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Introduction
Globoid cell leukodystrophy (GLD), also known as Krabbe’s disease (KD), is a
neurodegenerative lysosomal storage disease affecting both the central nervous system
(CNS) and peripheral nervous system (PNS). The disease results from a deficiency in the
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galactosylcerebrosidase (GALC) enzyme responsible for the degradation of
galactosylceramide (GalCer), an important glycolipid component of myelin, and psychosine,
a toxic metabolite [1, 2]. The GALC deficiency leads to progressive accumulation of
psychosine, which is detrimental to oligodendrocytes and Schwann cells responsible for
myelination [3–5]. KD causes severe demyelination and degeneration in the CNS and PNS,
leading to an early death in patients born with KD.

Currently, the only clinical treatment for KD is bone marrow or umbilical cord-blood cell
transplantation for late-onset and pre-symptomatic patients [6]. The rationale for using bone
marrow transplantation (BMT) to treat a neurological disease such as KD is that marrow-
derived macrophages from unaffected donors will migrate to the brain and secrete wild-type
GALC enzyme, which can then be taken up by neighboring cells to correct the enzymatic
deficiency via a cross-corrective mechanism [7]. If patients receive the transplantation prior
to the display of symptoms, most will survive the first three years with improved
neurological function compared to patients who did not receive a transplant [8]. However,
one of the limitations to performing bone marrow transplants is the patient risks developing
graft versus host disease (GVHD), in which functional immune cells in the transplanted
donor marrow recognize the recipient host as “foreign” and mount an immunologic attack.
Also, transplantation of umbilical cord blood in babies with infantile KD was only beneficial
if performed before the onset of symptoms [8]. Moreover, recent reports indicate that
unfortunately the majority of these patients have developed subsequent motor and language
deterioration [9].

The twitcher mouse is an authentic murine model of KD and is a natural mutant of the
C57Bl/6J strain [10]. The twitcher presents similar biochemical and histopathological
symptoms to the human form of KD such as infiltration of periodic acid-Schiff (PAS) -
positive cells in the CNS and PNS, loss of oligodendrocytes, and demyelination [11].
Symptoms become apparent at 3 weeks of age and include “twitching,” weight loss,
progressive hind limb paralysis, and loss of coordination [12, 13]. Most twitcher mice die
between post-natal days (PND) 30–40.

BMT following high dose radiation can prolong the lifespan of the twitcher mouse to
approximately 80–90 days [14–16]. Other current therapies being investigated in the
twitcher mouse as treatments for KD include enzyme replacement therapy, stem cell
therapy, gene therapy, substrate reduction, or combinations thereof [6, 12, 13, 17–26]. These
approaches have been limited in their success in that they only delayed the onset of the
symptoms.

This study investigates the transplantation of adult mesenchymal-lineage stem cells as a
potential therapy for KD in the twitcher mouse. Theories behind why transplantation of
mesenchymal stem cells (MSCs) may have an impact on the pathology of KD include the
secretion of functional GALC enzyme in a cross-corrective mechanism, differentiation of
these cells to replace damaged oligodendrocytes, or perhaps most importantly, their
immunosuppressive and anti-inflammatory effects. MSCs derived from both bone marrow
and adipose tissue seem to be not only hypo-immunogenic and thus may be suitable for
allogeneic transplantation, but are also able to produce immunosuppression upon
transplantation [27–33]. Recently, MSCs have been shown to decrease expression of a wide
panel of inflammatory cytokines and chemokines, decrease infiltration of inflammatory
cells, and to increase expression of growth factors in models of inflammation [34–39]. The
ability of MSCs to suppress inflammatory responses may be an important component to any
stem cell therapeutic treatment in the twitcher mouse since an important aspect of this
disease is the chronic state of inflammation [40–44].
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Adipose- and bone marrow- derived mesenchymal stem cells (ASCs and BMSCs,
respectively) used in this study were derived from transgenic C57Bl/6 mice expressing the
enhanced green fluorescent protein (eGFP) (eGFPTgASCs and eGFPTgBMSCs,
respectively). These cells were isolated, expanded in culture, and characterized prior to
intracerebroventricular transplantation into neonatal twitcher mice on PND 3 or 4 [45].
Lifespan, weight, twitching frequency/severity, and motor function were recorded, and
tissues were collected from all mice in the study. Twitcher mouse brains were analyzed for
markers of inflammation as well as GALC activity. Since the transplanted stem cells were
eGFP+, an attempt was also made to monitor the transplanted cells to evaluate the
persistence of the cells after administration. The eGFPTgASCs and eGFPTgBMSCs were
also compared by examining potential differences and similarities in cellular persistence,
differentiation, and therapeutic effects.

Materials and Methods
Animals

Breeder pairs of twitcher mice carrying a naturally occurring mutation of GALC were
initially obtained from Jackson Laboratories (Bangor, ME, USA). A colony was established
and maintained under standard housing conditions. All procedures conform to the
requirements of the Animal Welfare Act and protocols approved by the Institutional Animal
Care and Use Committee at Tulane University. The twitcher mutation was confirmed by
polymerase chain reaction (PCR) on DNA obtained from anal swabs.

Murine eGFPTgASCs and eGFPTgBMSCs
Murine ASCs from inguinal fat pads and BMSCs were obtained from 2–4 month old mice
from the inbred transgenic strain C57Bl/6-Tg(UBC-GFP)30Scha/J that ubiquitously
expresses enhanced green fluorescent protein and were a generous gift from Dr. David
Welsh of Louisiana State University Health Sciences Center (Jackson Laboratories). All
donors were 2–4 months old and were individually euthanized by CO2. Cells were isolated,
cultured, and cryopreserved as previously described [45].

Neonatal Stereotaxic Injections
eGFPTgASCs or eGFPTgBMSCs were harvested and prepared at a concentration of 20,000
cells/μl in Hank’s Balanced Salt Solution (HBSS) (Fisher Scientific, Pittsburgh, PA) and
kept on ice before injection. On PND3 or 4, the pups (twitchers and unaffected littermate
controls) were anesthetized using cryoanesthesia for approximately 10 minutes. Once
anesthetized, the pups were placed in a stereotaxic frame and received bilateral
intraventricular injections, 1 μl per hemisphere (20,000 cells), at a rate of 0.5 μl/min
through a 30G stainless steel needle (Hamilton, Reno, NV) in a steady stream using a
syringe pump (KD Scientific, 780100V). Control pups were injected with HBSS only. The
stereotaxic coordinates were as follows: anterior/posterior = −0.5 mm from the posterior
edge of the eye; medial/lateral = +1.0/−1.0 mm from the midline; dorsal/ventral = −1.7 mm.
Coordinates were determined prior to experiments involving cell injections by dye injections
into the lateral ventricles of control mice followed by sectioning of their brains to track the
location of the dye within the ventricles. After each injection there was a 2 minute dwell
time before the needle was slowly removed. The mice were warmed by placing them on a
heating pad, stimulated to recover, and returned to the mother.

Assessment of Physiological Effects
The lifespan of the twitcher mice was measured by noting the date of euthanization.
According to our experimental design, twitcher mice were euthanized once they lost 20% of
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their maximum body weight or became moribund. Body weight was measured three times
per week beginning on PND15 and measurements continued until the date of euthanization.
Twitching frequency and severity was scored three times per week beginning on PND15
using the following scoring system: Frequency – rare (1), intermittent (2), constant (3);
Severity – fine (1), mild (2), moderate (3), and severe (4) [46].

Beginning on PND15, motor function tests were performed on mice in all groups to examine
motor strength and coordination three times per week. Mice were trained to perform the
motor function tests prior to the initiation of the assessments. The wire hang maneuver
provides a measurement of motor function. Mice were suspended by the tail and lowered
onto a horizontal wire and then released. A mouse received a score of 0 when it could swing
its hind legs around to grasp the wire, 1 when it grasped the wire with some struggling, 2
when the mouse was unable to grasp the wire with its hind legs, 3 when it fell within 3
seconds, and 4 when it fell immediately onto the soft bedding below [22]. 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. The hind stride length of both the left and right back
paws was measured and averaged together.

GALC activity
Fresh brain tissue was collected from mice euthanized by CO2. The tissue was homogenized
in 4 volumes of 20 mM acetate buffer (pH 4.5). The substrate solution for GALC containing
oleic acid, sodium taurocholate, triton-X-100 and [3H]GalCer was prepared as previously
published [47]. Radioactive [3H]GalCer, the substrate for GALC, is cleaved into
[3H]galactose and ceramide by GALC. Brain homogenate (50 μl) was added to 50 μl of the
substrate solution (~10,000 cpm) and the mixture incubated at 37°C for 8 hours. The
reaction was stopped by the addition of 5 ml of chloroform: methanol (2:1), 0.1 ml of 1 mg/
ml galactose, and 0.8 ml water. After centrifugation of the mixture at 3,000 rpm for 10
minutes, the radioactivity in 0.9 ml of the aqueous phase was measured with a scintillation
counter (TRI-CARB 1600CA, PACARD). GALC activity is expressed as nmoles of
[3H]GalCer hydrolyzed per hour per mg of protein (nmol/h/mg protein).

Real Time PCR
For eGFP+ cell tracking, DNA was extracted from brain tissue from mice at various time
points after cell injection using a DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA).
DNA was examined for the presence of the eGFP gene using real-time PCR by the standard
curve method for absolute quantification with Sybr Green (Applied Biosystems, Foster City,
CA) using the following primers: Fwd 5′-GGG CAC AAG CTG GAG TAC AAC-3′; Rev
5′-CAC CTT GAT GCC GTT CTT CTG-3′ using an AB 7900HT Real-Time sequence
analyzer (Applied Biosystems). A standard curve was generated with Ct values
corresponding to the signal derived from DNA extracted from eGFP+ cells loaded in serial
dilution. Output was analyzed using the corresponding software, SDS 2.3 (Applied
Biosystems).

Real Time RT-PCR
For inflammatory cytokine mRNA expression analysis using real time RT-PCR, RNA was
isolated using an RNeasy mini kit (Qiagen) with Trizol for 10 minutes at room temperature
instead of lysis buffer. The RNA was first treated with DNase and then converted into
cDNA using the ImProm-II Reverse Transcription System (Promega, Madison, WI). The
reaction mixture contained 500 ng of RNA with 1x Reaction Buffer, 2.5 mM MgCl2, 0.5
mM dNTPs, 0.25 μg Oligo(dT)15 primer, 20 U Recombinant RNasin Ribonuclease
Inhibitor, 1 μl Reverse Transcriptase, and Nuclease Free Water with a total reaction of 20
μl. The samples were subsequently placed in a PTC-200 Peltier Thermal Cycler (MJ
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Research, Ramsey, MN) at 25°C for 5 minutes, 42°C for 1 hour followed by 70°C for 15
minutes. The real-time PCR reactions were amplified with a 7900HT Sequence Detection
System (Applied Biosystems). Each 20 μl amplification reaction contained 1 μl of
commercially available TaqMan Gene Expression Assay primer/probe sets (Applied
Biosystems), 10 μl TaqMan Gene Expression Master Mix (Applied Biosystems), 4 μl
cDNA template (diluted 1:10), and 5 μl RNase-free water. All samples were normalized to
β-actin content.

Multiplex Assay
An aliquot of brain homogenate from twitcher mice in each cell injected and control groups
as well as from wild-type mice was centrifuged at 10,000 × g for 5 minutes to obtain a
cleared lysate. 25 μl of each sample was loaded onto a Milliplex Mouse Cytokine 32 Plex
premixed Immunoassay plate (Millipore, MPXMCYTO70KPMX32). The levels of a panel
of 32 cytokines/chemokines involved in inflammatory response pathways were measured
and analyzed according to the manufacturer’s protocol on a BioRad Bio-plex 200 with Bio-
Plex Manager 5.0 software.

Western Blotting
An aliquot of brain homogenate in acetate buffer from twitchers in each cell injected group
and control twitchers as well as from wild-type mice was centrifuged at 10,000 × g for 5
minutes to obtain a cleared lysate. For detection of CD163 or iNOS, 20 μg of protein from
each sample was loaded onto an 8% SDS-PAGE gel and then transferred to a PVDF
membrane. Membranes were incubated with primary antibody overnight at 4°C with anti-
iNOS (1:500, Abcam, Cambridge, MA: ab49999) or anti-CD163 (1:500, AbD Serotec,
Raleigh, NC: MCA342R) according to manufacturer recommendations. For detection of
myelin or Iba-1(ionized calcium-binding adaptor molecule 1), an aliquot of brain
homogenate in RIPA buffer (Fisher) from twitchers in both cell injected groups and control
twitchers as well as from wild-type mice was centrifuged at 13,200 × g for 15 minutes to
obtain a cleared lysate. 20 μg of protein from each sample was loaded onto a 4–20%
polyacrylamide gel and then transferred to a PVDF membrane. Membranes were incubated
with anti-myelin basic protein (anti-MBP) (1:2500, Millipore: MAB386) overnight at 4°C.
130 μg of brain lysate in RIPA buffer was loaded onto an 8% polyacrylamide gel and
incubated overnight at 4°C with anti-Iba-1(1:500, Wako Chemicals, Richmond, VA:
016-20001). Membranes were probed with anti-GAPDH (1:500, Abcam: ab9485) overnight
at 4°C for normalization.

Immunofluorescence
Mice were perfused under 5% isoflurane anesthesia at various time points with heparinized
PBS followed by 4% para-formaldehyde (PFA). Brains were then post-fixed with 4% PFA
overnight at 4°C and then cryo-protected with 30% sucrose. The brains were cut into 2 mm
wide blocks and then flash-frozen in OCT using liquid nitrogen and stored at −80°C.
Cryosections of 16 μm thickness were cut from each block and used for
immunohistochemistry (IHC).

Cryosections from brains collected were washed with PBS containing fish skin gelatin
(FSG, Sigma: G-7765) and Triton x-100 (Tx100, Sigma: x-100) for 30 minutes at room
temperature (RT). Sections were blocked with 10% normal goat serum (Invitrogen,
Carlsbad, CA) in PBS-FSG for 1 hour at RT and then with anti-NeuN (1:50, Millipore,
Temecula, CA: MAB377), S100 (1:1000, Sigma: S-2644), anti-MBP (1:50, Millipore:
MAB386), anti-Map2 (1:500, Sigma: M4403), anti-GFAP (glial fibrillary acid protein)
(1:200, Sigma: C9205), or anti-Iba-1 (1:100, Wako Chemicals: 019-19741) for 1 hour at RT.
Sections were then washed twice with PBS-FSG-Tx100 and then once with PBS-FSG for 10
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minutes each. Sections were then incubated with secondary antibodies (1:1000, Invitrogen:
Goat α Mouse-Alexa568, A-11031 or A-21124, Goat α Rabbit-Alexa633, A-21071, Goat α
Rabbit-Alexa488, A11034, or Goat α Rat-Alexa488, A11006) for 1 hour at RT, washed, and
mounted with coverslips for confocal microscopy. Sections immunostained for MBP or
Iba-1 were always pre-screened for any presence of eGFP before IHC was performed. For
visualization of eGFP+ cells, sections did not need any further staining except with To-Pro-3
to image nuclei (1:2000, Invitrogen: T-3605).

Statistical Analysis
Statistical analysis on the Kaplan-Meier survival curve was done using the log-rank test.
Comparison of control and experimental body weight and motor function curves was done
using a Chi-squared test followed by a Bonferroni correction. Statistical analysis of three or
more groups was performed using ANOVA with Dunnett’s post test, and statistical analysis
of cell persistence was done with the student’s t-test. Variance is presented as a measure of
standard error.

Results
Lifespan and Body Weight

Lifespan was a measure for determining the therapeutic efficacy of injected eGFPTgASCs
and eGFPTgBMSCs (Figure 1A). A Kaplan-Meier survival curve followed by statistical
analysis using the log-rank test reveals a cumulative survival of 36% for eGFPTgASC
injected and 45% for eGFPTgBMSC injected twitchers at PND40, while HBSS injected
twitchers had a 0% cumulative survival at PND40 (p<0.05). The average lifespan for HBSS
injected twitchers was 33.3 days +/−1.1, while average lifespan for eGFPTgASC and
eGFPTgBMSC injected mice was 37.3 days +/−2.1 and 38.5 days +/−2.2, respectively
(p<0.05).

Body weight was used as an objective measure of disease progression. After PND21, control
and treated twitcher mice gained weight at a reduced rate compared to wild-type mice,
whose maximum weight reached 19.0g +/−0.3 at PND40 (data not shown). Maximum body
weight for eGFPTgASC injected twitchers was 11.2g +/−0.4, 10.6g +/−0.5 for
eGFPTgBMSC injected twitchers, and 8.7g +/−0.7 for HBSS injected twitchers. Differences
in body weight monitored through PND40 were statistically significant for cell-injected
twitchers compared to control twitchers (Figure 1B) (p<0.001).

Stem Cell Injection Improves Motor Function
Twitching frequency and severity for twitcher mice was monitored beginning on PND15.
Twitching was scored on frequency and severity as previously described [46]. Wild-type
mice never displayed any twitching at all. HBSS injected twitchers began displaying
symptoms at approximately PND17 and cell injected twitchers at PND21 (Figure 2A).
HBSS injected twitchers reached a maximum twitching frequency of 3.0 +/− 0.1 at PND25,
while eGFPTgASC and eGFPTgBMSC injected twitchers reached a twitching frequency of
3.0 +/−0.1 at PND29 and PND33, respectively. Only the twitching frequency curve for
eGFPTgBMSC injected twitchers is statistically significantly different from controls
(p<0.0001). Twitching severity reached a maximum score of 4.0 +/−0.1 for HBSS injected
twitchers at PND37, while the maximum twitching severity scores for eGFPTgASC and
eGFPTgBMSC injected mice were 3.9 +/−0.1 and 3.1 +/−0.4 respectively at this time point
(p<0.01) (Figure 2B).

The wire hang maneuver measures an animal’s strength and motor function. Each mouse
received a score based on its ability to grasp the wire with its hind legs as previously
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described beginning on PND15 [22]. Wild-type mice had no difficulty grasping the wire
with their hind legs. HBSS injected twitchers reached the maximum score of 4.0 +/−0.1 at
PND37, while the scores for eGFPTgASC and eGFPTgBMSC injected twitchers were 2.8 +/
−0.4 and 1.6 +/−0.4 at this time point, respectively (p<0.01) (Figure 2C).

Gait analysis was performed on all groups of mice beginning on PND15 by measuring and
averaging hind stride length (Figure 2D). Hind stride length for wild-type mice reached a
maximum of 5.5 cm +/−0.19 at PND31. Hind stride length for HBSS injected twitchers
reached a maximum of 4.6 cm +/−0.23 at PND23 and then declined with disease
progression. Maximum hind stride length for eGFPTgASC and eGFPTgBMSC injected
twitchers was 5.3 cm +/−0.18 and 5.3 cm +/−0.13, respectively, at PND27 and then declined
with disease progression. Analysis of hind stride length curves reveals that cell injected
twitchers had a longer hind stride length over the time period PND15–40 compared to HBSS
injected twitchers (p<0.0001).

Analysis of eGFP+ Cell Persistence
eGFP+ cells were tracked in the injected mouse brains using real-time PCR at various time
points. eGFPTgASCs could be found in injected mouse brains up to 16 days post injection,
while eGFPTgBMSCs could be found up to 20 days post injection. On day 1 post injection,
23,500 +/−12,000 eGFPTgASCs could be found in wild-type brains (n=3), while only 9,600
+/−2,600 eGFPTgASCs in twitcher brains (n=4). At the same time point, 22,900 +/−8,300
eGFPTgBMSCs could be found in wild-type brains (n=3) and 22,500 +/−12,000
eGFPTgBMSCs in twitcher brains (n=3) (Figure 3A). Thus, one day post injection, 59% of
eGFPTgASCs were detected in wild-type mouse brains and 24% in twitcher mouse brains
(p>0.05). Also, 57% of injected eGFPTgBMSCs were detected in wild-type mice and 56%
in twitcher mice at this time point (p>0.05).

At 10 days post injection, 6,900 +/−1,700 eGFPTgASCs could be found in wild-type brains
(n=3) and 4,800 +/−1,400 eGFPTgASCs in twitcher brains (n=3). 10 days post injection,
14,000 +/−12,000 eGFPTgBMSCs could be found in wild-type brains (n=4) and 6,200 +/
−3,300 eGFPTgBMSCs in twitcher brains (n=3). Thus, 10 days post injection, 17% of the
injected eGFPTgASCs were detected in wild-type brains and a 12% in twitcher mice
(p>0.05). Also, there 35% of injected eGFPTgBMSCs were detected in wild-type mice and
16% in twitcher mice at this time point (p>0.05).

eGFPTgASCs and eGFPTgBMSCs were located in cryosections of injected brains 10 days
post injection and immunostained with NeuN (red) and S100 (blue) to investigate cellular
differentiation along neural or glial lineages, respectively. No co-localization was found
with the eGFP+ cells with either antibody (Figure 3B). In addition, cryosections were also
immunostained with the neural marker Map2 and glial markers GFAP and MBP with no co-
localization of markers with eGFP+ cells (Supplemental Figure 1).

Presence of Myelin
According to Western blotting results with anti-MBP, the presence of myelin in normal mice
was substantially greater than that of twitcher mice. Injection with either eGFPTgASCs or
eGFPTgBMSCs did not increase the levels of myelin in the twitcher brain in comparison to
HBSS injected twitcher mice as evidenced by both Western blot and IHC (Figure 4).

Stem Cell Injection Decreases Markers of Inflammation
Cytokine Analysis—Real time RT-PCR for several cytokines related to inflammation
was performed on mRNA isolated from wild-type and twitcher mouse brains obtained at
PND40, or when euthanized, respectively. The mRNA expression of multiple cytokines was
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down-regulated with stem cell injection. These included interleukin-1α (IL-1α), IL-1β,
IL-6, IL-10, tumor necrosis factor-α (TNF-α), granulocyte colony stimulating factor (G-
CSF), monocyte chemoattractant protein-1 (MCP-1, also known as CCL2), macrophage
inflammatory protein-1α (Mip-1α, also known as CCL3), keratinocyte chemoattractant
(KC, also known as CXCL1), and leukocyte inhibitory factor (LIF). Vascular endothelial
growth factor (VEGF) was substantially up-regulated by stem cell injection in comparison to
wild-type. In addition, IL-10 was significantly down-regulated only by eGFPTgASC
injection, while TNFα was significantly down-regulated only by eGFPTgBMSC injection
(p<0.05) (Figure 5A). Macrophage colony stimulating factor (M-CSF) was actually up-
regulated at the transcriptional level, but this was not reflected at the translational level
(p<0.05) (Figure 5A and 5B).

A 32-cytokine multiplex assay was performed using protein lysate from wild-type and
twitcher mouse brains obtained at PND40 or when euthanized, respectively. Of the 32
cytokines analyzed by this assay, only 11 cytokines had signals within detection limits
(Figure 5B). Both eGFPTgASCs and eGFPTgBMSCs reduced expression of G-CSF, IL-1α,
MCP-1, and LIF in a statistically significant manner (p<0.01). However, many additional
inflammatory cytokines appeared to be influenced by stem cell injection, but not in a
statistically significant manner at the time points analyzed. These down-regulated pro-
inflammatory cytokines normally function as potent attractants for monocytes/macrophages
or activate other pro-inflammatory cells, and down-regulation may decrease the levels of
inflammation in the twitcher mouse brain.

Stem Cell Injection Decreases Expression of Inducible Nitric Oxide Synthase
—Inducible nitric oxide synthase (iNOS) is often up-regulated when chronic inflammation
is present and is known to be markedly up-regulated as KD worsens [44]. Western blot
analysis on protein lysates obtained from the brains of wild-type mice at PND40 and
twitcher mice at the time of euthanization revealed that iNOS was substantially up-regulated
in the twitcher mouse at the terminal stage compared to wild-type mice. Injection of
eGFPTgASCs decreased expression of iNOS by a factor of 0.68 and injection of
eGFPTgBMSCs decreased expression of iNOS by a factor of 0.53. Therefore it appears that
injection of these stem cells down-regulates the expression of iNOS in the twitcher brain,
even 4–5 weeks after administration (Figure 6).

Macrophage Infiltration and Microglial Activation—CD163 is a marker for
perivascular macrophages [44, 48]. Western blot analysis on protein lysates obtained from
the brains of wild-type mice at PND40 and twitcher mice at the time of euthanization
revealed that CD163 was substantially up-regulated in the twitcher mouse at the terminal
stage compared to wild-type mice. Injection of eGFPTgASCs decreased expression of
CD163 by a factor of 0.35 and injection of eGFPTgBMSCs decreased expression of CD163
by a factor of 0.37 compared to HBSS injected twitchers. Therefore it appears that injection
of these stem cells decreased the infiltration and/or proliferation of macrophages in the
twitcher brain (Figure 7A).

Iba-1 is a marker for activated microglia [48]. Western blot analysis on protein lysates
obtained from the brains of wild-type mice at PND40 and twitcher mice at the time of
euthanization reveals that Iba-1 is substantially up-regulated in the twitcher mouse at the
terminal stage compared to wild-type mice. Injection of eGFPTgASCs decreased expression
of Iba-1 by a factor of 0.19, and injection of eGFPTgBMSCs decreased expression of Iba-1
by a factor of 0.69 compared with HBSS injected twitchers. The Western blotting results
suggest a small decrease in the numbers of activated microglia with eGFPTgASC injection
and a much larger decrease with injection of eGFPTgBMSCs in the twitcher brain in
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comparison to HBSS injected twitchers (Figure 7B). IHC results for Iba-1 support the
Western blotting results (Figure 7C).

GALC Activity
GALC activity was measured in twitcher mouse brains collected at the time of euthanization
from all groups as well as wild-type mice euthanized at PND40. All twitcher mice,
regardless of stem cell injection, had a GALC activity that was approximately 10% of wild-
type. Therefore, neither eGFPTgASCs nor eGFPTgBMSCs managed to increase GALC
activity in the brains of twitcher mice deficient in this enzyme at the time of euthanasia
(Supplemental Figure 2) even though these cells exhibited a 5-fold increase in GALC
activity compared to twitcher MSCs in vitro (data not shown).

Discussion
In this study, a total of 40,000 eGFPTgASCs or eGFPTgBMSCs were injected into the
intracerebroventricular space of neonatal mouse pups in order to assess their therapeutic
value in reducing the pathology in the twitcher mouse model of KD. Treated twitcher mice
did exhibit significant improvements in lifespan, body weight, and motor function, though
none of these mice approached the body weight or functional capabilities of wild-type mice.
However, any improvements in aspects of this disease that could be extrapolated to
increased “quality of life” in a clinical setting are noteworthy improvements and indicate a
positive therapeutic impact.

The functional improvements observed in twitcher mice treated with these MSCs raises
questions about mechanism of action. In this study, “cell replacement,” enzyme cross-
correction, and anti-inflammatory effects were examined as possible mechanisms for the
improvement seen in the treated twitcher mice. MSCs were investigated as a therapeutic
option in these mice due to the possibility of multiple mechanisms of repair versus a classic
anti-inflammatory pharmacological treatment which only offers a single benefit of
suppressing inflammation, though these anti-inflammatory agents have offered some benefit
in prolonging twitcher lifespan [49].

These cells did not appear to confer any endogenous GALC enzyme to surrounding cells as
there was no increase in GALC activity in the brains of the treated twitcher mice at the
terminal time point. Also, eGFPTgASCs and eGFPTgBMSCs were not found in injected
mouse brains longer than 16 days or 20 days post injection, respectively. In addition, neither
cell type appeared to transdifferentiate along neural or glial lineages. This lack of long-term
engraftment and differentiation suggests that “cell replacement” is also not a mechanism
which improved the function of the twitcher mice since the stem cells used in this study did
not differentiate to replace cells damaged or destroyed by KD.

Recently scientists have been investigating the anti-inflammatory properties associated with
mesenchymal-lineage stem cells and the subsequent improvements in disease pathology
associated with this activity. Inflammation is clearly present in the twitcher mouse brain
when markers of inflammation are evaluated and compared with those of wild-type mice.
Even though only a relatively small number of eGFPTgASCs or eGFPTgBMSCs were
injected compared with the total number of cells in the brain, these stem cells appear to exert
powerful anti-inflammatory effects in the twitcher mouse brain. These anti-inflammatory
effects even seem to persist for at least 1–2 weeks after the disappearance of the cells since
the twitcher brain samples evaluated were taken when the mice were at the terminal stage.

Information gathered from real-time RT-PCR results suggest the stem cells down-regulated
several markers of inflammation at the mRNA level such as IL-1α, IL-1β, IL-6, IL-10
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(p<0.05), TNF-α (p<0.05), G-CSF, MCP-1, Mip-1α, KC, and LIF, and up-regulate the pro-
angiogenic growth factor VEGF. However, only G-CSF, IL-1α, MCP-1, and LIF were
affected by eGFPTgASCs and eGFPTgBMSCs at the protein level in a statistically
significant manner even though an apparent trend of down-regulation seemed present with
additional cytokines. Many of the cytokines/chemokines down-regulated with stem cell
treatment are involved in activation, differentiation, or recruitment of immuno-regulatory
cells such as neutrophils, basophils, B cells, T cells, granulocytes, or cells noted for
exacerbating inflammation such as monocytes/macrophages. iNOS, another marker for
chronic inflammation, was also down-regulated in treated twitcher brains. This enzyme
responsible for synthesizing nitric oxide is often up-regulated in microglia or macrophages
after the cells are stimulated with IL-1 or TNFα and is a major instigator in disease
progression [44, 50–52].

Since certain cytokines/chemokines which recruit macrophages (MCP-1) or can be secreted
by macrophages or microglia (G-CSF, IL-1α, IL-6, LIF) were down-regulated with stem
cell treatment, the next step was to examine the infiltration of macrophages and activation of
microglia in the twitcher brain. Expression of CD163, a marker for macrophages, was up-
regulated in the twitcher brain compared to the wild-type brain. However, injection of
eGFPTgASCs or eGFPTgBMSCs appeared to decrease expression of CD163 in the twitcher
brain indicating decreased recruitment and/or infiltration of macrophages into the brain,
which corresponds with the cytokine analysis data. Expression of Iba-1, a marker for
activated microglia, was also up-regulated in the twitcher brain compared to the wild-type
brain. Injection with eGFPTgASCs appeared to slightly decrease expression of Iba-1 while
the eGFPTgBMSCs had a much more substantial impact on the presence of activated
microglia in the twitcher brain. Perhaps the eGFPTgBMSCs had a greater therapeutic impact
in the twitcher mice due to increased distribution of cells throughout the brain (data not
shown) and increased cellular persistence in the brain compared to the eGFPTgASCs.

Mechanisms by which mesenchymal lineage stem cells mediate immunosuppression are still
under investigation. However, evidence points to activation of this immunosuppressive
response by MSCs by combinations of certain cytokines such as IFN-γ, TNFα, IL-1α, or
IL-1β that could be present in an inflammatory niche of injured tissue [53]. Once activated,
the MSCs may decrease proliferation of target cells or release of pro-inflammatory
cytokines by cell-to-cell contact, secretion of soluble factors such as HLA-G5, IL-6, IL-10,
TGFβ, HGF, nitric oxide, indoleamine 2,3-dioxygenase, or prostaglandins, or some
combination thereof [54–60]. Chemokine dependent upregulation of iNOS by MSCs has
been particularly implicated as a possible mechanism for immunosuppression [60]. Pro-
inflammatory cytokines such as TNFα, IL-1α, and IL-1β were up-regulated in the twitcher
brain and may have activated the immunosuppressive capabilities of the injected MSCs
which in turn led to the down-regulation of many of the inflammatory mediators examined
in this study.

Conclusion
The eGFPTgASCs and eGFPTgBMSCs utilized in this study for evaluation of mesenchymal
stem cells as a therapeutic option for the treatment of KD provided some modest
improvements in lifespan and motor function. They did not afford this improvement through
enzyme replacement or cell replacement mechanisms, but by reducing markers of
inflammation, macrophage infiltration, and microglial activation. The reduction of
inflammation due to anti-inflammatory properties of the injected stem cells was apparently
substantial enough to slow deterioration in the twitcher brain. The anti-inflammatory effects
demonstrated by these mesenchymal-lineage stem cells in the twitcher mouse may be
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translatable to other models of neurodegeneration when chronic inflammation is a critical
component of the pathology.

It is desirable and necessary to achieve greater improvements in the pathology of this
disease in order to prevent or retard onset of symptoms in a clinical setting. The approach
used in this study evidently only targets the inflammation in the CNS. Therefore, combining
the use of these stem cells with other targeted approaches such as enzyme replacement
therapy, BMT, substrate reduction therapy, or gene therapy may prove advantageous and
merits further investigation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Survival and Body Weight
A. Kaplan-Meier survival curve illustrating the lifespan of twitcher mice. Cumulative
survival was 36% for eGFPTgASC injected, 45% for eGFPTgBMSC injected and 0% for
HBSS injected twitchers at PND40, respectively (p<0.05). B. Body weight for twitchers was
measured beginning on PND15. Body weight for cell injected twitchers was significantly
greater than controls (p<0.001).
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Figure 2. Motor Function
A. Comparative analysis of twitching frequency for eGFPTgBMSCs compared to HBSS
injected twitchers (p<0.0001). B. Twitching severity curves for both eGFPTgASC and
eGFPTgBMSC injected mice are significantly different from HBSS injected controls
(p<0.01). C. Mice were suspended by the tail and lowered onto a horizontal wire and then
released. The wire hang maneuver curves for cell injected twitchers are significantly
different from HBSS injected controls (p<0.01). D. Gait analysis was performed by
averaging the hind stride length of both back paws. Cell injected twitchers had a longer hind
stride length over time compared to HBSS injected controls (p<0.0001).
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Figure 3.
A. eGFP+ Cell Persistence. eGFP+ cells were tracked in injected mouse brains using real-
time PCR at pre-determined time points. 1 day post injection, there was a 59% recovery of
eGFPTgASCs in wild-type mouse brains and a 24% recovery in twitcher mice (p>0.05).
Also, there was a 57% recovery of eGFPTgBMSCs in wild-type mice and 56% recovery in
twitcher mice at this time point (p>0.05). 10 days post injection, there was a 17% recovery
of the injected eGFPTgASCs in wild-type brains and a 12% recovery in twitcher mice
(p>0.05). Also, there was a 35% recovery of eGFPTgBMSCs in wild-type mice and 16%
recovery in twitcher mice at this time point (p>0.05). B. Lack of Transdifferentiation.
eGFPTgASCs (top) and eGFPTgBMSCs (bottom) were located in cryosections of injected
brains 10 days post injection and immunostained with NeuN (red) and S100 (blue) to
investigate cellular differentiation along neural or glial lineages, respectively (right). No co-
localization of either antibody was found with the eGFP+. Nuclei were stained with To-
Pro-3 (blue) (left).
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Figure 4.
A. Western Blotting for Myelin. Protein lysates derived from twitcher brains at
euthanization or wild-type mice at PND40 reveal that expression levels of myelin in normal
mice is substantially greater than that of twitcher mice. The levels of myelin detected in the
brains of either eGFPTgASC or eGFPTgBMSC injected mice were not increased in
comparison to HBSS injected twitcher mice. B. Immunohistochemistry. Results from
immunohistochemistry (IHC) on cryosections derived from twitcher brains at euthanization
or wild-type mice at PND40 stained with anti-MBP (green). IHC results also suggest that the
expression of myelin is not increased in stem cell injected twitcher mice compared to HBSS
injected twitcher mice.
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Figure 5.
A. Analysis of Inflammatory Cytokines/Chemokines by Real Time RT-PCR. Total
cellular RNA samples derived from twitcher brains at euthanization or wild-type mice at
PND40 reveal a marked elevation in expression of inflammatory markers is present in the
twitcher mouse brain at this time point. The injection with either eGFPTgASCs or
eGFPTgBMSCs markedly down-regulates the expression of several inflammatory
mediators. Administration of eGFPTgASCs particularly reduced expression of IL-10 and the
eGFPTgBMSCs significantly reduced expression of TNFα (p<0.05). All samples were
normalized to β-actin content. B. Analysis of Inflammatory Cytokines/Chemokines by
Multiplex Analysis. Protein lysates derived from twitcher brains at euthanization or wild-
type mice at PND40 were analyzed on a 32-plex panel multiplex plate, which confirmed that
inflammatory mediators are up-regulated in the twitcher brain at the protein level. The
administration of both eGFPTgASCs and eGFPTgBMSCs reduced expression of G-CSF,
IL-1α, MCP-1, and LIF in a statistically significant manner (p<0.01).
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Figure 6. iNOS Expression
Protein lysates derived from twitcher brains at euthanization or wild-type mice at PND40
were analyzed by Western blot and illustrate inducible nitric oxide synthase (iNOS) is
substantially up-regulated in the twitcher mouse compared to wild-type mice. Injection of
eGFPTgASCs and eGFPTgBMSCs substantially decreased expression of iNOS, even 4–5
weeks after administration.
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Figure 7.
A. Macrophage Infiltration. Protein lysates derived from twitcher brains at euthanization
or wild-type mice at PND40 were analyzed by Western blot using anti-CD163 and revealed
increased macrophage infiltration in the twitcher brain. Injection of eGFPTgASCs and
eGFPTgBMSCs substantially decreased expression of CD163, even 4–5 weeks after
administration. B. Microglial Activation. Protein lysates derived as previously mentioned
were analyzed by Western blot using anti-Iba-1 for activated microglia and illustrate the
increased presence of activated microglia in the twitcher brain compared to wild-type brains.
These results suggest a small decrease in the numbers of activated microglia with
eGFPTgASC injection and a much larger decrease with injection of eGFPTgBMSCs in the
twitcher brain in comparison to HBSS injected twitchers. C. Immunohistochemistry for
Iba-1. Results from IHC on cryosections derived from twitcher brains at euthanization or
wild-type mice at PND40 stained with anti-Iba-1(green) support Western blotting results.
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