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Abstract

Although pain was previously not considered an important element of multiple sclerosis (MS), recent
evidence indicates that over 50% of MS patients suffer from chronic pain. In the present study, we
utilized the Theiler’s murine encephalomyelitis virus (TMEV) model of MS to examine whether
changes in nociception occur during disease progression and to investigate whether sex influences
the development of nociception or disease-associated neurological symptoms. Using the rotarod
assay, TMEYV infected male mice displayed increased neurological deficits when compared to TMEV
infected female mice, which mimics what is observed in human MS. While both male and female
TMEYV infected mice exhibited thermal hyperalgesia and mechanical allodynia, female mice
developed mechanical allodynia at a faster rate and displayed significantly more mechanical
allodynia than male mice. Since neuropathic symptoms have been described in MS patients, we
quantified sensory nerve fibers in the epidermis of TMEV-infected and non-infected mice to
determine if there were alterations in epidermal nerve density. There was a significantly higher
density of PGP9.5 and CGRP immunoreactive axons in the epidermis of TMEV-infected mice versus
controls. Collectively these results indicate that the TMEV model is well suited to study the
mechanisms of MS-induced nociception and suggest that alterations in peripheral nerve innervation
may contribute to MS pain.
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1. Introduction

MS is an autoimmune inflammatory disease affecting 2.5 million people world wide and is

characterized by immune mediated myelin loss and variable degrees of axonal degeneration.
Classical symptoms of MS include trunk and limb paresthesias, limb weakness and gait ataxia.
While MS patients are debilitated by lesions affecting motor areas of the CNS, they also suffer
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from sensory deficits and pain, symptoms, which until recently, have typically gone unnoticed.
Recent studies have demonstrated that pain is an important component of MS with a prevalence
of 50-80% among MS patients (Vermote et al., 1986; Kassirer and Osterberg, 1987; Moulin,
1989; Stenager et al., 1991; Archibald et al., 1994; Indaco et al., 1994; Stenager et al., 1995;
Ehde et al., 2003; 2006; Svendsen et al., 2003). The pain severity in MS can be severely
debilitating (Ehde et al., 2006) and MS patients exhibit cold allodynia and mechanical
hyperalgesia (Svendsen et al., 2003), symptoms typically found in non-MS patients suffering
from chronic pain conditions.

MS shows significant gender differences in incidence and disease progression with women
having a 2:1 higher incidence of MS (Vein et al., 1995; Ford et al., 1998; McDonnell and
Hawekins, 1998; Moreau et al., 2000; Totaro et al., 2000; Nicoletti et al., 2001), but with males
developing more severe clinical symptoms and deteriorating faster (Wynn et al., 1990;
Bronnum-Hansen et al., 1994; Vein et al., 1995; Cottrell et al., 1999). Gender differences are
not only evident in MS prevalence, but also in MS pain. Moulin et al. (1989) found that while
their overall patient population had a female to male ratio of 2.1/1, this ratio was 3.0/1 in the
group of MS patients reporting pain versus 1.4/1 in MS patients without pain. Unfortunately,
most studies examining MS pain prevalence and severity have ignored gender differences,
leaving this an open question.

Most investigations examining MS pain have been survey studies in human patients and thus
the actual cause of MS pain remains obscure. To date there has been only one published study
that has employed an animal model (experimental allergic encephalomyelitis, EAE) to study
MS-induced pain. This study reported decreased forepaw and tail withdrawal latencies to
radiant heat (Aicher et al., 2004). While several of the EAE models mimic the relapsing/
remitting quality of MS, the Theiler’s Murine Encephalomyelitis Virus (TMEV) model is
perhaps a better model of the chronic progressive quality of MS and it may better model the
contribution that CD8* and CD4* T lymphocytes make to the pathology observed in the human
disease (Oleszak et al., 2004; Sriram and Steiner, 2005; Steinman and Zamvil, 2005).
Intracerebral inoculation of mice with TMEV induces a biphasic CNS disease characterized
by acute encephalitis during the first 2 weeks, followed by chronic demyelination (Lipton,
1975; Rodriguez et al., 1987). Both TMEV and MS are characterized by inflammatory
infiltration, demyelination, remyelination and axonal damage that correlate with neurological
disability (Oleszak et al., 2004). The TMEV mouse model was used in the present study to
examine nociceptive responses and sex differences during disease progression.

2. Methods

2.1 Virus

2.2 Animals

The Daniel’s (DA) strain of Theilers Murine Encephalomyelitis Virus (TMEV) was used in
all experiments. The virus was grown in BHK-21 cells and the titer was determined by plaque
assay in L2 cells as described previously (Rodriguez et al., 1983).

One hundred and thirty-seven aged-matched male and female SJL/J mice (4-6 weeks old) were
purchased from Jackson Laboratories (Bar Harbor, ME) and used for these experiments. Mice
were housed in an animal facility at the University of Minnesota in accordance with institution
guidelines and were given food and water ad lib. Six-week-old mice were inoculated
intracerebrally with 4 x 108 PFU of TMEV in a 20-ul volume. To prevent fighting, male SJL/
J mice were housed in individual cages.
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2.3 Rotarod Analysis

A total of 70 mice were used for this experiment (n=20 TMEV female and 20 TMEV male
mice, 15 uninfected control female and 15 uninfected control male mice). The accelerating
rotarod test was performed as described previously (McGavern et al., 1999) with minor
modifications. The Rotamex Rotarod device (Columbus Instruments; Columbus, OH) is
equipped with a 4-cm variable speed, motor-driven rotating rod and was used to analyze
balance and motor coordination in all of the mice. All mice were trained on the Rotarod for
three consecutive days beginning at 5 revolutions per minute (rpm) on day 1, 6 rpm on day 2
and 7 rpm on day three. Each training period lasted for 5 min and mice that fell during training
were placed back on the rod. For performance testing on day 4, mice were placed on the rod
between dividers spaced 6 cm apart. The accelerated speed was started and allowed to run until
each mouse fell and disrupted the infrared beam located at the bottom of the Rotarod. The
Rotarod automatically recorded the length of time that each mouse was able to stay on the
rotating rod. Three trials were performed for each mouse at each time point. The Rotarod test
for each trial was carried out at an accelerating speed of between 5 and 40 rpm for 20 min with
at least 30 min rest between trials for each mouse. In all cases, animals were selected in a
random order for Rotarod testing and observations were performed in a blinded manner to the
experimental status of the mouse. Since all measures of activity are sensitive to the circadian
clock, rotarod measurements were started in the late morning. Statistical comparison of the
latency to fall of the rod between infected and uninfected age-matched mice of the same gender
and between infected male and female mice was performed using Statistical comparison
between male and female mice was performed using a two-way repeated measures ANOVA
with time as the repeated measures factor. When the F value was significant post hoc analysis
was performed using Bonferroni’s t test. P < 0.05 was considered to be statistically significant.

2.4 Thermal Tail-lmmersion Assay

The 70 mice used for rotarod analysis plus an additional 67 mice were used for analysis of
thermal and mechanical nociception. Thus a total of 137 mice were used for analysis of the
development of thermal hyperalgesia and mechanical allodynia. The thermal tail-immersion
assay was performed as described by Shimizu et al, (2005). Animals were selected in random
order for thermal tail immersion testing and the investigator was blinded to the experimental
condition of the animals. Briefly, the animal was gently restrained and the distal two-thirds of
the tail was immersed in a water bath set at 50° C +/— 1°C, and the latency to tail flick was
recorded. The cut off time was 15 s, after which the tail was removed from the bath regardless
of response. The test was repeated three times and averaged at each time point tested. In initial
studies, no significant differences were found in nociceptive responses of TMEV or control
female mice at different phases of the estrous cycle and thus the data of all females were pooled
for analysis of thermal hyperalgesia.

In the context of the present study the experiments included 74 female and 63 male mice,
randomly assigned to the control or to the TMEV groups. Each mouse was measured between
one and five times, with 102 of the mice measured five times, between day 0 and day 180 after
allocation of treatments. We fit a linear regression of thermal withdrawal latency (as a measure
of thermal hyperalgesia) on day number, and considered separate slopes and intercepts for each
of the four groups [sex (male vs female) by treatment (TMEV vs control)]. Since at day zero
we expect the same response for males in either the control or TMEV condition, the same
intercept for females in either control or TMEV, we constrained the intercepts to be equal
within sex. We used the methodology outlined in S. Weisberg (2005), Applied Linear
Regression, to simplify this model further by looking for differences between the sexes in
intercepts, and differences in slope between the four sex by treatment combinations. We fit
using a random coefficients model (Littell et al., 2006) which allows each mouse to have its
own intercept and slope, using SAS proc mixed and the package nlme in R (Pinhero and Bates,
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2000). The random coefficients model represents one of the major tools for the analysis of
repeated measures. In the context of repeated measures studies, this model is based on the idea
that the process of change is defined for each individual, yet also is related to the population
mean trajectory.

2.5 von Frey Test for Mechanical Allodynia

The 137 mice used for testing thermal tail immersion assay were also used for evaluation of
mechanical allodynia. Withdrawal responses to punctate mechanical stimulation were
determined by using calibrated von Frey filaments as previously described (Wacnik et al.,
2001), but with some modification. Male and female mice were initially tested with a range of
filaments (0.196 mN to 9.80mN) to determine a baseline filament that produced 0-1 responses
out of 10 trials. Male mice were found to be more sensitive than females and thus mechanical
hypersensitivity was assessed using a 5.88 mN von Frey monofilament in female mice and a
1.57 mN monofilament for male mice. Mice were selected in random order for von Frey testing
and the investigator performing the testing was blinded to the experimental condition of the
animals. Mice were allowed to acclimate to the testing environment for at least 30 min before
testing. The monofilament was applied ten times on the plantar surface of each hindpaw. The
number of withdrawal responses to the monofilament was counted and expressed as percent
of stimuli that evoke a response (withdrawal response frequency). The monofilament was
applied for 1-2 s with an interstimulus interval of 5-10 s. Baseline values for mechanical
sensitivity were determined for each animal prior to TMEYV infection. In initial studies, no
differences were found in nociceptive responses of TMEV or control female mice at different
phases of the estrous cycle and thus the data of all females were pooled for analysis of
mechanical allodynia.

Each mouse was measured between one and five times, with 102 of the mice measured five
times, between day 0 and day 180 after allocation of treatments. We fit a linear regression of
percent response to von Frey stimulation (as a measure of mechanical allodynia) on day
number, and considered separate slopes and intercepts for each of the four groups [sex (male
vs female) by treatment (TMEV vs control)]. Since at day zero we expect the same response
for males in either the control or TMEV condition, the same intercept for females in either
control or TMEV, we constrained the intercepts to be equal within sex. We fit using a random
coefficients model (Littell et al., 2006), which allows each mouse to have its own intercept and
slope, using SAS proc mixed and the package nlme in R (Pinhero and Bates, 2000). Use of a
mixed-effects statistical model has been used previously to analyze mechanical allodynia in a
spared nerve injury model of neuropathic pain (Bourquin et al., 2007). The main advantage of
using a random coefficients model over ANOVA methods is that it allows an integrated
treatment of the data, which takes into account the different sources of variation — between
time, individuals, treatment and sexes — resulting in more appropriate assessment of
uncertainty, and thus in tests and confidence intervals that are better adapted to the experimental
set-up.

2.6 Immunohistochemical Procedure for Staining Peripheral Nerves

Painful neuropathies have been characterized by changes in epidermal nerve fiber innervation
and skin biopsy represents an effective test for diagnosis of peripheral nerve disorders. The
most commonly reported indication of abnormality in a skin biopsy from patients with
peripheral neuropathy is a reduction of epidermal nerve density (Wendelschafer-Crabb et al.,
2006). Since sensory-motor neuropathic symptoms have been described in MS patients
(Sarova-Pinhas et al., 1995), we examined nerves innervating the epidermis of the skin in
TMEV-infected mice to determine if there were changes in epidermal nerve density. Mouse
back skin was examined in this study because back pain is a common complaint among MS
patients (Al-Smadi et al., 2003; Solaro et al., 2004) and because larger areas of skin could be
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obtained from the back region. Mouse back skins were immersed in Zamboni’s fixative (0.03
(w/v)% picric acid and 2 (w/v)% paraformaldehyde) for 48 hours at 4°C and transferred to a
20% sucrose solution with 0.05% sodium azide in PBS for storage. Processing and staining of
the mouse skin sections were carried out according to our previously published procedure
(Wacnik et al., 2005). Excised back skin was mounted in optimal cutting temperature (OCT)
compound, frozen, and cut into 50 micron-thick sections. Histopathological quantification of
cutaneous nerves innervating the epidermis was performed using a PGP9.5 (protein gene-
product 9.5) antibody, because this antibody is generally used for the evaluation of clinical and
experimental cutaneous innervation and is well characterized as a pan-neuronal marker. PGP
95 is a cytoplasmic constituent present in all parts of the neuron, and immunocytochemically
antibodies against PGP9.5 label the majority of neurons in the peripheral and the central
nervous system (Wilson et al., 1988) although some neurons are PGP9.5 negative (Weiler and
Benali, 2005). From a functional standpoint, PGP9.5 is an ubiquitin carboxyl hydrolase
(UCHLZ1), an important regulatory enzyme that cleaves terminal ubiquitin products from
proteins (Wilkinson et al., 1989), and recent evidence indicates that it is required for normal
synaptic function (Gong et al., 2006). The PGP9.5 antibody used in this study was obtained
from Biogenesis (Poole, UK, Cat No 7863-0504) and stains a single band at 27 kD on Western
blot. The PGP9.5 antibody has been used previously to study the innervation of mouse back
skin (Botohkarev et al., 1998) and innervation in the foot of a murine hindpaw cancer model
(Wacnik et al., 2006). We also quantified the number of cutaneous nerve fibers that expressed
CGRP immunoreactivity, since almost all nerve fibers in the epidermis are unmyelinated and
are either CGRP-positive or nonpeptidergic free nerve endings (Zylka et al., 2005). Moreover,
CGREP is considered to be a marker of sensory innervation and demonstrates thin sensory C-
fibers that transmit nociception (Wallengren et al., 1999). The CGRP antibody used in this
study was raised in sheep (Biohit, Finland), cross-reacts with all known forms of rat and human
CGRP and was used previously by our laboratories (Wacnik et al., 2005). Sections were
incubated in (a) polyclonal CGRP (1:500; gift from Biohit, Finland) and anti-sheep 19G
conjugated to cyanine 2 (Cy2) (1:1000) (Jackson ImmunoResearch, West Grove, PA), (b)
polyclonal PGP9.5 (PGP) (1:500) made in rabbit raised against native brain PGP9.5 and anti-
rabbit 19G conjugated to Cy3 (1:1000) (Jackson ImmunoResearch) and (c) polyclonal Collagen
Type IV (ColllV) (1:500) made in goat (Southern Biotechnology Assoc., Birmingham, AL)
and anti-goat 1gG conjugated to cyanine 5 (Cy5) (1:1000) (Jackson ImmunoResearch).
Samples were mounted in agar on slide covers, dehydrated in ethanol, cleared with methyl
salicylate, and mounted in DEPEX (Electron Microscopy Science, Poole, UK).

2.7 Image Capture and Morphometric Analysis of Epidermal Nerves

To quantify PGP- and CGRP-immunoreactivity in the epidermis of the skin we used a
morphometric analysis approach that was based on the methodologies described by Christmas
et al. (Christmas et al., 1990), Engeland et al. (Engeland et al., 1997), Mihm et al. (Mihm et
al., 2001) and Pan et al. (Pan et al., 2004). Single-photon laser scanning confocal microscopy
(LSCM) was used to image mouse back skin in the green channel (CGRP-ir), red channel
(PGP9.5-ir), and far-red channel (Collagen Type-I1V-ir, allowing us to delineate the epidermal/
dermal boundary). Imaging and image capture was performed using an MRC 1024 Confocal/
Multiphoton Imaging System (Bio-Rad, Hercules, CA).

LSCM serial optical section data sets were then collected using identical parameters: 5-micron
thick z stacks were collected at 1200x magnification of dorsal skin epidermis. Projections of
these 3D data sets were then generated and the individual projections (green, red, and far-red)
were merged into a single (green, red, blue) image using Confocal Assistant. Using Adobe
PhotoShop 6.0 softwarethe epidermis was selected with boundaries at the top edge of the
epidermis, the epidermal/dermal boundary at the lower edge as delineated by Collagen Type-
IV-immunoreactivity and the dimensions of the viewing field on either side were selected as
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side boundaries. Total area pixel count of the entire selected epidermis was obtained. The area
pixel count of the CGRP-ir (green channel) and PGP-ir (red channel) nerve fibers in the selected
epidermal area was calculated by first thresholding the respective grayscale images to reduce
the contribution of non-specific background signal. The immuno-positive pixels were selected
with the wand tool and a thresholded pixel count was acquired for each channel. Data is
presented as the percentage of the total area of the selected epidermal region occupied by
CGRP- or PGP-immunoreactive fibers. For each mouse, two non-overlapping fields of view
from each of four sections were counted, i.e. eight fields of view from each mouse. Results
were analyzed using a one-way ANOVA test with Fisher’s protected least significant difference
(PLSD) post hoc test using p<0.05.

3.1 TMEV-Infected Male Mice Show Increased Disease Progression as Measured by
Neurological Deficits

Motor balance and coordination were assessed using the rotarod assay. Several previous studies
have demonstrated a significant correlation among disease progression, spinal cord pathology
and decreased ability to perform on the rotarod using female animals (McGavern et al.,
1999; McGavern et al., 2000). The purpose of this portion of the study was to examine the
time-course of neurological deficits in male and female mice as measured using the rotarod
test. This was done in order to determine whether male mice have increased disease progression
as compared to females, which typically occurs in human MS patients. We tested the
performance of uninfected control and TMEV infected SJL male and female mice at days 90,
120, 150 and 180 post-infection to assess the progression of the demyelinating disease. These
time points were chosen based on literature and previous experiments in our lab. The day 90
time-point has consistently been shown to be one of the earliest time-points to consistently
measure neurological deficits using the rotarod test in TMEV infected SJL mice. In order to
measure the progression of the disease we evaluated neurological deficits every 30 days from
day 90 until day 180. All mice were euthanized at day 180 post-infection since they typically
display very severe neurological deficits at this time-point and beyond this time-point they
have difficulty both with mobility and with feeding.

TMEYV infected male and female mice started to display posterior limb paralysis by day 90 PI.
All of the paralyzed females showed unilateral, hind limb paralysis, but were able to walk at
all time points. In contrast, 20% of male mice at days 90 and 120 PI, and 30% of male mice at
days 150 and 180 PI displayed bilateral hind limb paralysis and had difficulties walking. All
of the remaining male mice showed unilateral hindlimb paralysis. These visual observations
of an increased disease progression in TMEV infected male mice were correlated with
significant decreases in rotarod scores in male mice compared to female mice at days 90 and
120 post-infection (see Figure 1). Both TMEV-infected male and female mice had neurological
deficits at all time points measured as indicated by significantly decreased scores in the rotarod
test compared uninfected controls (Figure 1). Since neurological deficits as measured by
rotarod in TMEV mice correlates with the loss of medium to large myelinated axons in the
spinal cord and with associated electrophysiological abnormalities (McGavern et al., 2000), it
seems likely that the shorter run times observed in TMEV infected mice are a reflection of
these neurological deficits rather than an inability to learn. Analysis of rotarod scores across
time points revealed a significant difference between TMEV female and TMEV male mice
(p<0.0025). Specifically, TMEV infected males had significantly decreased rotarod scores at
days 90 (p<0.0001) and 120 (p<0.0044) versus TMEYV infected females indicating increased
disease progression in TMEYV infected male mice (Figure 1). This finding correlates with our
previous report using activity box measurements (Alley et al., 2003) in which TMEV male
mice performed up to threefold fewer spontaneous horizontal and vertical movements (activity
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box test) compared to infected age-matched females, which would imply that motor
impairment rather than motor learning contributed to the reduced motor performance observed
between TMEV mice and controls as well as between male and female TMEV mice at days
90 and 120.

3.2 Mechanical Allodynia and Thermal Hyperalgesia in TMEV infected mice

Prior to TMEYV infection baseline testing was done to determine the appropriate threshold
filament size that produced 0 or 1 withdrawal response out of 10 trials (see (Wacnik et al.,
2001)). Naive male SJL mice were found to be much more sensitive to von Frey stimuli than
naive female mice and thus a 5.88 mN monofilament was found to produce 0-1/10 responses
in female mice, while a 1.57 monofilament produced 0-1/10 responses in male mice. Since
male and female mice had different baseline thresholds to mechanical stimulation, the 1.57mN
von Frey filament was used to test the development of mechanical allodynia in males, while
the 5.88 mN monofilament was used to test females throughout the course of this study. While
it might be argued that paw withdrawal thresholds should have also been assessed throughout
the study, recent work indicates that there is a strong negative correlation between withdrawal
threshold force and paw withdrawal frequency (Hamamoto et al., 2007), and thus either
measure should suffice for measuring allodynia/hyperalgesia. Moreover, if we had performed
the entire experiment using thresholds rather than percent response we would still have the
issue of different baselines for the sexes. If we had used one von Frey filament with a force in
between 1.57 and 5.88 mN, the males would have had higher withdrawal frequencies than the
females at baseline. Conversely if we had used the 1.57 mN monofilament for both, we would
have missed the lower levels of allodynia in the females, thus we believe the use of different
monofilaments for males and females was appropriate in this study.

TMEV infection induced mechanical allodynia bilaterally in both hind paws of male and female
mice as determined using a normally non-noxious von Frey monofilament. Results are
summarized in Figure 1, which show the estimated average response curves over days. We
find that a linear mixed model in which the intercept is the same for each sex (t=—1.58, df=135,
p=.11) and allowing each sex/treatment combination to have its own linear slope for the
response on time. The best fitting model has slope equal to zero for both male and female
controls (overall test, t=0.66, df=469, p=.50). In the TMEV condition, separate, nonzero slopes
were required for males and females. For females, the estimated slope was .0225 units per day
(for testing the slope equal to zero, t=17.21, df=469, p<.0001), while for males the slope was
estimated to be 0.0163 (for testing the equality of slopes for males and females, t=—4.01,
df=469, p=.0001). Thus both the male and female TMEV mice developed mechanical allodynia
over time compared to the non-infected control mice. Importantly the slope of the regression
line is significantly different for males and females and indicates that the female TMEV mice
develop mechanical allodynia faster than the male TMEV mice.

With respect to thermal testing, we used the same modeling strategy and found that TMEV-
infected mice developed significant thermal hyperalgesia over time compared to control
uninfected mice. Similar to what we observed with mechanical von Frey testing, we found that
thermal latencies did not vary over time in the control condition (t=—1.35, df=510, p=.18). The
slope in the TMEYV condition is significantly different from zero (t=—12.72, df=510, p <.0001)
indicating that TMEV mice develop thermal hyperalgesia over time. However, with respect to
sex, we reached a somewhat different conclusion as summarized in Figure 2 compared to that
found for mechanical allodynia (Fig. 1). Here we found that the males and females required
different intercepts (t=2.05, df=135, p=.04) indicating that there were significant sex
differences in thermal latencies at baseline. The slope in the TMEV condition is significantly
different from zero (t=—12.72, df=510, p <.0001), but the slopes do not differ by Sex (t=1.40,
df=510, p=.16) indicating that male and female TMEV mice develop thermal hyperalgesia at
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a similar rate. In the thermal condition, we estimate a decrease of 0.013 seconds per day in tail
withdrawal latency over the course of disease progression.

Surveys of human MS have shown that pain is not associated with the degree of a patient’s
disability. To this end we examined possible correlations between withdrawal frequency, which
measures pain severity, and the rotarod score, which measures neurological disability. We
found that there was no correlation between pain severity as measured by thermal hyperalgesia
or mechanical allodynia and the rotarod score at any of the time points measured (only day
180 is shown in figure 3).

3.3 Increased innervation

Immunoreactive sensory nerve fibers in the epidermis were quantified in TMEV infected and
non-infected mice of both genders, sacrificed at Day 180 post-infection. We found a
significantly higher density of both PGP9.5-ir nerve fibers and CGRP-ir immunoreactive
nerves in the epidermis of TMEV-infected mice versus non-infected control mice (Figures 4
and5). Inaddition to significantly higher density of PGP9.5- and CGRP-immunoreactive fibers
in the epidermis, qualitative observations revealed increased nerve fiber immunoreactivity in
the dermis of both male and female TMEV mice as well. Of interest CGRP-immunoreactivity
was also enhanced in epidermal keratinocytes in the TMEV-infected skin samples compared
to controls. Though we did not stain our sections with a nuclear-specific stain, close
examination of individual optical sections revealed that this CGRP immmunoreactivity was
cytoplasmic. Finally, negative control slides, in which no primary CGRP or PGP9.5 antibodies
were used, revealed a complete lack of immunostaining (data not shown).

4. Discussion

The EAE and TMEV models represent the two most common animal models of MS and their
use has led to a greater understanding of MS and the development of clinical therapies (Nelson
et al., 2004). While EAE serves as a better model of the relapsing/remitting quality of MS, the
TMEV model may be a better model of the progressive quality of the disease (Fuller et al.,
2004; Oleszak et al., 2004) and may be particularly valuable because of increasing
epidemiologic evidence suggesting a possible viral etiology of this disease (Love, 2006; Olson
etal., 2005). Since nociception has not been studied in TMEV mice and since the TMEV model
mimics human MS both pathologically and immunologically, it serves as an ideal model for
studying MS pain and progression.

4.1 Males and Female Both Exhibit Mechanical Allodynia and Thermal Hyperalgesia

Pain is an important and frequent symptom accompanying multiple sclerosis (Svendsen et al.,
2005; Kumpfel et al., 2007). MS pain develops in 50-80% of MS patients, with 30% of those
patients describing pain as their worst symptom (Beard et al., 2003). Unfortunately only
recently has pain been systematically studied in MS patients (Svendsen et al., 2005). In the
only study using an EAE animal model of MS, thermal hyperalgesia was found to develop in
EAE mice (Aicher et al., 2004). We found that both TMEV infected male and female mice
exhibited significant thermal hyperalgesia and mechanical allodynia compared to controls.
This is consistent with reports that most MS patients display sensory abnormalities, dominated
by mechanical and thermal hyperalgesia (Osterberg et al., 2005; Svendsen et al., 2005). The
fact that TMEV-induced nociception preceded motor deficits in many of the mice mimics what
is observed in human MS, where 12% of patients are diagnosed with MS based on chronic
pain symptoms rather than motor deficits (Kalia and O’Connor, 2005). Moreover, surveys of
human MS have shown that pain is not associated with the degree of a patient’s motor disability.
This was replicated in TMEYV infected mice, in which the magnitude of thermal hyperalgesia
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and mechanical allodynia were not correlated with the severity of clinical symptoms as
measured by rotarod.

TMEYV infected mice experience motor impairment that could impact their ability to produce
awithdrawal response. However, it is unlikely that motor impairment affected our results, since
there was no correlation between motor impairment and pain severity. In this regard, some of
the most severely paralyzed TMEV infected mice displayed the most severe thermal
hyperalgesia and mechanical allodynia, Importantly, nociceptive responses (shorter latencies
to withdrawal) developed in TMEYV infected animals prior to or at the same time that motor
deficits began.

4.2 Sex Differences in Neurological Deficits and Nociception

Our results indicated that TMEV-infected male SJIL/J mice developed more severe neurological
deficits than infected female mice. This agrees with the results of human studies, which show
that males develop more severe neurological deficits and deteriorate faster than females (Wynn
etal., 1990; Bronnum-Hansenetal., 1994; Veinetal., 1995;Cottrell et al., 1999). While TMEV-
infected female mice developed unilateral, hind limb paralysis, 20-30% of infected male mice
developed bilateral hind limb paralysis and had difficulties walking. TMEV-infected males
also experienced more rapid disease progression similar to what is observed in male patients
with MS.

Considerable evidence exists for sex differences in human pain sensitivity with women
exhibiting reduced tolerance for experimentally induced pain (LaCroix-Fralish et al., 2005;
Wiesenfeld-Hallin, 2005; Berkley et al., 2006) and an increased frequency of chronic pain
conditions including fibromyalgia, arthritis, migraine and temperomandibular disorders
(Fillingim and Maixner, 1995; Fillingim and Ness, 2000). With respect to MS most studies of
pain in human MS patients have ignored possible gender differences. However, Moulin and
colleagues (1989) found that while their patient population had a female to male ratio of 2.1/1,
this ratio was 3.0/1 in the group of MS patients reporting pain. Further support for a female
prevalence of pain in MS patients comes from the recent study demonstrating that women
reported increased pain severity (Hadjimichael et al., 2006). The EAE model of MS is the only
animal model that has been employed to investigate possible sex differences in nociception.
Aicher et al. (2004) found that both male and female SJL mice showed decreased tail
withdrawal latencies during the chronic phase of the disease and further reported that this
thermal hyperalgesia appeared to be somewhat more sustained in actively immunized females.
In the present study we not only observed that male and female TMEV mice exhibited thermal
hyperalgesia, but also mechanical allodynia. Importantly, mechanical allodynia developed
more rapidly in TMEV-infected female mice compared to TMEV-infected males (figure 2).
The earlier onset and increased severity in TMEV infected female mice mimics what is seen
in the MS population (Buchanan et al., 2003; Kalia and O’Connor, 2005).

4.3 Mechanisms of TMEV-Infection Induced Pain

Pain in multiple sclerosis is heterogeneous with symptoms varying from patient to patient
(Marchettini et al, 2006). Due to its heterogeneity, MS pain probably has multiple causes, as
does TMEV-induced pain. The present results would suggest that increased peripheral
innervation may be a factor that contributes to increased nociception in TMEV mice.

Although MS has classically been considered a CNS disease, many patients have been
identified with changes in their peripheral nervous system (Hasson et al., 1958; Pollock et al.,
1977; Riggsetal., 1986; Ro et al., 1983; Sarova-Pinhas et al., 1995). Some MS patients exhibit
decreased motor conduction (Hopf, 1963) and prolonged proximal peripheral nerve segment
conduction time (Mills and Murray, 1986). While several chronic pain conditions, such as
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peripheral neuropathy, show alterations in peripheral innervation density, peripheral
innervation has not been examined in MS patients to date. We identified a significantly higher
density of both PGP9.5-ir and CGRP-ir epidermal nerve fibers in TMEV infected mice
compared to controls. The increase in nerve fibers expressing PGP9.5 was unexpected, since
a previous study of human skin biopsies from neuropathic patients showed significant
reductions in intraepidermal PGP9.5 immunostaining (McCarthy etal., 1995). However, recent
work has shown increased CGRP nerve fibers in rat skin following partial peripheral nerve
injury (Yen et al., 2006) similar to what we observe. These increased numbers of nerve fibers
may represent intraepidermal nerve fiber sprouting (Kinkelin et al., 2000). The increase in both
CGRP- and PGP9.5-immunoreactivity is important since a recent study has shown increased
intraepidermal PGP9.5 with no change in CGRP in GDNF family receptor 2 knockout mice
that show a deficit in inflammatory pain response (Lindfors et al., 2006), but do not show
thermal hyperalgesia or mechanical allodynia. It is feasible that the increased number of
epidermal CGRP fibers may contribute to the thermal hyperalgesia and mechanical allodynia
presentin TMEV mice. In this regard a previous study by our laboratories has shown a positive
correlation between the innervation density of CGRP-positive fibers in a bone tumor and the
level of tumor-induced hyperalgesia (Wacnik etal., 2005). It is unknown whether this increased
CGRP innervation is also present in MS patients, but if it does occur it may represent a novel
peripheral mechanism that may contribute to MS-induced pain and may also serve as a potential
diagnostic marker. The increased immunoreactivity in the epidermal keratinocytes that we
observe in the TMEV-infected mouse skin may be indicative of a sensory role in this model
system. Epidermal keratinocytes are known to express TRPV1 (Bodo 2005 and Inoue 2002)
and a recent report describes CGRP-like immunoreactivity in epidermal keratinocytes (Hou et
al., 2006).

Finally, MS pain may also have a central origin, which is thought to result from lesion or
dysfunction in the brain or spinal cord (Osterberg et al., 2005). In this regard, spinal cord injury
(SCI) frequently results in dysesthesias that have remained refractory to clinical treatments
(Christensen and Hulsebosch, 1997). Spinal cord injury triggers sensitization of wide dynamic
range dorsal horn neurons (Zhang and Oppenheim, 2005) and recent findings demonstrate that
injury-induced abnormal expression of the Nav1.3 Na(+) channel in spinal cord dorsal horn
neurons contributes to their hyperexcitability (Waxman and Hains, 2006). Since most MS
patients display sensory abnormalities, dominated by mechanical and thermal hyperalgesia
(Osterberg et al., 2005; Svendsen et al., 2005), it is likely that central sensitization occurs in
MS patients similar to that observed following spinal cord injury or that associated with other
chronic pain conditions (Curatolo et al., 2006). The fact that both mechanical and thermal
hyperalgesia were present in TMEV mice suggest that the nociception observed in this animal
model may truly reflect that found in MS patients.

It is probable that MS pain represents a heterogeneous etiology and that different mechanisms,
both central and peripheral, contribute to the variability of MS pain both within a single patient
at different phases of their disease, and between different MS patients. In the present study,
we have discovered a novel increased intraepidermal innervation in TMEV infected mice,
which likely contributes to the increased nociception observed during the disease course.
Further research is required to determine if similar alterations also occur in human MS patients.
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Figure 1. Assessment of motor coordination and balance (Rotarod test) in TMEV-infected and
uninfected male and female mice

An accelerating Rotamex Rotorod (Columbus Instruments, Columbus OH) was used to test
the effects of TMEV-induced demyelination on motor coordination. Mice were tested on the
rotarod at an accelerating speed between 5 and 40 rpm over a 20 minute test period and the run
time was recorded in seconds. TMEYV infected mice (n=20) had significantly shorter run times
when compared to uninfected controls (n=15; *p<0.0001). TMEV infected-female mice
performed at a significantly higher level than TMEV-infected male mice (1p<0.0025). Control
male and female mice were not significantly different from each other (p=0.921).
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Figure 2. Development of mechanical allodynia in TMEV-infected male and female mice

Graphs illustrating the mean paw withdrawal score (paw withdrawal frequency as a percent)
for each mouse (individual dots) at various time points. The results for TMEV-infected mice
are shown in the top two plots, while the data for the non-infected controls are shown in the
bottom two plots. The straight lines in each plot represent fit of a mixed model assuming linear
time effects. The intercept is the same for each sex (t=—1.58, df=135, p=.11). The slope is equal
to zero for both male and female controls (overall test, t=0.66, df=469, p=.50). In the TMEV
condition, separate, nonzero slopes were required for males and females. For females, the
estimated slope was .0225 units per day (for testing the slope equal to zero, t=17.21, df=469,
p<.0001), while for males the slope was estimated to be 0.0163 (for testing the equality of
slopes for males and females, t=—4.01, df=469, p=.0001). The data indicate that TMEV-
infected mice developed significant mechanical allodynia over time compared to control
uninfected mice and that TMEV-infected female mice develop mechanical allodynia at a faster
rate than male TMEV-infected mice.
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Figure 3. Development of thermal hyperalgesia in TMEV-infected male and female mice

Graphs illustrating the mean tail withdrawal latency for each mouse (individual dots) at various
time points. The results for TMEV-infected mice are shown in the top two plots, while the data
for the non-infected controls are shown in the bottom two plots. The straight lines in each plot
represent the fit of a mixed model assuming linear time effects. We used the same modeling
strategy that we utilized for evaluating the mechanical-induced paw withdrawal scores
illustrated in figure 1. We found that TMEV-infected mice developed significant thermal
hyperalgesia over time compared to control uninfected mice. Similar to what we observed with
mechanical von Frey testing, we found that thermal latencies did not vary over time in the
control condition (t=—1.35, df=510, p=.18). The slope in the TMEV condition is significantly
different from zero (t=—12.72, df=510, p <.0001) indicating that TMEV mice develop thermal
hyperalgesia over time.
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Figure 4. Graphs demonstrating a lack of correlation between nociception (thermal hyperalgesia
and mechanical allodynia) and motor deficits (rotarod)

(A) There was a lack of correlation between thermal hyperalgesia as measured by tail
withdrawal latency (y axis) and rotarod mechanical deficits in TMEV infected mice at day 180
Pl. (B) There was also a lack of correlation between mechanical allodynia as determined with
von Frey filaments and rotarod at day 180 PI.
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Figure 5. Photomicrographs of Intra-epidermal PGP9.5 and CGRP Immunoreactivity
Representative photomicrographs at low power magnification (100Xmag, upper panels) and
high power magnification (1200Xmag, four lower panels) of dorsal skin from SJL/J mice,
infected and non-infected. Skin was collected at day 180 post-infection and double-
immunostained with anti-PGP9.5 and anti-CGRP. (a) Control, non-infected mouse epidermis
and dermis exhibit lower levels of PGP9.5-immunoreactivity as compared to (b) TMEV-
infected mice. At higher magnification (c and e) control, non-infected mouse epidermis
exhibits lower levels of PGP9.5- and CGRP-immunoreactivity as compared to (d and f)
TMEV-infected mice. (Arrows designate the co-localization of CGRP and PGP9.5-
immunoreactive nerve fibers in the epidermis both in the control, ¢ and e, and in the TMEV-
infected mice, d and f.) Interestingly CGRP-immunoreactivity was enhanced in epidermal
keratinocytes in the TMEV-infected skin samples (f) compared to controls (e). Scale bar for
lower magnification (Olympus UPlanFI 10X/0.30) image is 500 microns and for higher
magnification (Olympus UPlanApo_60X/1.4 oil) scale bar is 10 microns.
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Figure 6. Quantification of Intra-epidermal Nerve Density

The immunoreactivity density counts for PGP9.5 and CGRP were calculated by determining
immunopositive pixel density area per total intra-epidermal pixel area at 120Xmag. Data are
presented as mean and SEM, analyzed using ANOVA and Fisher’s post-hoc test (*p<.05).
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