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Abstract
One of a family of devastating lysosomal storage disorders, Krabbe disease is characterized by
demyelination, psychosine accumulation, and inflammation. Affected infants rarely survive longer
than two years. Using the twitcher mouse model of the disease, this study evaluated the potential
of intrastriatal injection of adipose or bone marrow-derived mesenchymal stromal cells (MSCs) as
a treatment option. Neonatal pups were injected with MSCs at 3–4 days of age and subjected to a
battery of behavioral tests beginning at 15 days. While MSC injection failed to increase lifespan of
twitchers, improvements in rotarod performance and twitching severity were observed at 27–38
days of age using MSCs derived from bone marrow. This study tested several different tasks
developed in adult mice for evaluation of disease progression in immature twitchers. Rotarod was
both reliable and extremely sensitive. Automated gait analysis using the Treadscan program was
also useful for early evaluation of differences prior to overt gait dysfunction. Finally, this study
represents the first use of the Stone T-maze in immature mice. Validation of rotarod and
automated gait analysis for detection of subtle differences in disease progression is important for
early stage efforts to develop treatments for juvenile disorders.
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1. Introduction
Krabbe disease is an inherited, autosomal recessive condition resulting from lack of a
functional galactosylceramidase (GALC) enzyme. Krabbe disease is a rare (1/100,000
births), but exceedingly devastating condition. Infants are born normal, but begin to show
progressively worsening symptoms such as irritability, spasticity, loss of motor skills,
hypersensitivity to external stimuli, stiffness of muscles, extension of arms and legs,
clenched fingers, hypotonicity, blindness, deafness, growth arrest, and progressive
microcephaly, usually culminating in death around 2 years of age [1–4]. GALC is a
lysosomal enzyme which catabolizes psychosine and galactosylceramide, one of the primary
structural components of myelin [5]. GALC and another lysosomal enzyme, GM1-
ganglioside B-galactosidase, are both able to catabolize galactosylceramide; however, only
GALC can metabolize psychosine [6, 7]. This observation has led to the psychosine
hypothesis, relating much of the pathology of Krabbe disease to psychosine’s accumulation
and toxic effects upon oligodendrocytes and Schwann cells [8, 9].

Currently, the only approved therapies for Krabbe disease are bone marrow transplantation
(BMT) or umbilical cord blood transplantation (UCB). Engrafted donor hematopoietic stem
cells appear to migrate to the brain and provide a source of GALC. Both treatments
substantially improve outcome- if administered prior to symptom onset-but are not cures.
BMT shortly after birth improves neurological function and extends lifespan past 3 years of
age; however, BMT after symptom onset is characterized by continued progression and
greater than 50% mortality by age 3 [10, 11]. UCB can be performed without a complete
HLA match [12–14], but must still be accomplished prior to appearance of symptoms, and
language and motor deterioration still seem to occur in a majority of patients [15]. In
addition, the risk of Graft vs Host Disease (GVHD) is substantial in BMT and UCB. GVHD
reportedly occurred in 8 of 11 asymptomatic and 5 of 14 symptomatic Krabbe patients
transplanted with UCB in one study [10]. Since GVHD is the direct result of the donor
lymphocytes mounting a cytotoxic immune reaction against the recipient, combination
therapy with an immunosuppressive component could help to improve patient outcome
following UCB or BMT treatment.

To date, other treatment options have resulted in delayed onset of symptoms, but not a cure,
when tested in a murine model of Krabbe disease known as twitcher. These treatments
include enzyme replacement, dietary intervention, stem cell therapy, gene therapy, substrate
reduction, anti-inflammatory treatment, or assorted combinations of therapies [16–26].
Mesenchymal stromal cells (MSCs), derived from bone (BMSC) or adipose tissue (ASC),
are capable of developing along neuronal lineages, and, in addition to being
hypoimmunogenic and suitable for allogeneic transplantation, also appear to have
pronounced immunosuppressive capabilities [27–35]. As such, MSCs may offer a unique
treatment option, since they could potentially provide a source of GALC enzyme,
differentiate to replace damaged oligodendrocytes, suppress chronic neuroinflammation by
immune suppression and are unlikely to carry GVHD risks [36]. It may be that reduced
neuroinflammation as a result of MSC injection could persist far longer than the MSC cells
themselves, as other studies have shown that the neuroinflammatory condition of the brain is
distinctly longer lasting than peripheral inflammatory status [37]
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Nevertheless, many questions remain before the potential of MSC treatment of Krabbe can
be definitively known. A prime area of investigation must be the optimal location of MSC
injection for maximum clinical benefit, which may be a result of cell persistence, neuronal
differentiation, more potent anti-inflammatory action, or some combination of the above.
Twitcher mice are an authentic murine model of Krabbe disease that are an ideal system for
initial investigation of possible treatments [38]. They were used for initial studies of BMT,
resulting in a lifespan increase from 40 to 100 days [39, 40]. In human infants the CNS is
primarily affected; however, in the twitcher mice the PNS is primarily affected [41, 42].
Thus, for early stage studies attempting to assess new treatments specifically targeted to the
CNS, successful use of the Twitcher model requires the ability to detect very subtle
differences in outcome as a result of improved CNS pathology that can be observed despite
continued deterioration of the PNS.

Previous work has shown that injection of MSCs into the lateral ventricles of neonatal
twitcher mice prior to disease onset can improve disease outcome. While the lifespan
increase was marginal, significant improvements were noted using behavioral measurements
such as wire hang and rear stride length [36]. Importantly, these improvements were
observed despite disappearance of the MSCs 16–18 days after injection, and correlated with
substantial reductions in inflammatory cytokines and inducible nitric oxide synthase (iNOS)
in the brains at terminal stage [36]. These results suggest that MSCs have the potential to
improve Krabbe outcome either alone or as a component of a combination therapy, but
several factors must be optimized, including the site of injection, dosage (both volume and
concentration of cells) and number and timing of injections. The Ripoll et al. experiments
thus demonstrate a key point, namely that the ability to detect subtle alterations in disease
progression may be essential in the early stages of determining optimal parameters for MSC
injection.

The study reported here accomplishes two goals. First, MSCs injected into the ventricles
became widely dispersed throughout the CNS and persisted for 8–10 days post-injection, but
failed to engraft and differentiate [36]. To determine if injection directly into neuronal tissue
could similarly improve outcome in the twitcher mouse model, MSCs (GFP labeled ASCs
and BMSCs) were injected into the striatum of neonatal pups. The striatum is known to be
important for motor function, suggesting its potential utility as a target. Second, an expanded
spectrum of behavioral tests was performed to evaluate their ability to detect subtle
improvements in motor and behavioral function. These results are reported here; studies are
ongoing to determine MSC engraftment ability, differentiation potential, and effects on
inflammation following striatal injection in these pups.

2. Material and Methods
2.1 Animals

Mice were housed in the AALAC-approved facility at Pennington Biomedical Research
Center (PBRC). All experimental procedures were approved by the Institutional Animal
Care and Use Committee (IACUC). A breeding colony of heterozygous “Twitcher” mice
carrying a natural mutation in the GALC gene was established using mice obtained from
Tulane University, originally from Jackson Laboratories (B6.CE-Galctwi/J stock #000845).
Genotyping was performed by PCR from anal swabs performed at weaning according to the
molecular beacon protocol developed by Terrell et al. [43].

2.2 Murine eGFPTgASCs and eGFPTgBMSCs
The inbred transgenic strain C57Bl/6-Tg(UBC-GFP) was used to obtain ASCs from inguinal
fat pads and BMSCs from bone marrow. These mice express enhanced green fluorescent
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protein ubiquitously and were a generous gift from Dr. David Welsh of Louisiana State
University Health Sciences Center (Jackson Laboratories). All donors were individually
euthanized by CO2 at 2–4 months old and cells were subsequently isolated and cultured as
previously described [44].

2.3 Stereotaxic Surgery and Striatal Injection of MSCs
Surgeries were performed at PND 3–4 on all pups within a litter. eGFPTgASC and
eGFPTgBMSC cells were harvested and resuspended at a concentration of 20,000 cells/ul in
Hank’s Buffered Salt Solution (HBSS) (Fisher Scientific, Philadelphia PA). Control pups
received an injection of HBSS. Each pup was cryoanesthetized by 10 minutes on ice, then
moved to a stereotaxic frame. Preliminary experiments using India ink to confirm the site of
injection were performed to determine the striatal injection coordinates, which were
anterior-posterior −0.2, mediolateral +/− 1.2, and dorsoventral - 2.5. A pump was used to
inject 1ul per hemisphere at a rate of 0.5ul/min, followed by 2 minutes of dwell time through
a 30G stainless steel needle (Hamilton, Reno, NV). Following surgery, pups were removed
to a heating pad and stimulated until they recovered sufficiently to be returned to their litter.

2.4 Longevity analysis
For purposes of survival measurements, a terminal point of 20% loss of maximum body
weight was established. At this point, twitchers were euthanized and tissues collected.
Normal littermates were euthanized at 39–42 days, corresponding to the time of euthanasia
for the twitchers.

2.5 Behavioral Analysis
Based upon genotyping results, twitcher mice and their normal littermate controls were
subjected to a comprehensive series of behavioral tests beginning at 15–18 days of age.
They were weaned at 21–22 days old. Behavior tests were performed two times per week for
the duration of the lifespan of the twitcher animals. Body weight was measured at each
behavior testing time point, and every day for twitchers once they began to lose weight. The
behavior tests are described in detail below.

2.5.1 Twitching Frequency and Severity—An observational scale was used to classify
both the frequency and severity of twitching during disease progression [36]. For twitching
frequency, the scale ranged between 0 and 3, with 0 representing complete absence, and 3
representing constant twitching. The scale for twitching severity was 0 to 4: 0- no twitching,
1- mild vibration, 2- moderate, 3- severe but retains control of head, 4- severe and has lost
head control.

2.5.2 Wire Hang—Both forelimb strength and hindlimb control were assessed by wire
hang ability, on a scale of 0–4, measuring the ability of the animal to hang onto a wire with
their front feet, and to swing their rear legs up to grasp the wire [36]. Scores were assigned
as follows: 0- no difficulty, 1- struggle grasping the wire with their rear paws, 2- inability to
grasp with rear paws, but can hang by their forelimbs for greater than 3 sec, 3- falls within 3
sec, 4- falls immediately.

2.5.3 Rotarod—Rotarod (Med-Associates, St Albans, VT) was used to assess motor
function and coordination. The machine consisted of a slowly accelerating rod, progressing
from 4 to 40 rpm during a period of 300 sec, and the latency to fall was recorded for each
animal. Mice were given 3 trials per day, with an intertrial interval of 30–40 min. Each trial
lasted a maximum of 300 sec. An initial training session, where each mouse was acclimated
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first to the movement of the rod, then to its acceleration for 1 minute, was conducted the day
before the first rotarod session.

2.5.4 Gait Analysis—A video treadmill system and the computer program, Treadscan
(CleverSys Inc., Reston, VA), was used to finely assess the development of gait
abnormalities with disease progression. For each animal, at each behavior session, 20
seconds of video of the animal walking on the treadmill was recorded. Due to the wide
disparity between normal and twitcher mice, and to the rapid decline in walking ability of
twitchers, speed was adjusted according to the individual capability of each animal. For
normal animals, in order to ensure that the animals were walking, rather than galloping, a
maximum speed of 20cm/s was established. Videos were recorded as avi files, then
converted to mpg format for analysis. Since the disease typically presents with progressively
increasing hindlimb paralysis, analysis focused on the rear limbs only. Each video was
individually assessed, and only segments where the animal was walking consistently were
selected for Treadscan analysis. After the automated software analysis, results were
manually reviewed to ensure a minimum of 5 good strides per leg in order to be included in
the dataset. Any stance time and swing time measures that appeared to vary dramatically
from other step cycles in the analysis were manually reviewed and deleted if necessary. In
addition, 5 footprints per rear paw were manually selected by marking each toe and the heel
at the beginning of a step cycle, and these footprints were subsequently analyzed by the
Treadscan program. The database feature of Treadscan enabled the export of grouped data
by age for each individual parameter for statistical analysis of differences between groups.

2.5.5 Mouse Stone T-maze—In order to assess the ability of the twitchers and their
normal littermates to acquire learning and retain the information, they were tested in the
newly developed mouse Stone T-maze (STM). Details of this maze have been previously
published [45]; however, some modifications were required due to the age and size of the
mice. The amount of water in the maze was decreased to approximately 15mm to enable the
young mice to wade. In addition, the straight run training protocol for the maze was
modified to require only 8 successful trials, rather than the standard 15. The day after
straight run training the mice were administered 15 maze trials in a single day. Mice were
run in squads where every mouse received its 1st trial prior to the first mouse receiving its
2nd trial. This enabled each mouse to have an approximately 15–25 min intertrial interval
during which they were placed into their holding cage with a dry towel. In addition, mice
were given even longer breaks if they evinced evidence of fatigue, and food was provided in
the bottom of the holding cage during the intertrial interval. Since the motor deficits of
twitchers become quite severe after 30 days of age, straight run training was conducted at
21–24 days of age and the maze at 23–26 days of age. Successful completion of a trial in the
maze was still determined as completion in less than 300 seconds. If a trial reached 300 sec,
the trial was scored as a failure, and 3 failures during the 15 trials resulted in the mouse
being removed from further analysis. Maze performance was recorded using Anymaze video
software. Errors were counted as any instance in which the nose and ears of an animal
entered an incorrect zone. Due to the rapid progression of the disease, the traditional
retention period of 1 week was shortened to 2 days, occurring at PND 24–27. A subsequent
maze experiment examined older animals at PND 27–29. These animals were not retention
tested.

2.6 Statistical Analysis
Results were accepted as significant at or below p=0.05. A priori t-tests were performed for
all tasks to test for differences between Twitcher-BMSC and Twitcher-HBSS, and between
Twitcher-ASC and Twitcher-HBSS groups. Appropriate degrees of freedom were selected
based upon the results of Levene’s test for equality of variances. For survival of different
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twitcher groups, the Log-rank (Mantel-Cox) test was used in Prism (GraphPad Prism 5). The
n values for survival of each group were as follows: twitcher BMSC N=10 (plus 3 animals
censored), twitcher ASC N= 8 (plus 3 animals censored), and twitcher HBSS N=13 (plus 7
animals censored). Censored animals occurred either as a result of early, random death, or
tissue collection at PND32 for subsequent experiments. All other statistical analysis was
performed with SPSS.

For the maze data, a Genotype X Injection X Trial Block ANOVA was used to test for
differences between groups. Genotype and Injection were between-subject factors and Trial
Block was a repeated measure. Each Trial Block includes 3 trials (1–3, 4–6, 7–9, 10–12 and
13–15), except for retention (RE, 5 trials). Group numbers were as follows: twitcher BMSC
N=8, twitcher ASC N=9, twitcher HBSS N=14, normal BMSC N=12, normal ASC N=9,
and normal HBSS N=8. The second set of maze data were obtained from uninjected
genotypes, and was analyzed by Genotype X Trial Block ANOVA. All groups contained 8
animals. For wire hang, twitching frequency, and twitching severity, twitcher groups were
compared using Injection X Age Block ANOVA, with Age Block being a repeated measure.
For all other analysis, Genotype X Injection X Age Block ANOVAs were performed with
Age Block as a repeated measure. Test results were grouped into 6 day age blocks (T1=15–
20 days, T2=21–26 days, T3=27–32 days and T4=33–38 days). Animal numbers varied
slightly between age blocks due to interference between maze and behavior testing and to
mortality at T4. The range of group numbers was N=9–11 for twitcher BMSC, N=8–9 for
twitcher ASC, N=10–18 for twitcher HBSS, N=13–16 for normal BMSC, N=9–13 for
normal ASC, and N=8–10 for normal HBSS. For gait analysis, the age blocks were slightly
different due to inability to obtain good data prior to day 18 and subsequent to day 35 for
twitchers. The gait age blocks were T1=18–23, T2=24–29 and T3=30–35. Group numbers
varied slightly between the two toe spread measures and the automated measures because of
differences in quality of video required for analysis. For automated gait measures, the group
numbers were: twitcher BMSC N=6–9, twitcher ASC N=9, twitcher HBSS N=10–15,
normal BMSC N=15, normal ASC N=12–13, and normal HBSS N=7–9. For toe spread
measures, group sizes were: twitcher BMSC N=8–9, twitcher ASC N=9, twitcher HBSS
N=10–15, normal BMSC N=15, normal ASC N=12–13, and normal HBSS N=7–9.

If significant interactions between Genotype and/or Injection with Age Block were detected,
then further analysis at each Age Block was conducted. Specifically, if the overall Genotype
X Injection X Age Block interaction was significant, then lower order ANOVA for
Genotype X Injection were conducted at each Age Block. If only Age Block X Injection was
significant, then 1 way ANOVA for Injection was conducted at each Age Block, followed
by Bonferonni post-hoc comparisons when appropriate. If only the Genotype X Injection
interaction was significant, then t-tests comparing Genotype at each Age Block were
conducted to determine how early differences between twitchers and normals could be
detected. Levene’s test for equality of variance was used to determine the appropriate
degrees of freedom for t-tests.

2.7 Cell Tracking
In order to assess the persistence and distribution of the injected BMSCs and ASCs, animals
were sacrificed at different time points after surgery. One pup was sacrificed immediately
after surgery in order to confirm that injected cells could be detected by GFP fluorescence.
In addition, 3–4 pups were sacrificed at 8 days post-surgery in each group. These brains
were drop-fixed in 4% paraformaldehyde overnight, then cryoprotected in 30% sucrose and
frozen in OCT. At 20 days post-surgery, 3 twitchers and 3 normals per group were
transcardially perfused under isoflurane anesthesia with PBS and 4% paraformaldehyde.
Brains were then fixed and frozen as above. These brains were cryocut into sections 20µm
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thick, mounted on slides, and examined under a fluorescence microscope for the presence of
GFP positive cells.

3. Results
The largest impact of the twitcher genotype is loss of weight and death (a terminal point of
20% weight loss, usually occurring around day 40). Injection of ASC and BMSC had no
significant impact on either survival or weight gain of twitchers (Figure 1). While no
significant effects of injection were observed on weight gain, the difference between
twitchers and normals was pronounced and dependent on age (Genotype X Age Block:
(3,162) = 411.6, p < 0.001) and Genotype (F(1,54) = 187.3, p < 0.001). Subsequent t-tests
for Genotype at each Age Block revealed that the difference in weight between twitchers
and normals became significant at T2, T3 and T4 (t(61.1)= 5.5, p < 0.001, t(59.8) = 12.1, p <
0.001, and t(56.8)= 24.1, p < 0.001, respectively). At T1 there was no significant difference
in weight between twitchers and normals (t(61) = 0.55, p = 0.584). The results of a priori t-
tests comparing ASC and BMSC twitchers to HBSS twitchers were consistent with these
results, showing no significant differences at any time point.

3.1 Functional tests
3.1.1 Twitching and Wire Hang—Several parameters were examined to investigate the
functional implications of striatal injections of BMSCs and ASCs. Twitching begins shortly
after weaning in twitcher genotypes, progressing from mild vibrations to severe twitching
before the animals reach terminal point. As evident in Figure 2A, there is no significant
impact of ASC or BMSC injection on the frequency of twitching compared to HBSS
controls (Injection: F(2,27)=0.02, p=0.98). There was a significant Age X Injection
interaction (F(6,81)=2.8, p<0.05); however, subsequent ANOVA for Injection at each Age
Block failed to detect significant injection effects at any age. A priori t-tests showed the
same pattern, with no significant differences at any Age Block.

Twitching severity (Figure 2B) was affected by the BMSC injections at T3 and T4. There
was no overall Injection effect (F(2,27)=1.6, p=0.217); however, the Age X Injection effect
was significant (F(6,81)=5.5, p<0.001). Injection ANOVA at each Age Block showed no
significant impact of Injection at T1 or T2, but the Injection effect was significant at both T3
and T4 (F(2,35)=4.6, p=0.017 and F(2,28)=3.8, p=0.036, respectively). Bonferroni post-hoc
analysis confirmed that the differences were between the BMSC and HBSS groups (p=0.017
and p=0.034 at T3 and T4), while the differences between ASC and HBSS and between
BMSC and ASC were not significant. A priori t-tests confirmed these results, showing a
significant difference between BMSC and HBSS twitchers at T3 (t(27)=2.9, p=0.008) and
T4 (t(21=2.7, p=0.015), but no other significant differences.

A gross measure of both strength and coordination can be obtained by the wire hang
procedure, which measures the animal’s ability to hang with its front paws and pull the rear
paws up to grasp the wire. While all normal genotype groups were able to perform this task
with ease (data not shown), twitcher genotypes underwent dramatic decline in ability as the
disease progressed. Injection of ASC and BMSC was unable to significantly attenuate this
decline (Figure 2C). The effect of Injection was not significant (F(2,27)=0.28, p=0.755), nor
was there an Age Block X Injection interaction (F(6,81)=0.40, p=0.88). A priori t-tests
revealed the same pattern, with only the T3 BMSC vs HBSS twitcher comparison being
close to significance (t(27)=2.0, p=0.057).

3.1.2 Rotarod Performance—The rotarod is frequently used to measure motor
coordination in mice. Despite their young age, both normal and twitcher genotypes were
able to perform this task (Figure 3A). The effect of Genotype was significant (F(1,51)=785,
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p<0.001), although Injection was not (F(2,51)=1.0, p=0.370), and Genotype X Injection X
Age Block fell narrowly short of achieving significance (F(6,153)=2.1, p=0.052).
Subsequent t-tests for Genotype at each Age Block showed that rotarod performance was
capable of discriminating between twitcher and normal genotypes at each time (T1-
t(68)=5.7, p<0.001, T2-t(71)=16.4, p<0.001, T3-t(52.3)=25.6, p<0.001, and T4- t(64)=37.7,
p<0.001). These results identify rotarod performance as an extremely sensitive measure for
detecting early symptoms of functional decline in twitcher mice.

A priori tests were conducted to examine the expected differences between MSC injected
twitchers and HBSS twitcher controls. As evident in Figure 3B, the BMSC, but not the ASC,
injection slowed the decline in rotarod performance observed as twitchers age. BMSC
twitchers performed significantly better than control HBSS twitchers on the rotarod at PND
27–32 (t(25)=3.9, p=0.001) and at PND 33-38 (t(18)=2.7, p=0.015).

3.2 Genotype Differences by Gait Analysis
Gait analysis is another technique for detection of subtle motor pathology in mouse models,
and the development of new video imaging capabilities has enhanced its usefulness. We
used an automated software system (Treadscan) to analyze differences in gait between
groups. An initial challenge was determining if sufficiently consistent stride patterns could
be obtained from these young animals. In our hands, prior to day 18 both twitcher and
normal pups were generally non-compliant. After day 35, the motor pathology in twitchers
was too severe to allow capture of an adequate period of video data. Several gait parameters
were therefore assessed for age blocks of 18–23 (T1), 24–29 (T2) and 30–35 (T3) days.
Since the speed at which twitchers were able to walk varied dramatically as the disease
progressed, video was captured at different speeds and analysis focused on speed
independent measures. Speed-sensitive measures such as swing time were expressed as
percentages of stride time in an effort to partially compensate for speed changes, while
recognizing that differences in speed do reflect differences in disease progression. In this
experimental design, animals were videotaped on the treadmill twice weekly. Such repeated
testing in a treadmill task has been shown to alter gait in normal mice [46, 47]; however, it is
beyond the scope of the current study to investigate the interaction between the effects of
repeat testing and disease progression in twitcher mice. Analysis is rather focused on
whether there are detectable differences between normal and twitcher genotypes, and
between different twitcher injection groups. In Figures 4 and 5, selected gait measures are
presented.

3.2.1 Percent Stance and Swing—Percent Stance and Percent Swing reflect the two
halves of the gait cycle. Percent Stance (Figure 4A) represents the portion of the stride
where the foot is in contact with the floor. Percent Swing (data not shown) is the portion of
the stride where the paw is in the air. The effect of Genotype is significant (F(1,50)=29.0,
p<0.001), and is influenced by age (Age Block X Genotype: F(2,100)=13.9, p<0.001). T-
tests at each Age Block were performed and confirmed that twitchers were significantly
different than normals at each age (T1-t(60)=2.3, p=0.027, T2-t(65)=2.9, p=0.005, and T3-
t(65)=7.3, p<0.001). The effect of Injection was not significant (F(2,50)=1.0, p=0.374) and it
did not significantly interact with Genotype or Age Block. No significant differences were
apparent between either BMSC or ASC twitchers and HBSS twitcher controls by a priori t
tests.

3.2.2 Stride Coupling—Treadscan computes three different coupling measures
(homolateral, homologous and diagonal). We found homolateral -to be the most consistent
trait for comparison of twitcher and normal mice (Figure 4B); it reflects the coordinated
pattern of movement of the paws on the same side of the body. There was an effect of
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Genotype (F(1,50)=32.1, p<0.001), and a Genotype X Injection X Age Block interaction
(F(4,100)=3.1, p=0.019); however, there was no effect of Injection (F(2,50)=2.5, p=0.096).
Genotype X Injection ANOVA at each Age Block was consequently performed. At T1, the
effect of both Genotype (F(1,50)=9.3, p=0.004) and Injection (F(2,50)=3.5, p=0.037) was
significant, and the two factors interacted (F(2,50)=3.9, p=0.026). Bonferroni posthoc
analysis showed a significant difference between ASC and BMSC (p=0.043) and between
BMSC and HBSS (p=0.007), but not between ASC and HBSS. At T2, Genotype was still
significant (F(1,50)=7.1, p=0.01), but there was no effect of Injection or Age Block X
Injection. This pattern was repeated at T3, where the effect of Genotype was significant
(F(1,50)=26.2, p<0.001), and Injection and Age Block by Injection were not significant.
Consistent with the ANOVA analysis, a priori t-tests show a significant difference between
BMSC Twitchers and HBSS Twitchers (t(10)=2.8, p=0.018) at time 18–23, but no
subsequent differences. No significant differences between ASC and HBSS twitchers were
detected. The pattern for homolateral coupling shows initially a higher deviation from the
ideal value for twitcher mice at T1, then they improve at T2, before becoming considerably
worse at T3. Further study is warranted to determine if this represents a sensitive detection
of developmental delay in gait development, or if it indicates excessive variability of this
particular Treadscan measure at this age.

3.2.3 Longitudinal Distance from Body Axis—Minimum (Figure 4C) and maximum
(Figure 4D) longitudinal distances (LD) reflect the closest and farthest respectively that the
rear limbs got from the body axis. For minimum LD, Genotype is a significant factor
(F(1,50)=7.4, p=0.009) and is influenced by Age (Genotype X Age interaction
F(2,100)=20.3, p<0.001). There is no effect of Injection (F(2,50)=1.1, p=0.341), nor does
Injection interact with Age Block (F(4,100)=0.531, p=0.714). Genotype X Injection is
significant (F(2,50)=3.5, p=0.036), but the a priori t-tests reveal no differences between
MSC injected and HBSS injected twitchers. Genotype t-tests at each Age Block show a
significant difference between twitcher and normal genotypes at T3 (t(65)=5.9, p<0.001);
however, this particular gait parameter is not sensitive enough to detect differences at T1
(t(60)=1.5, p=0.140) or T2 (t(65)=0.69, p=0.492). The difference at T3 reflects a tendency of
advanced stage twitchers to place their feet farther forward under their body.

Maximum LD appears to be a more sensitive trait to use for evaluation of disease
progression in twitchers. Genotype is significant here (F(1,50)=35.9, p<0.001), and
influenced by age (Genotype X Age Block, F(2,100)=36.0, p<0.001). There is not a
significant effect of Injection, or any interaction between Age Block and Injection. T-tests
for Genotype at each Age Block were performed, and show significant differences at all
three blocks (T1- t(60)=2.6, p=0.012, T2- t(63.4)=2.7, p=0.01, T3- t(65)=10.9, p<0.001).
While maximum longitudinal distance would be expected to increase as animals grow, this
trait actually decreases in twitchers after days 24–29 (T2). It is always less in twitchers than
normals; however, the difference is moderate, prior to the precipitous drop at days 30–35
(T3). This decrease probably results both from the cessation of growth and from impaired
ability to extend and to control their rear limbs. No differences were found between ASC or
BMSC twitchers and HBSS twitchers by a priori t-tests.

3.2.4 Toe Spread—Footprint analysis in Treadscan was performed by manually marking
the toes and heels for 5 footprints for each rear paw of each video. The software then
analyzed the distance between the outermost toes (Toe Spread, Figure 5A) and between the
2nd and 4th toe (Internal Toe Spread, Figure 5B). Both measures increase as normal animals
grow.

For Toe Spread, Genotype (F(1,53)=152.3, p<0.001) and Injection (F(2,53)=3.3, p=0.044)
are both significant, and interact (Age Block X Genotype X Injection: F(4,106)=4.6,
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p=0.002). However, Bonferroni posthoc analysis only detects a significant difference
between ASC and HBSS (p=0.022). Genotype X Injection ANOVA at each Age Block was
performed to further explore the data. At T1 (days 18–23), Genotype (F(1,53)=49.1,
p<0.001) and Injection (F(2,53)=6.0, p=0.005) are significant, but do not interact (Genotype
by Injection: F(2,53)=1.4, p=0.263). Bonferroni posthoc analysis detects a significant
difference between ASC and BMSC (p=0.015) and ASC and HBSS (p=0.021), but not
between HBSS and BMSC. Toe Spread actually decreases for twitcher animals after days
18–23, reflecting not only a cessation in growth, but also an inability to spread their toes. At
T2, Genotype is significant (F(1,53)=85.8, p<0.001) and interacts with Injection
(F(2,53)=4.8, p=0.012), although Injection is not a significant factor (F(2,53)=0.65,
p=0.526). At T3, Genotype is significant (F(1,53)=254.8, p<0.001), and there is no
significant effect or interaction of Injection. The lack of a consistent injection response
suggests that the supposed T1 injection response is unlikely to be linked to a change in
progression of disease in twitchers. Indeed, a priori t-tests fail to uncover any significant
differences between ASC and HBSS twitchers, while the difference between BMSC and
HBSS twitchers is significant only at days 18–23 (T1: t(17)=2.3, p=0.032), when BMSC
twitchers actually have a lower toe spread distance.

Internal toe spread essentially remains constant for twitchers, while increasing steadily for
normal mice. There is a significant effect of Genotype (F(1,53)=152.3, p<0.001), but not of
either Injection (F(2,53)=1.5, p=0.236) or Genotype X Injection interaction (F(2,53)=2.3,
p=0.110). The effect of Genotype is influenced by age (Genotype X Age Block:
F(2,106)=22.8, p<0.001). T-tests for Genotype at each Age Block show that Internal Toe
Spread is capable of differentiating between twitchers and normals at each age tested (T1:
t(60)=3.4, p=0.001, T2: t(55.3)=6.7, p<0.001, and T3: t(65)=9.0, p<0.001). A priori t tests
show no differences except for between BMSC twitchers and HBSS twitchers at days 30–35
(t(20)=2.1, p=0.050), when the value for BMSC twitchers is slightly less than for HBSS
twitchers.

3.3 Mouse Stone T-maze (STM)
To test whether the demyelination and brain inflammation characteristic of Krabbe disease
resulted in impairment of learning in twitcher mice, we used a novel maze task to assess
learning [45]. In this task, it is the number of errors at the final Trial Block that indicates
learning impairment. To assess whether intrastriatal injection of ASC or BMSC altered
learning in twitcher mice, the performance of ASC and BMSC injected twitcher and normal
mice was compared to the HBSS injected groups (Figure 6A). These experiments were
performed at days 23–26 to allow testing of retention at days 25–29. No Genotype
(F(1,53)=0.51, p=0.477) or Injection (F(2,53)=0.87, p=0.424) differences in performance
were observed by ANOVA; however, there was a Genotype X Trial Block interaction
(F(5,265)=2.9, p=0.014). Consequently, t-tests for Genotype were carried out at Trial Block
13–15 (the last acquisition trials), and at Trial Block RE (the retention trials). There were no
significant genotype differences at either Trial Block. A priori t-tests also indicate that there
is no difference between BMSC or ASC twitchers and HBSS twitchers at Trial Blocks 13–
15 or RE.

It is possible that learning impairments in twitcher mice do not become evident until later
ages than the 23–26 days tested in the above experiment. Therefore, the performance of
twitcher mice at days 27–29, well into disease progression, was compared to the
performance of their unaffected siblings. At 27–29 days of age, twitchers are still able to
successfully complete testing in the STM (Figure 6B). There were no significant differences
in performance between twitcher mice and their normal and heterozygous siblings
(Genotype: F(2,21)=2.8, p=0.086, Genotype X Trial Block: F(8,84)=0.67, p=0.716). These
results were confirmed by the results of a priori t-tests for difference between normal and
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twitcher mice at the last Trial Block (trials 13–15), which showed no significant difference.
This indicates that there are no significant impairments in learning in twitcher mice, at least
prior to the dramatic physical declines that occur after day 30.

3.4 Cell Tracking
GFP fluorescence was used to detect the presence and distribution of injected ASCs and
BMSCs. This approach has been used by Ripoll et al. (36). Immediately after injection,
numerous GFP positive cells can be seen at the injection site in the striatum, as well as some
GFP cells already moving to other sites in the brain (Figure 7A, 7B). At 8 days post-
injection, it was still possible to detect GFP positive cells scattered throughout BMSC-
injected brains (Figure 7C); however, there was considerable variation in the number of cells
that we were able to detect in different animals. Despite screening numerous slices, we did
not find GFP positive cells in ASC-injected animals. At 20 days post-injection, slices from 3
ASC normals, 3 BMSC normals, 3 ASC twitchers, and 3 BMSC twitchers were examined;
however, no GFP positive cells were found. It is possible that some ASC and BMSC cells
remain, but that GFP fluorescence microscopy is not a sensitive enough technique to detect
low numbers of cells. Nevertheless, these results do suggest that there are very few, if any,
injected cells remaining by 20 days post-surgery.

4. Discussion
Intrastriatal injections of MSCs had no impact on either weight gain or lifespan in twitcher
mice. However, the PNS is more severely affected in the murine twitcher model than the
human disease [48, 49]. Any beneficial effects of the injections would be confined to the
CNS. Hence, injections targeted to the striatum could be expected to result in more subtle
impacts on disease progression in mice, since the PNS will be unaffected by this
intervention. In addition, dependent upon the persistence and engraftment of the injected
cells, the impacts could be temporally limited, dissipating as the injected cells disappear. It
is for these reasons that it is important to establish sensitive functional measures capable of
detecting minor improvements to build upon in future steps towards developing a treatment.

During this study several potential measures of disease progression in twitcher mice were
evaluated. Results are summarized in Table 1. Many of these functional tasks have been
developed and used primarily in adult mice, so it was important to validate their use for the
young twitchers and their normal littermates. Twitching frequency and severity scores are
qualitative measures, potentially subject to variation depending upon the observer. Even
wire hang scores involve a certain amount of judgment to assess mild impairments at early
stages. Rotarod performance was the most sensitive motor task, and was capable of
detecting differences not only between twitcher and normal genotypes, but also between
BMSC- and HBSS- injected twitchers. Overall, intrastriatal injection of BMSC and ASC
cells failed to substantially affect disease progression, so the ability of the rotarod task to
detect such subtle differences underscores its potential utility as an early and extremely
sensitive detector of motor dysfunction in young mice. The high sensitivity of this assay is
particularly encouraging as it is relatively quick to perform, suited to repeat measures, and
provides a quantitative, unambiguous measure of performance.

This study also validated use of the relatively new Treadscan system for detection of motor
deficits in developing mice. Prior studies have used adult mice [46, 47, 50]; using the system
to compare twitcher and normal mice presented several challenges, including
noncompliance prior to day 18, differences in size and the necessity of repeat testing.
Twitcher mice were smaller than normal mice, and were not capable of maintaining the
same speed, particularly at later stages of the disease. Nevertheless, Treadscan was able to
successfully differentiate between normal and twitcher genotypes at early stages of the
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disease, prior to noticeable gait aberrations. Maximum LD, percent stance and percent swing
were all significantly different even at the earliest, day 18–23, timepoint (T1). Coupling
measures were more subject to variability due to less consistent performance of the young
mice; however, homolateral coupling was able to detect differences between genotypes. Toe
spread and internal toe spread were both able to detect genotype differences at early stages,
when it was often difficult to obtain long periods of consistent walking behavior. Toe spread
results were somewhat inconsistent at the first timepoint (days 18–23). Internal toe spread
seemed to give more consistent results than toe spread, while still providing high sensitivity.
Since toe spread and internal toe spread measures can be obtained from Treadscan following
manual marking of toes, data can be obtained from poorer quality video than is possible with
other traits. Of course, this must be balanced against the greater investment in time and labor
needed for footprint analysis.

Learning tasks have generally been developed in adult mice. This is the first application of
the mouse STM in immature mice; however, they perform well with a few minor
modifications, detailed in the methods section. In this task, mice wade through water while
learning the correct sequence of turns to navigate the maze. Since performance is measured
by number of errors, rather than by latency to escape, learning can be assessed without
confounds from impaired motor performance. Twitchers were able to perform well up to day
30, despite considerable motor impairments. The ability of twitchers to perform as well as
normal mice may indicate that the striatum is not a primary focal point of disease-related
damage. Nevertheless, the validation of this maze task in immature mice is an important
demonstration of the task’s potentially widespread utility for assessment of learning ability.

5. Conclusions
Overall, this study demonstrates improvements to rotarod performance and twitching
severity at certain stages in twitcher mice following striatal BMSC injection. We have
identified rotarod performance and automated gait analysis using the Treadscan program as
sensitive tools for monitoring subtle improvements in disease progression for early stage
development of potential treatments. The lack of more robust improvements may indicate
that the striatum is not an optimal target for MSC injection. Pathology in the twitcher brain
begins in the hindbrain and progresses forward, suggesting that the hindbrain may be more
important in disease progression than the striatum.

Previous experiments by Ripoll et al. (36) demonstrated physiological improvements,
including improvements in weight gain, following intraventricular injections of an
equivalent cell dose. They could not detect cells more than 20 days post-surgery. Our
analysis of GFP positive cells by microscopy suggests that the cells migrate from the
striatum throughout the brain; however, even at 8 days post-surgery, GFP positive cells were
present in very low abundance in BMSC animals, and undetectable in ASC animals. Taken
together, these two studies suggest that intraventricular targets are a better site for injection
than the striatum, even though cells did migrate out from the striatum. Further studies should
test both different injection sites, such as the hindbrain, and also higher cell doses to
improve persistence and engraftment.

Highlights

• Intrastriatal mesenchymal stromal cell injection in twitcher mouse model of
Krabbe.

• Minor improvements in rotarod and twitching severity at certain stages.

• Automated gait analysis by Treadscan software detects early gait abnormalities.
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• Successful use of Stone T-maze to assess learning in immature mice.

Abbreviations

MSC mesenchymal stromal cells

GALC galactosylceramidase

BMT bone marrow transplant

BMSC bone marrow stromal cell

ASC adipose-derived stromal cell

GVHD Graft vs Host disease

UCB umbilical cord blood transplantation

HLA human leukocyte antigen

CNS central nervous system

PNS peripheral nervous system

iNOS inducible nitric oxide synthase

GFP green fluorescent protein

AAALAC Association for Assessment and Accreditation of Laboratory Animal Care

IACUC Institutional Animal Care and Usage Committee

PND postnatal day

HBSS Hank’s Buffered Salt Solution

STM Stone T-maze

ANOVA analysis of variance

SPSS Statistical Package for the Social Sciences

T1 age block 1

T2 age block 2

T3 age block 3

T4 age block 4

LD longitudinal distance

T twitcher

N normal
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Fig. 1.
Injection of BMSC and ASC did not alter disease progression in twitchers as measured by
A) survival analysis using a terminal point of 20% weight loss, and B) weight gain.
Genotype differences in weight between twitcher and normal mice became significant at
days 21–26 (T2). * indicates significant (p<0.001) difference between twitcher and normal
mice. Details of the statistical tests employed are provided in the text.
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Fig. 2.
BMSC and ASC injection had no effect on A) twitching frequency in twitcher mice. BMSC,
but not ASC, injection significantly lessened the severity of twitching (B) between days 27
and 38 (T3 and T4). Neither injection improved performance on the wire hang apparatus
(C). ‘a’ denotes significant (p<0.05) difference between BMSC and HBSS twitchers by
Bonferroni posthoc analysis and by a priori t-test.
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Fig. 3.
Rotarod is a sensitive measure for detecting differences in motor performance between
twitcher and normal mice (A), even at the earliest time points. The twitcher groups are
presented alone in panel B to improve resolution. BMSC, but not ASC, injection
significantly improves rotarod performance of twitchers from days 27–38 (T3 and T4). *
indicates significant (p<0.001) difference between twitcher and normal mice. ‘a’ denotes
significant (p<0.05) difference between BMSC and HBSS twitchers by a priori t-test.
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Fig. 4.
Automated gait analysis by Treadscan software is capable of discriminating between
twitcher and normal genotypes by several measures. A) Percent Stance is significantly
different between twitchers and normals at all ages tested. B) Homolateral coupling detects
differences between twitchers and normals at all ages tested, but may be a somewhat
variable measure to use prior to T2. C) Minimum longitudinal distance from body axis is
less sensitive, discriminating between twitchers and normals only at T3 (days 30–35). D)
Maximum longitudinal distance from body axis clearly detects genotype differences at all
ages. * indicates significant (p<0.05) difference between twitcher and normal mice. ^
indicates significant (p<0.05) injection effect. ‘a’ denotes significant (p<0.05) difference
between BMSC and HBSS twitchers by Bonferroni posthoc analysis and by a priori t-test.
‘b’ denotes significant (p<0.05) difference between BMSC and ASC twitchers by
Bonferroni posthoc analysis.
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Fig. 5.
Treadscan analysis of footprint parameters following manual footprint selection is a
sensitive means to detect genotype differences. In A) toe spread is significantly different
between genotypes at all ages tested, but may be less reliable at T1 (days 18–23) than
internal toe spread (B), which appears more consistent at T1. * indicates significant
(p<0.001) difference between twitcher and normal mice. ^ indicates significant (p<0.05)
injection effect. ‘a’ denotes significant (p<0.05) difference between BMSC and HBSS
twitchers by a priori t-test. ‘b’ denotes significant (p<0.05) difference between BMSC and
ASC twitchers by Bonferroni posthoc analysis. ‘c’ denotes significant (p<0.05) difference
between ASC and HBSS twitchers by Bonferroni posthoc analysis.
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Fig. 6.
The mouse Stone T-maze can be used to measure learning ability in young mice; however,
neither BMSC nor ASC injection significantly affects learning (A). Twitcher mice have no
learning impairments at either days 23–26 (A), or at days 27–29 (B).
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Fig. 7.
Detection of injected ASCs and BMSCs by GFP fluorescence. GFP positive cells are
apparent immediately after injection into the striatum at 4X magnification (A). Cells can
also be detected at more posterior brain locations at this time at 4X (B). At 8 days post-
surgery, some BMSC cells could be detected by GFP signal at 20X (representative images in
C & D). GFP positive cells were not detected at 20 days post-surgery.
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Table 1

Summary of effects of different behavioral and physiological tests. Differences between twitcher and normal
genotypes, and between untreated twitchers and the different twitcher injection groups. NS- not significant,
NA- not applicable.

Behavioral Test Twitcher vs
Normal Effects

Twitcher vs ASC
Treated Twitcher

Twitcher vs BMSC
Treated Twitcher

General Parameters T1= 15–20 days, T2= 21–26 days, T3= 27–32 days, T4= 33–38 days

Weight Loss p<0.001 from T2, T3, T4, NS at T1 NS NS

Survival -- NS NS

Twitching Frequency -- NS NS

Twitching Severity -- NS p<0.05 at T3, T4, NS at T1, T2

Wire Hang -- NS NS

Rotarod p<0.001 at T1, T2, T3, T4 NS p<0.05 at T3, T4

Gait Parameters T1= 18–23 days, T2= 24–29 days, T3= 30–35 days

Percent Stance p<0.05 at T1, T2,T3 NS NS

Homolateral Coupling p<0.01 at T1, T2, T3 NS p<0.05 at T1, NS at T2, T3

Minimum Longitudinal Distance p<0.001 at T3, NS at T1, T2 NS NS

Maximum Longitudinal Distance p<0.05 at T1, T2, T3 NS NS

Toe Spread p<0.001 at T1, T2, T3 NS p<0.05 at T1, NS at T2, T3

Internal Toe Spread p<0.001 at T1, T2, T3 NS p=0.05 at T3, NS at T1, T2

Stone T-maze, days 23–26 NS NS NS

Stone T-maze, 27–29 days, uninjected mice NS NA NA
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