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HIGHLIGHTS

» Novel biomarkers of the twitcher mouse were detected using an automated system.
» Intraperitoneal injections of stem cells were administered to twitcher mice.

» Twitcher mice receiving cell therapy had improved locomotion and motor function.
» Automated analysis of mouse behavior is effective as therapeutic screening for GLD.
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Article history: Globoid cell leukodystrophy (Krabbe’s disease) is an autosomal recessive neurodegenerative disorder that
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Available online xxx laboratories are currently exploring novel therapies using the mouse model of globoid cell leukodystro-

phy. In order to establish a protocol for motor function assessment of the twitcher mouse, this study
tested the capability of an automated system to detect phenotypic differences across mouse genotypes
and/or treatment groups. The sensitivity of this system as a screening tool for the assessment of thera-
peutic interventions was determined by the administration of murine bone marrow-derived stem cells
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EthoVision XT7 into twitcher mice via intraperitoneal injection. Animal behavior was analyzed using the Noldus Etho-
Behavioral phenotype Vision XT7 software. Novel biomarkers, including abnormal locomotion (e.g., velocity, moving duration,
Twitcher mouse distance traveled, turn angle) and observed behaviors (e.g., rearing activity, number of defecation boli),
Mesenchymal stem/stromal cells were established for the twitcher mouse. These parameters were monitored across all mouse groups,

and the automated system detected improved locomotion in the treated twitcher mice based on the
correction of angular velocity, turn angle, moving duration, and exploratory behavior, such as thigmo-
taxis. Further supporting these findings, the treated mice showed improved lifespan, gait, wire hang
ability, twitching severity and frequency, and sciatic nerve histopathology. Taken together, these data
demonstrate the utility of computer-based neurophenotyping for motor function assessment of twitcher
mice and support its utility for detecting the efficacy of stem cell-based therapy for neurodegenerative
disorders.
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1. Introduction

Globoid cell leukodystrophy (GLD; Krabbe’s Disease) is an auto-
somal recessive neurodegenerative disorder caused by deficient
galactosylceramidase (GALC), a lysosomal enzyme responsible for
the metabolism of glycolipids during active myelination [1-5].
A rapidly progressive disorder, GLD affects both the central and
peripheral nervous systems and presents most commonly as a
lethal course causing death by the age of 2 years [2,6]. The twitcher
mouse model is an authentic model of human GLD that resulted
from a spontaneous mutation of the GALC gene (GalctV) [7]. Stud-
ied mainly in the C57BI/6 genetic background, the twitcher mouse
presents at post natal day (PND) 14-15 with symptoms of motor
function deterioration, weight reduction, and decreased activity.
If left untreated, twitcher mice will experience rapid motor and
neurological deterioration and death by PND40 [2,7,8]. Patho-
logical features in this mouse model are similar to those in the
affected human, including central and peripheral demyelination,
thus highlighting the utility of these mice for studying human GLD
[8-10].

Experimental treatments in the twitcher mouse have shown
modest improvements in survival, although all treated animals,
regardless of therapeutic approach, experience severe motor and
neurological deterioration before dying prematurely [3,11-13].
The severity and progressive nature of GLD, in addition to the
lack of effective treatment options, highlight the need for further
development of innovative therapeutic approaches. Therapeutic
studies using the twitcher mouse must aim to correct neu-
rological and motor abnormalities in order to achieve motor
function and quality of life improvement in GLD patients. Specifi-
cally, add-on therapies that target the peripheral nervous system
and/or increase GALC enzyme levels are actively being tested for
development of a treatment that, combined with CNS therapy,
would alleviate symptoms related to widespread demyelination
[14].

In order to evaluate the efficacy of new treatment combinations,
measurements of motor function become necessary for compar-
ison across treatment groups. For this purpose, many research
teams have routinely used the wire hang test to assess strength
in the hind legs [13,15-18], gait testing [15,19], twitcher fre-
quency and severity scoring [15,16,20], and the rotarod test to
assess balance, coordination, and strength [13,16-18]. However,
there is no agreed screening protocol, and mouse groups can-
not be accurately compared across laboratories due to differences
in testing regimens (e.g., number of weekly tests, combination
of tests performed) and scoring systems (e.g., wire hang scores
defined by hang time vs. wire grasping difficulty). Additionally,
the validity of observational testing is compromised by obser-
vational and analysis biases, especially when an observer is not
blinded to the treatment group. Studies that provide only surviv-
ability and body weight data avoid such biases, yet the absence of
motor function data decreases the translatability of a study while
relying on expensive and time-consuming molecular studies to
compare treatment groups that may have no effect on a patient’s
presentation. The goal of the present study was to apply computer-
based video-tracking to detect quantitative differences in behavior
and motor activity between wild-type and twitcher mice of vari-
ous treatment groups. Automated neurophenotyping has become
widely used to accurately monitor mouse behaviors and physi-
ological parameters for motor function assessment [21-24], and
application of this technology to the twitcher mouse model may
improve sensitivity and reliability of motor function assessment
and provide a means of high-throughput therapeutic screening
for GLD that can be reproduced consistently in various laborato-
ries.

2. Materials and methods
2.1. Animals

Adult (3 month old) heterozygote (Het; GalcWi*) C57BI/6] (B6.CE-Galctwi/])
mice were originally obtained from The Jackson Laboratory (Bangor, ME) and used
as breeder pairs to generate homozygous (Twi; Galc™W/™i) twitcher mice. The estab-
lished mouse colony was maintained under standard housing conditions in the
pathogen-free environment of Tulane University Vivarium. Animals were housed
4-5 mice per cage with free access to food pellets and water, and the twitcher
mice had access to a Diet Gel 76A nutrient fortified water gel (ClearH20, Portland,
ME) following weaning at PND 21. In total, there were six mouse groups studied:
25 untreated wild-type (WT, Galc*/*), 15 BMSC treated WT (WT-BMSC, Galc*/*), 13
untreated heterozygote (Het, Galc*™™/*), 26 untreated twitcher (Twi, Galc™i™wi), 19
Hank’s balanced salt solution injected twitcher (HBSS, Galc™/™i) and 13 BMSC
treated twitcher (BMSC, Galc*™™/™i) mice were used in this study. All groups were
comprised of male and female mice (Tables 1 and 2). The animals were maintained
on a 12:12-h light/dark cycle (lights on at 06.00h; off at 18.00h), and behav-
ioral testing was consistently conducted between 14.00h and 18.00 h. All animal
procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at Tulane University and conformed to the requirements of the Animal
Welfare Act. The specific Galc mutation was confirmed by real-time RT-polymerase
chain reaction (PCR) on DNA obtained from anal swabs, as previously described
[25].

2.2. Intraperitoneal injections of murine eGFPTgBMSCs

Bone marrow-derived mesenchymal stem cells (BMSCs) were obtained from
male eGFP transgenic mice (C57BI/6-Tg(UBC-GFP)30Scha/] strain; Jackson Labora-
tory) between 4 months and 6 months of age. BMSCs were isolated and cultured from
the femurs and tibias of each mouse as previously described (Ripoll and Bunnell,
2009). Passage eight murine eGFPTgBMSCs were recovered from cryopreservation
in complete Iscove’s modified Dulbecco’s media (IMDM) media (Invitrogen, Carls-
bad, CA) with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 10%
horse serum (HyClone Laboratories, Inc., South Logan, UT), 1% L-glutamine (Invi-
trogen), and 1% penicillin-streptomycin (Invitrogen), cultured to 70% confluency
and harvested for infusion. The cells were washed thoroughly with 1xphosphate
buffered saline (Invitrogen) after removing media, lifted with trypsin (Invitro-
gen), neutralized with an equal volume of complete media, and counted using
a Countess® Automated Cell Counter (Invitrogen). The cells were centrifuged at
420 x g for 5min at room temperature. After aspiration of the media, the cell pel-
let was resuspended at 20,000 cells/wL with Hank’s balanced salt solution (HBSS,
Fisher Scientific, Pittsburgh, PA) containing calcium and magnesium but no phe-
nol red. The cells were kept on ice for no longer than one hour prior to injection.
Before injection, the cell suspension was mixed thoroughly by inversion, and a
50 L syringe with an attached 30-gauge stainless steel needle was used to uptake
the necessary volume of cells. All treated animals received injections of 10 uL
of the cell suspension (2 x 10° total eGFPTgBMSCs) or HBSS into the left side of
the peritoneal cavity on post natal day 5 or 6 (PND 5-6). The needle was kept
immobilized for 20-s (seconds) before withdrawing to avoid leakage of the cell
suspension from the injection site, and the pups were then returned to their
mother.

2.3. Motor function testing

Beginning on PND14, motor function tests were performed three times per
week to monitor the body weight, twitching frequency and severity, wire hang,
and hind stride length; all data points represent the average of scores reported by
two independent observers. Twitching frequency and severity were scored using
the following scoring system: Frequency-no twitching (0), rare twitching and/or
mild vibration (1), intermittent (i.e., twitching more often than not but with peri-
ods of no apparent twitching) (2), constant (3); Severity-complete absence (0),
fine with total head control (1), mild with decreased lateral head movement (2),
moderate with no head movement (3), and severe with inability to raise head (4).
The hindlimb strength and control were measured by a wire hang test, where
the mice were suspended by the tail and lowered onto a horizontal wire. The
scale of wire hang ranged from 0 to 4, as follows: mouse could grasp the wire
using its hind legs for more than 3-s (0), grasped the wire for at least 3-s with
some struggling (1), grasped the wire with its hind legs for 3-s (2), fell within 3-
s (3), or fell immediately (i.e., could not grasp the wire) (4). Hind stride length
was measured by applying food coloring to the paws of the mice and allowing
them to walk through a tube lined with graph paper as previously described [15].
The hind stride length of both the left and right back paws were measured and
averaged together by an analyst who was blinded to the genotype and treatment
group. Twitcher mice were euthanized once they lost 20% of their maximum body
weight or became moribund. Body weight was measured three times per week
beginning on PND16 and measurements were continued until the date of euthana-
sia.
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GLD mouse genotype-related differences in physical characteristics, computer-automated spatial and arena parameters, and manually observed behavior during PND 16-22.
Variables calculated from tracks using EthoVision XT7 and manual behavior observations are provided for untreated WT, Het, and twitcher mice. The ratio of males (M) to
females (F) is provided for each group as (M/F). One-way ANOVA was performed with the three mouse groups, and comparisons between the WT and Twi groups were made
using Bonferroni’s post hoc tests. *P<0.05; **P<0.01; ***P<0.001 vs. WT.

WT (Galc**) Het (Galctwil+) Twi (Galctwiltwiy

Mean + SEM Mean + SEM Mean + SEM WT v. Twi
Characteristics
Average Age (Post natal day) 20.44+0.40 21.46+0.40 18.28 £0.6
Average Body weight (g), PND 20 8.56+0.30 8.72+0.24 7.34+£0.12
Spatial parameters
Number of animals (M/F) 12 (6/6) 13(5/8) 19(10/9)
Total distance traveled (m) 5.61+0.63 4.2440.52 4.00+£0.26 *
Average velocity (cm/s) 1.884+0.21 1.49+0.17 1.404+0.10
Maximum velocity (cm/s) 26.94+£3.66 18.17+2.33 13.90+1.26 o
Angular velocity (°/s) 1973 £84.07 1988 +£87.39 2098 +£52.36
Mean turn angle (°) 65.76 +2.80 66.28 +2.91 69.954+1.75
Total meandering (x10%°/m) 2.67+0.44 4.28 +£0.92 3.82+043
Moving duration (s) 24.16+5.17 12.76 +2.92 9.26+1.94 o
Moving frequency (#) 1.724+0.17 1.54+0.11 1.224+0.13 *
Time spent immobile (s) 76.354+19.96 96.01+15.78 104.30+15.78
Inner zone frequency (#) 43,00+7.234 36.73 £6.527 22.53+3.20 *
Inner zone duration (s) 42.89+£8.95 59.52+14.52 34.23+7.03
Behavioral endpoints
Number of animals (M/F) 9 (4/5) 13(5/8) 18(9/9)
Latency to groom (s) 19.22+£3.23 23.27+3.21 37.76 +£6.74
Paw lick duration (s) 15.78 £2.52 13.08+1.08 20.94+3.15
Body/leg wash duration (s) 15.38+4.33 15.92+4.51 13.28+3.60
Number of unprotected rears 9.89+£2.26 3.54+1.39 1.564+0.45 o
Number of protected rears 17.44+3.31 9.77 £1.87 6.724+0.99 o
Number of total rears 27.33+4.56 13.31+3.15 8.28+1.30 o
Number of defecations 2.224+0.55 1.92+0.49 1.83+0.44

Table 2

GLD mouse genotype and treatment-related differences in physical characteristics, computer-automated spatial and arena parameters, and manually observed behavior
during PND23-29. Variables calculated from tracks using EthoVision XT7 and manual behavior observations are provided for BMSC-treated WT (WT-BMSC), BMSC-treated
twitcher (BMSC), HBSS-injected twitcher (HBSS), and untreated twitcher (Twi) mice. The ratio of males (M) to females (F) is provided for each group as (M/F). One-way
ANOVA was performed for the four mouse groups, and comparisons between the groups were made using Bonferroni’s post hoc testing. *P<0.05; **P<0.01; ***P<0.001 vs.
WT-BMSC. #P<0.05; #P<0.01; ##P<0.001 vs. Twi. {P<0.05; +1{P<0.01; {1tP<0.001 vs. HBSS.

WT-BMSC (Galc**)

BMSC (Galctwiltwiy

HBSS (Galctwiltwi)

Twi (Galctwiltwiy

Mean + SEM Mean + SEM BMSC v. WT (*) Mean + SEM HBSS v. WT (*) Mean + SEM Twi v. WT (¥)
BMSCv. HBSS(+)
BMSC v. Twi (#)
Characteristics
Average age (PND) 25.20+0.35 25.60+0.50 26.524+0.14 26.40+0.53
Average weight (g), PND 25 11.78 £0.31 8.46+0.32 o 9.31+0.17 o 9.10+0.31 o
Spatial Parameters
Number of animals (M/F) 15(8/7) 13 (6/7) 19(9/10) 19(10/9)
Total distance traveled (m) 5.30+0.42 4.48 +£0.29 3.67+0.27 > 3.58+0.27 .
Average velocity (cm/s) 8.86 £0.72 7.47 £0.48 6.11+0.44 > 5.97 £0.45 .
Maximum velocity (cm/s) 25.65+3.32 18.43+1.80 15.05+2.57 * 14.824+2.55 *
Angular velocity (°/s) 1996 +49.54 2103 +£55.40 ##H#, 1 2392 +54.19 o 2421+51.31 o
Mean turn angle (°) 66.54+1.65 70.10+1.85 79.82+1.81 o 80.70+1.71 o
Average moving duration (s) 17.04+£3.40 10.09+1.79 5.33+1.03 . 6.33+1.36 o
Moving frequency 1.50+0.14 1.08 +£0.08 0.83+£0.12 o 0.83+0.10 e
Average time immobile (s) 54.47 £10.77 7334+12.66  # 131.6+15.18 o 133.30+17.03 *
Inner zone frequency 54.73 +£6.03 38.54+5.47 Tt 12.47+2.04 e 23.84+6.08 o
Inner zone duration (s) 105.10+£9.83 54.544+9.67 46.71+£12.66 o 56.01+13.97
Behavioral endpoints
Number of animals (M/F) 11 (4/7) 13(6/7) 19(9/10) 12(7/5)
Latency to groom (s) 33.20+6.62 39.75+11.71 61.60 +£22.45 65.47 +15.34
Paw lick duration (s) 14.27 £1.53 22.13+4.96 21.05+4.13 19.50+3.96
Body/leg wash duration (s) 7.46 +£1.82 5.50+1.76 5.32+2.24 5.00+2.43
Number of unprotected rears 5.36+0.88 0.38+0.18 o 0.79+0.36 . 0.25+0.18 o
Number of protected rears 15.00+2.44 9.13+1.68 3.63+0.92 o 4.00+1.64 e
Number of total rears 20.36+£3.25 9.50+1.68 . 2.61+0.66 o 3.33+£1.32 o
Number of defecations 3.91+0.59 1.50+0.42 o 1.05+0.22 e 1.67+0.43 o
Number of digs 143+1.13 9.50+1.76 S, T 0.00 0.00




38 B.A. Scruggs et al. / Behavioural Brain Research 236 (2013) 35-47

2.4. Behavioral analyzes using video-tracking

Video recording of each mouse was conducted weekly using a LifeCam Cinema
webcam with True 720p HD video and Debut Video Capture Software (Microsoft
Corp.,Redmond, WA). The webcam was positioned on a stand 40 cm above the center
of a clear Plexiglas observational cylinder (13 cm in diameter, 15 cm in height). For
each trial, white multipurpose paper served as the arena floor to allow for further
analyzes using the Ethovision XT7 software package (Noldus IT, Leesburg, VA), which
detects the subjects against a monochrome background. The arena was cleaned
between trials by replacement of the background paper.

Each trial began with a 3-s recording of the empty arena to establish the back-
ground image, and each mouse was then recorded for 5 min (minutes). Additionally,
a highly trained and blinded observer manually recorded behavioral observa-
tions, including the latency to grooming, paw licks, body washes, defecation boli
deposited, and number of digs (i.e., attempts at escaping under arena wall), as well as
the number of vertical rears, including protected (wall-leaning), unprotected (paws
in the air), and total (protected +unprotected) vertical rears. All video files were
uploaded for analysis using the EthoVision XT7 software, and for each video, a still
frame of the empty arena was used for calibration. The inner zone of the observa-
tion cylinder was defined as a circle directly in the center of the outer circle with
an area equivalent to half that of the outer circle; inner and outer zones were stan-
dardized for all arenas to allow for consistent analysis of frequency and duration in
each respective zone (Fig. 4c).

Data analysis was performed at 30 frames/s, and the detections of the subject’s
movements allowed for quantification of various spatial endpoints, such as mean
velocity, total distance traveled, angular velocity, mean turn angle, inner and outer
zone duration [23,24]. After each trial, the program generated per-minute data for
all specified parameters (Table 2) that could be compared across various GLD geno-
type and treatment groups. The program also generated JPEG images of each mouse’s
tracks after the 5-min recording period, and these tracks were used to visually assess
and compare mouse activity in the arena. All tracks from each treatment over the
four weeks were analyzed by a blinded analyst using Image ] software (U. S. National
Institutes of Health, Bethesda, Maryland, http://imagej.nih.gov/ij/) [26]. The densi-
ties of the tracks were quantified in pixels using this software, and representative
images were chosen based on the median value of pixels. In Fig. 4, the track images
of the four mouse groups taken over four weeks represent 16 different mice.

2.5. Tissue processing and histological staining

Animals were euthanized by exposure to CO, and perfused with sterile PBS. Sci-
atic nerves were removed and stored at room temperature in 10% neutral buffered
formalin. Paraffin-embedded sections were cut at 5pum and mounted on Super-
frost glass slides and subsequently stained with hematoxylin and eosin (HE), luxol
fast blue (LFB), or periodic acid-Schiff (PAS). Slides were scanned using an Ape-
rio ScanScope® CS instrument (Aperio Technologies, Inc., Vista, CA) at 10x and
40x. Slides were analyzed with the Aperio ImageScope viewing software using
the Positive Pixel Count v9 analysis tool; specifically, the hematoxylin and eosin
(HE), periodic acid-Schiff (PAS), and luxol fast blue (LFB) stains were used for iden-
tification of infiltrating immune cells, the presence of globoid cells, and myelin
levels, respectively. All scanned images were used for comparison purposes, and
a blinded analyst chose representative images for the LFB (WT (n=3), BMSC (n=4),
and twitcher (n=7)), HE (WT (n=5), BMSC (n=4), and twitcher (n=8)), and PAS (WT
(n=3), BMSC (n=4), and twitcher (n=7)) stains.

2.6. Statistical analysis

For comparisons of body weight, wire hang, and hind stride length (Fig. 1a, e,
and f), mixed models regression methods were implemented via PROC MIXED in SAS
(version 9.2). For tests with a significant (p <0.05) time x group interaction, pairwise
comparisons of least square means were made to further investigate the interaction.
First, the initial time point (e.g., PND16) was compared to the last tested time point
(e.g., PND40) for each mouse group. Second, the three mouse groups (WT-BMSC,
BMSC, and Twi) were compared to each other at each time point for a total of 36 or
39 t-tests. To correct for multiple comparisons, the p-values were adjusted using a
Bonferroni correction. Significance was determined if p <0.0014 for the weight and
hind stride studies (36 tests) and p<0.0012 for the wire hang study (39 tests). All
values were plotted as mean + SEM.

Statistical analysis on the Kaplan-Meier survival curve was performed using the
log rank test (Fig. 1b), and the median lifespan values were compared using a non-
parametric Mann-Whitney U-test. Twitching frequency and severity were assessed
only in the two twitcher mouse groups (BMSC and Twi), and exact Chi-square tests
were performed at each time point to test for differences between the two treatment
groups (Fig. 1c and d). A total of 13 tests were performed, and thus the Bonferroni-
corrected criterion for rejection of the null hypothesis was p <0.0038. Medians, and
not means, were plotted for the twitching studies.

For the behavioral, neurophenotyping, and histological studies (Figs. 2-6), sta-
tistical analysis of three or more groups was performed using one-way analysis of
variance (ANOVA) followed by pairwise comparisons of the mouse groups using
Bonferroni post hoc testing. Significance for the overall group effect and individual
pairwise comparisons was defined as p <0.05. For any study where the mouse groups

were monitored for three consecutive weeks (Fig. 2f) or over several minutes during
a single recording (Fig. 3e), two-way ANOVA (factors: time and mouse group) with
repeated measures and subsequent Bonferroni post hoc testing was performed. One
and two-way ANOVA tests were performed using GraphPad Prism version 4.0b for
Macintosh (San Diego, CA, USA), and all values were reported as mean + SEM.

3. Results
3.1. Weight and longevity

Body weight was monitored three times a week for the
untreated WT, BMSC-treated twitcher (BMSC), and untreated
twitcher (Twi) mouse groups starting at PND16 (Fig. 1a). There were
no significant differences found between males and females when
comparing weights or motor function curves (data not shown);
therefore, all mouse groups included both male and female mice.
There was a significant interaction between mouse group and
post natal day (PND) (p<0.0001). For the WT and BMSC groups,
there was a significant weight difference between the first and last
time points (p<0.0001), but no significant difference was found
for the Twi group (p=0.14). Post hoc comparisons revealed no
significant differences between the two twitcher mouse groups
for any time point. The vivarial staff monitored all twitcher mice
by inspection (i.e., without touching mouse cages) each morning
to assess food accessibility and moribund status of all mice, and
the twitcher mice were euthanized when they met the euthana-
sia criteria described earlier. Longevity was used as an objective
measurement of therapeutic efficacy (Fig. 1b); a log rank test
performed on the Kaplan—-Meier survival curves showed a signif-
icant (c2=12.8, p<0.0005) difference between the curves of the
untreated and BMSC-treated groups. The median lifespan of the
untreated twitcher group (36.0 days) was significantly shorter com-
pared to the BMSC-treated mice (42.0 days; p<0.0001).

3.2. Behavioral assessments using conventional motor function
tests

Twitching frequency and severity were assessed using the con-
ventional twitching clinical scoring systems (Fig. 1c and d). There
were significant differences between the treated and untreated
twitcher groups at PND 18, 20, 24, 26, and 38 for twitching fre-
quency and at PND 20, 34, 36, 38, and 40 for twitching severity
(p<0.0038). Hind leg strength and severity of disease progression
were assessed using the wire hang test (Fig. 1e), and the interac-
tion of time and mouse group was significant (p <0.0001). The WT
mice were capable of hanging for >3-s without struggle for all time
points; however, both twitcher groups became more different from
the normal mice as time passed and ultimately from each other at
PND 36 and 38 (p <0.0001). The wire hang test was a sensitive mea-
sure of disease progression, indicated by the increase in wire hang
scores over time and the finding that all untreated twitcher mice
were unable to hang for 3-s (i.e., score of 3 or 4) at the time of their
euthanasia. When hind stride lengths were compared (Fig. 1f), the
interaction of time and mouse group was significant (p <0.0001),
and the mice receiving the BMSC treatment had improved hind
stride compared to the untreated twitchers at PND28 (p=0.001)
and PND34-36 (p <0.0001).

3.3. Phenotyping of the twitcher mouse using video-tracking

Video-tracking of individual mice was performed in this study
to establish endpoints sensitive to differences between the three
untreated mouse groups (Table 1). For this, all untreated WT,
untreated Het, and untreated Twi mice were recorded once during
the PND16-22 time period, at which time the twitching symptoms
of the twitcher group were mild and the motor function was not
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Fig. 1. Weight, lifespan and motor function after IP transplantation of BMSCs. (a) body weight was measured three times a week for untreated WT, BMSC-treated twitcher,
and untreated twitcher mice starting at PND 16; (b) all twitcher mice (BMSC and Twi) were monitored daily and euthanized at 20% of the maximum body weight or when they
became moribund. A Kaplan-Meier survival curve of the untreated and BMSC treated twitcher groups is shown; (c and d) Twitching frequency and severity were assessed
three times a week for all twitcher mice using the conventional twitching clinical scoring systems. Medians, and not means, are plotted, and significant differences between
the two treatment groups are indicated by # if P<0.0038; (e) hind leg strength was assessed for untreated WT, BMSC-treated twitcher, and untreated twitcher mice three
times a week using the wire hang test. Significant differences between the Twi mice and BMSC or WT groups are indicated by # or *, respectively, if P<0.0012 and (f) hind
stride was measured for untreated WT, BMSC-treated twitcher, and untreated twitcher mice three times a week for assessment of gait. Significant differences between the

Twi mice and BMSC or WT groups are denoted by # or *, respectively, if P<0.0014.

significantly affected (Fig. 1). The average ages of the WT, Het,
and Twi mice recorded for this experiment were PND20.4 + 0.4,
21.5+0.4 and 18.3 £ 0.6 days, respectively.

During video-tracking experiments, each mouse was placed in
an observational cylinder for video-recording and manual obser-
vations for 5 min. There was a significant main effect for genotype
on number of protected rears (F(2,37)=7.9, p<0.001), number of
unprotected vertical rears (F(2,37)=7.1, p<0.005), and total num-
ber of rears (F(2,37)=11.4, p<0.001). Post hoc comparisons of the
groups showed that Het (p<0.01) and twitcher (p <0.001) groups
had significantly fewer total rears than the WT mice (Fig. 2a). Other
manually observed behaviors monitored for phenotypic differences
between GLD genotypes were the latency to groom (F(2, 37)=3.0,
p=0.06), paw lick duration (F(2, 37)=2.5, p=0.10), body/leg wash
duration (F(2,37)=2.4, p=0.12), and defecation boli (F(2,37)=0.1,
p=0.87) during the 5-min trial (Table 1).

Ethovision XT7 was utilized to analyze the videos of all
three genotypes comparing different parameters to detect phe-
notypic differences in motor function at PND16-22. Multiple
endpoints showed significant differences between the genotype
groups during this time period, including moving duration (Fig. 2b,
F(2,41)=5.6, p<0.007), moving frequency (F(2,41)=3.4, p=0.04),
maximum velocity (Fig. 2c; F(2,41)=8.3, p<0.001), inner zone
frequency (Fig. 2d, F(2,41)=4.5, p<0.02), duration of immobile
bouts (F(2,41)=5.6, p=0.007) and total distance traveled (Fig. 2e;
F(2,41)=3.5, p<0.04). Post hoc comparisons revealed that spatial
locomotion of the twitcher mice, assessed as any movement of
the body center in excess of a defined threshold, was significantly
(p<0.01) lower than in the WT mice (Fig. 2b). Even though the Het
group appeared to have similar activity as the WT group, the max-
imum velocity of the Het group was significantly lower vs. the WT
(Fig.2b-d; p<0.05). Other parameters were analyzed at PND16-22,
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Fig. 2. Assessment of behavioral and physiological differences in mice of different genotypes. (a) the number of protected rears was manually observed for all untreated
GLD mouse groups (WT (N=9), Het (N=13), and Twi (N = 18)). Computer-automated values were generated using EthoVision XT7 software for; (b) average moving duration;
(c) maximum velocity; (d) inner zone frequency and (e) total distance traveled; all mice (WT (N=12), Het (N=13), and Twi (N=19)) were observed only once during the
period of PND16-22; (f) angular velocity was monitored for a select few mice from each group (WT (N=12), Het (N=11), and Twi (N=15)) over three consecutive weeks
(PND 16-22, 23-29, and 30-35). Comparisons between the three genotype groups were made by Bonferroni’s post hoc testing following one-way ANOVA (a-e) or two-way
ANOVA with repeated measures (f). Significant differences are denoted by *P<0.05, **P<0.01 and ***P<0.001 vs. WT mice.

including mean velocity (F(2,41)=2.8, p<0.08), inner zone dura-
tion time (F(2,41)=1.3, p<0.30), total meandering (F(2,41)=1.7,
p<0.20), and mean time spent immobile (F(2,41)=0.7, p<0.52)
(Table 1). For several parameters, including angular velocity
(F(2,41)=1.0, p<0.4) and mean turn angle (F(2,41)=1.0, p<0.4),
genotype had no overt effects during PND16-22; however, over the
course of this study the mice developed neurocognitive and motor
deficits and significant differences between the groups became
apparent in these parameters. Comparing angular velocity over
three weeks for all three genotype groups, there was a signifi-
cant group x time interaction (F(4110)=5.920, p<0.0001) with the
twitcher mice displaying significant deviation of angular velocity
compared to WT mice at the PND23-29 and PND30-35 time points
only (Fig. 2f; p<0.001).

3.4. Assessment of treatment efficiency using video-tracking

To further test the sensitivity of video detection of GLD mouse
phenotypes, the BMSC-treated WT (WT-BMSC), BMSC-treated
twitcher (BMSC), HBSS-treated twitcher (HBSS), and untreated
twitcher (Twi) mice were video-recorded once during PND23-29,
a period when the conventional motor function tests detected only

slight, if any, differences between the BMSC-treated and untreated
groups. The Twi mice were the same as those in the previously
described study testing the three genotypes; thus, all mouse groups
for this study were recorded once during 16-22 (data not shown) to
account for this additional recording of the Twi group. Ethovision
XT7 software was again used to analyze the spatial and inter-zonal
locomotion for 5min. All behavioral and spatial endpoints tested
at PND16-22 for genotype effects (Table 1) were used for compar-
isons of all mouse groups at PND23-29 (Table 2). The average ages
of the WT-BMSC, BMSC, HBSS, and Twi mice in this experiment
were PND 25.2 +0.4, 25.64+0.5 26.5+0.1, and 26.44 0.5, respec-
tively. At this time point, all twitcher mice, regardless of treatment,
had body weights that were significantly (p <0.001) lower than the
WT-BMSC weights; however, by visual inspection, kyphosis of the
spine, muscle wasting, and hind limb paralysis were not evident.
A one-way ANOVA with Bonferroni post hoc testing was per-
formed for each of the spatial and interzonal parameters for
comparison between groups. Mouse group had a significant effect
on average velocity (F(3, 62)=11.1, p<0.0001), maximum veloc-
ity (F(3, 62)=5.4, p<0.01), total distance traveled (F(3, 62)=11.2,
p<0.0001), duration of movement bouts (F(3, 62)="7.8, p<0.0005),
average moving time (F(3, 62)=17.1, p<0.0001), frequency of
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Fig. 3. Assessment of physiological effects after IP treatment using automated video-tracking. Comparative analysis of: (a) average time spent immobile;(b) average
velocity; (c) mean turn angle; (d) angular velocity; (e) distance traveled for each minute of the recording period and (f) total distance traveled for four mouse groups
(BMSC-treated WT (WT-BMSC, N=15), BMSC-treated twitcher (BMSC, N=13), HBSS-injected twitcher (HBSS, N=19), and untreated twitcher (Twi, N=19) mice). All mice
were observed once during the period of PND23-29, and comparisons between the four mouse groups were made by Bonferroni’s post hoc testing following one-way ANOVA
(a-d, f) or two-way ANOVA with repeated measures (e). Significant differences are denoted by *P<0.05, **P<0.01 and ***P<0.001 vs. WT-BMSC mice.

entering the center (F(3, 62)=9.6, p<0.0005), time spent in center
(F(3,62)=5.1,p<0.01), angular velocity (F(3,62)=17.6, p<0.0001),
average turn angle (F(3, 62)=11.3, p<0.0001) and time spent
immobile (F(3, 62)=16.6, p<0.0001) (Table 2; Figs. 3 and 4). Fur-
ther investigation of the group differences showed that the HBSS
and Twi mice both significantly differed from WT-BMSC mice in
all spatial endpoints, whereas the BMSC-treated mice did not dif-
fer significantly when compared to the WT-BMSC mice (Table 2).
Treated twitcher mice showed significant improvement compared
to the HBSS and Twi groups in average velocity, maximum velocity,
total distance traveled, frequency in center, angular velocity, aver-
age turn angle and time spent immobile (p <0.05; Figs. 3 and 4).
These data suggest that the stem cell treatment, although given
peripherally and at a suboptimal dose, corrected many of the
abnormal neurophenotypes of the twitcher mouse during this time
period. For each mouse, the total distance traveled was calculated
for every 1-min time bin. Comparison of this parameter over the 5-
min testing period showed that the WT-BMSC mice decreased their
exploratory behavior over time, while untreated twitcher mice
displayed anincrease in distance traveled after min 1 (Fig. 3e). Addi-
tionally, the distance traveled by the Twi mice was lower (p <0.05)

vs. WT-BMSC mice during min 2 and 3, whereas the BMSC-treated
and HBSS-treated mice showed no significant difference compared
to the WT-BMSC or Twi mouse groups for any minute of the trial
(Fig. 3e).

In addition to providing quantitative measurements related
to rodent locomotion, the video-tracking approach allowed track
visualization from the continuous detection of the mice over the 5-
min recording period. In this experiment, the tracks were arranged
in the order of increasing track density for each PND age range;
representative tracks were chosen for each age group as previ-
ously described. Fig. 4 shows the tracks across the four mouse
groups for PND16-22, 23-29, 30-35 and 36-45. There were no
overt differences between the WT-BMSC group and BMSC groups
until PND30-35 when slight differences in the track density, espe-
cially in the inner zone, became apparent. The HBSS and Twi mouse
tracks had strikingly lower track densities compared to the BMSC-
treated group and WT-BMSC mice starting at PND23-29 (Fig. 4a).
Based on the track visualizations and the decreased time in the
inner zone, it was evident that the non-cell treated twitcher mice
exhibited higher thigmotaxis than the BMSC-treated twitcher mice
(Fig. 4a and b).
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previously described for each of the four mouse groups over four consecutive weeks, PND16-22, 23-29, 30-35, and 36-45. For any given time period, a mouse was recorded
once for 5 min, and Ethovision XT7 was used to generate the visualization of the mouse tracks. The HBSS-injected (HBSS) and untreated (Twi) twitcher tracks show a marked
decrease in track density, especially in the inner zone of the arena, seen as early as PND 23-29; (b) The duration of time spent in the inner zone over 5 min (i.e., inner zone
duration) was compared for BMSC-treated twitcher (BMSC, N = 13), HBSS-injected mice (HBSS, N=19), non-injected twitcher (Twi, N=19), and BMSC-treated WT (WT-BMSC,
N=15) mice. Comparisons between mouse groups were made using one-way ANOVA and Bonferroni’s post hoc testing, where *P<0.05; **P<0.01; ***P<0.001 vs. WT-BMSC
and (c) a representative arena setting using EthoVision XT7 is shown with designated inner and outer zones for assessing thigmotaxis.

Additionally, it was found that for all groups tested at PND23-29 comparisons between the HBSS-injected and untreated Twi mice

there was no significant difference in any parameter when com- showed no significant difference, suggesting that IP injections given
paring males and females of the same mouse group (data not at PND 5 or 6 do not affect any spatial or behavioral character-
shown). Furthermore, for any given parameter studied, post hoc istics of the twitcher mouse (Table 2). Collectively, these studies
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(b) the number of protected rearing episodes; (c) the number of unprotected rearing episodes; (d) the number of digs manually observed; (e) the number of defecations and
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Fig. 6. Histological staining of sciatic nerves. (a) sciatic nerves from BMSC-treated WT, BMSC-treated twitcher, and untreated twitcher mice were obtained after euthanasia
at PND37 and processed for histological staining using Hematoxylin and Eosin (HE), Luxol Fast Blue (LFB), and Periodic Acid-Schiff (PAS) stains. The scale bar represents 50 um
for all larger images (10x), and each smaller image (40x ) is a four-fold magnification of the larger image. Comparisons of the HE, LFB, and PAS images of the twitcher mouse
sciatic nerves show a decrease in the number of apoptotic cells (white arrows) and infiltrating immune cells (black arrows) in the PNS after IP administration of BMSCs; (b)
the number of infiltrating immune cells in the HE stains of the WT-BMSC (N=5), BMSC (N=4), and Twi (N=_8) groups were calculated, compared to the total pixels for each
scanned image, and normalized to the WT-BMSC group and (c) the staining intensity in the LFB stains of the WT (n=3), BMSC (n=4), and Twi (n=7) groups were calculated,
compared to the total pixels for each scanned image, and normalized to the WT-BMSC group. Following one-way ANOVA, comparisons were made using Bonferroni’s post
hoc testing. Significant differences are denoted by *P<0.05; **P<0.01; ***P<0.001 vs. WT-BMSC and #P<0.05 vs. Twi mice.

demonstrated that this video-tracking approach was a sensitive
tool for objectively detecting the motor function of the twitcher
mouse model of GLD.

3.5. Grooming and other behaviors

Self-grooming is an important aspect of mouse behavior. To
detect any changes in grooming activity due to the twitcher pheno-
type, all groups were observed for various behaviors (e.g., latency
to grooming activity, paw lick duration, body/leg wash duration,
number of rears, number of defecation boli, and number of digs) at
PND23-29 during the 5-min trial, as described previously (Kalueff
et al.). Mouse group had a significant effect on number of defeca-
tions (Fig. 5e, F(3,46)=10.1, p<0.0001), total rears ((F(3, 46)=22.6,

p<0.0001), as well as unprotected (F(3, 46)=23.2, p<0.0001) and
protected rears (F(3,46)=11.5,p <0.0001). Post hoc testing showed
that the untreated twitcher mice had significantly lower rearing
activity (all rearing types, p<0.0001) compared to the WT-BMSC
group (Fig. 5a-c; Table 2). This study provided evidence that the
BMSC treatment also significantly differed from WT-BMSC mice in
total (p <0.01) and unprotected rears (p < 0.001) (Fig. 5a and b), and
no improvement due to cell treatment was seen at this time point
in the twitcher mice. There was also a significant main effect on dig-
ging activity (F(3, 46)=35.38, p<0.0001), where the BMSC-treated
mice had increased number of escape attempts (i.e., digs) com-
pared to all other mouse groups (p <0.001) (Fig. 5d). Other manually
observed behaviors at this time period that did not show significant
group effects were latency time to first grooming bout (Fig. 5f, F(3,



44 B.A. Scruggs et al. / Behavioural Brain Research 236 (2013) 35-47

46)=0.71,p <0.55), total duration spent paw licking (F(3,46)=0.62,
p<0.57), and total duration spent body washing (F(3, 46)=0.62,
p<0.57).

3.6. Histological analysis

Hematoxylin and eosin (HE), luxol fast blue (LFB), and peri-
odic acid-Schiff (PAS) staining performed on the sciatic nerves of
WT-BMSC, BMSC-treated twitcher, and untreated twitcher mice
showed a decrease in the number of apoptotic cells in the PNS
after IP administration of BMSCs (Fig. 6a, 40x, white arrows). In
fact, no cells resembling apoptotic cells or necrotic debris were
found in any sciatic nerves obtained from WT-BMSC or BMSC-
treated twitcher mice. The PAS stain showed more enlarged cells,
likely macrophages, when comparing the untreated twitcher to
the BMSC-treated sciatic nerves (Fig. 6a, black arrows). Based on
the percentage of calculated strong pixels, corresponding to the
dark nuclei and cytoplasm of infiltrating immune cells, there was
a significant increase in the number of infiltrating cells in both the
treated and untreated twitcher groups (Fig. 6b). There was a sig-
nificant decrease in the number of weak pixels in the LFB stain
when comparing the untreated twitcher sciatic nerves to those of
the WT-BMSC mice. However, post hoc comparisons between the
two treatment groups indicated that the BMSC treatment signif-
icantly increased the LFB staining intensity in the nerves at the
time of euthanasia (Fig. 6¢). The histopathological data supported
findings of the motor function tests and computer-automated sys-
tem by also detecting improvements in the twitcher mouse after
peripheral administration of BMSCs.

4. Discussion

4.1. Detection of phenotypic differences in GLD mice using
automated video-tracking

In order to establish the most sensitive endpoints using video-
tracking, groups of untreated WT, Het, and Twi mice were recorded
at PND16-22, a period when these mice are indistinguishable
by weight, hind stride length, and wire hang ability (Fig. 1). The
data (Fig. 2b-e) indicate that video-tracking can indeed objec-
tively detect differences between the WT, Het and Twi mice even
when the differences are not yet evident to the investigator using
traditional phenotyping approaches. For example, several ‘auto-
mated’ endpoints (e.g., maximum velocity, duration of time spent in
motion, total distance traveled, moving frequency, and number of
times entering inner zone) were sensitive to GLD genotype. Unex-
pectedly, the mutant mice move more slowly yet perform sharper
turns at a higher angular velocity; this abnormal turning behav-
ior in mice may represent altered spatial patterning [27], which, in
conjunction with hypolocomotion, can be due to reduced myelin
turnover at a time when myelin production is rapidly increasing
[7]. These novel findings of neurobehavioral phenotypic differences
between the genotypes are consistent with the slower reaction
times, altered spatial cognition, and motor and cognitive impair-
ment in affected GLD patients and carriers with <25% of normal
GALC activity levels [28].

Observational studies of twitcher and WT mice by Olmstead
showed no significant genotype differences at PND15-20 when
comparing neurological development and observed motor activ-
ity of untreated mice [18]. Similarly, the traditional (observational)
motor function tests of this study were unable to detect sig-
nificant differences during this time period. Our study showed
that computer-automated analysis of mouse locomotion pro-
vides multiple quantitative measurements of parameters that
cannot be accurately assessed through manual observation. Since

computer-automated mouse tracking improves inter-analyzer
consistency of scoring and allows for quick processing of large
amounts of data [29], such approaches can be used to reliably
compare multiple cohorts without introducing observational and
analysis biases.

4.2. Automated mouse tracking as a tool for evaluating
therapeutic benefit in treated GLD mice

Since data generated using EthoVision XT7 clearly distinguished
WT, Het and Twi mouse phenotypes based on changes in their
behavioral parameters, it was hypothesized that this approach
may also be sensitive to treatment effects, specifically the ther-
apeutic effectiveness of BMSCs administered peripherally in the
twitcher mice. We administered a total number of cells that, based
on previous studies of mouse IP injections [30,31], are considered
extremely low. Nevertheless, automated video-tracking proved
capable of detecting differences between the BMSC-treated and
HBSS-injected or untreated Twi mice during the PND23-29 time
period. In contrast, the common rotarod test is unable to distin-
guish between twitcher mice of different treatment groups until
PND27-32[16]. Comparisons of spatial and inter-zonal parameters
showed that the untreated Twi mice significantly differed from WT-
BMSC mice in all endpoints; however, the BMSC-treated mice were
similar to the WT-BMSC cohort and were found to have corrected
neurophenotypes compared to the HBSS or Twi groups for angu-
lar velocity, mean turn angle, time spent immobile, and number
of times entering the inner zone. The alteration of these param-
eters solely in the non-cell treated twitcher groups suggests that
the BMSC treatment increased motor activity and corrected spatial
impairment (Fig. 3).

Additionally, for each mouse group, analysis of the total dis-
tance traveled over time showed that the WT-BMSC mice reduced
their exploratory behavior over time, while the untreated twitcher
mice displayed an increase in distance traveled after minute 1.
These data suggest that untreated twitcher mice may have cogni-
tive impairments inhibiting their ability to recognize environments
as no longer being novel; HBSS-injected mice showed a constant
distance traveled across all minutes. Based on the track visu-
alizations and less time spent in the inner zone, the untreated
and HBSS-injected twitcher mice exhibited thigmotaxis more than
the BMSC-treated twitcher mice. Peripheral locomotion has been
widely used as a measure of anxiety-related behavior [32,33], and
other groups have reported thigmotaxis during an open field test
of twitcher mice [18]. Based on thigmotaxis improvement, it is
possible that the BMSC treatment decreases anxiety; however,
future studies to test this possibility will include assessment of
thigmotaxis and exploratory behavior in the twitcher mouse after
administration of pain relieving and/or anxiolytic drugs using a
larger arena area.

Overall, the beneficial effects of the BMSC treatment were
clearly demonstrated in this study using the automated video-
tracking approach, and are supported by the extended lifespan
and improved histopathology of the treated mice compared to
the untreated twitcher group. Furthermore, this high-throughput
therapeutic screening approach allows an investigator to reliably
assess whether a treatment improves the clinical presenta-
tion of the twitcher mouse, thereby optimizing the selection
of treatment that is most beneficial for the affected animals.
Although automated systems are currently being implemented
as screening tools for other animal models, it is imperative
to demonstrate the utility of such a system for any newly
tested model in addition to defining biomarkers (i.e., certain
behaviors or parameters) that are specific to the animal’s phe-
notype. The behavioral biomarkers discussed herein are novel
and indicate a promising future for automated systems in
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studying the Twi mouse. In performing this study, our lab has
already been able to utilize this screening method for Twi
mice receiving IP injections of BMSCs at higher dosages and
intracerebroventricular (ICV) injections, and preliminary results
indicate a complete correction of spatial parameters for longer
periods of time with significant differences between the BMSC-
treated and untreated twitcher mice (data not shown). It is
therefore likely that this system can be used over time for
all treatment groups as a means to measure disease progres-
sion and also as a quantitative method for comparing treatment
groups.

4.3. Effects of GLD on mouse grooming and rearing behaviors

Rodent grooming and homecage activity are highly sensitive to
various experimental manipulations (e.g., toxins, stress, or genetic
mutations), and the frequency and duration of such behaviors can
be monitored to characterize such effects [34,35]. Early works
have implicated grooming as a behavioral biomarker in GLD [18],
and given the growing recognition of the importance of groom-
ing in mouse behavioral responses and the relation to complex
motor behaviors [21,34,36,37], grooming is an appropriate motor
phenotype to assess in these mice. A detailed behavioral anal-
ysis of the twitcher mouse was performed by Olmstead, and
his findings showed altered grooming (e.g., increased paw lick-
ing and face washing) and decreased rearing when compared to
WT mice [18]. Consistent with these findings, the present study
also showed that the twitcher mice differed behaviorally from
the WT-BMSC mice in grooming (e.g., increased paw licking) and
rearing behavior. The most striking difference was their ability to
perform vertical rearing during PND16-22 and 23-29. Although
protected rearing and unprotected rearing are similarly affected at
PND16-22 (Table 1), the protected rears are performed more fre-
quently than unprotected rears in all twitcher groups at PND 23-29
(Table 2). Unprotected rearing must be performed without a wall
and requires pure hind limb strength, therefore as GLD progresses
and motor function declines the twitcher mice exhibit less vertical
movements compared to protected rearing. These data suggest that
the affected mice, after developing significant hind leg weakness,
are unable to support the vertical movement and twisting body
positions necessary to complete such exploratory behavior. This is
in agreement with other mutant mouse models (e.g., weaver mice)
that are also unable to complete grooming or exploratory behaviors
that require stable postures [38]. Interestingly, the BMSC-treated
group was able to perform more protected and total rears than the
untreated mice at PND23-29, although no significance was found in
post hoc comparisons. For both this study and the Olmstead study,
no rearing activity could be documented for any twitcher mouse
after PND30 [18]. The BMSC mice were also capable of digging, an
activity never displayed in any other mouse group; such a finding
should be further investigated to determine if this treatment results
in abnormal hyperactivity of the mice.

The current study suggests that manual observations of rearing
behavior, movement bouts, and overall grooming behavior pro-
vide a relevant means to assess disease progression and quality
of life for twitcher mice and, when combined with quantitative
data generated from video-tracking, can serve as a sensitive mea-
sure of genotypic differences and treatment effectiveness for GLD
mice. Improvement in protected rearing, thigmotaxis, and loco-
motor activity suggest that a single, low dose peripheral injection
of BMSCs increases hind leg strength and improves motor coor-
dination of the twitcher mouse. This finding is consistent with
recent knowledge that mouse BMSCs home to areas of neurological
damage to provide robust neuroprotective and anti-inflammatory
effects [15,39].

4.4. Intraperitoneal administration of BMSCs as therapy for the
twitcher mouse model of GLD

Stem cell-based therapy has shown tremendous promise in pre-
clinical trials of many different lysosomal storage diseases, and
the mechanisms of repair and therapeutic benefits are exten-
sive. BMSCs are capable of self-renewal and differentiation into
a wide range of cell types (e.g., osteocytes, adipocytes, chondro-
cytes, etc.), thus making them a promising therapeutic candidate
for restoration of damaged tissue [40,41]. In addition to being
accessible for harvesting in clinical settings and easily expanded
in culture, BMSCs are known to express GALC, modulate immune
reactions in vitro, and do not elicit an immunological response
in vivo [40,42-44]. In light of these findings, IP injections of stem
cells were administered to twitcher mouse pups in order to tar-
get the inflammation in the peripheral nervous system. The data
reported here indicate that BMSCs, administered at a suboptimal
dose, can modestly improve the motor activity and lifespan of the
twitcher mouse when administered peripherally. Twitcher periph-
eral nerves exhibit myelin sheath degeneration, axonal death, and
infiltration of macrophages (i.e., globoid cells) with PAS-positive
cytoplasm [45-47]. In the present study, histological staining of
BMSC-treated WT, BMSC-treated twitcher and untreated twitcher
mouse sciatic nerves clearly provide evidence that a single IP injec-
tion of BMSCs increases LFB staining intensity and decreases the
number of apoptotic cells and possible globoid cells in the PNS. The
increased number of cell nuclei in the untreated Twi group could
be a result of infiltrating immune cells or increased Schwann cell
proliferation [46,47]. Notably, however, the treated sciatic nerves
were not void of infiltrating cells or myelin destruction, suggesting
that the low number of injected BMSCs was not sufficient to treat
this pathogenic aspect.

4.5. Clinical relevance of motor function improvement in the
twitcher mouse

With multiple types (e.g., early infantile, late infantile, juve-
nile, adult) of GLD and over 75 known mutations, the clinical
presentation of the affected human patient is highly variable
[48,49]. However, all patients diagnosed with GLD develop
motor symptoms [48]. Specifically, the early-onset form of GLD
(3-6 months) commonly presents with increased muscular tonus,
early coordination disturbance, limb stiffness, poor head control,
hyperextension and spasticity, and slowed motor nerve conduc-
tion velocity [48,50-52]. The majority of late-infantile GLD patients
(7-36 months) initially presents with gait abnormalities, such as
clumsiness, inability to maintain sitting or standing positions, and
increased muscle tone, before progressing to cerebellar ataxia
and possible spastic quadriplegia [49,50,53]. The development
and worsening of these symptoms are highly monitored in these
patients, especially because the early stages of GLD can appear nor-
mal using computed tomography and magnetic resonance imaging
[49,51]. Although the twitcher mouse model differs from the
human patient in many aspects (e.g., lifespan), the presentation
of motor symptoms in the twitcher mouse is similarly progressive
and debilitating.

GLD has been divided into three distinct symptomatic stages;
Stage 1 of human GLD is characterized by limb stiffness, Stage 2 by
severe motor deterioration, and Stage 3 by no spontaneous move-
ment [54]. The authors hypothesize that these stages correlate to
the three time periods explored in this study. During the PND16-22
time period, the twitcher mouse has decreased total distance trav-
eled, velocity, time spent in motion, and rearing activity (Table 1),
which are symptoms likely related to limb stiffness, decreased
motor nerve velocity, and weakness of the hind legs. Motor symp-
toms progress rapidly in the mouse, and all spatial parameters
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tested during the later PND23-29 time point are significantly
affected in the twitcher mouse (Table 2). Specific symptoms, such as
abnormal turning behavior, can be directly related to GLD patients,
who can present with a slow, rigid, and ataxic gait, particularly dur-
ing turns, that is not proportional to any effect of visual impairment
[49,50,53,55]. Although defecation scores are usually high in anx-
ious mice [36], the twitcher mice produce less boli than WT-BMSC
mice, likely due to their reduced appetite and decreased food con-
sumption. Similarly, the GLD patient often has feeding difficulties,
problems with swallowing, and a reduced appetite [48,49,52,53].
Like many end-stage GLD patients, the twitcher mouse eventually
exhibits paralysis and extreme emaciation [9,10].

Although posturing and the specifics of motor symptoms differ
between human and mouse GLD, it is clear that both GLD forms
are severely affected in motor function. The mouse presents with
a generalized sensorimotor demyelinating polyneuropathy, which
is similar to human GLD in pathophysiology and presentation [49];
therefore, it is likely that improvement in spatial parameters in
the mouse model will directly correlate to improvements in the
human patient. Gait difficulties, which are present in over 80% of
late-infantile GLD patients [49], would likely be minimized, if not
corrected, if stem cell-based therapy were optimized to correct
such abnormalities in the twitcher mouse.

5. Conclusion

This study aimed to evaluate the effectiveness of automated
analysis of video-recorded mouse behavior in an open-field type
paradigm. Collectively, the data strongly support the utility of
computer-based neurophenotyping for in-depth assessment of
motor phenotype in a mouse model for GLD combined with assess-
ment of treatment effects. Our findings support application of
automated procedures for increasing sensitivity and efficacy of
behavioral phenotyping. This study also identified several novel
biomarkers of the twitcher mouse that will serve as markers of
disease progression and will help establish novel add-on thera-
pies targeting specific behavioral abnormalities (e.g., thigmotaxis).
Thus, the sophisticated phenotyping tools utilized in this study
could be of benefit in providing an efficient, unbiased method
of assessment that also enhances the biological interpretation of
treatment when performed with molecular studies.

The administration of a suboptimal dose of mouse BMSCs
through IP injection improved the phenotype of the twitcher mouse
as determined by motor function testing, automated neuropheno-
typing, modest improvement in lifespan, and improved peripheral
nerve histopathology. Achieving such improvements with a non-
invasive administration method indicates a promising future for
stem cells as a novel therapeutic for patients affected with globoid
cell leukodystrophy or other glycosphingolipid storage diseases.
We are planning to combine video-tracking methods and man-
ual observations with histological and enzymatic data to assess the
true effects of BMSCs on both the molecular level and the quality
of life of these affected mice in order to optimize the dose, timing,
and route of administration for stem cell treatment in the twitcher
mouse model.
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