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Antecedent presentation of
neurological phenotypes in
the Collaborative Cross reveals
four classes with complex sex-
dependencies
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Colin R.Young?, James J. Cai?, Kranti Konganti®, Andrew Hillhouse?, David W. Threadgill ®*,
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Antecedent viral infection may contribute to increased susceptibility to several neurological diseases,
such as multiple sclerosis and Parkinson’s disease. Variation in clinical presentations of these diseases
is often associated with gender, genetic background, or a combination of these and other factors.

The complicated etiologies of these virally influenced diseases are difficult to study in conventional
laboratory mouse models, which display a very limited number of phenotypes. We have used

the genetically and phenotypically diverse Collaborative Cross mouse panel to examine complex
neurological phenotypes after viral infection. Female and male mice from 18 CC strains were evaluated
using a multifaceted phenotyping pipeline to define their unique disease profiles following infection
with Theiler’s Murine Encephalomyelitis Virus, a neurotropic virus. We identified 4 distinct disease
progression profiles based on limb-specific paresis and paralysis, tremors and seizures, and other clinical
signs, along with separate gait profiles. We found that mice of the same strain had more similar profiles
compared to those of different strains, and also identified strains and phenotypic parameters in which
sex played a significant role in profile differences. These results demonstrate the value of using CC mice
for studying complex disease subtypes influenced by sex and genetic background. Our findings will be
useful for developing novel mouse models of virally induced neurological diseases with heterogenous
presentation, an important step for designing personalized, precise treatments.

Prior viral infection is known or suspected to contribute to several neurological conditions, including multiple
sclerosis (MS)!~%, amyotrophic lateral sclerosis (ALS)!%-!2, Parkinson’s disease (PD)!*-%°, and epilepsy?!"*. In each
of these diseases, the neurological effects of viral infection are variable among individuals, suggesting genetic
background of the host influences the neurological sequelae. Precisely defined neurological phenotypes are nec-
essary for genetic association studies to identify genetic effects and to reveal mechanisms.

Human studies have revealed different phenotypic subtypes in each of several neurological diseases. For exam-
ple, PD subtypes can be tremor-dominant, akinetic-rigid, or mixed; each subtype is associated with different
rates of disease progression and long-term prognoses®*-2°. MS can be categorized as relapsing-remitting or pro-
gressive”, with additional subtypes defined by clinical symptoms including clinically or radiologically isolated
syndromes and secondary progressive MS. Such classifications are important to determine the most effective
treatment regimen, and in some cases to identify prognostic biomarkers e.g.,2%. Disease subtypes are likely to arise
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from different contributing factors, including type of viral infection, sex of the affected individual, and interac-
tions with genetic background.

Mice can be effective models for human diseases because genetic and environmental factors, biochemical
mechanisms, and disease phenotypes are often similar in both species. Mice have contributed significantly to
studies of human neurological diseases, via experiments using conventional inbred or genetically modified mouse
strains (such as knock-out/knock-in models). Furthermore, numerous phenotyping methods are available for
assessing the neurological functions of mice, longitudinal testing in mice is feasible and economical, and multiple
states of disease progression can be readily tracked over time. However, limitations and caveats for using mice
as models of human disease are a concern. Laboratory strains of mice used for research are frequently inbred,
producing experimental reproducibility at the expense of reduced genetic and phenotypic heterogeneity. The
Collaborative Cross (CC) mouse resource was developed to address this limitation. The different strains of the
CC were derived from intercrosses of 8 founder strains, including 5 conventional inbred and 3 wild-derived
strains, crossbred such that each resulting CC strain is genetically and phenotypically distinct, is reproducible,
and contains a level of genetic diversity more typical of an individual human. CC panels of mouse strains feature
the reproducibility of inbred strains and the genetic diversity of an outbred population®*.

The CC is useful for modeling neurological conditions caused by Theiler’s murine encephalomyelitis virus
(TMEV)*.. TMEV is a neurotropic virus that may cause seizures and epilepsy, demyelinating disease similar to
MS, or other phenotypes, depending on the genetic background of the host mouse strain®-**. In this study, we
test the hypothesis that the CC strains could be used to develop precise neurological profiles of TMEV-infected
mice - similar to subtypes observed in human neurological diseases.

We used a battery of neurological phenotyping protocols to define the comprehensive phenotypic profiles
of TMEV-infected CC mice of different genetic backgrounds. We found that mice of the same strain have very
similar profiles, compared to mice from different strains. We identified 4 distinct profiles of disease progression
among 18 CC or CC-RIX (recombinant inbred intercrosses)*® backgrounds tested based on 5 neurological pro-
files, and 3 separate gait profiles. Not only did we confirm that animals of each strain displayed a unique pheno-
typic response to TMEV infection, we also discovered that sex influenced some phenotypes but not all strains
exhibited sex differences for these phenotypes. These profiles can be used for future association studies to identify
genetic factors and mechanisms that modify disease and add further dimensions to our understanding subtypes
of neurological diseases.

Materials and Methods
Ethics statement. All procedures were approved by the Institutional Animal Care and Use Committee at
Texas A&M University and performed under animal use protocol number 2017-0082. All experiments were per-
formed in accordance with relevant guidelines and regulations. Mice were group-housed and all testing per-
formed during the light phase.

Mice. The mice used were from the CC resource and represent 18 genetically distinct strains®’. Age- and
sex-matched control mice of the same strain were used for all phenotyping activities described here. Often, mouse
strains differ from each other in ways which may resemble abnormal neurological behaviors for one strain but not
another. Also, age and/or sex can influence neurological phenotypes to different extents in different strains®,
Therefore, we only considered comparisons to be relevant if proper controls were used.

Infection. At 4 weeks of age, female (1= 50) and male (n=50) mice were anesthetized by isoflurane inhala-
tion (MWI, Meridian, ID) and injected intracerebrally with 5.0 x 10* plaque-forming units (PFU) of the BeAn
strain of TMEV (American Type Culture Collection [ATCC] VR 995, Manassas, VA) in 20 ul of PBS placed into
the fenestra at a depth of approximately 1.5 mm?*>*’, Sham-infected mice (n=25 females and 27 males) were
anesthetized and injected with PBS only. Numbers of mice per strain are listed in Table 1.

Weight. The mice were weighed at least once prior to infection, then twice daily for the first 14 days
post-infection (the acute phase of TMEV infection®**!) to capture the initial weight changes as an indicator of
response to infection. The mice were then weighed daily to monitor their weights during the chronic phase of
TMEYV infection, defined as 35-90 days post-infection (dpi), as well as during the transitional period between
acute and chronic phases (15-34 dpi).

Qualitative neurological phenotyping. Mice were evaluated twice daily for the first two weeks
post-infection to capture the rapidly changing phenotypic landscape of the acute phase of TMEV infection.
Thereafter, the mice were phenotyped once weekly to continue to monitor changing phenotypes without adding
undue stress. To maintain consistency with previous studies we evaluated neurological phenotypes using meth-
ods frequently employed by others®>**42. These are referred to here as “qualitative phenotypes” because their
measurements are less objective than those phenotypes measured via specialized equipment, here referred to as
“quantitative phenotyping”

Seizure scoring.  Inflammation within the CNS can induce seizures of varying severity. During the phenotyping
process, the mice were carefully observed for seizures (which tended to be more prevalent during handling due to
increased stress/excitement). The seizures were measured on the Racine scale ranging from 1-5 as follows: stage
1 - mouth and facial movement; stage 2 - head nodding; stage 3 — forelimb clonus; stage 4 - rearing with forelimb
clonus; stage 5 - rearing and falling with forelimb clonus®.

Encephalitis. Behavioral symptoms of encephalitis or swelling of the brain can include a swollen head (com-
pared to uninfected control mice of the same strain), squinting eyes (ptosis), ruffled fur, hunched posture,
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Number of infected mice

(Number of uninfected mice)
Strain H2 haplotype Female | Male Total
CC002 b 2(2) 2(2) 4(4)
CC005 z 2(2) 2(2) 4(4)
CC006 het 2(2) 2(2) 4(4)
CCo11 g7 2(2) 2(2) 4(4)
Cco12 WSB/Ei] 5(1) 5(1) 10 (2)
CC012xCC032 WSB/Ei] x b 2(1) 4(1) 6(2)
CCO13xCC041  |a xb 3(1) 2(1) 5(2)
CCo15 WSB/Ei] x a 2(1) 2(1) 4(2)
CCo017 CAST/Ei] 2(2) 2(2) 4(4)
CCo23 b 2(2) 2(2) 4(4)
CC025 PWK/Ph] 3(1) 2(0) 5(1)
CCo27 het 2(2) 2(2) 4(4)
CC032xCC013 bxa 4(1) 4(1) 8(2)
CC037 b 1(1) 4(2) 5(3)
CC041xCC012 b x WSB/Ei] 8(1) 6(1) 14 (2)
CCo051 bxa 3(1) 2(2) 5(3)
CC057 z 3(1) 3(1) 6(2)
CC078 z 3(1) 2(1) 5(2)
TOTAL 50 (25) 50 (27) 100 (52)

Table 1. Strains used for these experiments included 14 CC strains and 4 recombinant inbred crosses (RIX)
of CC strains. H2 haplotypes, deduced by the founder strain(s) from which the H2 region was inherited*, are
shown in the second column. Numbers of uninfected mice in each category are shown in parentheses.

lethargy, and ataxia. Previous studies have used a combination of these symptoms to assign an overall score for
encephalitis (e.g.**); however, this method of scoring requires that the severities of these symptoms progress in
unison. We chose to evaluate piloerection, hunch, and ptosis separately because we have found, for CC strains,
these symptoms appear with different severities*. Therefore, the score assigned to encephalitis as measured in
this category was based solely on the appearance of the head and face of the mouse. A score of 1 was given if the
eyes appeared sunken or squinty (ptosis), with a swollen head, compared to uninfected control mice from the
same strain. A score of 0 was given if the eyes and head appeared normal.

Hunch. Hunched posture is a clinical sign of encephalitis®®**#2. During the phenotyping process, mice were
evaluated for signs of hunched posture in 3 different ways. First, the mice were observed before being removed
from the cage (while they were most at ease). Second, their stance and walking behavior were observed when they
had been removed from the cage and released to walk around freely. Third, the mice were placed on a grate and
gently pulled backwards to elongate their spine which was then palpated to feel for curvature. The mice were given
a score of 0 if there was no hunch, and a score of 1 if hunching was observed.

Piloerection.  Fur ruffling (piloerection) is an indicator of encephalitis if observed in an infected mouse but not
uninfected mice of the same strain and sex®®*>464’_ Ruffling was scored as 1 if present, and 0 if not.

Righting reflex.  The righting reflex is a simple test of motor neuron function used in rodent models. Each mouse
was flipped onto its back on a flat surface and the time required to right itself (to a prone position, with all four
paws underneath it) was measured for at least 2 consecutive trials. Longer times, up to total loss of righting reflex,
were seen with decreased motor neuron functioning, such as limb paresis or paralysis or loss of proprioception.
Each mouse was scored based on how many seconds it took to right itself (0-5 seconds).

Clonus. 'The mice were scored for clonus based on the method described previously*:. Each mouse was assigned
the following score: 0 — no clonus; 1 - clonus. Those with clonus were further graded based on the type of clonus
present: A — forelimb clonus as indicated by clasping of the forelimbs together or repeated clenching forepaws into
fists; B - hindlimb clonus as indicated by clasping of the hindlimbs together or splaying and curling of the hind
toes; C — both forelimb clonus (A) and hindlimb clonus (B); D - clonus in combination with the spastic twisting
of the body.

Paralysis and paresis. Mice were observed for signs of paralysis or paresis during the inverted grate test and
when walking on a flat surface. Each individual paw, as well as each limb, was evaluated separately to define the
location of the affected area. Each mouse was placed on a grate which was then turned over. The mouse was then
allowed to navigate hanging from the grate, and its movements were evaluated based on the following scale: 0 -
mouse was active and able to walk with no signs of weakness; 1 — limb dangled from the grate for several seconds
before recovery; 2 - limb dangled off of grate more than 50% of the time; 3 - limb continuously dangled from
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grate (due to paralysis or paresis); 4 — mouse was unable to stay on grate due to whole body weakness (in this
case, every limb would receive a score of 4). A limb retaining limited movement was labeled as showing paresis.
Whole leg paralysis was defined as paralysis of the entire leg (including the paw), while paw paralysis was defined
as paralysis of only the paw (but retention of leg function). If a mouse’s paw was completely unable to grip the
grate, the paw was classified as paralyzed. If the same limb was then observed to not move when walking on a flat
surface, the whole limb was classified as paralyzed.

Additionally, paralysis was classified as either spastic or flaccid. In cases of spastic whole limb paralysis, the
entire limb was immobile and tucked into the body of the mouse. Spastic paw paralysis resulted in a mouse con-
tinuously contracting (making a fist) or splaying its toes, either of which resulted in inability to grip the grate.
Flaccid whole limb paralysis resulted in the entire limb dragging while walking and pendulant while on the grate.
Similarly, flaccid paw paralysis resulted in a dragging/hanging paw.

Quantitative neurological phenotyping. DigiGait. DigiGait (Mouse Specifics, Boston, MA, USA) was
used for quantitative analysis of 32-34 different gait parameters per limb. Measurements were taken 1 day prior
to infection (TO, baseline), 21dpi (T1, mid-infection), and 89dpi (T2, one day prior to euthanization). The 21dpi
time point was selected based on previous work showing that, while some strains are more susceptible to the
adverse effects of the infection during one phase vs. the other, the “transitional” period between acute and chronic
phases seems to be a time of stability®!. 21dpi was therefore selected to capture a snapshot of mid-infection gait
profiles while avoiding undue stress to any strain.

Gait abnormalities (including spasticity and paralysis) have been previously shown to correlate to disease
progression during TMEV infection in mice®. DigiGait measurements provided objective and quantifiable data
including different aspects of motor impairment. Critically, the DigiGait technology detected abnormalities in
gait and limb function not perceivable by pure observation. Parameters were scored for each individual limb;
therefore, most parameters had 4 values per mouse.

RNA isolation and sequencing. RNA samples isolated from hippocampus and thoracic spinal cords of 90
mice, representing 13 CC mouse strains (see Table S1 for details), were quantified with the Qubit Fluorometer
(Life Technologies) with a broad range RNA assay and concentrations were normalized for library prepara-
tion. RNA quality was verified on the Agilent TapeStation with a RNA ScreenTape. Unfortunately, high-quality
RNA was not available for the 90dpi time point for both infected and uninfected mice from strains CC012,
CC012xCC032, CC013xCC041, CC057 and CCO78. Messenger RNA sequencing libraries were prepared using
the Illumina TruSeq Stranded mRNA preparation kit. Barcoded libraries were pooled at equimolar concentra-
tions and sequenced on an Illumina NovaSeq 6000 S4 150 cycle paired-end sequencing kit. Sequencing FASTQ
files were generated by Illumnia BaseSpace using the bcltofastq program.

A total of approximately 6.7 billion paired-end reads were checked to trim any adapter sequences and low
quality bases using Trimmomatic® resulting in approximately 6.0 billion filtered reads (89.3%) out of which a
total of 5.6 billion filtered reads (approximately 92.3%) mapped to the combined reference sequences of Mus
musculus (mm10 ENSEMBL release 99) genome assembly and the TMEV virus reference sequence from NCBI
(https://www.ncbi.nlm.nih.gov/nuccore/M16020.1/). Read mapping was performed using STAR®. Transcript
wise counts were generated using featureCounts tool from the SUBREAD package®*. Differential gene expression
tests were then performed used DESeq2* following recommended guidelines by the authors. Expression (Fold
Change) of the polyprotein AAA47930.1 of the TMEV virus was measured after DEG (Differentially Expressed
Genes) test was calculated using DESeq2 based on infection state (i.e. infection is present) for each strain.

Statistical analysis. Qualitative data. Qualitative data for each mouse was modeled as censored data and
fitted using Cox proportional hazard regression. Differences between mice stratified for each covariate (including
infection status, sex, and strain) were quantified. For each covariate, Kaplan-Meyer curves were used to show the
cumulative probability of phenotype onset of mice during the first 70 days post-infection.

Quantitative data. 'Within-group mean differences between infected and uninfected mice were performed for
each strain and sex independently. To identify patterns between strains in response to the virus infection, the
differences were standardized (by subtracting the mean and dividing by the standard deviation, Table S6), and
clustered with the Pearson correlation coefficient as a measurement of distance, using the ‘single’ method of
agglomeration. To define the strength of the similarity between strains, 1000 pseudo replicates of bootstrap were
performed using the ‘pvclust’ R package®, and the identified groups with an approximately unbiased p-value
(AU) lower or equal to 0.05 were defined as significant. Phenotypic differences between the identified groups was
performed using ANOVA. Statistics for all DigiGait parameters are provided in File S2; raw data is presented in
Table S3.

Results

CC strains distinguish four categories of progression following TMEV-infection. The amount of
weight lost post-TMEYV infection varies among standard inbred strains and does not always correlate with long-
term pathology. In previous studies, SJL/J mice, considered highly susceptible to TMEV-induced demyelinating
disease, lost weight*® while resistant C57BL/6 lost little to no weight depending on seizure activity>>. CBA mice,
considered to have intermediate level of susceptibility to TMEV-induced demyelination, lost more weight than
SJL*. Therefore, we anticipated a range of weight loss following TMEV infection in the more-diverse CC strains.
We evaluated post-infection mortality and weight loss as a preliminary assessment of response to TMEV infection
in 14 CC strains and 4 CC-RIX. Seven infected mice (out of 100 total) died over the course of the experiment:
CC002 female (at 58 dpi), CC017 female (at 5 dpi), CC023 female (at 13 dpi), CC023 male (at 46 dpi), CC057
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Figure 1. Weight changes during first week post-infection. Average post-infection weight changes during the
first 7 dpi demonstrated varied levels of susceptibility to TMEV-induced weight loss.
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Figure 2. Onset of delayed righting reflex. Strains differed by date of first observation of delayed righting reflex,
indicating a delayed motor response.

male (at 37 dpi), CC078 female (at 20 dpi), and CC078 male (at 11 dpi) (Fig. S1). Mice of these strains were among
those that lost the most weight post-infection and struggled to regain pre-infection weights during the acute
phase. Most strains (83%) initially lost some weight after infection, but by 7 dpi 6 strains (out of 18) had weight
gains that surpassed their pre-infection weights (Fig. 1). CC023 mice experienced a second episode of weight loss
over the course of 7-10 dpi, such that they again weighed less than their pre-infection weights. The greatest weight
lost by any strain immediately following infection (1 dpi) was ~25% for CC078 mice; CC057 lost about 20%. By
comparison, sham-infected mice of all strains had little to no weight loss. Weight loss stabilized by the end of the
acute phase for all strains (Fig. S2).

We evaluated TMEV-infected and sham-infected mice based on frequency of observed phenotypes known
to be associated with TMEV pathology, including delayed righting reflex, paresis and/or paralysis of each limb,
dystonia phenotypes (frequency of clonus and seizure observations), and sickness/pain phenotypes (frequency
of hunching, ruffling/piloerection, and “encephalitis” as defined by ptosis). Details and statistics for each pheno-
type are provided in File S1. All strains exhibited delays in righting reflex after infection, though mice from some
strains maintained the ability to immediately right themselves starting from 2 dpi or later, while others struggled
to right themselves as soon as 1 dpi (Fig. 2). As a delayed righting reflex indicates attenuated motor coordination,
these findings distinguish strains with early versus late onset of motor neuron deficits.

Paresis (weakness) and paralysis are well-known features of TMEV infection in susceptible strains such as
SJL/] and CBA**2, We observed, consistent with prior studies*, that hind limbs of infected mice tended to exhibit
paresis earlier in the acute phase, and slightly more frequently overall, compared to fore limbs. Two strains had
no significant paresis in any limb.

Paralysis is typically considered a long-term outcome of limb weakness caused by TMEV infection of SJL/J
mice*>*, For this study, however, paresis was not highly predictive of paralysis: many strains that were physically
weak during the acute phase did not “progress” to full paralysis. Furthermore, paralysis did not affect all limbs,
or all strains, equally. The right hind limb was paralyzed most often (7 strains), and the left fore limb was para-
lyzed in mice from 4 strains (3 of which had right hind limb paralysis). Types of paralysis also varied. Two strains
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Figure 3. Progression of neurological phenotypes varied by strain. Observation frequencies for qualitative
phenotypes (righting reflex, paresis, paralysis, dystonia, and sickness/pain) were compiled together for 14 dpi
and 90 dpi and the differences from 14-90 dpi compared to visualize how each strain fared throughout the
chronic phase of TMEYV infection (“progression score”). Strains included in each successive progression score
are delineated by brackets.

presented spastic paw or whole limb paralysis, with affected paws and limbs tightly clenched; while 3 other strains
had flaccid whole limb paralysis, with affected limbs dragging limply. Furthermore, one strain had flaccid paw
paralysis, which resolved by 50 dpi, and 3 other strains exhibited spastic paw paralysis with trembling. The trem-
bling could be a symptom of dystonia.

Dystonia can manifest at several levels post-TMEV infection. The most pronounced is epileptic sei-
zures, observed previously in certain mouse strains deemed “resistant” to TMEV-induced demyelination, e.g.
C57BL/6°7% and certain CC strains®. In the present study, seizures (Racine scale 4-5) were observed in 6 strains
during the acute phase, all prior to 7 dpi. Thereafter seizure activity ceased, except for single events in each of 2 of
these strains during the chronic phase. However, we noted tremors throughout the chronic phase (for example,
batting the paw while trying to grip the grate) in 4 strains; tremors are a focal manifestation of dystonia. Clonus,
at the milder end of the dystonic phenotype spectrum (a level 3 on the Racine seizure scale), was observed at least
once in most (94%) strains but significantly more often in 10 strains. When held by the tail, forelimb clasping
or hindlimb twisting were prevalent in 5 of these strains. Additionally, 2 more of strains with clonus displayed
full-body twisting, and mice of the remaining 3 strains exhibited a variety of types of clonus.

Regardless of whether mice demonstrate any neurological phenotype after TMEV infection, they often present
behaviors indicative of sickness or pain. Of the strains studied here, 2 in particular showed significantly more
pain-like behavior, as evidenced by ruffled fur, hunched back, and encephalitis (or ptosis); 4 other strains also
were significantly affected with at least 2 of these 3 pain phenotypes. Though more subjective, these pain-related
signs provide useful insight into the variable impacts of TMEV infection on the physical well-being of the mice:
some strains experienced profound weakness or paralysis but did not show signs of pain.

Using observed frequencies of each of the aforementioned phenotypes, we assigned each strain to one of four
categories of disease progression, based on rate of progression, trajectory, and phenotypic subtypes. Overall pro-
gression scores were determined based on cumulative frequencies of delayed righting reflex, paresis, paralysis,
dystonia, and pain behaviors observed at 14 dpi compared to 90 dpi (Fig. 3). The frequency of each phenotype was
calculated as the number of observations of that phenotype for a given strain by a given date (e.g. 14 dpi or 90 dpi)
divided by the number of total measurements by that date. Thus, those strains with an increase in the frequency of
observed phenotypes from 14 to 90 dpi were deemed to have a more pronounced progression than those strains
for which the frequency of observed phenotypes declined in that same time period. The four categories of disease
progression were:

o Remitting: defined as having a progression score >1 standard deviation below the average progression score
for all strains.

« Non-progressive: defined as having a negative progression score within 1 standard deviation of the average
progression score for all strains (indicating a neutral to improved disease trajectory from 14-90 dpi).

o Moderately progressive: defined as having a positive progression score within 1 standard deviation of the
average progression score for all strains (indicating overall progression from 14-90 dpi).

o Most progressive: defined as having a progression score >1 standard deviation above the average progression
score for all strains.

Distinct impacts of TMEV infection on gait was not predictive by pre-infection gait. DigiGait
measurements taken pre-infection (T0) revealed gait differences characteristic of each strain. Post-infection
measurements, taken at the juncture between acute and chronic phases (T1, at 21 dpi) and just prior to sacrifice

SCIENTIFIC REPORTS |

(2020) 10:7918 | https://doi.org/10.1038/s41598-020-64862-z


https://doi.org/10.1038/s41598-020-64862-z

www.nature.com/scientificreports/

3
:

Cluster
E e — —_—
- |  —
L= e =— —
T —
| - _——
- yr— —
——— ——— Category Cluster
—— ——— M Coordination [l 1
= = B = M Kinetic 2
— —] i ~  Spatial
=" — . —
—  _ mmee | ~ [l Temporal
e | - Std Data
e == 4
—— ‘*_ e — -,
—_ —
= - = === g0
—
== i-2
= = 4
o —a —]
- . — —_—|
—— — =
DNDO—NMANDUONMNON N~
o ONOT T~ ANMNMUTTO T NMOAN LW
8§ 2990000000000QQQRQQQ
IR SIGIGIGIGIGIGIGIGIGIOIGIGIOIOIOIOIS]
w COOL0O0L0V00LOLLOOVOLOOO
S XX X <
™ N o=
- — o<
o o [of=)
O O QO
O O BUD]

Figure 4. Gait parameters were affected differently depending on mouse strain. Pearson correlation clustering
revealed two major clusters, 1 (green bar) and 2 (orange bar), which distinguish between strains with
significantly different gait parameter measurements. Each individual parameter was categorized based on the
primary gait characteristic it measured®-*; categories for each parameter are listed in Table S5. The two clusters
do not include those strains for which sex was a major influence on gait parameters. The results shown here
include data from infected mice at all time points; additional granularity (e.g. separate time points and sexes) is

described in the text and shown in figures included in Figs. S4 and S5.

(T2, at 89 dpi), revealed how TMEYV infection affected the gaits of each strain, and whether those differences
persisted long-term. For some strains, gait changes also varied by sex and/or limb. The strains that appeared to
be similarly affected when evaluated by qualitative measures did not have similar DigiGait profiles. We propose
that DigiGait measurements provided a more nuanced and complex assessment of TMEV-induced neurological
sequelae.

Hierarchical clustering of all DigiGait measurements from all infected mice grouped mouse strains with simi-
lar phenotypes/progression, as measured by significantly different DigiGait parameters, into two significant clus-
ters (Fig. 4). These clusters did not differentiate between “severely” affected and “less-severely” affected strains;
rather, these clusters distinguished mouse strains with relatively faster, longer strides (Category 1) from those
with a distinctively bradykinetic gait, with short stride lengths and greater ataxia (Category 2) (see Figure S3 for
comparisons of all significant DigiGait parameters differentiating the two categories, Table S2 for a complete list
of parameters with p-values, and Table S3 for complete raw and statistical data for DigiGait experiments). The 11
strains excluded from these two clusters (marked in grey) had less well-defined gait profiles, and/or were affected
in ways not readily measured with gait parameters. Some of the un-clustered strains showed sex differences, as
described below.

Clustering was repeated for each of 3 time points (pre-infection, mid-infection, and just prior to sacrifice) to
better define changes in DigiGait profiles over time (Figure S4). We used differences in measurement compared
to pre-infection for the clustering analyses of the 2 post-infection time points. One caveat of these analyses is
that measurements were not available for all strains at all time points, because we excluded unreliable data when
the performance of some individuals in a strain could not be measured accurately, often because paralysis or
other behavioral issues rendered the mice unable to complete the task. All but 1 strain clustered together for the
pre-infection baseline time point, reflecting that inherent gait differences between CC strains did not significantly
contribute to post-TMEYV infection gait profiles. Strains included in the 2 clusters shown in Fig. 4 were not located
near each other in the pre-infection tree, suggesting that the post-infection clusters were more strongly influenced
by infection than by pre-existing differences. Two significant clusters at T1 (mid-infection, 21 dpi) revealed that
the post-infection gaits of the different strains were distinguishable by spatial/temporal ambulation metrics such
as stride lengths (Category 1-like), and ataxia and other postural or balance metrics (Category 2-like). By T2, or
89 dpi, the Category 1 strains remained within the same group, while Category 2 strains were more dispersed.
This suggests that spatial and temporal gait parameters were more prognostic overall, while the metrics pertaining
to coordination and balance were less consistent.
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Figure 5. Principal component analysis showed that both infection and sex influenced phenotypes. Principal
component analysis (PCA) based on 538 qualitative measurements (phenotypic traits) in mice from 18 strains
revealed greater dispersion of qualitative phenotypes in infected vs. uninfected mice. Greater phenotypic
dispersion was also seen in males compared to females in each treatment group.

Complete strain profiles, including qualitative phenotype summaries, are available in Table S4.

Sex differences in TMEV-induced phenotypes varied across strains.  Principal components analysis
of qualitative phenotype measurements revealed differences based on infection status and sex (Fig. 5). Therefore,
we evaluated TMEV-induced phenotypes for sex differences at multiple time points throughout the experiment
(File S1). Paresis, for example, was observed earlier and more frequently in male mice: as early as 1 dpi, male mice
of 6 strains (but females from only 2 of these strains) demonstrated weakened grips when walking on an inverted
grate. Females and males initially exhibited paralysis at about the same time and frequency (by 7 dpi, females
from 4 strains, and males from 3 strains, showed paralysis), but overall, males developed hindlimb paralysis more
frequently than females. Sex influenced dystonia phenotypes as well, though not substantially. In one strain,
clonus increased in male mice compared to females during the chronic phase. In another strain, females displayed
clonus more frequently over time compared to males.

Overall progression rates also varied enough for females and males to be classified with different disease
progression scores for 8 strains (Figure S6). For example, CC025 females showed substantial improvement from
14-90pi, such that the cumulative frequencies of observed qualitative phenotypes decreased between those dates
(“remitting” progression category). CC025 males did not demonstrate as many of these phenotypes from the
beginning, and because there was little room for improvement their disease progression course was classified as
“moderately progressive” CC037 and CC078 males, meanwhile, had higher incidences of the qualitative pheno-
types from the beginning, but the frequency with which these phenotypes were observed leveled off such that the
disease course of the males was categorized as “non-progressive.” On the other hand, while females from these
strains initially displayed fewer qualitative phenotypes, the frequency with which the phenotypes were observed
increased substantially over time, resulting in a category of “most progressive” for CC037 and CC078 females.
Similar categorical differences distinguished the disease progression courses for CC005 (females were moderately
progressive; males were most progressive), CC011 (females were non-progressive while males were remitting),
CCO017 (females were non-progressive while males were moderately progressive), CC023 (females were most pro-
gressive, males were moderately progressive), CC027 (males had a non-progressive disease course while females
were moderately progressive), and CC057 (females were non-progressive; males were most progressive).

We used gait parameters to further investigate sex differences between strains. Quantitative DigiGait measure-
ments analyzed by hierarchical clustering (Fig. 4) revealed that 11 strains did not group into the 2 major clusters
of the overall heatmap. Therefore, we built sex-specific clusters to identify significant differences between sexes
(Figure S5). We considered sex differences to be in response to TMEV infection because DigiGait software takes
body size and sex into consideration when analyzing data. Females and males of strains included in the original
major clusters of the overall heatmap — Clusters 1 and 2 (Fig. 4) - generally remained located near each other.
However, for females, fewer strains were included in clusters (5 vs. 7 when both sexes were considered together).
Strains CC002 and CC013xCC041 clustered with CC012, which had previously clustered with CC041xCC012
and CC032xCCO013; the latter two strains remained in a separate cluster together. The 2 female clusters were
not as distinct as those of the overall heatmap, and when only those DigiGait parameters representing principal
components were included, there was no longer any statistical significance. This indicates a greater diversity in the
DigiGait measurements for the female mice, and suggests that TMEV infection affected the gaits of females more
subtly compared to males. By comparison, the DigiGait parameters of male mice clustered into more distinct
profiles which were very different in composition than those of females. Parameters related to coordination and
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kinetic aspects of gait were distinguishing factors between the 2 clusters, even when only principal components
were considered, indicating that TMEV infection played a bigger role in the gait dynamics of male mice. Strain
CC025 did not appear in the male-specific tree due to insufficient data.

In only 2 strains, CC041xCC012 and CC032xCC013, was sex not an influence on gait measurements. The
distinct gait differences between the strains of Clusters 1 and 2 of the overall heatmap shown in Fig. 4, along with
their appreciable relevance to human disease, disappeared when each sex was evaluated separately leading us to
conclude that both genetic background and sex substantially influenced the many diverse phenotypic produced
by TMEV infection.

Phenotypes of RIX strains were distinct to those of parental strains. The 4 recombinant-inbred
backcross strains presented an opportunity to identify relationships between phenotypes in cases where parental
phenotypes were known. For example, we have previously profiled TMEV-induced phenotypes for both CC013
and CC041*. Each of these strains demonstrated very strong but different responses to TMEV, with CC013 mice
exhibiting seizures while CC041 mice experienced profound hind limb paralysis. However, none of these parental
phenotypes were observed for CC013xCC041 mice. Similarly, CC032xCC013 and CC041xCCO012 presented with
milder phenotypes than the parental strains. These 3 RIX strains may exemplify epistasis and are likely tolerant,
if not resistant, to TMEV infection unlike the parental strains. Although CC032 mice were not available for com-
parison, CC012xCC032 was the only RIX strain to demonstrate a TMEV response with similarities to a human
condition, as described in Discussion.

Levels of TMEV RNA at 90dpi indicate that viral clearance from the CNS is not correlative with
H2 haplotype, disease progression, or phenotypes. During the chronic phase of infection (>35 dpi),
TMEV RNA can still be detected in the CNS tissues of some strains of mice, with the highest levels measured in
“susceptible” mouse strains such as SJL/J¢!-%%. Susceptibility and resistance to TMEV have been attributed in part
to certain haplotypes of a region of the genome containing many genes involved in immune response; this region
is termed major histocompatibility complex (MHC; known as H2 in mice)**. Though not all H2 haplotypes have
been classified in relation to TMEV response, some have: for example, H2® has been associated with susceptibility
to TMEV-induced demyelinating disease, while H2" is associated with TMEV resistance®®. We have previously
demonstrated that H2 haplotype is not predictive of TMEV clearance or phenotypes in CC mice’!. As shown in
Table 1, many strains evaluated in this study did not share the same H2. However, the H2* haplotype found in
CC005, CC057, and CCO78 was associated with high progression scores and increased mortality: 5 of the 7 mice
that died during the experiment were from these strains. These findings suggest H2* as a susceptibility locus for
certain TMEV-induced phenotypes. Additional non-H2 loci are also likely to influence the trajectory of neuro-
logical sequelae attributed to TMEV infection.

Like the neurological phenotypes described above, levels of TMEV RNA in infected vs. uninfected mice var-
ied between different CC strains. Expression of TMEV RNA did not differ significantly between sexes or tissues.
TMEV RNA measurements tended to fall into one of two distinct groups: values of zero or less, implying viral
clearance; or >20-fold increase compared to uninfected mice of the same strain, implying persistent infection.
At 90 dpi, strains with higher progression scores - those falling into the categories “moderately progressive” or
“most progressive” — tended to have higher levels of TMEV RNA, and some considered “non-progressive” or
“remitting” had virtually no detectable TMEV RNA. However, CC011 (a remitting strain) and CC006, CC015,
and CCO027 (all non-progressive strains) still showed evidence of persistent infection. Strains CC002, CC023, and
CC037 all carried the TMEV resistance haplotype H2P, but of these, only CC002 showed evidence suggesting
viral clearance. CC023, considered “most progressive,” had measurable levels of TMEV RNA, but while these
measurements suggested viral persistence, this strain did not have the highest levels as one might expect based
on disease phenotypes. These findings suggest the clearance/persistence of TMEV is not a directly correlative
measure for disease severity.

RNA sequencing comparisons of TMEV levels are summarized in Table S7.

Discussion

In humans, the spectrum of neurological phenotypes that can follow viral infection may range from a life without
neurological dysfunction to one of dramatic disability, or death. Differences such as sex or ethnicity influence
post-infection disease patterns, posing a challenge to understand disease process using humans or even conven-
tional mouse strains that typically focus on specific disease states with limited genetic and phenotypic diversity.
In this study we have demonstrated that mice can, in fact, model the phenotypic diversity observed in humans.
Genetically different CC strains present with strikingly different phenotypes and disease progression after infec-
tion with the same neurotropic virus. The extensive phenotyping we describe captures several disease subtypes
and will support future studies to identify the mechanisms behind each category.

Neurological diseases in humans, including those known or suspected to follow viral infection, often vary
in presentation depending on sex or race. For example, MS occurs 3 times as often in women as in men®, and
although MS has long been considered as affecting people of predominantly northern European ancestry, African
Americans have a higher incidence of MS and exhibit different disease phenotypes compared to Caucasians®’~%;
non-white Hispanics may have a lower incidence of MS®. PD, meanwhile, affects men twice as often as women",
and some studies report race differences in PD diagnosis; due to sampling differences, these studies disagree on
which race is most frequently affected’!-7. Furthermore, females and males experience different PD symptoms
and disease phenotypes’. ALS can also present with different disease phenotypes, although neuronal degenera-
tion and weakness are hallmarks of ALS. Some ALS patients also experience additional symptoms such as tremors
or cognitive deficits'’. Males, and non-Hispanic Caucasians, have an increased incidence of ALS, according to
annual reports of the National ALS Registry e.g.,”.
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Another cause for diverse presentations of neurological diseases is differences in response to antecedent viral
infections. Females and males differ in immunological responses to viruses, which contribute to sex differences in
disease prevalence e.g.,”®”’. For example, the skewed sex ratio for MS incidence has been attributed in part to sex
differences in those infected with the Epstein-Barr virus during adolescence’®. Sex differences in mice in response
to TMEV infection have also been described, in context of hormonal regulation of immune response”%. We
observed sex differences in this study, but not in all strains or for all phenotypes. Furthermore, we did not find a
significant overall effect of sex on levels of TMEV RNA, though RNA sequencing of additional mice from each
sex and strain will be necessary to properly evaluate sex effects.

In our study viral clearance and persistence do not reliably correlate with disease severity. Immune responses
can prove both helpful and harmful. A strong response can clear the infection but cause irreparable damage to
the CNS such as seen in TMEV-induced epilepsy fujinami**#>%, or lead to autoimmunity, if not properly reg-
ulated®®. In other cases, such as with enteroviruses, the virus itself is cytopathic®. Our findings showed that
strains with little to no measurable viral RNA at 90 dpi continued to showed reduced evidence of disease progres-
sion. For these mice, it appears the appropriate immune response that cleared the virus was regulated properly,
reducing or preventing progressive neurological disease phenotypes. Others with relatively high levels of TMEV
RNA (CC006, CC011, CCO015, and CC027) demonstrated reduced phenotypic signs of disease. These strains
appear to be neither susceptible nor resistant to TMEV infection: they may be considered tolerant of the infection.

Of 18 strains studied, no 2 strains exhibited the exact same neurological sequelae following infection with
TMEV. Furthermore, no 2 strains showed the same phenotypic responses as previously reported for strains of
mice, such as SJL/J and C57BL/6. In fact, clinical signs of demyelination, as seen in TMEV-infected SJL/] mice®,
have not been observed in any CC strains to date*. Several CC strains did exhibit seizure activity, typical for
TMEV-infected C57BL/6 mice®>*, but the seizures were not recurrent or as severe. Instead, we identified pre-
viously unseen progression patterns and phenotypic subtypes for neurological outcomes of TMEV infection.
For example, CC023 and CC057 mice demonstrated disease progression profiles and gait characteristics similar
to PD, and, as in humans, these phenotypes were more significant in males than females. As gait abnormalities
are among the first signs of PD%, these two strains are targets for future investigations into how viral infection
can contribute to the onset of PD. DigiGait measurements for CC012xCC032 indicated a gait profile similar to
that observed for PD and normal pressure hydrocephalus (NPH), two conditions which feature similar clinical
signs in humans but can be distinguished from each other based on gait kinetics?. Several gait parameter meas-
urements for CC012xCCO032 mice, such as Paw Angle Variability, suggested a profile more similar to NPH than
Parkinson’s. Importantly, TMEV can cause meningitis®*®, which can eventually lead to the onset of hydrocephalus
and which is considered to be a contributing factor for NPH in humans®'.

A unique and valuable contribution of this study is the detailed, multifaceted profiling of neurological dis-
eases in mice of different sexes and genetic backgrounds. The integration of quantitative DigiGait analysis with
other standard neurological phenotyping methods enabled us to identify subtle changes and differences between
strains over time. Ultimately, some TMEV-infected CC strains (e.g. CC023, CC057, and CC012xCC032) may be
valuable as novel models of neurological diseases (e.g. PD and NPH), giving researchers new tools for exploring
gene-environment interactions underlying different disease subtypes.

Received: 27 September 2019; Accepted: 23 April 2020;
Published online: 13 May 2020

References
1. Ascherio, A. & Munger, K. Epidemiology of multiple sclerosis: from risk factors to prevention. Seminars in neurology 28, 17-28,
https://doi.org/10.1055/s-2007-1019126 (2008).
2. Pugliatti, M. et al. Environmental risk factors in multiple sclerosis. Acta neurologica Scandinavica. Supplementum 188, 34-40,
https://doi.org/10.1111/j.1600-0404.2008.01029.x (2008).
3. Danzer, C. & Mattner, J. Impact of microbes on autoimmune diseases. Archivum immunologiae et therapiae experimentalis 61,
175-186, https://doi.org/10.1007/s00005-013-0216-3 (2013).
4. Disanto, G., Morahan, J. M. & Ramagopalan, S. V. Multiple sclerosis: risk factors and their interactions. CNS & neurological disorders
drug targets 11, 545-555 (2012).
5. Steelman, A. J. Infection as an Environmental Trigger of Multiple Sclerosis Disease Exacerbation. Front Immunol 6, 520, https://doi.
org/10.3389/fimmu.2015.00520 (2015).
6. Acheson, E. D. Epidemiology of multiple sclerosis. British medical bulletin 33, 9-14 (1977).
7. Noseworthy, J. H., Lucchinetti, C., Rodriguez, M. & Weinshenker, B. G. Multiple sclerosis. N Engl ] Med 343, 938-952 (2000).
8. Ascherio, A. & Munger, K. L. Environmental risk factors for multiple sclerosis. Part II: Noninfectious factors. Annals of neurology 61,
504-513 (2007).
9. Thacker, E. L., Mirzaei, F. & Ascherio, A. Infectious mononucleosis and risk for multiple sclerosis: a meta-analysis. Annals of
neurology 59, 499-503, https://doi.org/10.1002/ana.20820 (2006).
10. Ingre, C., Roos, P. M., Piehl, E, Kamel, E. & Fang, F. Risk factors for amyotrophic lateral sclerosis. Clin Epidemiol 7, 181-193, https://
doi.org/10.2147/CLEP.S37505 (2015).
11. Rowland, L. P. & Shneider, N. A. Amyotrophic lateral sclerosis. N Engl ] Med 344, 1688-1700, https://doi.org/10.1056/
NEJM200105313442207 (2001).
12. Xue, Y. C,, Feuer, R, Cashman, N. & Luo, H. Enteroviral Infection: The Forgotten Link to Amyotrophic Lateral Sclerosis? Front Mol
Neurosci 11, 63, https://doi.org/10.3389/fnmol.2018.00063 (2018).
13. Bu, X. L. et al. The association between infectious burden and Parkinson’s disease: A case-control study. Parkinsonism Relat Disord
21, 877-881, https://doi.org/10.1016/j.parkreldis.2015.05.015 (2015).
14. Marosova, L., Neradil, P. & Zilka, N. How can viruses influence the neuroinflammation and neurodegeneration in the aged human
brain. Acta Virol 57,273-281 (2013).
15. De Chiara, G. et al. Infectious agents and neurodegeneration. Molecular neurobiology 46, 614-638, https://doi.org/10.1007/s12035-
012-8320-7 (2012).
16. Takahashi, M. & Yamada, T. Viral etiology for Parkinson’s disease—a possible role of influenza A virus infection. Jpn J Infect Dis 52,
89-98 (1999).

SCIENTIFIC REPORTS |

(2020) 10:7918 | https://doi.org/10.1038/s41598-020-64862-z


https://doi.org/10.1038/s41598-020-64862-z
https://doi.org/10.1055/s-2007-1019126
https://doi.org/10.1111/j.1600-0404.2008.01029.x
https://doi.org/10.1007/s00005-013-0216-3
https://doi.org/10.3389/fimmu.2015.00520
https://doi.org/10.3389/fimmu.2015.00520
https://doi.org/10.1002/ana.20820
https://doi.org/10.2147/CLEP.S37505
https://doi.org/10.2147/CLEP.S37505
https://doi.org/10.1056/NEJM200105313442207
https://doi.org/10.1056/NEJM200105313442207
https://doi.org/10.3389/fnmol.2018.00063
https://doi.org/10.1016/j.parkreldis.2015.05.015
https://doi.org/10.1007/s12035-012-8320-7
https://doi.org/10.1007/s12035-012-8320-7

www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mattock, C., Marmot, M. & Stern, G. Could Parkinson’s disease follow intra-uterine influenza?: a speculative hypothesis. ] Neurol
Neurosurg Psychiatry 51, 753-756 (1988).

Rohn, T. T. & Catlin, L. W. Immunolocalization of influenza A virus and markers of inflammation in the human Parkinson’s disease
brain. PLoS One 6, 20495, https://doi.org/10.1371/journal.pone.0020495 (2011).

Bryson, K. J. et al. Influenza A virus infection contributes to Parkinson’s disease by driving pathological CD4(+) T cell responses in
the brain. Immunology 140, 127 (2013).

Jang, H., Boltz, D. A., Webster, R. G. & Smeyne, R. J. Viral parkinsonism. Biochim Biophys Acta 1792, 714-721, https://doi.
org/10.1016/j.bbadis.2008.08.001 (2009).

Michael, B. D. & Solomon, T. Seizures and encephalitis: clinical features, management, and potential pathophysiologic mechanisms.
Epilepsia 53(Suppl 4), 63-71, https://doi.org/10.1111/j.1528-1167.2012.03615.x (2012).

Misra, U. K., Tan, C. T. & Kalita, J. Viral encephalitis and epilepsy. Epilepsia 49(Suppl 6), 1318, https://doi.org/10.1111/j.1528-
1167.2008.01751.x (2008).

Vezzani, A. et al. Infections, inflammation and epilepsy. Acta neuropathologica, https://doi.org/10.1007/s00401-015-1481-5 (2015).
Latourelle, J. C. et al. Large-scale identification of clinical and genetic predictors of motor progression in patients with newly
diagnosed Parkinson’s disease: a longitudinal cohort study and validation. Lancet neurology 16, 908-916, https://doi.org/10.1016/
$1474-4422(17)30328-9 (2017).

Lawton, M. et al. Developing and validating Parkinson’s disease subtypes and their motor and cognitive progression. J Neurol
Neurosurg Psychiatry 89, 1279-1287, https://doi.org/10.1136/jnnp-2018-318337 (2018).

Zaidel, A., Arkadir, D., Israel, Z. & Bergman, H. Akineto-rigid vs. tremor syndromes in Parkinsonism. Curr Opin Neurol 22,
387-393, https://doi.org/10.1097/WCO.0b013e32832d9d67 (2009).

Lublin, E D. & Reingold, S. C. Defining the clinical course of multiple sclerosis: results of an international survey. National Multiple
Sclerosis Society (USA) Advisory Committee on Clinical Trials of New Agents in Multiple Sclerosis. Neurology 46,907-911 (1996).
Lublin, F. D. et al. Defining the clinical course of multiple sclerosis: the 2013 revisions. Neurology 83, 278-286, https://doi.
org/10.1212/WNL.0000000000000560 (2014).

Threadgill, D. W,, Hunter, K. W. & Williams, R. W. Genetic dissection of complex and quantitative traits: from fantasy to reality via
a community effort. Mammalian genome: official journal of the International Mammalian Genome Society 13, 175-178, https://doi.
org/10.1007/s00335-001-4001-Y (2002).

Threadgill, D. W., Miller, D. R., Churchill, G. A. & de Villena, E. P. The collaborative cross: a recombinant inbred mouse population
for the systems genetic era. ILAR journal/National Research Council, Institute of Laboratory Animal Resources 52, 24-31 (2011).
Brinkmeyer-Langford, C. L. et al. Host genetic background influences diverse neurological responses to viral infection in mice. Sci
Rep7,12194 (2017).

Lipton, H. L. Theiler’s virus infection in mice: an unusual biphasic disease process leading to demyelination. Infection and immunity
11, 1147-1155 (1975).

Welsh, C. J., Tonks, P., Borrow, P. & Nash, A. A. Theiler’s virus: an experimental model of virus-induced demyelination.
Autoimmunity 6, 105-112 (1990).

Brahic, M., Bureau, J. E & Michiels, T. The genetics of the persistent infection and demyelinating disease caused by Theiler’s virus.
Annual review of microbiology 59, 279-298, https://doi.org/10.1146/annurev.micro.59.030804.121242 (2005).

Lipton, H. L. & Dal Canto, M. C. Susceptibility of inbred mice to chronic central nervous system infection by Theiler’s murine
encephalomyelitis virus. Infection and immunity 26, 369-374 (1979).

Zou, E et al. Quantitative trait locus analysis using recombinant inbred intercrosses: theoretical and empirical considerations.
Genetics 170, 1299-1311, https://doi.org/10.1534/genetics.104.035709 (2005).

Churchill, G. A. et al. The Collaborative Cross, a community resource for the genetic analysis of complex traits. Nat Genet 36,
1133-1137, https://doi.org/10.1038/ng1104-1133 (2004).

Sieve, A. N. et al. Chronic restraint stress during early Theiler’s virus infection exacerbates the subsequent demyelinating disease in
SJL mice. ] Neuroimmunol 155, 103-118, https://doi.org/10.1016/j.jneuroim.2004.06.006 (2004).

Campbell, T. et al. The effects of restraint stress on the neuropathogenesis of Theiler’s virus infection: I. Acute disease. Brain Behav
Immun 15, 235-254, https://doi.org/10.1006/brbi.2000.0598 (2001).

Welsh, C. J., Tonks, P.,, Nash, A. A. & Blakemore, W. F. The effect of L3T4 T cell depletion on the pathogenesis of Theiler’s murine
encephalomyelitis virus infection in CBA mice. The Journal of general virology 68(Pt 6), 1659-1667 (1987).

Borrow, P, Tonks, P., Welsh, C. J. & Nash, A. A. The role of CD8+T cells in the acute and chronic phases of Theiler’s murine
encephalomyelitis virus-induced disease in mice. The Journal of general virology 73(Pt 7), 1861-1865, https://doi.org/10.1099/0022-
1317-73-7-1861 (1992).

Johnson, R. R, Storts, R., Welsh, T. H. Jr., Welsh, C. J. & Meagher, M. W. Social stress alters the severity of acute Theiler’s virus
infection. Journal of neuroimmunology 148, 74-85, https://doi.org/10.1016/j.jneuroim.2003.11.009 (2004).

Racine, R. J. Modification of seizure activity by electrical stimulation. II. Motor seizure. Electroencephalogr Clin Neurophysiol 32,
281-294 (1972).

Burrer, R. et al. Exacerbated pathology of viral encephalitis in mice with central nervous system-specific autoantibodies. Am ] Pathol
170, 557-566, https://doi.org/10.2353/ajpath.2007.060893 (2007).

Brinkmeyer-Langford, C. L. et al. Host genetic background influences diverse neurological responses to viral infection in mice. Sci
Rep 7, 12194, https://doi.org/10.1038/s41598-017-12477-2 (2017).

Meagher, M. W. et al. Neonatal maternal separation alters immune, endocrine, and behavioral responses to acute Theiler’s virus
infection in adult mice. Behav Genet 40, 233-249, https://doi.org/10.1007/s10519-010-9333-5 (2010).

Welsh, C. J. et al. The effects of restraint stress on the neuropathogenesis of Theiler’s virus infection II: NK cell function and cytokine
levels in acute disease. Brain, behavior, and immunity 18, 166-174, https://doi.org/10.1016/S0889-1591(03)00116-8 (2004).
Pappas, S. S. et al. Forebrain deletion of the dystonia protein torsinA causes dystonic-like movements and loss of striatal cholinergic
neurons. Elife 4, €08352, https://doi.org/10.7554/eLife.08352 (2015).

McGavern, D. B., Zoecklein, L., Drescher, K. M. & Rodriguez, M. Quantitative assessment of neurologic deficits in a chronic
progressive murine model of CNS demyelination. Exp Neurol 158, 171-181, https://doi.org/10.1006/exnr.1999.7082 (1999).
Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120,
https://doi.org/10.1093/bioinformatics/btul70 (2014).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21, https://doi.org/10.1093/bioinformatics/bts635
(2013).

Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 30, 923-930, https://doi.org/10.1093/bioinformatics/btt656 (2014).

Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15, ARTN 55010.1186/s13059-014-0550-8 (2014).

Suzuki, R. & Shimodaira, H. Pvclust: an R package for assessing the uncertainty in hierarchical clustering. Bioinformatics 22,
1540-1542, https://doi.org/10.1093/bioinformatics/btl117 (2006).

Libbey, J. E. et al. Seizures following picornavirus infection. Epilepsia 49, 1066-1074, https://doi.org/10.1111/j.1528-
1167.2008.01535.x (2008).

SCIENTIFIC REPORTS |

(2020) 10:7918 | https://doi.org/10.1038/s41598-020-64862-z


https://doi.org/10.1038/s41598-020-64862-z
https://doi.org/10.1371/journal.pone.0020495
https://doi.org/10.1016/j.bbadis.2008.08.001
https://doi.org/10.1016/j.bbadis.2008.08.001
https://doi.org/10.1111/j.1528-1167.2012.03615.x
https://doi.org/10.1111/j.1528-1167.2008.01751.x
https://doi.org/10.1111/j.1528-1167.2008.01751.x
https://doi.org/10.1007/s00401-015-1481-5
https://doi.org/10.1016/S1474-4422(17)30328-9
https://doi.org/10.1016/S1474-4422(17)30328-9
https://doi.org/10.1136/jnnp-2018-318337
https://doi.org/10.1097/WCO.0b013e32832d9d67
https://doi.org/10.1212/WNL.0000000000000560
https://doi.org/10.1212/WNL.0000000000000560
https://doi.org/10.1007/s00335-001-4001-Y
https://doi.org/10.1007/s00335-001-4001-Y
https://doi.org/10.1146/annurev.micro.59.030804.121242
https://doi.org/10.1534/genetics.104.035709
https://doi.org/10.1038/ng1104-1133
https://doi.org/10.1016/j.jneuroim.2004.06.006
https://doi.org/10.1006/brbi.2000.0598
https://doi.org/10.1099/0022-1317-73-7-1861
https://doi.org/10.1099/0022-1317-73-7-1861
https://doi.org/10.1016/j.jneuroim.2003.11.009
https://doi.org/10.2353/ajpath.2007.060893
https://doi.org/10.1038/s41598-017-12477-2
https://doi.org/10.1007/s10519-010-9333-5
https://doi.org/10.1016/S0889-1591(03)00116-8
https://doi.org/10.7554/eLife.08352
https://doi.org/10.1006/exnr.1999.7082
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btl117
https://doi.org/10.1111/j.1528-1167.2008.01535.x
https://doi.org/10.1111/j.1528-1167.2008.01535.x

www.nature.com/scientificreports/

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Stewart, K. A., Wilcox, K. S., Fujinami, R. S. & White, H. S. Development of postinfection epilepsy after Theiler’s virus infection of
C57BL/6 mice. Journal of neuropathology and experimental neurology 69, 1210-1219, https://doi.org/10.1097/
NEN.0b013e3181fFc420 (2010).

Stewart, K. A., Wilcox, K. S., Fujinami, R. S. & White, H. S. Theiler’s virus infection chronically alters seizure susceptibility. Epilepsia
51, 1418-1428, https://doi.org/10.1111/j.1528-1167.2009.02405.x (2010).

Caballero-Garrido, E., Pena-Philippides, J. C., Galochkina, Z., Erhardt, E. & Roitbak, T. Characterization of long-term gait deficits
in mouse dMCAO, using the CatWalk system. Behav Brain Res 331, 282-296, https://doi.org/10.1016/j.bbr.2017.05.042 (2017).
Machado, A. S., Darmohray, D. M., Fayad, J., Marques, H. G. & Carey, M. R. A quantitative framework for whole-body coordination
reveals specific deficits in freely walking ataxic mice. Elife 4, https://doi.org/10.7554/eLife.07892 (2015).

Piochon, C. et al. Cerebellar plasticity and motor learning deficits in a copy-number variation mouse model of autism. Nat Commun
5, 5586, https://doi.org/10.1038/ncomms6586 (2014).

Trottier, M., Schlitt, B. P,, Kung, A. Y. & Lipton, H. L. Transition from acute to persistent Theiler’s virus infection requires active viral
replication that drives proinflammatory cytokine expression and chronic demyelinating disease. Journal of virology 78, 12480-12488,
https://doi.org/10.1128/JV1.78.22.12480-12488.2004 (2004).

Lipton, H. L., Kumar, A. S. & Trottier, M. Theiler’s virus persistence in the central nervous system of mice is associated with
continuous viral replication and a difference in outcome of infection of infiltrating macrophages versus oligodendrocytes. Virus Res
111, 214-223, https://doi.org/10.1016/j.virusres.2005.04.010 (2005).

Trottier, M., Kallio, P., Wang, W. & Lipton, H. L. High numbers of viral RNA copies in the central nervous system of mice during
persistent infection with Theiler’s virus. Journal of virology 75, 7420-7428, https://doi.org/10.1128/JV1.75.16.7420-7428.2001 (2001).
Trottier, M., Schlitt, B. P. & Lipton, H. L. Enhanced detection of Theiler’s virus RNA copy equivalents in the mouse central nervous
system by real-time RT-PCR. Journal of virological methods 103, 89-99 (2002).

Rodriguez, M. & David, C. S. Demyelination induced by Theiler’s virus: influence of the H-2 haplotype. ] Immunol 135, 2145-2148
(1985).

Orton, S. M. et al. Sex ratio of multiple sclerosis in Canada: a longitudinal study. Lancet neurology 5, 932-936, https://doi.
org/10.1016/S1474-4422(06)70581-6 (2006).

Deussing, E. C., Jankosky, C. J., Clark, L. L. & Otto, J. L. Estimated incidence of multiple sclerosis among United States Armed Forces
personnel using the Defense Medical Surveillance System. Mil Med 177, 594-600 (2012).

Langer-Gould, A., Brara, S. M., Beaber, B. E. & Zhang, J. L. Incidence of multiple sclerosis in multiple racial and ethnic groups.
Neurology 80, 1734-1739, https://doi.org/10.1212/WNL.0b013e3182918cc2 (2013).

Isobe, N. et al. Genetic risk variants in African Americans with multiple sclerosis. Neurology 81, 219-227, https://doi.org/10.1212/
WNL.0b013e31829bfe2f (2013).

Wooten, G. E, Currie, L. J., Bovbjerg, V. E., Lee, . K. & Patrie, ]. Are men at greater risk for Parkinson’s disease than women? ] Neurol
Neurosurg Psychiatry 75, 637-639 (2004).

Dahodwala, N. et al. Racial differences in the diagnosis of Parkinson’s disease. Mov Disord 24, 1200-1205, https://doi.org/10.1002/
mds.22557 (2009).

Van Den Eeden, S. K. et al. Incidence of Parkinson’s disease: variation by age, gender, and race/ethnicity. Am | Epidemiol 157,
1015-1022 (2003).

Mayeux, R. et al. The frequency of idiopathic Parkinson’s disease by age, ethnic group, and sex in northern Manhattan, 1988-1993.
Am ] Epidemiol 142, 820-827 (1995).

Jurado-Coronel, J. C. et al. Sex differences in Parkinson’s disease: Features on clinical symptoms, treatment outcome, sexual
hormones and genetics. Front Neuroendocrinol 50, 18-30, https://doi.org/10.1016/j.yfrne.2017.09.002 (2018).

Mehta, P. et al. Prevalence of Amyotrophic Lateral Sclerosis - United States, 2015. MMWR Morb Mortal Wkly Rep 67, 1285-1289,
https://doi.org/10.15585/mmwr.mm6746al (2018).

Ghosh, S. & Klein, R. S. Sex Drives Dimorphic Immune Responses to Viral Infections. J Immunol 198, 1782-1790, https://doi.
org/10.4049/jimmunol. 1601166 (2017).

Klein, S. L. & Flanagan, K. L. Sex differences in immune responses. Nat Rev Immunol 16, 626-638, https://doi.org/10.1038/
nri.2016.90 (2016).

Ramagopalan, S. V., Giovannoni, G., Yeates, D. G., Seagroatt, V. & Goldacre, M. J. Sex ratio of infectious mononucleosis and possible
relevance to multiple sclerosis. Mult Scler 19, 359-361, https://doi.org/10.1177/1352458512450627 (2013).

Kappel, C. A., Melvold, R. W. & Kim, B. S. Influence of sex on susceptibility in the Theiler’s murine encephalomyelitis virus model
for multiple sclerosis. Journal of neuroimmunology 29, 15-19 (1990).

Alley, J. et al. More severe neurologic deficits in SJL/] male than female mice following Theiler’s virus-induced CNS demyelination.
Experimental neurology 180, 14-24 (2003).

Fuller, A. C. et al. Gender bias in Theiler’s virus-induced demyelinating disease correlates with the level of antiviral immune
responses. J Immunol 175, 3955-3963 (2005).

Kirkman, N. J,, Libbey, J. E., Wilcox, K. S., White, H. S. & Fujinami, R. S. Innate but not adaptive immune responses contribute to
behavioral seizures following viral infection. Epilepsia 51, 454-464, https://doi.org/10.1111/j.1528-1167.2009.02390.x (2010).
Libbey, J. E., Kennett, N. J., Wilcox, K. S., White, H. S. & Fujinami, R. S. Lack of correlation of central nervous system inflammation
and neuropathology with the development of seizures following acute virus infection. Journal of virology 85, 8149-8157, https://doi.
org/10.1128/JV1.00730-11 (2011).

Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C. & Gage, F. H. Mechanisms underlying inflammation in neurodegeneration. Cell
140, 918-934, https://doi.org/10.1016/j.cell.2010.02.016 (2010).

Block, M. L., Zecca, L. & Hong, J. S. Microglia-mediated neurotoxicity: uncovering the molecular mechanisms. Nature reviews.
Neuroscience 8, 57-69, https://doi.org/10.1038/nrn2038 (2007).

Swanson, P. A. 2nd & McGavern, D. B. Viral diseases of the central nervous system. Curr Opin Virol 11, 44-54, https://doi.
org/10.1016/j.coviro.2014.12.009 (2015).

Lipton, H. L. & Dal Canto, M. C. Chronic neurologic disease in Theiler’s virus infection of SJL/] mice. Journal of the neurological
sciences 30, 201-207 (1976).

Lipton, H. L. & Melvold, R. Genetic analysis of susceptibility to Theiler’s virus-induced demyelinating disease in mice. ] Immunol
132, 1821-1825 (1984).

Shulman, L. M. et al. The evolution of disability in Parkinson disease. Mov Disord 23, 790-796, https://doi.org/10.1002/mds.21879
(2008).

Stolze, H. et al. Comparative analysis of the gait disorder of normal pressure hydrocephalus and Parkinson’s disease. ] Neurol
Neurosurg Psychiatry 70, 289-297, https://doi.org/10.1136/jnnp.70.3.289 (2001).

Daou, B, Klinge, P, Tjoumakaris, S., Rosenwasser, R. H. & Jabbour, P. Revisiting secondary normal pressure hydrocephalus: does it
exist? A review. Neurosurg Focus 41, E6, https://doi.org/10.3171/2016.6.FOCUS16189 (2016).

SCIENTIFIC REPORTS |

(2020) 10:7918 | https://doi.org/10.1038/s41598-020-64862-z


https://doi.org/10.1038/s41598-020-64862-z
https://doi.org/10.1097/NEN.0b013e3181ffc420
https://doi.org/10.1097/NEN.0b013e3181ffc420
https://doi.org/10.1111/j.1528-1167.2009.02405.x
https://doi.org/10.1016/j.bbr.2017.05.042
https://doi.org/10.7554/eLife.07892
https://doi.org/10.1038/ncomms6586
https://doi.org/10.1128/JVI.78.22.12480-12488.2004
https://doi.org/10.1016/j.virusres.2005.04.010
https://doi.org/10.1128/JVI.75.16.7420-7428.2001
https://doi.org/10.1016/S1474-4422(06)70581-6
https://doi.org/10.1016/S1474-4422(06)70581-6
https://doi.org/10.1212/WNL.0b013e3182918cc2
https://doi.org/10.1212/WNL.0b013e31829bfe2f
https://doi.org/10.1212/WNL.0b013e31829bfe2f
https://doi.org/10.1002/mds.22557
https://doi.org/10.1002/mds.22557
https://doi.org/10.1016/j.yfrne.2017.09.002
https://doi.org/10.15585/mmwr.mm6746a1
https://doi.org/10.4049/jimmunol.1601166
https://doi.org/10.4049/jimmunol.1601166
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1177/1352458512450627
https://doi.org/10.1111/j.1528-1167.2009.02390.x
https://doi.org/10.1128/JVI.00730-11
https://doi.org/10.1128/JVI.00730-11
https://doi.org/10.1016/j.cell.2010.02.016
https://doi.org/10.1038/nrn2038
https://doi.org/10.1016/j.coviro.2014.12.009
https://doi.org/10.1016/j.coviro.2014.12.009
https://doi.org/10.1002/mds.21879
https://doi.org/10.1136/jnnp.70.3.289
https://doi.org/10.3171/2016.6.FOCUS16189

www.nature.com/scientificreports/

Acknowledgements
This work was supported by NIH NINDS R01 NS103934. Gwendolyn Levine provided feedback regarding
paralysis and paresis subtypes. Loren Skow assisted with editing the manuscript. Undergraduate student research
assistants contributing to this study included Courtney Buch, McKenna DeBever, Samantha Dillawn, Gabrielle
Free, Darcy Freisenhahn, Esther Gonzales, Austen Herron, Katlyn Kuruda, Jennifer Meier, Alec J. Pinon, Claudia
Serrano, and Xing Zhang.

Author contributions

R.E. performed mouse phenotyping, developed phenotyping rubrics, and contributed to writing the manuscript;
D.O. performed bioinformatics and statistical analyses and contributed to writing the manuscript; K.A. performed
mouse phenotyping and trained undergraduate student research assistants; C.E. performed mouse phenotyping
and assisted with the development of phenotyping rubrics; C.R.Y. performed mouse infections and provided
feedback; J.J.C. assisted with bioinformatic analyses and provided feedback; K.K. performed bioinformatic
evaluation of RNAseq results; A.H. provided equipment and guidance for RNA extraction and quality control;
D.W.T. provided mice and feedback; C.J.W. provided TMEV and laboratory space; C.L.B.-L. conceived the study,
analyzed results, and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64862-z.

Correspondence and requests for materials should be addressed to C.B.-L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:7918 | https://doi.org/10.1038/s41598-020-64862-z


https://doi.org/10.1038/s41598-020-64862-z
https://doi.org/10.1038/s41598-020-64862-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Antecedent presentation of neurological phenotypes in the Collaborative Cross reveals four classes with complex sex-depende ...
	Materials and Methods

	Ethics statement. 
	Mice. 
	Infection. 
	Weight. 
	Qualitative neurological phenotyping. 
	Seizure scoring. 
	Encephalitis. 
	Hunch. 
	Piloerection. 
	Righting reflex. 
	Clonus. 
	Paralysis and paresis. 

	Quantitative neurological phenotyping. 
	DigiGait. 

	RNA isolation and sequencing. 
	Statistical analysis. 
	Qualitative data. 
	Quantitative data. 


	Results

	CC strains distinguish four categories of progression following TMEV-infection. 
	Distinct impacts of TMEV infection on gait was not predictive by pre-infection gait. 
	Sex differences in TMEV-induced phenotypes varied across strains. 
	Phenotypes of RIX strains were distinct to those of parental strains. 
	Levels of TMEV RNA at 90dpi indicate that viral clearance from the CNS is not correlative with H2 haplotype, disease progre ...

	Discussion

	Acknowledgements

	Figure 1 Weight changes during first week post-infection.
	Figure 2 Onset of delayed righting reflex.
	Figure 3 Progression of neurological phenotypes varied by strain.
	Figure 4 Gait parameters were affected differently depending on mouse strain.
	Figure 5 Principal component analysis showed that both infection and sex influenced phenotypes.
	Table 1 Strains used for these experiments included 14 CC strains and 4 recombinant inbred crosses (RIX) of CC strains.




