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Types A and B Niemann-Pick disease (NPD) are lysosomal storage disorders resulting from loss of acid
sphingomyelinase (ASM) activity. We have used a knockout mouse model of NPD (ASMKO mice) to
evaluate the effects of direct intracerebral transplantation of bone marrow-derived mesenchymal stem
cells (MSCs) on the progression of neurological disease in this disorder. MSCs were transduced with
a retroviral vector to overexpress ASM and were injected into the hippocampus and cerebellum of
3-week-old ASMKO pups. Transplanted cells migrated away from the injection sites and survived at
least 6 months after transplantation. Seven of 8 treated mice, but none of the untreated controls, sut-
vived for > 7 months after transplant. Survival times were greater in sex-matched than in sex-mis-
matched transplants. Transplantation significantly delayed the Purkinje cell loss that is characteris-
tic of NPD, although the protective effect declined with distance from the injection site. Overall ASM
activity in brain homogenates was low, but surviving Purkinje cells contained the retrovirally expressed
human enzyme, and transplanted animals showed a reduction in cerebral sphingomyelin. These
results reveal the potential of treating neurodegenerative lysosomal storage disorders by intracerebral

transplantation of bone marrow-derived MSCs.

J. Clin. Invest. 109:1183-1191 (2002). DOI:10.1172/JCI1200214862.

Introduction

Types A and B Niemann-Pick disease (NPD) are lyso-
somal storage disorders resulting from the deficient
activity of acid sphingomyelinase (ASM; EC 3.2.1.14).
Both forms of the disorder are characterized by pro-
gressive lipid accumulation, foam cell infiltration, and
organomegaly, but whereas type B NPD patients have
little neurological involvement and can survive into
adulthood, type A NPD patients follow a rapid neu-
rodegenerative course resulting in early childhood
death (1). The ASM knockout mouse (ASMKO mouse)
provides a model in which to study the pathogenesis
and treatment of both forms of NPD. The phenotype
of this mouse model includes absent ASM activity, pro-
gressive lipid accumulation in various organs, ataxia,
and Purkinje cell loss (2, 3).

Previous work from our laboratory has shown that
intravenous transplantation of ASM-expressing bone
marrow cells can effectively prevent or reverse the viscer-
al organ pathology in ASMKO mice by providing bone
marrow-derived cells that can release ASM for uptake by
NPD cells (4, 5). However, only a modest impact on CNS
disease occurred from these treatments, most likely due
to limited engraftment of donor-derived cells in the brain.

Mesenchymal stem cells (MSCs) are stem cell-like
precursors found in the bone marrow that can produce
nonhematopoietic cells such as osteoblasts, chondro-
cytes, adipocytes, and myoblasts, and act as support
cells that are important in the differentiation and
growth of hematopoietic stem cells (6). Systemic infu-
sion of MSCs into irradiated mice has previously been
shown to produce donor-derived cells in a variety of
nonhematopoietic tissues, including the brain (7). Of
direct relevance to this study, a recent study has also
found that following systemic infusion, donor-derived
cells can cross the blood-brain barrier and differentiate
into Purkinje cell neurons (8), providing a further indi-
cation of the multipotential nature of these cells. In
addition, direct injection of human MSCs into the
brain parenchyma has resulted in engraftment of
donor-derived cells, and importantly, the transplanted
MSCs rapidly moved away from the injection sites
along known neural stem cell migratory pathways
(9-11). Small numbers of these cells also differentiated
into neural cell types. Similar results have been
obtained following intraventricular injection (9).

The goal of the current study was to evaluate whether
the transplantation of retrovirally transduced MSCs
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overexpressing human ASM could evoke a therapeutic
effect in the CNS of ASMKO mice. We present data
that shows that injection of 100,000 cells into the brain
parenchyma extends the life span of the treated mice,
and that this could be correlated with a significant
reduction in the rate of Purkinje cell loss and improved
cerebellar function. Since the source of injected MSCs
was transgenic mice expressing green fluorescent pro-
tein (GFP), we were also able to monitor the migration
and persistence of these cells following transplantation.
The results described here provide a rationale for the
further investigation of these cells for the treatment of
diseases with widespread neuropathology, such as the
neurodegenerative lysosomal storage disorders.

Methods
Animals. The ASMKO mouse model was created by gene
targeting as described previously (2). Affected mice have
no detectable ASM activity, but develop normally until
about 8 weeks of age, when ataxia and mild tremors
become noticeable. The disease then follows a neurode-
generative course that leads to death between 6 and 8
months of age. Characteristic lipid-laden foam cells
(NPD cells) are found in most major organs and are
associated with elevated sphingomyelin levels. Affected
(homozygous) mice are distinguished from normal ani-
mals using a PCR-based assay (2). The animals were
maintained on a 12-hour light/dark cycle and given
water ad libitum and Purina rodent chow 5001.
Isolation and culture of MSCs. To obtain murine MSCs,
tibias and femurs were dissected from 6- to 8-week-old
homozygous (GFPU)5Nagy male mice (12) (The Jackson
Laboratory, Bar Harbor, Maine, USA). Bone marrow was
harvested by flushing the medullary cavities with 5 ml of
buffered Hank’s solution (10 umol/ml HEPES, pH 7.5)
using a 26-gauge needle. Single-cell suspensions were
obtained by passing the cells through a 40-um cell
strainer (Becton-Dickinson and Co., Franklin Lakes,
New Jersey, USA), and approximately 107 cells were plat-
ed in a 75-cm? flask containing 10 ml of MyeloCult
M5300 long-term bone marrow culture medium (Stem-
Cell Technologies Inc., Vancouver, Canada) supple-
mented with freshly prepared hydroxycortisone
hemisuccinate (1 uM; Sigma Chemical Co., St. Louis,
Missouri, USA), 100 IU/ml penicillin, 100 pug/ml strep-
tomycin, and 250 ng/ml amphotericin B (Invitrogen
Corp. Carlsbad, California, USA). The cell cultures were
grown for 2 weeks, and the plastic-adherent cell popula-
tion (i.e., MSCs) was used for subsequent experiments.
Retroviral transduction of MSCs. The ASM/MFG retro-
viral vector was constructed by inserting the full-
length human ASM cDNA (hASM) into the MFG vec-
tor as previously described (13). To achieve retroviral
transduction, after 2 weeks in culture, the bone mar-
row cell medium was changed and the plastic-adher-
ent cells (MSCs) were cultured for an additional 72
hours in 10 ml of DMEM containing the ecotropic
hASM/MEFG virus (titer, approximately 5 X 105/ml),
10% heat-inactivated FCS, and antibiotics. ASM activ-

ity in the culture media of the transduced and non-
transduced cells and in brain homogenates (see below)
was determined as previously described (2, 13).

Transplantation of the transduced cells. ASMKO mice
(approximately 3 weeks of age, n = 20) were anes-
thetized and placed on the Styrofoam platform of a
stereotaxic injection apparatus (David Kopf Instru-
ments, Tujunga, California, USA). Animals were anes-
thetized with 0.02 ml/g body weight of (2,2,2-tribro-
moethanol and 2-methyl-2-butanol; Sigma Chemical
Co.). The skull was exposed by a 15-mm incision in the
midline, and two small skull flaps were raised using a
fine-gauge needle. The injection coordinates were
determined in pilot studies by injecting fast green dye
into normal adult mouse brains and locating the injec-
tion position in sectioned brains. The final injection
coordinates for the hippocampus were 2.06 mm poste-
rior to bregma and 2.00 mm mediolateral, and the
injections were carried out at a depth of 2.0 mm. For
the cerebellum, the injection coordinates were 5.52 mm
posterior to bregma and the injection depth was 2.50
mm. (Figure 7a schematically shows the sites of injec-
tion and the sections that were used for Purkinje cell
quantitation.) Each injection was 1 pl and contained
approximately 50,000 cells. The injections were carried
out using a glass capillary (1.2 mm X 0.6 mm) pulled to
a fine tip and attached to a Hamilton syringe. The
injections were delivered at a rate of 0.05 pl/min, and
the needle was slowly withdrawn after an additional 2
minutes. The scalp was closed by suture and the ani-
mals recovered from the anesthesia with gentle warm-
ing under an infrared heat lamp before they were
returned to their mothers. Age-matched affected (but
not injected) and normal littermates were used as con-
trols (n = 20 for each group).

Tissue processing. At 4, 12, and 24 weeks after transplan-
tation, injected animals and control littermates were
anesthetized with Avertin and sacrificed by cardiac per-
fusion. The left ventricle was cannulated, an incision was
made in the right atrium, and the animals were perfused
with 4% paraformaldehyde in PBS until the outflow ran
clear. To visualize GFP-expressing cells, brains were post-
fixed in 10% formalin for atleast 24 hours. Fifty-micron
coronal sections were cut using a vibratome, and free-
floating serial sections were collected into PBS. The sec-
tions were mounted in Vectashield with 4,6-diamidino-
2-phenylindole (DAPIL Vector Laboratories Inc.,
Burlingame, California, USA) to counterstain the cell
nuclei, and GFP-expressing cells were identified by their
blue-green appearance using a Nikon Eclipse E800
microscope. For calbindin immunohistochemistry (see
below), brains were postfixed in 10% formalin for 24
hours and cryoprotected in 30% sucrose. Tissues were
cut into 15-um coronal sections using a cryostat. The
sections were adhered to Superfrost Plus coated glass
slides (Fisher Scientific Co., Pittsburgh, Pennsylvania,
USA) and stored at -20°C until use.

Purkinje cell quantitation. Frozen sections were treated
with blocking buffer (PBS, pH 7.4, containing 20% goat
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serum) for 30 minutes and then labeled with rabbit
anti-calbindin polyclonal antibodies (Chemicon Inter-
national Inc., Temecula, California) (1:500 dilution in
blocking buffer) for 3 days at 4°C. The tissue sections
were washed in PBS and incubated with rabbit IgG
biotinylated secondary antibodies (Vectastain ABC kit;
Vector Laboratories Inc.) overnight at 4°C, and then
transferred to an avidin-biotin complex for a 30-minute
incubation. After three washes with PBS, the sections
were developed in 0.04% hydrogen peroxide and 0.05%
3,3-diaminobenzidine (DAB; Vector Laboratories Inc.)
for 10 minutes. Nuclei were counterstained by mount-
ing sections under 1.5-mm-thick coverslips in Per-
mount (Fisher Scientific Co., Morris Plains, New Jersey,
USA). For each injected or control animal, at least 25
sections were analyzed using a Nikon Eclipse E800 flu-
orescent microscope. To quantify the number of Purk-
inje cells, the images from individual sections were
saved in Photoshop version 5.0 (Adobe Systems Inc.,
San Jose, California, USA). The Photoshop images were
magnified to the same degree for each section and
printed, and the number of Purkinje cells was counted
from the prints and expressed as cell number/inch.

Immunostaining using anti—-human ASM antibodies.
Frozen brain sections were treated with blocking buffer
(PBS, pH 7.4, containing 20% goat serum) for 30 min-
utes and then labeled with rabbit anti-human ASM
IgG polyclonal antibodies (14) (1:500 dilution in block-
ing buffer) for 1 day at 4°C. The sections were then
washed in PBS and incubated with rabbit IgG biotiny-
lated secondary antibodies (Vectastain ABC kit; Vector
Laboratories Inc.) for 2 hours at room temperature,
and then transferred to a solution containing avidin-
biotin complex for 30 minutes. After three washes with
PBS, the sections were developed in 0.04% hydrogen
peroxide and 0.05% DAB (Vector Laboratories Inc.) for
10 minutes. Nuclei were counterstained by mounting
sections under 1.5-mm-thick coverslips in Permount.
The sections were then analyzed using a Nikon Eclipse
E800 fluorescent microscope.

Lysenin immunostaining. Frozen sections were treated
with blocking buffer consisting of PBS, pH 7.4, con-
taining 1% (wt/vol) BSA for 1 hour. The slides were then
incubated with 1 ug/ml lysenin, a sphingomyelin-spe-

cific binding protein (15), in 1% BSA-PBS for 2 hours,
washed with 1% BSA-PBS, and then incubated with
anti-lysenin antiserum (1:1,000 dilution in blocking
buffer) for 1 hour. The slides were washed in 1% BSA-
PBS and incubated with Alexa Fluor 568-conjugated
anti-rabbit IgG (Molecular Probes Inc., Eugene, Ore-
gon, USA) for 1 hour. Nuclei were counterstained by
mounting sections under 1.5-mm-thick coverslips in
Vectashield with DAPI. The sections were then analyzed
using a Nikon Eclipse E800 fluorescent microscope.
Accelerating rotarod analysis. The rotarod test assesses an
animal’s balance and coordination by measuring the
amount of time the animal is able to remain on a longi-
tudinally rotating rod. The rotarod apparatus (acceler-
ating model 7650; Ugo Basile Biological Research Appa-
ratus, Comerio, Italy) (16) has a 3-cm-diameter rod,
suitably machined to provide grip. In this apparatus, a
motor sets the rotor in motion via the gear belt at a
selected speed. When the mouse falls off its cylinder sec-
tion, the plate below trips and the corresponding count-
er is disconnected, thereby recording the animal’s
endurance time in seconds. Use of an accelerating
model ensures that screening results are less scattered
(17). The machine was set to an initial speed of 32 rpm,
and the acceleration was increased by 32 rpm every
25-30 seconds. Treated ASMKO mice were analyzed
along with untreated ASMKO and normal control ani-
mals. Scores were registered every week (at least two
independent tests were performed for each timepoint)
beginning at 12 weeks after injection. Uniform condi-
tions were carefully maintained for each test, and there
was a rest time of 1 hour between trials. A maximum
time limit of 300 s/test was established. Data were ana-
lyzed using a one-tailed Student ¢ test, and comparisons
were made between the treated and control groups.

Results

In vivo MSC survival and anatomical distribution. In an ini-
tial pilot experiment, approximately 50,000 MSCs were
obtained from GFP transgenic mice and transplanted
unilaterally into the hippocampus (dentate gyrus) of 1-
to 2-day-old ASMKO mice. Animals were sacrificed 4
weeks after transplantation, and the GFP-expressing
cells were located in brain sections. As shown in Figure

Figure 1

Survival and migration of MSCs in the ASMKO
mouse brain 1 month after injection. Above
each micrograph is a schematic depiction of the
brain indicating the position of the injection site
(dotted arrows) and the area shown in the pho-
tographs below (highlighted in red). Arrow-
heads indicate blue-green nuclei of transplant-
ed GFP-expressing MSCs counterstained with
DAPI. (a) Clustering of MSCs at the dentate
gyrus. (b) Lateral migration, at a position 2.06
mm posterior to bregma. (c and d) Lateral
migration of MSCs 2.70 mm posterior to breg-
ma. GCL, granule cell layer; CA3, CA3 region of
the hippocampus. Original magnification X20.
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Survival of ASMKO mice receiving intracerebral MSC transplants. By
28 weeks after transplant (31 weeks of age), all of the untreated
ASMKO mice (squares) had died, whereas seven of eight treated
ASMKO animals (triangles) and all of the normal animals (circles)
survived. The longest-surviving treated ASMKO mouse lived to be
about 47 weeks old (44 weeks after transplant). n = 8 for each group.

la, the largest number of GFP-positive cells could be
identified in clusters just below the granule cell layer of
the hippocampus, close to the injection site. This clus-
tering phenomenon has previously been identified as
characteristic for cells injected at this site, due to the
presence of a cleavage plane beneath the granule cell
layer (18, 19). A significant number of transplanted
cells had also migrated from the injection site by 4
weeks, either laterally along the external capsule (not
shown) or medially beneath the CA3 region of the hip-
pocampus (Figure 1, b-d).

In all transplanted animals, GFP-expressing cells were
identified in multiple areas of the brain beyond the
injection site, including the contralateral cortex, the
ependymal lining of the lateral ventricles, and the cor-
pus callosum, and were frequently found adjacent to
blood vessels. The largest numbers of migrating cells
were seen along a rostrocaudal axis ipsilateral to the
injection site, covering a distance of approximately 900
um and migrating in an organized fashion in parallel
arrays along white matter tracts toward the lateral ven-
tricles. These observations were similar to those report-
ed previously (9-11).

Survival and growth of transplanted ASMKO mice. Based on
the excellent migratory capacity of the transplanted
MSCs observed in our pilot experiment and by other
investigators, 20 additional 3-week-old ASMKO mice
received two transplants of 50,000 cells each into the hip-
pocampus and cerebellum, respectively (see Figure 7a for
a schematic depiction of the injection sites). Three-week-
old animals were used for this study because at this age
all of the treated animals could survive the double trans-
plant procedure. In addition, 3-week-old ASMKO ani-
mals do not yet exhibit any neurological deficits (2). To
maximize therapeutic effects, the MSCs from the GFP
transgenic mice were transduced with a retroviral vector
expressing human ASM. Prior to transplantation these

cells released up to 30-fold more ASM activity into the
culture media than did nontransduced MSCs (not
shown). Previous studies have shown that ASM released
by transduced cells can be taken up by many different
cell types, including neurons (5).

Of the 20 treated animals, eight were maintained in
our animal facilities for up to 47 weeks; animals in this
survival group were analyzed on a weekly basis. The
other animals were sacrificed at various timepoints for
histological and biochemical analyses. By 28 weeks after
transplant, all of the untreated ASMKO control mice
had died, consistent with previous published reports
concerning the life span of these animals (Figure 2). In
contrast, seven of eight treated ASMKO animals were
alive. At 36 weeks after transplant, four of eight treated
animals were still alive, and one survived for 44 weeks
after transplant. Of the four animals surviving beyond
36 weeks, three were male and one was female.

We also monitored the body weights of the survival
group and their performance on an accelerating
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Body weights and rotarod scores for treated and untreated male
ASMKO mice. (a) The mean body weights of treated (filled circles)
and untreated (open circles) ASMKO male mice (n = 4) are shown
beginning at 17 weeks after transplant (20 weeks of age). The mean
body weight (38 g) of normal male animals (+/+) is also indicated.
(b) Rotarod scores of the same treated (filled circles) and untreated
(open circles) male mice were averaged and plotted beginning 17
weeks after transplant (20 weeks of age). The mean rotarod score
(300 s) of normal male animals (+/+) is indicated. All of the untreat-
ed control animals died by 28 weeks after transplant (see Figure 2).
*P < 0.05, treated versus untreated, per one-tailed Student ¢ test.
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Body weights and rotarod scores for treated and untreated female
ASMKO mice. (a) The mean body weights of treated (filled circles)
and untreated (open circles) ASMKO female mice (n = 3) are shown
beginning at 17 weeks after transplant (20 weeks of age). The mean
body weight (29.5 g) of normal female animals (+/+) is also indicat-
ed. (b) Rotarod scores of individual female treated (filled circles) and
untreated (open circles) mice were averaged and plotted beginning
17 weeks after transplant (20 weeks of age). The mean rotarod score
(300 s) of normal female animals (+/+) is indicated. All of the
untreated animals died by 28 weeks after transplant (see Figure 2).
*P < 0.05, treated versus untreated, per one-tailed Student ¢ test.

rotarod. Figure 3 shows the data for male mice (data
is graphically displayed until 28 weeks after trans-
plant, at which time all of the untreated ASMKO con-
trol animals had died). Treated ASMKO male mice
had significantly higher body weight (Figure 3a) and
significantly better rotarod performance scores than
did the untreated ASMKO mice (Figure 3b). Note
however that the maximal rotarod endurance time of
the treatment group was only about one third of
normal, and that the weight of the mice in this group
began to decline by 20 weeks after transplant. Less
significant results were obtained with the female
recipients, and only one survived beyond 32 weeks
(Figure 4). Since the donor cells were obtained from
male animals (see Methods), we assume that this dif-
ference between male and female recipients was due
to immunological rejection of the donor cells in the
brains of the females. Indeed, analysis of GFP-
expressing cells in the female transplant recipients at

8 weeks after transplant showed fewer donor cells
than were present in male brains (not shown).
Quantitative analysis of Purkinje cells in the cerebellum after
transplantation. A characteristic feature of the ASMKO
mouse phenotype is the progressive degeneration of
Purkinje cells within the cerebellum, together with
widespread cytoplasmic vacuolar storage in neurons
throughout the cerebral cortex (1). Purkinje cells were
quantified by immunohistochemistry using calbindin
antibodies. Figure 5 shows representative sections from
treated ASMKO and control (untreated ASMKO and
normal) mice at 4, 12, and 24 weeks after transplant.
For each animal, the same section is shown, 75 pm
from the cerebellar injection site (position A in Figure
7a). Note that by 12 weeks after transplant, an almost
complete disappearance of Purkinje cells was evident in
the untreated ASMKO mice, and there was extensive
vacuolization. In contrast, the Purkinje cell number
and vacuolization in treated ASMKO mice was marked-

12 wks

24 wks

Figure 5

Purkinje cell immunohistochemistry at 4, 12, and 24 weeks after trans-
plantation. Visualization of Purkinje cells was performed using anti-
calbindin antibodies as described in Methods. Arrows indicate Purk-
inje cells. Note the extensive vacuolization and absence of Purkinje cells
in the untreated ASMKO mice at 12 and 24 weeks after transplant,
compared with the treated animals. The sections shown are from posi-
tion A in Figure 7a, 75 um from the cerebellar injection site.
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ed versus untreated ASMKO mice, per one-tailed Student ¢ test.

ly improved. By 24 weeks the treated animals were still
improved, although some cell loss had occurred.
Graphical representation of the data from these slides
is shown in Figure 6, confirming a significant reduc-
tion in the loss of Purkinje cells at 4, 12, and 24 weeks
after transplantation in the treatment group (P < 0.05,
treated versus untreated groups). Importantly, the pro-
tective effect of the transplant procedure on the Purk-
inje cell numbers was a function of distance from the
cerebellar injection site, as shown in Figure 7. Position
Ain this figure corresponds to the micrographs shown
in Figure 5. Note that 12 weeks and 24 weeks after
transplant (black squares and triangles), sections that
were further away from the injection site had fewer sur-
viving Purkinje cells.

Analysis of human ASM expression and sphingomyelin lev-
els in the cerebellum of treated mice. In an attempt to cor-
relate the clinical and pathological findings with
increased ASM activities, we first attempted to detect
activity in total brain homogenates from the treated
animals. However, the levels of activity were below
detectable limits (<1% of normal) (not shown), con-
sistent with the small number of injected cells. We
next used anti-human ASM antibodies to detect the
expressed enzyme in cerebellar sections. As shown in
Figure 8a, these antibodies did not cross-react with
murine ASM in brain sections from normal mice, but
did detect a specific signal in surviving Purkinje cells
of the treated animals. We also used lysenin, a sphin-
gomyelin-specific binding protein, to assess sphin-
gomyelin storage in the cerebellar sections from treat-
ed animals. As shown in Figure 8b, the amount of
lysenin staining in MSC-injected mice was markedly
decreased compared with that in tissues from untreat-
ed ASMKO animals.

Discussion

In the present study, the suitability of MSCs as enzyme
delivery vehicles for treatment of neurological lysosomal
storage diseases was evaluated using the ASMKO mouse
model of NPD. To eftectively treat such diseases, a deliv-
ery vehicle is required that can migrate throughout the
brain, survive in vivo long-term, and release normal
enzymes for uptake by surrounding neurons and other
neural cells. Major advantages of MSCs include the facts
that they can be easily obtained from affected patients,
are readily transduced with gene transfer vectors, and the
transduced cells secrete catalytically active enzymes that
can be taken up by a variety of cell types, including neu-
rons (20, 21). In addition, previous studies in animal
models have shown that MSCs can be transplanted into
the brain, migrate throughout the CNS, and survive for
several months (9, 10). There is also very recent in vivo
evidence demonstrating that transplanted bone mar-
row-derived cells can differentiate into Purkinje cell neu-
rons, a cell type that is affected in type ANPD and other
neurodegenerative lysosomal storage disorders (8).

We obtained MSCs from the bone marrow of adult
GFP transgenic mice using the method of plastic
adherence (11). This relatively crude procedure pro-
duces a heterogeneous population, including multipo-
tential MSCs that can be readily differentiated into
osteoblasts, adipocytes, chondrocytes, and myoblasts
(22-25). The use of GFP-expressing MSCs provided a
unique detection system facilitating the identification
of transplanted cells. Although alternative protocols
are available for the isolation of more homogeneous
MSC cultures, e.g., by removing lymphohematopoietic
cells (10), it has not been established that removal of
these cells confers a significant advantage for survival
and/or migration in the CNS, nor has it been estab-
lished whether such procedures deplete the MSC pop-
ulation of multipotential precursors. Therefore, for our
initial studies we chose to use this crude method of
MSC preparation in order to avoid depletion of poten-
tially important cells.

The results presented here demonstrate that the
transplantation of MSCs into the CNS of ASMKO
mice had a protective effect on Purkinje cells and sig-
nificantly extended the life span of treated mice com-
pared with untreated ASMKO control animals. In addi-
tion, the cerebellar function of the treated animals (as
quantified using an accelerating rotarod apparatus)
was significantly improved. It is notable that these
results were obtained despite the fact that no detectable
ASM activity was found in brain homogenates at any
time after transplant. This is consistent with previous
bone marrow transplantation (4) and hematopoietic
stem cell gene therapy (5) studies in which the life span,
Purkinje cell survival, and cerebellar function of the
treated animals was similarly improved despite unde-
tectable ASM levels in the brain. In contrast, intra-
venous infusion of recombinant ASM had no effect on
these neurological parameters (26), suggesting that the
positive results we observed here and in our previous
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Figure 7
Purkinje cell survival in transplanted ASMKO mice is a function of
distance from the cerebellar injection site. (a) Schematic depiction

Distance from cerebellar
injection position
D 300 um

B fggﬁm of a mouse brain showing the Iocati'or? oFFhe h'ippocamp.al (ﬁlled cir-
A75um cle) and cerebellar (filled square) injection sites. A-D indicate the

location of sections used for the quantification shown in b (75-300
um from the cerebellar injection site). The data shown in Figures 5
and 6 are from position A, indicated by the arrow in b. Quantifica-
tion was performed as described in Methods. Open symbols, normal

animals; filled symbols, treated ASMKO animals; circles, 4 weeks
l after transplant; squares, 12 weeks after transplant; triangles, 24
M weeks after transplant.

o

detection systems to label the anti-human ASM anti-
bodies, the background signals were consistently too
high to provide conclusive results.

We next sought to correlate the presence of human
ASM in these cerebellar sections with a reduction in
sphingomyelin content. Although our earlier histolog-
ical analysis had shown markedly reduced vacuoliza-
tion in the brains of treated mice, these studies did not
reveal whether the specific lipid degraded by ASM (i.e.,
sphingomyelin) was reduced. We therefore used the
sphingomyelin-specific binding protein, lysenin, to
identify this lipid in brain sections, and found a very
marked reduction in the treated mouse when com-

Number of Purkinje cells

T T T T
75 150 225 300

Distance from cerebellar injection position (um)

transplantation studies was due to the presence of
donor-derived cells in the CNS that were releasing very
low levels of ASM.

To further investigate this point, used
anti-human ASM antibodies to assess enzyme expres-
sion in brain sections. Notably, the surviving Purkinje
cell neurons in treated animals had a strong positive
signal for the human enzyme. There are two possible
explanations for this result: (a) the retrovirally
expressed human enzyme was secreted by donor-
derived cells present in the brain and taken up by the
Purkinje cells, or (b) the donor cells themselves direct-
ly differentiated into Purkinje cells. Since the donor
cells were derived from GFP transgenic mice, theoreti-
cally this question could be answered using a fluores-
cent detection system to colocalize the human ASM
and GFP signals. However, when we used fluorescent

we

pared with untreated ASMKO controls. This reduction
was not limited to Purkinje cells, indicating that the
expressed enzyme was probably secreted from donor
cells and taken up by multiple neural cell types. Togeth-
er these results indicate that functional ASM was clear-
ly present in the brains of the treated animals and was
likely responsible for the positive clinical and patho-
logical effects we observed.

Similar to our previous bone marrow transplant and
gene therapy experiments, the most notable histological
effect in the CNS of the treated animals was on Purkin-
je cell survival, and this was directly related to improved
cerebellar function. Although the explanation for this
observation is not completely understood, recent stud-
ies have suggested that ceramide is a trophic factor
required for Purkinje cell survival (27). Therefore, one
could hypothesize that in NPD animals, the absence of

Figure 8

Expression of human ASM and depletion of sphingomyelin
in the brains of transplanted ASMKO mice. The sections
shown were taken from 4-month-old animals, 75 um from
the cerebellar injection site. (a) Anti-human ASM antibodies
were used to detect the retrovirally expressed enzyme in cere-
bellar sections of normal, untreated ASMKO, and treated
ASMKO animals. Note that a strong positive (brown) signal
was seen in Purkinje cells from the treated animals. No signal
was seen in Purkinje cells from normal animals, demonstrat-
ing the specificity of the reaction. (b) The sphingomyelin-spe-
cific binding protein, lysenin, was used to detect this lipid in
cerebellar sections from normal, untreated ASMKO, and
treated ASMKO animals. Note that the sections from
untreated ASMKO animals had a very strong lysenin signal
compared with normal or treated ASMKO animals.
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ASM activity in Purkinje cell neurons depletes pools of
intracellular ceramide and negatively influences survival
of this cell type. In the treated mice, ASM released from
the transplanted MSCs may be taken up by Purkinje cells
and replenish this ceramide pool. Cell culture studies are
underway to evaluate ceramide production and ASM
uptake by normal and NPD Purkinje cells. Other expla-
nations that we cannot completely rule out are that the
transplanted bone marrow cells might be providing
some other trophic factor required for Purkinje cell sur-
vival, or that the transplanted cells are themselves dif-
ferentiating into Purkinje cell neurons, as mentioned
above. However, the results of a recent transgenic mouse
experiment in which ASM was the only gene introduced
onto the ASMKO background supports the notion that
the clinical effect is likely related to the amount of func-
tional ASM (or some other trophic factor) released by the
transplanted cells, rather than their direct differentiation
into Purkinje cells (28). In these animals, the Purkinje
cell phenotype, cerebellar function, and life span were
completely corrected when residual ASM activities of
about 8% of normal were achieved in the CNS. Again, cell
culture experiments are currently underway to directly
address the issue of how much ASM activity is required
for the survival of ASMKO Purkinje cells.

While the transplant results we present here are very
encouraging, particularly given the very low levels of
ASM activity in the CNS, they represented only partial
correction of the neurological phenotype, and the ani-
mals still died prematurely. The most likely explana-
tion for this is that we did not reconstitute enough
ASM activity in the CNS for a more complete effect.
This is probably due to the very small numbers of cells
that were injected (100,000) and the fact that these cells
do not undergo much proliferation after transplanta-
tion. Indeed, we observed a general depletion of these
cells over time in the transplanted ASMKO brains (data
not shown). This was likely due to immunological
rejection of the transplanted cells by the host animals,
since (a) the donor cells were derived from GFP-express-
ing animals, (b) the genetic backgrounds and sex of the
donor and host animals were different, and (c) the
donor cells were overexpressing and releasing human
ASM. The fact that we observed significant outcome
differences between sex-matched and sex-mismatched
transplants supports this notion.

To improve on the results reported here and obtain
more ASM-expressing MSCs in the brain following
transplantation, several strategies can be considered.
First, and most straightforward, efforts can be made to
reduce immunological rejection of the transplanted
cells by using syngeneic, sex-matched donors. In the cur-
rent study we wanted to use the GFP marker system to
identify and map the MSCs after transplantation. How-
ever, these cells express foreign antigens that can elicit
immune responses in the host animals. In addition, the
donor cells were transduced with a human ASM retro-
viral vector. This could be modified in the future to use
a vector that expresses murine ASM. It is important to

recognize that in a human transplant setting, many of
these immunological concerns should not be relevant
since we would be using autologous cells from the
affected patient for the transplant procedure. However,
for these “proof of principle” experiments in the murine
system they were clearly problematic.

In addition to minimizing immunological rejection
of the donor cells, we could also use enriched popula-
tions of MSCs that might have greater proliferative
capacity in the CNS, and/or adopt cell culture condi-
tions that enhance proliferation. This may be neces-
sary in the mouse model, since the number of cells we
can transplant is very small. However, proliferating
cells could cause tumors after transplantation, and
this would need to be carefully evaluated. Finally, we
could combine this approach with other approaches
that can deliver ASM into the CNS. The most obvious
strategy is to combine the intracerebral transplants
with bone marrow transplantation, since the same
source of cells (i.e., bone marrow) could be used for
both procedures. In addition, we have already found
that bone marrow transplantation effectively prevents
the occurrence of visceral disease in these animals and
also has partial effects on the CNS (4). Thus, the two
procedures may be synergistic.

In conclusion, we have shown that the transplanta-
tion of very small numbers of ASM-expressing MSCs
directly into the brains of NPD mice can elicit signifi-
cant effects on the progression of their neurological dis-
ease and life span. This is the first report of this
approach for any neurological lysosomal disease, and
we believe it is an approach with direct clinical applica-
tion. While similar intracerebral transplant studies have
been carried out in other lysosomal disease models
using cultured fibroblasts or neural stem cells (29, 30),
the fact that autologous, bone marrow-derived MSCs
can be easily obtained from patients and have excellent
migratory capacity in the CNS makes them prime can-
didates for future therapeutic evaluation. However, the
long-term survival of these cells in the CNS under con-
ditions in which immunological rejection of the trans-
planted cells would be minimized remains to be deter-
mined. Future efforts will be directed toward improving
on the results reported here in order to achieve a more
complete CNS effect.
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