seems as a useful design when investigating the
relation between regular physical exercise, motor
function and disease management during an acute relapse

in EAE (and possibly MS).

Methods

Animals

Eighty female Lewis rats (age 6-7 weeks, body
weight 100-120 g, Harlan CPB, Zeist, The Netherlands)
were individually housed in a conventional facility,
provided with enrichment, in the animal facilities at
Hasselt University, on a constant light:dark cycle
(12 h:12 h), a temperature of 22 °C and a relative humidity
of 22-24 %. Rats were fed ad libitum with normal rat
pellets (Carfil RN-01-K12, Harlan). The animal Ethics
Committee of Hasselt University approved the study
protocol in accordance with the national and European
legislation. The National Research Council's guide for the
care and use of laboratory animals was followed.

Study design

Following acclimatization and adaptation (day
21 to -15),
experiments (n=40 per experiment, Fig. 1). On day —14

animals were randomized into two

rats were, in each experiment, divided into two
subgroups: a sedentary group (SED, n=20) and an
exercise group (EX, n=20). Due to the nature of the trial,
the researchers involved in the daily progression of the
project could not be blinded to group allocation. As

performed previously (Broekmans et al. 2009, Eijnde et

al. 2008, Wens et al. 2015), EX animals
familiarized to treadmill running during the habituation

were

period (day —14 to —1) by progressively increasing
running duration and intensity, until a running duration of
1 h and a running speed of 18 m/min (25° inclination)
was reached. During this habituation period EX animals
were encouraged to run by means of short electrical
shocks. These shocks lasted <1 s and usually occurred
afew times during the training sessions. In order to
induce comparable levels of stress, SED animals were
seated on the stationary treadmill (1 h) on a daily basis.
From the habituation period onwards, daily food intake
and body weight were registered. At day 0, SED and EX
groups were subdivided into a healthy control group
(CON®*P, CON*) and an EAE group (EAE*, EAE™),
followed by EAE induction. Hereafter, EX rats exercised
daily for 1h/day, during 10 consecutive days, until
progressive hindquarter paralysis prevented this. At day 0
and 9 arterial blood samples were collected from the tail
and serum samples were stored at —80 °C.

Experiment 1: At day 10, before onset of
hindquarter paralysis, treadmill training was terminated.
To avoid acute exercise-induced training effects, tests
were performed forty-eight hours after the last exercise
bout. First, an additional arterial blood sample from the
and all then
anaesthetized using an injection of

tail was collected, animals were
intraperitoneal
pentobarbital sodium (5 mg 100 g' BW). Following
determination of repetitive isokinetic foot extensor
performance of the left hind limb (see details later),
m. extensor digitorum longus (EDL), m. tibialis anterior
(TA) and m. soleus (SOL) of the right hind limb were
dissected and freed of connective tissue and visible blood.
The mid-part of each muscle was mounted in embedding
tissue (Tissue-Tek®, Miles Laboratories), frozen in
2-methylbutane (Sigma-Aldrich, St. Louis, MO, USA),
cooled in liquid N,, and stored at —80 °C until further
analysis were performed. Finally, animals were sacrificed
by an intracardial injection of pentobarbital sodium.
Experiment 2: After termination of treadmill
exercise, all rats were allowed to remain sedentary (day
11-17), enduring hindquarter paralyses (EAE group, day
11-17) and (partial) recovery (day 17). At day 13 and 17
additional arterial blood samples were collected from the
tail and serum samples were stored at —80 °C. Finally,
isokinetic foot extensor performance and muscle sampling
were performed, whereupon animals were sacrificed.
During the complete study animal well-being was

monitored. If an animal developed hindquarter paralysis
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earlier than expected, restricting the animal to run, the

exercise program was immediately terminated, in
accordance with the designated endpoint of exercise, where

after the animal was excluded and humanely euthanized.
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Fig. 1. Study design of the protocol. Following adaptation rats
were familiarized to treadmill running during habituation. From
the habituation period onwards, daily food intake and body
weight were registered. After EAE induction (*), CON® and EAE®
rats were subjected to daily physical exercise, during
10 days. During experiment 1 (n=40), isokinetic foot extensor
performance was measured and muscle samples of EDL, TA and
SOL were collected before onset of clinical symptoms (°). During
experiment 2 (n=40), isokinetic foot extensor performance and
muscle sampling were performed after (partial) hindquarter
paralysis recovery (¥). Finally, all rats were sacrificed.

EAE induction

EAE was induced in EAE subgroups by a single
percutaneous injection in both footpads (100 pl/foot)
under isoflurane anesthesia (Polfliet er al. 2002) and
consisted, per animal, of 24 ul purified myelin basic
protein (MBP, 25 mg/ml) in combination with 25 ul 7RA
heat-killed mycobacterium tuberculosis (20 mg/ml,
Difco), 120 pl complete Freunds adjuvant (CFA, Difco)
and 31 pl phosphate-buffered saline (PBS).

Primary outcome measures
Fiber CSA and proportion

To quantify muscle fiber CSA and proportion of
TA and EDL, serial transverse sections (8 pm) from the
obtained muscle samples were cut by an operator blinded
to sample randomization at —20 °C and stained by means
of triple-staining. Briefly, sections were incubated during
45 min with a mix in PBS of 2 mouse monoclonal
antibodies against myosin heavy chain I and Ila (1:25;
A4.840 IgM 1:25; N2.261 IgG,
supernatant, respectively; Developmental  Studies
Hybridoma Bank, Iowa, USA) and 1 rabbit polyclonal
laminin antibody (1:100; L-9393, Sigma, Zwijndrecht,
The Netherlands). Next, the second incubation comprised

supernatant and

a mixture of secondary antibodies (1:500, Goat anti-
Mouse IgM  AlexaFluor 555 [excitation/emission
wavelength max 555/565 nm]; 1:200 Goat anti-Mouse

IgG, AlexaFluor 488 [excitation/emission wavelength
max 495/519 nm] and 1:130 Goat anti-Rabbit IgG
AlexaFluor 350 [excitation/emission wavelength max
346/442 nm]; Molecular probes, Invitrogen, Breda, The
Netherlands), diluted in PBS. The fluorescence signals
were recorded using a TRITC and FITC filter for type I
and Ila muscle fibers, respectively, and a DAPI filter for
cell membrane, using a Nikon E800 fluorescence
microscope (Nikon, Badhoevedorp, The Netherlands).
The regions that were not fluorescent, representing type
IIx and IIb fibers, were grouped together and called type
[Ix-+b fibers. Digital images (x20 magnification, exposure
time for TRITC and FITC 400 ms, DAPI 800 ms) were
analyzed wusing NIS Elements software (Nikon,
Badhoevedorp, The Netherlands).

Due to cross-reaction the above described
protocol was not able to stain muscle fibers of SOL,
therefore, a second technique was used to quantify fiber
CSA and proportion of SOL. Serial transverse sections
(10 pum) from the obtained muscle samples were cut by
an operator blinded to sample randomization at —20 °C
and stained by means of ATPase histochemistry, after
preincubation at pH 4.4, 4.65 and 10.3, essentially
following the procedure of Brooke and Kaiser (Brooke
and Kaiser 1970). The serial sections were visualized and
analyzed using a Leica DM2000 microscope (Leica,
Stockholm, Sweden) and a Leica Hi-resolution Color
DFC camera (Leica, Stockholm, Sweden) combined with
image-analysis software (Leica Qwin ver. 3, Leica,
Stockholm, Sweden). This able to
automatically draw a fiber mask at the stained sections.

software was

Afterwards, this mask was fitted manually to the cell
borders of selected fibers. Only fibers cut perpendicularly
to their longitudinal axis were used for the determination
of fiber size. In general, 5+2 images were quantified per
muscle section and 601£128 fibers were included in CSA
and fiber type fiber
characteristics are reported by means of CSA and fiber

analysis. Finally, muscle

type proportion data.
Hindquarter paralysis

After EAE EAE rats
examined daily at 8.30 a.m. for the development of

induction all were
hindquarter paralysis. Typically, hindquarter paralysis
developed 12 to 14 days after induction, followed by
partial recovery (day 17). Symptoms were blind-scored
on a scale ranging from 0 to 5: 0, no signs; 0.5: partial
loss of tail tonus (defined as the disease onset); 1.0:
complete loss of tail tonus; 2.0: hind limb paresis; 3.0:
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hind limb paralysis; 4.0: moribund; 5.0: death due to
EAE (Polfliet ef al. 2002). Disease peak was defined as
the highest clinical score of each animal. The clinical
endpoints were based on the clinical scores. If an animal
exceeded a score of 4, suffering complete paralysis of
hind limbs and midriff the animal was excluded and
humanely euthanized. If an animal was not able to eat or
drink independently, the animal was excluded and
euthanized as well. Overall hindquarter paralysis is
expressed as the average of the daily scores per group.

Secondary outcome measures
Isokinetic foot extensor performance

After general anesthesia, left hind limb foot
extensor muscle strength was assessed during fatiguing
isokinetic muscle contractions, as described elsewhere
(Hesselink et al. 1996, Komulainen et al. 2000). Briefly,
percutaneous needle electrodes were placed on the
consecutive
1 mA,
250 ms, 3 s rest intervals) after standardized fixation of
knee and ankle on a custom build Ashton-Miller like rat
1992). Muscle
performance of all animals is reported as muscle work

common peroneal nerve fusing 130

concentric isokinetic foot extensions (50°s,

dynamometer (Ashton-Miller er al

(mJ) over number of contractions.

BDNF measurement

Serum BDNF concentrations were blinded
determined by electrochemoluminiscence ELISA using
Meso Scale Discovery (MSD) plates spotted with BDNF-
specific capture antibodies according to manufacturer’s
instructions (Meso Scale Discovery, USA). Briefly, after
blocking of the plate, rats’ sera and calibrators were
dispensed into the MSD plate and incubated for two
hours at room temperature. Calibrator was spiked in
matrix like solution and used as positive control during
the measurements. The plates were subsequently washed
to remove unbound material and a BDNF-specific 1X
MSD SULFOTAG-labelled detection antibody was
dispensed into the MSD plate. Following a 2-h incubation
step 2X read buffer T was added and plates were
measured on the SECTOR® Imager, expressing BDNF
concentrations in pg/ml.

Body weight and food intake
Daily body weight and food intake was
registered using a digital balance (Sartorius®, Germany)

at 8 a.m. and expressed in g.

Statistical analyses

All data were analyzed using either SAS
software (SAS Institute Inc, Cary, USA) or R 2.15.2
software (Wood 2006). Additive and linear mixed models
and unpaired student t-tests were used to analyze data.
For the unpaired student t-tests, normality was checked
using the Shapiro-Wilk test. For the generalized linear
mixed model, diagnostics were based on the studentized
residuals.

In particular, body weight and food intake were
analyzed by a (Group [CON; EAE] x Activity [SED; EX]
x Time) mixed model ANOVA. To analyze the course of
hindquarter paralysis, a (EAE Group [SED; EX] x Time
[Days 0-17]) mixed model ANOVA was used. To
analyze disease onset, which was defined as a hindquarter
paralysis score equal to 0.5, overall symptom intensity
was compared between groups by an unpaired student’s
t-test. Muscle fiber type area and proportion were
analyzed using a 2x2 (Group [CON; EAE] x Activity
[SED; EX]) ANOVA. BDNF profiles were analyzed by
a (Group [CON; EAE] x Activity [SED; EX] x Time)
mixed model ANOVA. Muscle fatigue of isokinetic foot
extensor data was analyzed using a (Group [CON; EAE]
x Activity [SED; EX] x Contraction [number of dynamic
ANOVA.
Furthermore, (generalized) additive mixed models were

muscle  contractions]) mixed model
fitted using thin-plate regression splines to model the
contraction effect and interactions with both the disease
status and whether or not an intervention took place.
Testing effects, starting with the interaction effect, was
performed using approximate F-tests. Correlations were
analyzed by means of Pearson’s correlation analysis. All
data are presented as mean £ SEM and the threshold for

statistical significance was set at p<0.05.
Results

Primary outcome measures
Muscle fiber cross sectional area and proportion
Representative images from the muscle fiber
analysis are shown in Figure 2. Muscle fiber CSA of the
different muscles is represented in Figures 3 and 4.
Compared to CON®™P| EAE reduced CSA of type I, Ila
and IIx+b fibers of all muscles in both experiments. In
experiment 1, exercise did not affect CSA of the different
fiber types of CON™, compared to CONS®FP| except for
type Ila muscle fiber CSA of SOL. Furthermore, in
EAE®X, compared to EAESEP , exercise was able to
increase fiber type Ila and IIx+b CSA in SOL and tended
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to increase mean CSA and muscle fiber type IIx+b CSA

of TA (p<0.1). In experiment 2, exercise did not affect
CSA of the different fiber types of CON"*, compared to
CON®™P, except for type Ila and ITx+b muscle fiber CSA

of SOL. Furthermore, in EAEEX, compared to EAESED,
exercise increased mean CSA and muscle fiber type
IIx+b CSA of TA, whereas other muscle fiber types
remained unaffected by exercise.
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Fig. 2. Representative image of immunochemical
staining (a) and ATPase histochemistry (b).
a. Immunochemical staining to identify different
muscle fiber types, in particular type I (red), type
ITa (green) and type IIx+b (not stained) muscle
fibers of TA and EDL. b. ATPase histochemistry
after preincubation at pH 4.4 (b.1), 4.65 (b.2) and
10.3 (b.3) to identify different muscle fibers of
SOL. Muscle tissue samples of the right hind limb
were collected, under anesthesia, before onset of
clinical symptoms (experiment 1, n=40) or after
(partial) hindquarter paralysis recovery
(experiment 2, n=40). The mid-part of each
muscle was mounted in cryoprotectant, frozen in
2-methylbutane, cooled in liquid N,, and stored at
—80 °C until immunochemical staining and ATPase
histochemistry were performed.

Fig. 3. Effect of EAE and treadmill exercises on
cross sectional area (CSA) of extensor digitorum
longus (EDL), tibialis anterior (TA) and soleus
(SOL), during experiment 1, comprising 10 days
of exercise. After immunochemical staining and
ATPase histochemistry (Fig. 2), CSA of muscle
fibers of EDL, TA and SOL were determined. Mean
muscle fiber CSA, as well as type I, IIa and IIx+b
CSA are represented separately for each muscle
(EDL, TA and SOL) for all groups (n=10/group).
Data are presented as mean + SEM. * disease
effect, comparison between CONS®® and EAES™.
Y intervention effect, compared to corresponding
SED group. # p=0.05, but <0.1, intervention
effect, compared to corresponding SED group.
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pm? Fig. 4. Effect of EAE and treadmill exercises on
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Muscle fiber proportions of the different muscles
are represented in Figure 5. Compared to CON**"| EAE
decreased the proportion of EDL, TA and SOL typel
fibers and increased the proportion of type IIx+b of SOL in
experiment 2, whereas during experiment I muscle fiber
distribution remained unaffected by EAE. Furthermore,
exercise did not affect the proportion of the different fiber
types in experiment 1, except for type I distribution of SOL
in CON®™ which increased, compared to CONSEP. In
experiment 2 exercise did not affect the proportion of the
different fiber types in CON®*. In EAE®™ on the other
hand, compared to EAESEP , exercise increased the
proportion of EDL and TA type I and Ila fibers, whereas
the proportion of type IIx+b fibers decreased after
treadmill running in EDL, TA and SOL.

Hindquarter paralysis (experiment 2)
Overall, the hindquarter paralysis curve of
and EAE™ tended

EAESEP to differ over time

(intervention x time, p=0.07). Moreover, exercise delayed
the occurrence of the disease peak of EAE™, compared
to EAES™, by 1.0£0.3 days (p<0.05), whereas the
severity of the disease peak (2.4+0.3) was comparable
between both groups. Compared to EAE®*®, hindquarter
paralysis onset tended to be delayed by 0.7+0.4 day in
EAE™ (p=0.1, Table 1). Furthermore, the degree of
recovery at day 17 was comparable between both groups
(0.5£0.2). Finally,
endpoint (score >4 or

no animals reached the human
inability to eat or drink
independently).

Secondary outcome measures
Isokinetic muscle strength

In both experiments muscle work of CON
peaked during the first 30 contractions, then declined and
remained stable throughout the remaining contractions. In
EAE, muscle work did not peak but was stable from
onset (disease x contraction, p<0.05, Fig. 6).
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Table 1. Disease onset and peak of EAES® and EAEEX during experiment 2.

EAES® EAE™ Difference p-value
Disease onset
Day 11.2+0.3 11.9+04 07+£04 0.1
Score 0.5 0.5 / NS
Disease peak
Day 13+0.3 14+0.3 1.0+£0.3 0.01
Score 2.38+0.2 2.38+0.3 / NS
Data are presented as mean = SEM.
1.| EDL Fig. 5. Effect of EAE and treadmill exercises
. mtypel fype lla type lix:b on muscle fiber proportion of extensor
100 100 iai ibialii 7
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BDNF response

During both experiments, BDNF concentrations
of all groups increased over time (p<0.05). In particular,
BDNF concentrations of all animals remained stable
during the first 9 days, where after it increased during
both experiments (Table 2).

CON SED CON EX EAESED EAEEX

Body weight and food intake
and food (Table 3)
decreased immediately after EAE induction in both

Body weight intake
experiments, on average ~10 % and ~65 %, respectively,
(p<0.05). Hereafter, body weight and food intake
recovered gradually until the onset of hindquarter
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paralysis on day l1. During hindquarter paralysis  respectively (p<0.05). Here, exercise was able to temper
(experiment 2), body weight and food intake of EAE  reduced food intake (p<0.05).
groups decreased, on average, ~15% and ~60 %,

Table 2. BNDF concentrations (pg/ml), in CON and EAE animals, during experiment 1 and 2.

BDNF conc (pg/ml) CON®*P CON*™X EAES*? EAE®™X

Experiment 1

Day 0 1906 + 88 1740 + 66 1918 £ 86 1753 £ 45
Day 9 1843 £ 78 1683 + 89 1593 £ 67 1619 + 86
Day 11 2573 £ 111* 2213+ 76* 2219 + 89% 2031 + 79*
Experiment 2
Day 0 1468 + 220 1717 £202 1785 £ 227 1597 + 227
Day 9 1880+ 126 1775 £ 112 1790 £ 70 1748 £ 104
Day 13 2468 + 265 2379 + 194 2428 + 165 2394 + 239
Day 17 2508 + 235% 2696 + 277* 2484 + 147* 2603 £ 225*

Data are presented as mean + SEM. * within group effect.

Fig. 6. Isokinetic muscle work in healthy and
8 = CON SED CON EX e EAESED — EAEEX EAE rats, du_rlpg experiment 1 and 2_. Before

onset of clinical symptoms (experiment 1,
n=40) or after (partial) hindquarter paralysis
recovery (experiment 2, n=40) repetitive
isokinetic foot extensor performance of the
left hind limb was measured under
anesthesia. Values are mean + SEM and
express muscle work (Nm) during 130
consecutive maximal muscle contractions
(1 mA, 150 Hz, 250 ms) in CON and EAE rats.
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Correlations

In EAE groups, mean CSA of TA and SOL were
negatively correlated with the disease peak (TA:
r=-0.60 and SOL: r=-0.63, p<0.05), as well as TA
fiber IIx+b CSA, SOL fiber I and Ila CSA (r=-0.58,
—0.64, —0.51, respectively, p<0.05). Furthermore, TA
mean CSA and TA fiber type IIx+b CSA were positively
correlated with the day of the disease onset (r = 0.52 and
0.49, respectively, p<0.05). CSA of EDL and BDNF
profiles did not correlate with disease onset or disease
peak in EAE.

Drop out

In total, one EAE animal died, unrelated to EAE,
during experiment 1 of the study. Overall, there were no
significant differences in survival rates between groups.

Discussion

This study investigated the impact of high
intensity treadmill exercise on muscle morphology,
disease course and BDNF release in EAE animals,
immediately before the onset (experiment 1) and after
During both
experiments, EAE reduced mean fiber CSA, as well as
type I, Ila and IIx+b fiber CSA in TA, EDL and SOL.
Under the conditions of the present study exercise was, in

(experiment 2) hindquarter paralysis.

general, not able to prevent muscle fiber atrophy in both
experiments, with the exception of some minor changes
in CON™ and EAE™. Muscle work of CON peaked
during the first 30 contractions and then progressively
declined during the remaining contractions, while muscle
work of EAE remained stable. High intensity exercise
delayed hindquarter paralysis peak. Finally, the present
study indicated that the BDNF response was not affected
by EAE or exercise.

Investigations of high-intensity exercise to
ameliorate the progressive muscle wasting, associated
with a high proportion of MS patients, are highly relevant
to evaluate the potential of rehabilitation. In laboratory
settings these investigations are commonly based on the
EAE model, however, the emerging data are difficult to
interpret, due in part to the different modalities used, such
as aerobic or swimming exercise. Additionally the use of
different EAE variants and protocols, such as initiation of
the exercise regimen prior or subsequent to EAE
induction, confound the comparison of data. The
selection of treadmill running exercise for the present
studies was based on previous research from our

laboratory demonstrating that whilst low (5 m/min,
0° inclination) and moderate (11 m/min, 15° inclination)
intensity treadmill/running exercise were not able to
high
intensity (18 m/min, 25° inclination) exercise was (Wens

delay EAE associated hindquarter paralysis,
et al. 2015). A further consideration was that swimming
exercise may cause excessive stress to the animals for the
induction of favorable adaptations in muscle fiber
Furthermore, research

characteristics to exercise.

investigating the influence of exercise on muscle
morphology or muscle fiber characteristics frequently
applies treadmill or voluntary running at mild-to-
moderate intensity, which also justifies our choice of
exercise modality.

Results obtained in this study should be
translated with caution to MS patients. Nevertheless, the
results of this study may provide important information,
which would be expected to be most reflective on mild-
to-moderate and relapsing remitting MS, regarding the
use of regular exercise prior to the start and at the very
early phase of the disease, where medical treatment in
MS patients have been proven crucial (Comi et al. 2013).
Also, the present study provides important indications
and may be useful to investigate motor function/muscle
morphology, MS progression and management of the
disease during and after high intensity aerobic exercise.
In doing so, we anticipate to further reveal the full
potential of exercise therapy in the treatment of MS in
general and motor function in MS in particular.

EAE and hindquarter paralysis

The applied high intensity aerobic exercise was
able to delay hindquarter paralysis peak and tended to
delay hindquarter paralysis onset. This was mirrored by
areduced food intake drop during paralysis. These
findings confirm our previously reported results in EAE
animals (Broekmans et al. 2009). Also, other authors
reported delayed onset of clinical EAE symptoms
(Le Page et al. 1994, 1996, Rossi et al. 2009). However,
it remains difficult to compare studies due to the
application of different exercise protocols in terms of
exercise intensity, volume and type (voluntary exercise
versus quantified training load and intensity). Based on
other literature, it is fair to assume that exercise intensity
was near the anaerobic threshold (Cunha et al. 2009,
Voltarelli et al. 2002), which is probably higher,
compared to the work of Le Page ef al. (1994, 1996) and
Rossi et al. (2009). However, lactate concentrations and
VO, kinetics were not measured. As such, our present
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and former findings and the above-described work of

others suggest that exercise intensity is the key
determinant of the impact of exercise training on the
course of EAE. Moreover, it would be interesting to

investigate this hypothesis in MS patients.

Muscle morphology and exercise in EAE

Muscle morphology was also investigated in this
rat strain, since Lewis rats appear to be the most
specialized laboratory rodents in respect to skeletal
muscle composition, as their SOL is the slowest and their
EDL is the fastest among other rat strains. SOL is an
antigravity muscle, designed to sustain prolonged
activity, whereas EDL (and TA) is a fast muscle involved
2010).
Comparable to results reported by others (Novak et al.
2010, Soukup et al. 2002, 2009), this study showed that

SOL is composed of a great majority of slow type I fibers

in short intermittent bursts (Novak et al

and a variable, but low, number of fast type Ila fibers,
whereas EDL (and TA) is composed of a low number of
type I fibers and of a variable proportion of (a medium
number of) Ila and (a majority of) IIx-+b fibers.

The present study also showed that CSA of all
muscle fiber types in EDL, TA and SOL decreased due to
EAE. Our group (Broekmans et al. 2009, Eijnde et al.
2008, Wens et al. 2015) and De Haan et al. (2004), who
of EAE on the medial
gastrocnemius, previously reported similar results.

investigated the impact

It is clear that treadmill running is able to reverse
muscle fiber atrophy in other rat populations (Itai et al.
2004, Tanaka et al. 2004, Thompson 2002). In the
present study, however, exercise was, in general, not able
to affect either CSA or fiber proportion significantly, with
some minor exceptions in, mainly, SOL. Interestingly, it
was expected that an exercise effect in experiment 1
would be seen by excluding the tempering effect of the
sedentary week of experiment 2. However, the expected
exercise effect was absent in all CON and EAE groups,
suggesting that the applied exercise duration (10 days)
was too short to induce the hypothesized muscle fiber
alterations. Furthermore, this may imply that aerobic
exercise is not optimal to induce adaptations in muscle
fiber CSA and proportion in EAE rats. Therefore it is
suggested to investigate the influence of resistance
training on muscle fiber characteristics, since EAE is able
to reduce type IIx+b fiber CSA, which (in humans) are
more susceptible to resistance training (Hornberger Jr.
and Farrar 2004, Tamaki et al. 1997, Yarasheski et al.
1990).

Muscle work and exercise in EAE

Muscle work of CON animals peaked, during
the first 30 contractions and then progressively declined,
whereas muscle work of EAE remained stable. These
findings confirm our previously reported results in EAE
and CON animals (Eijnde et al. 2008, Wens ef al. 2015).
However, these results contradicts data reported by De
Haan and co-workers (2004), who reported that muscle
work of both CON and EAE peaked and then declined
during a series of repeated isometric maximal
contractions of m. gastrocnemius. The difference can,
possibly, be explained by the fact that different muscle
groups were analyzed. Moreover, TA and EDL having
predominately glycolytic muscle fibers (Minnaard et al.
2005) in the present study versus medial gastrocnemius
having a proximal region, containing all muscle fibers,
and a distal region, containing only type IIx and IIb fibers
(De Haan et al. 2004). Because fast glycolytic type IIb
muscle fibers largely contribute to peak force production
(Burke et al. 1973, Cotter et al. 1989) decreased CSA of
type IIx+b fibers probably explains the absence of peak
muscle work in EAE during the first 30 repetitive
isokinetic contractions. As mentioned earlier, it was
expected that an exercise-induced effect in experiment 1
would be present by excluding the tempering effect of the
sedentary week. Moreover, in experiment 1, muscle work
results suggested an exercise-induced effect in both CON
and EAE groups. In experiment 2, on the other hand,
muscle work curves only suggested an exercise effect in
CON. However, statistical significance was not reached
in both experiments due to large variations between
muscle work of different animals. Therefore, future
research should include larger sample sizes to increase

power.

BDNF and exercise in EAE

Since BDNF is a neuroprotective mediator
during remyelination after a relapse (Frota et al. 2009,
Sarchielli et al. 2002) and because it is suggested that
BDNF could play an important role in the therapeutic
effect of exercise in MS (Ferris et al. 2007, Gold et al.
2003, Lewin and Barde 1996, Rojas et al. 2006), an
elevation of the BDNF levels in the exercising rats was
expected, as reported by others (Bernardes et al. 2013).
However, BDNF profiles did not differ between groups,
suggesting that the improved clinical parameters (delay of
EAE onset and peak) are ameliorated by exercise per se
and not by elevated BDNF-induced neuroplasticity.
These findings are in accordance with recent research,
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investigating the effect of a 10-day forced treadmill
exercise on neurotrophic factors in EAE and healthy
animals (Patel and White 2013). The lack of difference
between sedentary and exercised animals can possibly be
explained by the short duration of the exercise program in
our study and in the study of Patel and White (2013). In
MS it is already proven that 8 weeks of exercise is not
able to change BDNF levels (Castellano and White 2008,
Schulz et al. 2004). These findings make it interesting to
investigate the effect of a long term exercise program in
EAE and MS. Furthermore,
hypothesis, BDNF profiles of all groups increased. This

contradictory to our

could be possibly explained by the exposure of stress and
elevated levels of stress hormones, since all animals
experienced the same level of stress during the study.
Research already demonstrated that short periods
(15-60 min) of stress could induce an increased BDNF
mRNA expression, leading to elevated BDNF protein
concentrations and suggesting some degree of neuronal
plasticity to deal with new stimuli (Marmigere et al.
2003, Rage et al. 2002). However, stress hormone
concentrations were not measured during the present
study. Therefore, it is recommended to further investigate
the influence of stress hormones in the future. Finally,
since there are no differences between CON and EAE, nor
between SED and EX BDNF profiles, our results suggest
that high intensity aerobic exercise does not worsen the
disease, indicating that high intensity aerobic exercise is

tolerable in EAE and possibly also tolerable in MS.

Limitations and future directions

The present study had some limitations, resulting
in a few recommendations for future research. The lack
of an explicit exercise effect, could possibly be explained
by the short duration of the applied exercise program.
Furthermore, aerobic exercise was perhaps not the
optimal exercise modality to induce improvements of the
investigated parameters in EAE rats. Therefore, it is
suggested to investigate the long term effect of physical
exercise in chronic EAE and the influence of resistance
training on muscle contractile properties and BDNF
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