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otarod  motor  performance  and  advanced  spinal  cord  lesion  image
nalysis  refine  assessment  of  neurodegeneration  in  experimental
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The  rotarod  provides  a quantitative  and  reproducible  way  of measuring  motor  performance  in EAE.
Clinical  score  and  rotarod  performance  are  highly  correlated.
Rotarod  performance  is  correlated  with  demyelination  in the  motor  systems  of  the  spinal  cord.

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 3 October 2015
eceived in revised form 7 January 2016
ccepted 7 January 2016
vailable online 16 January 2016

eywords:
AE
ultiple sclerosis

linical score
isease course quantification
linic-radiological paradox
isability

mage analysis
nimal experiment

a  b  s  t  r  a  c  t

Background:  Experimental  autoimmune  encephalomyelitis  (EAE)  is  a commonly  used  experimental
model  for  multiple  sclerosis  (MS).  Experience  with  this  model  mainly  comes  from  the  field  of immunology,
while  data  on  its  use  in studying  the  neurodegenerative  aspects  of  MS is scarce.
New method:  The  aim  of  this  study  is to improve  and  refine  methods  to assess  neurodegeneration  and
function  in  EAE.  Using  the  rotarod,  a tool  used  in  neuroscience  to monitor  motor  performance,  we  evalu-
ated the  correlation  between  motor  performance,  disease  severity  as measured  using  a  clinical  scale  and
area covered  by  inflammatory  lesions.
Results:  The  included  parameters  are  highly  correlated  in  a  non-linear  manner,  with  motor  performance
rapidly  decreasing  in  the intermediate  values  of the  clinical  scale.  The  relation  between  motor  perfor-
mance  and  histopathological  damage  is  exclusively  determined  by  lesions  in  the  ventral  and  lateral
columns,  based  on a new  method  of  analysis  of the entire  spinal  cord.  Using  a  set of  definitions  for
distinct  disease  milestones,  we  quantified  disease  duration  as well  as  severity.
Comparison  with  existing  methods:  The  rotarod  measures  motor  performance  in  a  more  objective  and
efinement
quantitative  manner  compared  to using  a clinical  score.  The  outcome  showes  a strong  correlation  to  the
surface  area  of  inflammatory  lesions  in the motor  systems  of  the spinal  cord.
Conclusions:  These  results  provide  an  improved  workflow  for interpreting  the  outcome  of  EAE  from
a  neurological  point  of  view,  with  the eventual  goal of dissecting  neurodegeneration  and  evaluating
neuroprotective  drugs  in  EAE  for application  in MS.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction
Multiple sclerosis (MS) is the most common cause of neurolog-
cal disability in young people. It affects 0.1–0.2% of the population

∗ Corresponding author. Tel.: +31 30 2534585; fax: +31 30 2532837.
E-mail address: c.hoogenraad@uu.nl (C.C. Hoogenraad).

ttp://dx.doi.org/10.1016/j.jneumeth.2016.01.013
165-0270/© 2016 Elsevier B.V. All rights reserved.
with onset of disease at a mean age of 28 years (Goodin, 2014). As of
yet, no curative treatment has been developed, despite very good
progress in reduction of the inflammatory component, mostly by
biological anti-inflammatory drugs (Ransohoff et al., 2015). MS is a

complex disease entity, with characteristics of both an immunolog-
ical and a neurodegenerative disorder (Stys et al., 2012). Research
into the causes of MS  is difficult, partially because a large dis-
crepancy exists between biological and clinical onset with patients

dx.doi.org/10.1016/j.jneumeth.2016.01.013
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Sigma-Aldrich, MO,  USA). After EAE induction, mice were moni-
tored daily, and weight and clinical status were recorded. A clinical
score was used as defined in Table 1. If an animal was  scored higher
than 2, gel packs and soft food pellets were provided. In addition,

Table 1
Scale for Clinical Score. During this experiment, all animals with a score higher than
2.0 were provided with gel packs and soft food pellets. If an animal reached a score
of  4.5, it was euthanized. Scores of 4 and above are rare, only animal reached 4.5
and was  euthanized.

Score Symptoms

0.0 None
0.5 Weakness of the tail.
1.0 Paralysis of the tail without weakness of the limbs.
1.5 Weakness of the limbs without paralysis of the tail.
2.0  Weakness of the limbs with weakness or paralysis of the tail.
2.5 Complete paralysis of one of the hind limbs, or weakness of

three or four limbs while retaining the ability to walk.
3.0  Complete paralysis of front or hind limbs, or weakness of three

or four limbs with the loss of walking ability.
3.5 Complete paralysis of the hind body, animal cannot turn its
R. van den Berg et al. / Journal of N

eveloping symptoms after years of subclinical disease. As more
ime passes, epidemiological or histological traces of any causative
actor will be harder to detect. Also, the processes leading to dis-
bility in MS  occur in the brain and spinal cord, areas of the central
ervous system (CNS) that are hard to probe or study at the micro-
copic level from the outside. The majority of MS  patients are
nitially diagnosed with relapsing-remitting MS,  a form of the dis-
ase in which short periods of attacks are followed by timeframes in
hich disease activity is nearly absent. Although almost all individ-
als eventually show progression to a continuously active form of
he disease as damage accumulates (Ebers, 2001; Tremlett et al.,
008). The variation seen in MS  patients supports the growing
onviction that MS  should be considered a collection of several
isorders with different causes and pathways involved, but with

 relatively similar set of symptoms as result (Lassmann, 2005).
All these challenges stress the importance of an accurate exper-

mental model for MS.  Ever since it was first described in the 1920s,
s a chance finding during vaccination trials (Koritschoner and
chweinburg, 1925), Experimental Autoimmune Encephalomyeli-
is (EAE) has been the most widely used model system for MS  (Mix
t al., 2010; Baker and Amor, 2015). In EAE animals are inoculated
ith myelin components, triggering an immune response against

he injected compound which also targets the native myelin sheath.
he resulting disease depends on the species and strain of animals
elected, as well as the molecule or cell used to evoke an immune
esponse and any adjuvants used to stimulate cell-mediated immu-
ity (Gold et al., 2006). Although EAE has greatly contributed to our
nderstanding of MS  (Baxter, 2007; Steinman and Zamvil, 2006),
everal disadvantages limit its use (Steinman and Zamvil, 2005;
ansohoff, 2012). The first and foremost of these is that in many
rotocols, EAE is an inflammatory disease of the CNS, only par-
ially mimicking the neurodegenerative process seen in MS  (Sriram
nd Steiner, 2005). Another concern involves the type of immune
esponse, which in rodent EAE is mainly CD4+ T-cell mediated,
hile active MS  lesions in human patients tend to show a higher

nvolvement of CD8+ cells (Friese and Fugger, 2009; ’t Hart et al.,
011).

EAE is not a trivial experimental procedure, and the consis-
ency of measurements can vary depending on the experience of
he person who implements the complex protocol (Stromnes and
overman, 2006). Even seemingly minor decisions -such as the
djuvant used for immunization (Smith et al., 2011) and the dose
nd timing of pertussis toxin- will influence the disease course.
imilar attention should be paid to the acquisition and analysis of
esults (Baker et al., 2011). It is common for EAE experiments to
easure disease severity using a clinical score running from 0 to

, with 0 indicating no symptoms and 5 death (e.g. Kassiotis et al.,
999). This scale is observer-dependent, non-linear and produces a
ategorical variable, implying that any statistical analysis involving

 mean score has to be interpreted with caution (Baker et al., 2014).
wo animals with a mean score of 2.5 can both be moderately sick
r one animal is dead while the other shows no symptoms. Rep-
esenting the results of an EAE experiment accurately requires a
horough statistical analysis (Fleming et al., 2005). Failure to take
he proper precautions may  contribute to publication bias (Tsilidis
t al., 2013).

In the field of neuroscience, it has been common for several
ecades to measure motor performance of rodents using a rotarod,

 bar rotating at a slowly increasing speed. The animal is forced
o increase its walking speed to keep up with the bar, until it can
o longer maintain its balance and drops on a switch, connected
o a clock. The latency time to fall can then be used as an objec-

ive and non-invasive measurement of motor performance (Jones
nd Roberts, 1968). As common as this method is in neuroscience,
elatively few studies have explored its application in EAE (Jones
t al., 2008; Al-Izki et al., 2012; Moore et al., 2014). In this paper,
ience Methods 262 (2016) 66–76 67

we demonstrate the use of a rotarod to evaluate the results of EAE
induction in mice. We  compare the rotarod measurements to a clin-
ical score as well as to the number of inflammatory lesions found
in the spinal cord of these animals. Using a set of definitions for
crucial disease events based on clinical score and rotarod, we also
provide a quantifications of EAE disease course over time. The clin-
ical impact of any CNS lesion is determined by its location as well as
its size, where a minor lesion in a critical system can lead to severe
clinical disability. Furthermore, we  develop a novel image analysis
approach in which for each spinal cord lesion the information on
anatomical context is preserved, allowing for a better understand-
ing of the three-dimensional distribution of inflammatory lesions
and their relation to clinically observed disease severity.

2. Materials and methods

2.1. Ethics statement

All animal experiments were performed in compliance with
the guidelines for the welfare of experimental animals issued by
the Government of The Netherlands. All animal experiments were
approved by the Animal Ethical Review Committee (DEC) of the
Erasmus Medical Centre under protocol number 128-12-01. All
experiments were performed in the animal facilities of the Erasmus
Medical Centre.

2.2. EAE induction and assessment

C57BL/6Tac animals were originally obtained from Xenogen Bio-
sciences (currently: Taconic Farms, Inc. NJ, USA). At the start of
experiments, the strain had been in our facility for four genera-
tions. Animals were housed in specified pathogen-free conditions.
Both male and female animals were used for the experiments. The
mice were 12 weeks old at the start of the experiment, all animals
were born within 3 days of eachother. EAE was induced by subcuta-
neous immunisation at 4 sites in the flanks with 200 �g MOG35−55
peptide in total, emulsified in CFA (Difco/Voigt, Lawrence, KS, USA)
on day 0 as described previously (Stromnes and Goverman, 2006).
500 �g heat-killed Mycobacterium tuberculosis H37RA (Difco/Voigt,
Lawrence, KS, USA) was  added per 100 �l CFA to evoke a better
immune response and more extensive neuropathology. At day 0
and 2 mice were injected i.p. with 150 ng pertussis toxin (PTX,
body.
4.0 Complete paralysis of front and hind body.
4.5 Complete paralysis with inability to eat and drink.
5.0 Death due to experiment.
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(Fig. 1E) are quite similar when defined according to clinical score
or rotarod performance, only a few animals are considered moder-
ately sick according to rotarod performance (Fig. 1D). This becomes
even more apparent when calculating the predictive value of

Table 2
Disease severity criteria. Definitions used to divide clinical score and rotarod per-
formance into categories.
8 R. van den Berg et al. / Journal of N

rom day 6 onward motor performance was tested daily using a
otarod device. On day 28, animals were humanely euthanized and
erfused with 4% paraformaldehyde.

.3. Rotarod test

Animals were trained to walk on the accelerating rotarod (Ugo
asile 47600, Milan, Italy). The rotarod consists of a cylinder with

 diameter of 3 cm on which 5 animals can run simultaneously,
eparated by panels of sufficient size to prevent the animals from
etecting each other visually. The speed of the rod was  linearly

ncreased from 4 rpm to 40 rpm during 300 s, after which the ani-
als were returned to their cages. When the animal was not

apable of maintaining its balance and fell of the device, it triggered
 sensor and the time was recorded. The first week of the experi-
ent, before the onset of symptoms, was used to train the animals

n the use of the device and to obtain baseline values. Animals were
ubjected to the rotarod on a daily basis, unless they were unable
o move due to paralysis of the limbs (EAE score higher than 3), in
hich case their latency time was recorded as 1 s.

.4. Histology

After perfusion with 4% paraformaldehyde, the brain and spinal
ord were extracted and embedded in paraffin using an automated
icrom HMP110 paraffin tissue processor. Paraffin material was

ut into 5 �m thick coronal (brain) or transverse (spinal cord)
ections. Prior to staining, sections were deparaffinised in xylene
nd rehydrated in ethanol of decreasing percentage (from 100%
o 70%) followed by rinsing with distilled water. Histochemical
taining was performed according to Klüver and Barrera (1953).
n short, sections were stained overnight with Luxol Fast Blue
olution (Sigma–Aldrich) at 60◦ and rinsed in 95% ethanol and dis-
illed water. To wash away non-specific labelling, sections were
insed with a 0.05% lithium carbonate solution (Sigma–Aldrich) and
ashed with 70% ethanol. Sections were then stained with a 0.5%

osin-Y solution (Sigma–Aldrich), washed with distilled water and
tained with a 0.25% Chresyl Echt Violet solution (Chresyl violet
cetate, Sigma–Aldrich). After these stainings, slides are rinsed with
istilled water, dehydrated using an ethanol series with increasing
ercentage (80–100%), followed by two washes with xylene.

.5. Computational analysis of spinal cord sections

Slices were imaged on a Zeiss Axioskop upright microscope with
.5× and 10× objectives. Processing was performed using the tools
vailable in the open source image analysis package FIJI (Schindelin
t al., 2012). All images were aligned to a line from the gracile fas-
iculus through the central canal to the ventral fasciculus with the
orsal side facing up. The contours of the white matter, the grey
atter and any lesions present in the slice were manually tracked

n FIJI using the multipoint selection tool, resulting in a table of coor-
inates. These coordinates were loaded by a custom script written

n R (R Core Team, 2014) and converted into areas for which both
he absolute surface and for each lesion its area relative to the white

atter was calculated. All images from a single animal were aligned
ccording to their position in the paraffin block and matched by
ye with the corresponding element from the reference series to
etermine the spinal cord segment.

.6. Statistical analysis
All statistical analysis was performed in R (R Core Team, 2014).
ariables following a normal distribution were compared using
elch two sample t-test. Count or proportional data, such as the

isease categories and time points were compared using Fisher’s
cience Methods 262 (2016) 66–76

exact test for count data. Linear correlations were tested using Pear-
son’s product-moment correlation, except for the relation between
initial weight and clinical score/rotarod performance (Fig. 4D and
E), where a linear model was fit to the data predicting either maxi-
mal  clinical score or minimal rotarod performance based on gender
and weight. An analysis of variance (ANOVA) was then performed
to determine the significance of the gender and weight terms. To
determine the best description for the relation between clinical
score and rotarod performance (Fig. 1G), a two-step approach was
used. By eye, the shape of the curve suggested a logistic decay func-
tion. In the first round, a brute force algorithm (Grothendieck, 2013)
was used to get an initial estimate of the fit parameters. In the sec-
ond round, these estimated values were used as starting points for
a nonlinear least-squares estimate of the optimal parameters. The
optimal fit was  achieved when assuming a limit of 286 s rotarod
performance, an EC50 midway point at a clinical score of 1.79, and
slope coefficients of −0.08 and −5.21.

3. Results

3.1. Clinical score and rotarod performance show excellent
correlation in a non-linear fashion

For the methodological purposes of this study and guided by the
IACUC, a single large EAE experiment was  designed using both male
and female mice, with a modified induction protocol to enhance
neurological damage. The same experiment was  co-opted to assess
whether knocking out the molecular motor protein Kif1b affected
EAE (Van den Berg et al, manuscript in preparation). During the
course of EAE, all animals were scored daily by the same individ-
ual. To avoid an observer-expectancy effect, a coding system was
used to keep the observer unaware of animal identity and score
of the previous day. A classic and validated clinical EAE scale from
0 to 5 was  used, as described in Table 1. At the same time each
day, all animals were placed on the rotarod and latency time to
fall was measured. Approximately 7 days after induction, the first
animals started to develop symptoms (Fig. 1A). During the first few
days, animals need to get used to the rotarod, leading to a predicted
initial increase in performance. All animals reached maximum per-
formance before onset of symptoms. Ten days after induction, an
increase in clinical score is mirrored in a decrease in rotarod latency
time. (Fig. 1B).

It should be noted that a significant fraction of the animals in
which EAE had been induced did not develop symptoms. The choice
of whether or not to include these animals in the analysis signif-
icantly influences the outcome of the experiment, as illustrated
by the two curves in Fig. 1A and B. To circumvent this issue, the
score and rotarod results for each day where converted to a cat-
egorical variable according to the criteria shown in Table 2. The
number of animals assigned to each category as a fraction of the
total population can then be used as a more informative readout
of disease severity compared to only mean values. Although the
patterns for the categories ‘asymptomatic’ (Fig. 1C) and ‘severe’
Category Clinical Score Rotarod Performance

Asymptomatic 0.0 >250 s
Moderate 0.5–2.5 150–250 s
Severe >2.5 <150 s
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Fig. 1. Rotarod motor performance is highly correlated to clinical score. (A) Average clinical score per day for all animals (black) and only the animals that develop symptoms
(red).  (B) Average rotarod performance in seconds for all animals (black) and only the animals that develop symptoms (red). The increase in clinical score around day 12
corresponds to a decrease in rotarod performance. (C–E) To get a more meaningful estimate of the variation in disease intensity over time, animals were classified into three
categories. The plots show the fraction of the total population which shows no symptoms at all (C), moderate (D) or severe symptoms (E) according to either the clinical
score  (black) or the rotarod performance (red). Rotarod performance and clinical score show a similar pattern for asymptomatic and severely sick animals, but differ in their
classification of moderately sick animals. As predicted, the fraction of asymptomatic animals according to rotarod performance is not 1 at the start of the experiment, due
to  the learning curve the animals are experiencing while first using the device. (F) Table of concordance between clinical score and rotarod. On each day the animals were
observed and classified as ‘asymptomatic’, ‘moderately sick’ or ‘severely sick’ according to the definitions described in the text. There is a high level of agreement between
clinical score and rotarod performance, with the notable exception of the clinical score category ‘moderately sick’. PPV indicates positive predictive value, the number of true
positives  divided by the total number of observations, in this situation using the other test (clinical score or rotarod) as gold standard. (G) There is a non-linear correlation
between clinical score and rotarod performance, best fitted using a logistic decay function. Rotarod performance is not affected in the lower clinical scores, but rapidly
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ecreases at scores higher than 1. Solid blue line indicates optimal nonlinear least s
5%  confidence interval.

linical score for rotarod performance. When an animal is cate-
orised as ‘asymptomatic’ according to the clinical score, there is

 0.95 probability it will be similarly categorised according to the
otarod performance. In contrast, if the clinical score of an animal
esults in a classification of moderately sick, the probability that its
otarod performance falls in the same category is only 0.19 (Fig. 1F).
his discrepancy can be explained by the distinctively non-linear
orrelation between clinical score and rotarod performance, which
an best be described using a logistic decay function (Fig. 1G). Over
he clinical score interval of 1.5–2.5 there is a rapid decrease in

otor performance as measured by rotarod. While animals with a

linical score lower than 1.5 usually retain maximum rotarod per-
ormance and animals with clinical score over 2.5 are barely able
o walk the rod, all loss of motor function takes place in the small
nterval between score 1.5 and 2.5.
s fit, dashed lines indicate 95% confidence interval. Error bars in A–B and G indicate

3.2. Analysing the natural history of EAE

The use of categories provides a more accurate representation of
disease severity when compared to solely presenting a mean value.
A similar approach can be used to analyse the chronological pro-
gression of disease. We defined four pivotal events in the natural
history of EAE, according to both clinical score and rotarod (Table 3).
These definitions were applied to the disease course of the animals
included in the experiment, resulting in the corresponding dates for
each event (applied to an individual animal in Fig. 2A and B, to the
entire population in Fig. 2C and D). Clinical score and rotarod are in

agreement on the time point of most of the events, with the largest
discrepancy in the median observed for recovery (Fig. 2E, Table 4).
When comparing the date for each individual event according to
rotarod performance and clinical score, a strong linear correlation
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Table 3
Criteria used to define disease events.

Event Clinical Score Rotarod Performance

Onset Day 1 in a period of at least 3 days with clinical score >0. Day 1 in a period of at least 3 days with rotarod performance
lower than the maximum score during the first week of testing.

Maximum Day on which the maximum clinical score is recorded. Day at which the minimal rotarod performance is observed.

Remission A period of at least 3 consecutive days after the disease
maximum in which the animal shows a decreasing or equal
score, with at least two  of the days showing improvement.

A period of at least 3 consecutive days after the disease
maximum in which the animals shows an increasing or equal
rotarod performance, with at least two  of the days showing
improvement.

Recovery A period of at least 3 consecutive days after the disease
maximum in which the animals scores 0.

A period of at least 3 consecutive days after the disease
maximum in which the animal achieves a rotarod score of at
least 90% of the maximal performance before disease onset.
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Fig. 2. Major disease events according to rotarod and clinical score. (A) and (B) Disease course for one typical animal illustrating the different disease events as defined in
the  text, according to clinical score (A) and rotarod performance (B). Although this animal shows clear signs of recovery, it never fulfils the criteria for complete remission
according to clinical score. (C) and (D) Disease course for all animals with time points for disease events shown on top. Although the patterns for clinical score (C) and rotarod
performance (C) are highly similar, complete remission is much more rare according to clinical score. (E) Median time to disease event according to clinical score (black) and
rotarod  performance (red), horizontal bars indicating the median. All event definitions are reached either on the same day or with one day difference, with the exception of
recovery. (F) Correlation between date according to clinical score and rotarod performance for each individual event. If positioned on the middle grey line, a disease event
takes  place on the exact same day according to both clinical score and rotarod performa
excellent correlation, with the notable exception of recovery. The NA mark on the axes i
measurements.

Table 4
Days post-induction to disease events. Date values indicate median and range in
days post-induction. P-values indicate the probability assigned by Fishers’ exact
test for count data to the hypothesis that the date of the event is independent of the
measurement method chosen, i.e. clinical score or rotarod.

Event According to Score According to Rotarod P-value

Median Range Median Range

Onset 13 (9–19) 14 (8–19) 0.21
Maximum 16 (14–28) 15 (13–27) 0.63
Remission 17 (15–24) 17 (15–24) 0.99
Recovery 26 (21–27) 23 (17–27) 0.89
nce, with both parallel lines indicating plus or minus one day. All events show an
ndicates that the criteria for this event was fulfilled according to one but not both

is observed (Fig. 2F, � = 0.87, P< 0.001, Pearson’s product-moment
correlation). Of all events (N = 79), 51.9% is assigned to the same
date according to rotarod performance and clinical score, with an
additional 25.3% showing a difference of a single day. In 9.2% of the
cases, a disease milestone – mainly recovery – is reached accord-
ing to rotarod performance, but not according to clinical score. The
opposite is true in another 9.2%, where clinical score predicts an

event – onset of disease – that does not take place according to
rotarod performance. In these cases, an animal experiences a tem-
porary weakness or paralysis of the tail, without a drop in motor
performance.
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Fig. 3. Gender strongly influences severity of EAE. Male animals experience a more severe form of EAE compared to females, both according to clinical score (A) and as
measured by rotarod performance (B). A significantly larger fraction of male animals reaches a clinical score of 4.0 compared to female animals (C) and are no longer able to
walk  the rotarod (D). This difference is only present when considering disease severity, not when analysing duration or speed of onset. All disease events are reached on the
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ame  day or within one day of each other by both male and female animals (E). Erro
orrecting for multiple comparison using Bonferroni’s method: * = p< 0.05. Horizon

.3. EAE is more severe in males, but follows the same time
attern

The susceptibility to MS  as well as the disease course dif-
er substantially between men  and women (Schwendimann and
lekseeva, 2007; Bove and Chitnis, 2014). A similar disparity has
een observed for male and female animals subjected to EAE
Massella et al., 2012). In humans, although women have an approx-
mately two- to threefold higher risk of developing MS,  the disease
ends to be more rapidly progressive in men  (Bove and Chitnis,
013). In our animals, we observed a similar pattern, with a more
evere disease course in males compared to females according to
oth clinical score (Fig. 3A) and rotarod performance (Fig. 3B). A
ignificantly larger fraction of the male animals reached a maxi-
um  clinical score of 4.0 compared to the female animals (Fig. 3C,

 = 0.03), and only 9 out of 28 (32.1%) female animals reached a
inimum rotarod latency time of less than 25 s, compared to 14

ut of 18 (77.8%) male animals (Fig. 3D, P = 0.04). This gender dis-
arity is limited to the severity of disease, there is no difference

n time to reach any of the disease milestones (Fig. 3E). No differ-
nce in susceptibility to EAE was observed. In both gender groups
ome animals did not develop EAE, with no significant differences
etween the groups.

.4. Weight at disease onset does not influence EAE outcome

Another commonly used indicator of disease is weight (Fleming
t al., 2005), which has the advantage that it can be measured
bjectively with minimal stress to the animal. A disadvantage
an be that weight at the start of the experiment varies greatly

etween individual animals and can differ between experimental
roups. Also, since weight loss depends on the metabolic response
f the animal to the stress associated with EAE, the magnitude of
he weight loss is only indirectly related to disease intensity. We
 in (A) and (B) indicate 95% confidence interval, asterisks indicate significance after
es in (E) indicate the median.

observed a highly significant linear correlation between weight and
clinical score (Fig. 4A, � = −0.11, P = 1.33 × 10−7) and rotarod per-
formance (Fig. 4B, � = 0.12, P = 2.3 × 10−4), independent of gender.
As expected, male animals are significantly heavier at the start of
the experiment with a mean weight of 25.1 g versus 19.4 g for the
female animals (Fig. 4C, P = 2.8 × 10−12). This might raise the ques-
tion if this weight difference plays a role in the gender disparity in
disease intensity. However, no correlation exists between weight
before the start of the experiment and the maximum disease inten-
sity, both according to clinical score (Fig. 4D, P = 0.82) and rotarod
performance (Fig. 4E, P = 0.90). Although limited by its high vari-
ance, weight can be used as a marker for disease progression. The
weight of an animal at the start of an EAE experiment does not
predict disease severity.

3.5. Both rotarod performance and clinical score correlate with
the area of inflammatory lesions

Although non-invasive measurements can teach us a great deal
about the severity and time course of EAE, the gold standard
remains histological analysis. However, little research has been
performed correlating clinical score to histological evidence of CNS
damage. The available evidence suggests that the correlation with
atrophy in the spinal cord might only be weak (Källen and Nilsson,
1986), although a stronger correlation exists with brain atrophy
(Paz Soldán et al., 2015). Interestingly, a similar disparity between
clinical signs and damage visible on MRI  exists in MS  patients
(clinic-radiological paradox), possibly related to the inability of MRI
to reliably and quantitatively visualise axonal damage (Rocca et al.,
2013). To determine the correlation between our clinical measure-

ments and the damage to the nervous system, the spinal cords from
a representative subset of animals (N = 12) were embedded in paraf-
fin and used to generate a series of microscopy slides covering the
entire extent of the spinal cord. These slides were stained using the
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rotocol provided by Klüver and Barrera (1953), a method deploy-
ng luxol fast blue and eosin Y to chemically stain myelin, neuropil
nd neurons. Loss of luxol fast blue staining does not represent
ure demyelination, but is more often the result of the combi-
ation of demyelination, axonal loss and immune cell infiltration
Baker et al., 2011). The correlation between loss of luxol fast blue
nd axonal degeneration has been confirmed using in vivo imaging
tudies (Kim et al., 2006; Budde et al., 2009).

The resulting stained slides were imaged in a systematic manner
nd manually traced, resulting in a list of coordinates for the outline
f the white matter, the border between white and grey matter and
he boundary of inflammatory lesions, if present. These resulting
utlines were matched to an anatomical atlas of the spinal cord
Watson et al., 2009) to determine the exact segment of the spinal
ord the slide was located in, as well as the anatomical structure
hich each of the inflammatory lesions occupied (Fig. 5A1−3). Using

 custom written script in the programming language Python, the
oordinate list was loaded into the open source animation suite
lender (Blender Online Community, 2015) to create a data-driven
isualisation of the three-dimensional organisation of the lesions
Fig. 5B and C).

In agreement with previous reports, we find a large variation in
he amount of histological damage, both between animals but also
long the spinal cord of individual animals. Within the same animal,
arts of the spinal cord can be covered with lesions (Fig. 5B), while

 different section located only a few segments away in caudal
irection can show virtually no lesions at all (Fig. 5C). Still, a sig-
ificant correlation can be found between the mean percentage of
hite matter containing lesions and both the clinical score (Fig. 6A,

 = 0.70, P = 0.01) and the rotarod performance (Fig. 6B, � = −0.61,
 = 0.04). However, it should be observed that these numbers are
ased on the assumption of a linear correlation, an assumption

hat is hard to confirm given the high variability. Although the
mount of damage within one individual can vary from 0 to 50%
f the white matter containing inflammatory lesions in the span of

 few spinal cord segments, it appears there are some ‘hot spots’
ts (one for each animal on the first day) were used for panels C–E. Error bars in C

in the spinal cord with a somewhat higher probability of contain-
ing inflammatory lesions. The most easily visible of these is located
from approximately L3 to S2, the region of the spinal cord inner-
vating the hind limbs (Fig. 6C).

3.6. Inflammatory lesions are located in every section of the
white matter, close to the pia mater

A total of 444 lesions were detected in 12 animals. For each
lesion, the anatomical structure it occupied and the spinal cord seg-
ment in which it was  located was  determined. If the lesion crossed
the border between two anatomical structures, it was excluded
from further analysis (N = 43/9.7%, all of these lesions crossed the
boundary between anterior and lateral funiculus). Since many
anatomical structures only contained one or two lesions, the counts
were aggregated into three funiculi. The posterior funiculus con-
tained counts from the gracile fasciculus, the dorsal corticospinal
tract and the cuneate fasciculus. The lateral funiculus included
the counts from the rubrospinal tract, the lateral corticospinal
tract, the lateral spinal nucleus and the lateral cervical nucleus,
while the anterior funiculus contained the anterior spinothala-
mic, olivospinal and vestibulospinal tracts. The absolute number
of lesions detected was  approximately equal for the lateral and
anterior funiculus and nearly halve this amount for the posterior
funiculus (Fig. 6D). To get an estimate of the relative surface area
of each of the anatomical subdivisions, the anatomical atlas used
as a reference (Watson et al., 2009) was  traced in a similar manner
as the microscopy slides. When correcting the lesion counts for the
relative area of each of the funiculi, a minor preferential localisation
in the posterior funiculus appears, which is significant compared to
the anterior funiculus (P = 0.006), but not compared to the lateral
funiculus (P = 0.07). Interestingly, the tracts located in the poste-

rior funiculus are involved in the transmission of information on
fine touch, pressure and vibration, properties that are not tested
in the clinical score and only mildly relevant for rotarod perfor-
mance. It is therefore not surprising that when only the lesions in
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hown  in (B) and (C), which show two spinal cord segments from the same animal.
nd  anterior funiculus, while at low thoracic level, only a few lesions are visible.

he motor systems are considered, the correlation with both clini-
al score and rotarod remains the same, while the quality of the fit
mproves (Fig. 6H and I). No significant correlation exists between
he amount of damage in the posterior funiculus and clinical score
� = 0.35, P = 0.26) or rotarod performance (� = −0.23, P = 0.46, plots
ot shown).

To determine the relation between the position of the inflam-
atory lesions and the distance to the outer border of the spinal

ord formed by the pia mater, a number of random points were
enerated within the area of the lesions and the minimal distance
o the pia mater was calculated for each point. A similar samp-
ing was performed on the white matter (Fig. 5A2). This method

as chosen to take the irregular shape of the lesions into account,
hich would make a distance calculation based on centroid highly

naccurate. The average point within the inflammatory lesions is
ocated 0.18 mm away from the pia mater, 2 times closer than the

hite matter as a whole (Fig. 6F, P< 0.001). This proximity to the
ia mater is reflected by an increased distance to the boundary
etween white and grey matter, increased from 0.34 mm for the
hite matter as a whole to 0.57 mm for the lesions (Fig. 6G, P<
.001). This subpial preferential localisation of lesions could sug-
est that meningeal inflammation plays a role in the pathogenesis
f EAE, as has been suggested previously based on findings in the
erebral cortex (Errede et al., 2012; Kramann et al., 2015).
 low lumbar and high sacral region, inflammatory lesions cover most of the lateral

4. Discussion

Driven by the need for developing and evaluating neuroprotec-
tive therapies to ameliorate disease progression in MS, multiple
attempts have been made to improve the assessment of neuro-
logical impairment seen in EAE (e.g. Buddeberg et al., 2004; Jones
et al., 2008). The rotarod performance test provides an objective
measurement of motor skills with a high level of inter-rater reli-
ability. While the clinical score results in an ordinal variable, the
rotarod provides a discrete numerical outcome (length of time till
fall). In this study, we validated the usefulness of the rotarod to eval-
uate the course of EAE by comparing it to a commonly used clinical
score and comparing both to the amount of damage observed in
the spinal cord of the mice. Although there is an excellent negative
correlation between neurological disability as determined using
a clinical scale and the ability of the animal to maintain its bal-
ance on the rotarod, this relationship is decisively non-linear. It
closely resembles a Gompertz curve, a commonly used mathemat-
ical model for a time series with slow growth at start and end of an
interval, but fast growth in the middle (Gompertz, 1825; Winsor,

1932), used for example in Chatterjee et al. (2015). When provided
with a negative exponent, this curve can be used to model a logistic
decay process. Using this model, we  find that motor performance
barely decreases when neurological disability is scored below 1.5,
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Fig. 6. Lesion load shows a high inter- and intraindividual variability. Animals with a higher percentage of the white matter covered with inflammatory lesions tend to have
reached higher clinical scores (A) and showed a shorter rotarod latency time (B). However, there is a large variability in the relative percentage of lesions between animals
as  well as within the spinal cord of the same animal. (C) Distribution of relative lesion load along the spinal cord, each colour indicating one individual animal. MO = medulla
oblongata. (D) Although every part of the white matter can be affected by inflammatory lesions, most lesions are present in the anterior and lateral funiculus, with a smaller
number  located in the posterior funiculus. (E) When corrected for the relative size of these anatomical structures, there appears to be a significantly higher lesion load in
the  posterior funiculus. Inflammatory lesions are preferentially located in the periphery of the white matter, in close proximity to the pia mater (F). G–H Recalculating the
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eflecting the fact that the criteria for these scores are mainly aimed
t tail dysfunction. In contrast, the score interval from 1.5 to 2.5
hows a rapid decay of motor skills as measured using the rotarod.
his part of the clinical disability scale seems to reflect a transitional
tate, since only a very small number of animals reach a maximum
core in this interval (Fig. 3C). Animals either progress to a higher
isability score or improve. If they progress and reach a clinical
core of 3, the paralysis of the front or hind limbs will minimise their
bility to use the rotarod. Therefore, while the rotarod provides an
bjective and quantitative measure of disability, a well-chosen clin-
cal scale still has an added value in the intervals where the ability
f the animal to walk the rotarod is either unaffected or, on the high
nd of the scale, very limited. However, we have also found that the
elation between clinical score and the motor skills as measured
sing rotarod is not linear. A one-unit increase in clinical score is
ot reflected by a similar sized decrease in rotarod performance,
trongly suggesting that the clinical score is an unequally spaced
rdinal variable. Comparing mean clinical score between groups, as
s commonly used in the EAE field, is based on the assumption that
he measured categories reflect an underlying continuous variable.
ince this is assumption is apparently not valid, analysis of clinical
core using statistical tools developed for numerical variables can
ead to artefacts (Bollen and Barb, 1981).

The majority of studies published on EAE focuses on disease

ntensity only. Clearly defined disease milestones (see Table 3)
llow quantifying the time course of EAE as well as its severity.
oth a clinical scale and the rotarod performance are useful to this
nd. The clinical score is more sensitive to mild cases of EAE not
he damage in the ventral and lateral columns, containing the motor tracts, provides
rmal appearing white matter. Error bars in (A) and (B) and (E)–(H) indicate standard

affecting motor performance, where the animal’s ability to walk
the rotarod is not affected. The rotarod on the other hand is better
suitable to monitor the slow recovery experienced by most animals.
This method of analysing disease course is not unlike the common
practice of measuring MS  progression over time using Kurtzke’s
Expanded Disability Status Scale (EDSS) (Kurtzke, 1983). Interest-
ingly, several recent studies have suggested that a clinical test with
a high similarity to the rotarod, gait analysis, could provide a prog-
nosis of disability progression in MS  (Hamilton et al., 2009; Flegel
et al., 2012; Socie et al., 2013).

As in MS  patients, we observed a large gender disparity in EAE
severity in our mice. This gap only affects the magnitude of dis-
ability, not its progression over time. A similar effect was recently
reported in a rat EAE model (Nacka-Aleksić et al., 2015). Although
gender might be an unwanted confounder in most EAE experi-
ments, the fact that a gender gap exists in EAE could be used to
study the still unexplained female predominance seen in MS.  It
could also help to study the phenomenon that the reported female
to male ratio in MS  patients has been constantly increasing over
time (Dunn and Steinman, 2013). The available research suggest
that at least part of the difference is caused by hormonal influ-
ences, with female animals being more severely affected depending
on the phase of their cycle (Rahn et al., 2014). Other studies have
pointed at the role of genes on the sex chromosomes, both in

the central nervous system and in the immune system (Du et al.,
2014). Although including both genders in EAE experiments has
the disadvantage of increased variability within groups, it is a nec-
essary step to enhance our knowledge on sex differences in MS.
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urthermore, in some countries regulatory bodies object against
sing only a single gender, necessitating sacrifice without experi-
ent of the second gender.
The second major finding of this study provides a method for

uantifying the amount of CNS damage in EAE. To this end, inflam-
atory lesions are measured while taking their three-dimensional

urroundings into account, preserving information on all spinal
ord segments and the and anatomical structures these lesions
ccupy. In most EAE studies, the number or relative area of inflam-
atory lesions is used as a measure for CNS pathology. However,

 small lesion located in a critical system like the corticospinal
ract will contribute disproportionally to disability. On the other
and a large lesion in a system with more redundancy such as the
pinocerebellar tracts might not result in any clinical signs.

We now demonstrate a correlation between the magnitude of
isease as measured using a clinical scale or rotarod performance
nd damage in the spinal cord. Importantly, this correlation is
ntirely based on damage to the lateral and ventral spinal cord.
hese parts contain amongst others the fibres forming the pyra-
idal and extrapyramidal tracts, responsible for controlling motor

unctions. Lesions in the posterior system, mainly involved in con-
eying sensory information, did not contribute to the correlation
etween neurological disability and histological damage. We sug-
est that adding a measure for sensory disability to the clinical test
attery will provide a better estimate of CNS pathology. Several
tudies have been performed on neuropathic pain in EAE (Tian et al.,
013) and various sensory deficits have been reported to occur
Thibault et al., 2011). However, such measurements cause consid-
rable stress to the animals. There is no method currently available
or measuring vibration sense in rodents, although a recently pub-
ished quantitative measurement using paw retraction in response
o cold (Duraku et al., 2014) could be used. However, such a mea-
urement would presumably be subjected to the same limitation
s the rotarod. Animals which are too sick to walk the rod will also
e unable to retract their paws in response to stimuli, prohibiting
se in severely affected animals.

As previously suggested by other authors (Jones et al., 2008),
he dorsal column of the spinal cord sustains a relatively large
mount of damage compared to its size. Various explanations can
e brought forward and should be explored, such as proximity to
lood vessels, organisation of the meninges, and a possible pref-
rential localisation in ascending versus descending fibre tracts.
owever, this relatively small preference might also be related

o a higher axon density in the dorsal column compared to the
entral and lateral columns, as observed using quantitative MRI
Cohen-Adad and Wheeler-Kingshott, 2014). Inflammatory lesions
re preferentially located near the edge of the white matter, close
o the pia mater, supporting the hypothesis that the meninges can
unction as an entrance point for immune cell infiltration into the
entral nervous system (Polfliet et al., 2002; Walker-Caulfield et al.,
015). The peripheral accumulation of damage might also explain
he frequent observation that disability starts in the hind limbs of
nimals. Several key systems in the spinal cord, including the pyra-
idal tract, share a somatotopical organisation in which the fibres

rom the sacral spinal cord segments are located on the outside and
bres from the cervical cord on the inside. The subpial localisation
f lesions suggests that the function of the axons associated with
he sacral and lumbar spinal cord segments is impaired first, while
he thoracic and cervical fibres are preserved.

Overall, the workflow outlined in this paper provides a system-
tic method of quantifying neurological disability in EAE, both in
agnitude and in terms of disease course. The severity of disease
an be correlated to the area of inflammatory lesions found in the
otor systems of the spinal cord. Our findings also emphasize the

mportance of gender as an influential factor, determining disease
everity in EAE as it does in MS.  Finally, we have shown that when
ience Methods 262 (2016) 66–76 75

studying damage to the CNS, lesion size and location is vital in order
to link clinical signs to histopathology. In this manner, the vast
immunological experience acquired using EAE can be combined
with knowledge and techniques from the fields of neuroscience
and experimental neurology, further upgrading EAE into a more
accurate model for studying the neurodegenerative aspects of MS.
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