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Intrathecal transplantation of stem cells by lumbar puncture
for thoracic spinal cord injury in the rat
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Study design: Experimental investigation of intrathecal transplantation of stem cells by lumbar

puncture (LP) in a rat model that simulates human thoracic spinal cord injury (SCI).

Obijectives: To examine the distribution and phenotype of spinal cord-derived neural stem/progenitor
cells (NSPCs) and bone marrow-derived mesenchymal stromal cells (BMSCs) following LP transplanta-
tion in SCI rats.

Setting: Toronto Western Research Institute, Toronto, Ontario, Canada.

Methods: NSPCs or BMSCs were transplanted via LP at level L3-5 1 week after compression SCI at T8.
Rats were killed at 3, 17 and 27 days after LP transplantation and the relative distribution of cells at
C4, T8 and L3-5 was quantitated. The phenotype of the NSPC and BMSC was assessed with
immunocytochemistry in vitro and following LP transplantation.

Results: By 4 weeks, more NSPC migrated to the lesion site relative to BMSC and uninjured animals.
However, there was no preferential homing of either of these types of cells into the parenchyma of
the injury site, and most of the transplanted cells remained in the intrathecal space. In vitro, spinal
cord-derived NSPC proliferated and expressed nestin, but after LP transplantation, NSPC became
post-mitotic and primarily expressed oligodendrocyte markers. In contrast, BMSC did not express any
neural antigens in vivo.

Conclusion: LP is a minimally invasive method of cell transplantation that produces wide
dissemination of cells in the subarachnoid space of the spinal cord. This is the first study to report
and quantify the phenotype and spatial distribution of LP transplanted NSPC and BMSC in the intact

and injured spinal cord.
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Introduction

Stem cell transplantation is a promising therapy for
traumatic spinal cord injury (SCI) and degenerative condi-
tions of the CNS. In most experimental studies, stem cells
have been injected directly into the lesion site. However, the
additional trauma from intramedullary transplantation can
further compromise injured tissue, and impede clinical
translation. A potential alternative is intrathecal transplan-
tation via lumbar puncture (LP), a method that is frequently
used in humans' but it has received minimal experimental
investigation.>™* The intrathecal technique of cell injection
has also been used in other animal models.>~” However, the
phenotype of LP transplanted neural stem/progenitor
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cells (NSPCs) and bone marrow-derived mesenchymal
stromal cells (BMSCs) and their spatial distribution along
the intact and injured spinal cord has not been reported
or quantitated. LP is a minimally invasive method of cell
delivery, and stem cells may be well suited for LP transplan-
tation because of their responsiveness to signals from the
injured CNS.>*® Also, cell transplantation via LP may be
relevant for conditions such as multiple sclerosis with widely
disseminated lesions making intramedullary transplantation
impractical.

NSPC reside in the adult mammalian CNS, including the
spinal cord.? These cells have the ability to self-renew and are
multipotential for both neurons and glia. NSPC derived from
the periventricular region of the adult spinal cord can be
cultured as multipotent, self-renewing neurospheres.'®!'! We
have previously demonstrated that adult rat spinal cord
NSPCs have a propensity for oligodendrocytic differentiation
both in vitro and in vivo, and can myelinate axons in the
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demyelinated and myelin-deficient cord.'> We have also
shown a neuroprotective function of spinal cord NSPC after
subacute transplantation directly into the injured rat spinal
cord.'® The purpose of the present study was to examine the
distribution and phenotype of adult rat spinal cord-derived
NSPC following LP transplantation into the injured
rat spinal cord. We also examined LP transplantation of rat
BMSC, which have been shown to home to sites of injury.?'*

Materials and methods

NSPC culture

NSPCs were isolated from the spinal cords of adult transgenic
Wistar rats expressing green fluorescent protein (GFP;
Wistar-TgN(CAG-GFP)184ys; YS Institute Inc., Utsunomiya,
Tochigi, Japan), as described previously.!®1? Briefly, the rat
cervical and thoracic spinal cord were excised under sterile
conditions, and the overlying meninges, blood vessels and
white matter were removed. The periventricular region
including the ependyma and some gray matter tissue
immediately surrounding the central canal were harvested,
enzymatically dissociated and seeded in free-floating culture
in chemically defined serum-free media containing
20ngml ! of epidermal growth factor and fibroblast growth
factor-2. Neurospheres were passaged every 7 days. Cells
were assessed for self-renewal and multipotentiality as
described previously.'®'?> Neurospheres were transplanted
at passages 3 or 4 at 4-6 days in vitro after passage.

BMSC culture

BMSCs were cultured as initially described'® and as we
previously reported.'® Briefly, bone marrow was collected
from the femur and tibia of adult transgenic GFP Wistar
rats described above and resuspended in long-term bone
marrow culture medium. BMSCs were initially passaged after
2 weeks, and then in every 5-7 days. BMSCs were dissociated
by trituration and transplanted at passages 4 or 5. BMSCs
were characterized by the methods recommended by
Dominici et al.,'” including adherence to plastic, specific
surface antigen expression and multipotentiality. Flow
cytometry was used to ensure that the BMSCs were CD11
and CD45 negative.

Animals

Twenty-seven adult female wild-type Wistar rats (Charles
River, St. Constant, Quebec, Canada; 200-300g) were the
recipients in this study. The animal protocols were approved
by the Animal Care Committee of the Research Institute of
the University Health Network in accordance with policies
established by the Canadian Council on Animal Care. Rats
with SCI (described below) were transplanted at 1 week post-
SCI with NSPC or BMSC and killed at 3- (n=6), 17- (n=4)
and 27-day(n=35) post-transplantation. In the 17 and 27
days groups, a total of three animals were excluded because
of poor placement of the LP needle in the subarachnoid
space. Uninjured rats were similarly transplanted with
NSPC or BMSC and killed at 3- (n=6) and 27-day (n=6)
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post-transplantation. Thus, half the rats in each group
received either NSPC or BMSC transplants.

Compression SCI and LP transplantation

Rats were anesthetized by inhalation of 5% halothane,
which was reduced to 2% during surgery, in combination
with a mixture of nitrous oxide and oxygen (1:2, v/v). The
spinal cord was exposed by laminectomy at the T8-T9
vertebral level. A clip compression injury was made with a
26 g-force (moderate injury) for 1min according to the
method of Rivlin and Tator,'® a clinically relevant SCI
model. The overlying muscle and skin were sutured with 3-
0 Vicryl (Johnson and Johnson, Peterborough, Ontario,
Canada). One week after SCI, rats were anesthetized as
described above and placed prone, and transplanted in-
trathecally with NSPC or BMSC via LP. A small longitudinal
incision was made over the L3-5 spinous processes and the
skin was retracted, as described previously.*'? A neonatal
25-gauge LP needle was advanced into the spinal canal at
L3-4 or L4-5. Proper placement of the needle was determined
by the presence of cerebrospinal fluid (CSF) in the hub of the
needle. The CSF present in the needle hub was aspirated with
a micropipette, and 2 x 10° BMSCs or NSPCs diluted in 40 ul
of culture medium followed by 10 ul of culture medium to
flush the contents of the needle, was slowly injected into the
intrathecal space. The LP needle was then left in place for
2min to prevent backflow of injected contents, the stylet
was replaced and the needle was slowly withdrawn, after which
the skin was sutured with 3-0 Vicryl sutures. The uninjured rats
received LP transplants in the same way. To aid transplant
survival and to be consistent with our previous work,?° all
animals received cyclosporine (15mgkg~!, Sandimmune,
Novartis, Dorval, Quebec, Canada) injected subcutaneously
daily from the day of transplant until sacrifice.

Tissue preparation

Rats were deeply anesthetized with intraperitoneal sodium
pentobarbitol and perfused with 4% paraformaldehyde in
0.1M phosphate buffered saline as described previously.'?
Segments of spinal cord 6mm in length were excised
encompassing the lesion site at T8, the cervical region at
C4 and the injection site between L3 and LS. The spinal
cord segments were cryosectioned transversely into 20 um
serial sections to examine the distribution of transplanted
cells following LP. The brain was also examined in sagittal
orientation and in cross-section at the level of the lateral
and fourth ventricles to examine whether transplanted cells
would be carried along with the CSF flow into the
subarachnoid space around the brain or into the ventricles
of the brain.

Immunofluorescent staining

Tissue sections for fluorescence immunohistochemistry were
rehydrated in 0.1M phosphate buffered saline, blocked for
1h, and incubated with primary antibodies overnight at 4 °C.
For immunocytochemistry on cells in vitro, NSPCs or BMSCs
were plated on Matrigel coated wells for a minimum of 2 h,
and then fixed for 20 min with 4% paraformaldehyde in



0.1M phosphate buffered saline. The following primary
antibodies were used: nestin (1:100; BD Biosciences Phar-
mingen, Mississauga, Ontario, Canada) for neural precursor
cells, Ki67/MM1 (1:100; Novocastra Laboratories, Newcastle,
UK) for proliferating cells, GFAP (1:200; Chemicon, Teme-
cula, CA, USA) for astrocytes, NeuN (1:500; Chemicon)
and mouse anti-pIll tubulin (1:500; Covance Research
Products, Berkeley, CA, USA) for neurons, CC1/APC (1:1000;
Calbiochem, San Diego, CA, USA) for oligodendrocytes,
Olig2 (1:500; R&D Systems, Minneapolis, MN, USA) for
oligodendrocyte lineage cells, fibronectin (1:800; Sigma,
Oakville, Ontario, Canada) and vimentin (1:500; Sigma) for
stromal cells, and GFP (1:200; Chemicon) for detecting the
transplanted cells. Tissue sections or cells were then washed
and incubated with fluorescent-conjugated secondary anti-
bodies for 1h at room temperature, washed with phosphate
buffered saline and then coverslipped with Vectashield
mounting medium containing DAPI (Vector Laboratories,
Burlington, Ontario, Canada) nuclear counterstain, or
incubated in Hoechst (Sigma). Species-specific non-immune
immunoglobulin G and omission of primary antibody was
used as negative controls. Immunofluorescent staining was
examined using a Nikon Eclipse TE 300 microscope (Nikon,
Mississauga, ON, Canada) and a Zeiss LSM 510 confocal
microscope (Zeiss, Toronto, ON, Canada).

Quantitative and statistical analysis

For quantitative analysis of GFP* transplanted cells in
the spinal cord, 30 transverse sections, 140 um apart, were
examined for GFP* cells containing a DAPI" nucleus
throughout the length of each excised spinal cord segment
from C4, T8 and L3-5 for each animal. As described
previously,'? cell counts were adjusted to compensate for
the sampling frequency. Data for the 17 and 27 days time
points were similar and were combined because there were
lower numbers of animals in these groups because of
improper needle placement as described above. To quantify
the phenotype of the transplanted cells, we used confocal
microscopy to count the number of GFP* double-labeled
cells as a proportion of GFP* transplanted cells, as described
previously.?® All data are presented as mean #s.e. Data were
analyzed using SigmaStat v.3.11 software (Systat, Point
Richmond, CA, USA). The relative proportion of GFP* cells
at each site was analyzed using one-way analysis of variance
and a pairwise multiple post-hoc comparison using the
Bonferroni f-test. Statistical significance was determined
at the P<0.05 level.

Results

LP transplantation

The rat spinal cord was injured by clip compression at T8.
Figure 1 illustrates the absence of the T8 lamina after
laminectomy and clip compression, and a grey area depict-
ing the lesion cavity. One week later, GFP* were trans-
planted via LP with the needle between L3-5, as shown in
Figure 1. The transplanted cells were found in the intrathecal
space migrating towards the site of SCI. In some rats,
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LP transplant

Figure 1 Schematic diagram of LP transplantation in a rat. The
spinal cord shown in grey was injured at T8 indicated by the arrow
and excised lamina. One week following SCI, GFP fluorescent cells
indicated in green were transplanted into the intrathecal space
at L4-5 via LP using a neonatal LP needle. Transplanted cells were
distributed along the length of the spinal cord in the intrathecal
space migrating towards the site of injury. Some cells also migrated
into the parenchyma of the injured spinal cord. Very few cells were
found rostral to the site of injury. A full color version of this figure is
available at the Spinal Cord journal online.

transplanted cells also migrated into the spinal cord tissue
surrounding the lesion cavity.

Phenotype of NSPC and BMSC in culture

Spinal cord-derived NSPCs were cultured as free-floating
neurospheres in proliferative growth medium supplemented
with epidermal growth factor and fibroblast growth factor-2
(Figure 2a). Undifferentiated NSPC expressed high levels of
nestin, a marker for neural precursor cells (Figure 2c). We
have previously characterized spinal cord-derived NSPC and
determined that undifferentiated NSPC express nestin
(83%), and low levels of GFAP (0.4%), RIP (9%) and BIII-
tubulin (0.5%).'%!2 Both NSPCs and BMSCs were generated
from the same GFP transgenic Wistar rat strain and showed
native GFP fluorescence (Figure 2b NSPC and Figure 2e
BMSC). Nearly all BMSCs expressed high levels of fibronectin
(Figure 2f) and vimentin (Figure 2g). Fewer BMSCs expressed
nestin (Figure 2h), and neuronal expression was not detected
(NeuN shown in Figure 2i). BMSC did not express other
neural markers such as GFAP and CC1 (data not shown).

LP transplanted NSPC primarily express glial markers

Ki67 immunostaining was present in only 2.1% (£ 0.9%) and
0.9% (£ 0.4%) of the transplanted NSPC in either the injured
or uninjured transplanted spinal cord at 3- and 17-day
post-transplantation, respectively (Figure 3a). Nestin expres-
sion was downregulated to 11.9% (*4.3%) by 27 days post-
transplantation (Figure 3b). The majority of transplanted
NSPCs (62.1+2.9%) expressed CC1l, a marker of mature
oligodendrocytes (Figure 3f). NSPC also expressed Olig2, a
transcription factor expressed by oligodendrocyte lineage
cells (Figure 3e). Also, 31.2% (£ 3.7%) NSPC differentiated
into astrocytes (GFAP, Figure 3c), and neuronal differentia-
tion was not evident (NeuN, Figure 3d).

BMSC do not express neural antigens in vivo

In comparison with NSPC, there was more proliferation of
BMSC as shown by Ki67 immunostaining at 3-day post-
transplantation in both the injured and uninjured spinal
cords (Figure 3g, sham shown). At 3-day post-transplanta-
tion, 7.6% (£ 3.8%) of the transplanted BMSCs showed Ki67
immunostaining. However, by 27 days post-transplantation,
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Immunofluorescent photomicrographs showing phenotypes of NSPC and BMSC in culture before transplantation. Spinal cord-

derived NPSCs were cultured as free-floating neurospheres (a, phase contrast; b, corresponding GFP fluorescence in green), which express
high levels of nestin (red) as shown with immunocytochemistry (c, GFP/nestin co-localization in yellow). An aliquot of BMSC was placed onto a
slide before transplantation, phase contrast is shown in d, and the corresponding GFP fluorescence in e. Nearly all cultured BMSC expressed
fibronectin (f, red) and vimentin (g), whereas nestin (h) was detected in a minority of BMSC, and NeuN (i) expression was completely absent.

The blue signal in panels f-i indicates Hoechst labeling of cell nuclei.

only 0.6% (+0.3%) of them were proliferating (Figure 3g,
lower inset and Figure 3h). Both transplanted NSPCs and
BMSCs were often found surrounding the spinal arteries in
the subarachnoid space (BMSC shown in Figures 3i and 1).
BMSC did not express neural antigens, such as nestin
(Figure 3i), GFAP (Figure 3j), CC1 (not shown), or neuronal
markers such as NeuN (Figure 3k) and BIlI-tubulin (not
shown). However, BMSC continued to express high levels
of fibronectin (Figure 31) after LP transplantation.

Relative distribution of NSPC and BMSC following

LP transplantation

The majority of LP transplanted NSPCs or BMSCs were found
in the intrathecal space (Figure 3), distributed along the
length of the spinal cord. In some rats, a small number of
transplanted cells migrated towards the lesion cavity. We
compared the relative distribution of LP transplanted NSPC
and BMSC in the brain and at the following levels of the
spinal cord: C4 (cervical region), T8 (site of injury in SCI rats)
and L3-5 (injection site; Figure 4). At 3-day post-transplanta-
tion, the majority of NSPCs were located at the injection site
in SCI and control rats (63 £4.1% for SCI and 68.9 £ 13.7%
for control). By 17/27 days post-transplantation, signifi-
cantly more NSPCs were found at T8 at the site of injury
(72.6 £8.3%), relative to the injection site (24.1+9.9%) or
cervical region (3.3 £ 1.8%) in SCI rats, and relative to T8 in

Spinal Cord

uninjured controls (27.9+5.8%; P=0.043; Figure 4a).
In contrast, the majority of BMSCs were found at the
injection site at 3-day (97.910.6%) and 17/27-day
(70.5£10.2%) post-SCI compared with the other regions
examined. For both NSPC and BMSC, fewer cells were
detected in the cervical region in SCI rats than uninjured
controls. Transplanted cells were not detected in the brain in
any of the rats.

Results and Discussion

We showed that spinal cord-derived NSPC and BMSC
(generated from the same adult strain of GFP rats) can reach
the injured rat thoracic spinal cord using the minimally
invasive method of LP injection of cells into the lumbar
intrathecal space. In uninjured animals there was no
preferential localization to the thoracic or cervical region.
In SCI rats by 17/27 days post-transplantation, the majority
of NSPCs were found at the site of injury. In contrast, this
relative homing to the site of injury was not seen with BMSC
transplanted SCI rats or uninjured controls. These data
suggest that NSPC migrate preferentially to the injury site, a
feature not seen with BMSC. This may be due to the
differential response of these cells to chemokines that are
released at the site of injury. Previous reports of lumbar
injection of cells have indicated that embryonic neural
precursor cells transplanted in rats with a hemisection SCI*
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Figure 3 Confocal photomicrographs showing the phenotypes of NSPC (a—f) and BMSC (g-l) following LP transplantation. In all the panels,
the GFP signal is in green, the cell type specific marker is in red, and the DAPI nuclear counterstain is in blue. Arrows denote double-labeled
cells. Very few spinal cord-derived NSPCs show Ki67 (a, 17 days post-transplantation at the site of injury at T8) or nestin (b, 27 days post-
transplantation at T8) immunoreactivity after LP transplantation. NSPC expressed GFAP (c, 27 days post-transplantation at T12), but NeuN
immunoreactivity was not detected in transplanted NSPC (d, 17 days at T12). Many transplanted NSPCs expressed Olig2 (e, 17 days at T12)
and CC1 (f, 17 days at T8). The inset in f is a higher magnification of the transplanted cells expressing GFP/CCT1. In contrast, many BMSC were
Ki67* at 3 days post-transplantation (g, shown 3 days in uninjured rat at T8 at low magnification and higher magnification in upper inset),
although very few cells expressed Ki67 by 27 days post-transplantation (g, lower inset is 27 days sham at T8; h, 27 days at the injury site at T8).
Transplanted BMSC were often found surrounding the large spinal arteries in the subarachnoid space (i, 27 days at T12) and expression
of nestin (i, 27 days at T12), GFAP (j, 27 days at T8), and NeuN (k, 27 days at T8) was not detected. BMSC expressed high levels of fibronectin

at all times (I, 27 days at T12, inset shows high magnification).

and BMSC transplanted in rats with either a hemisection
SCI® or after contusion SCI? were found only at the lesion
site. In contrast, our data show that most cells remained in
the intrathecal space and were distributed along the entire
length of the spinal cord rostral to the lumbar injection site.
Thus, in the present study, there was no exclusive ‘homing’
of NSPC and BMSC to the injury site. These discrepancies
between previous studies and the present study may be
explained by the differences in the type of SCI and variations
in the transplant interval. We transplanted our cells at
1-week post-compression injury, whereas the other groups
used a 10 and 14 days interval after either dorsal lateral
funiculotomy or contusion injury.>® We suggest that

extensive incision and disruption of the dura was required
to make the dorsal lateral funiculus lesions** and tearing of
the dura in the contusion injury? allowed the transplanted
cells to migrate freely into the injured spinal cord parench-
yma. In contrast, the clip impact-compression model, a
model more relevant to human SCI, does not disrupt the
dura in most animals, although it does cause a minimal
meningeal inflammatory reaction in the first 2 weeks after
injury that gradually diminishes over time. This meningeal
reaction or swelling of the spinal cord after injury with
blockage of CSF flow might have attracted or trapped some
of the intrathecally injected cells. In the present study, we
observed only a few cells in the injured spinal parenchyma in
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Figure 4 Relative distribution of NSPC (a) and BMSC (b) in the
spinal cord. In SCl rats and uninjured transplanted controls, the total
number of GFP™ cells was counted in the three regions examined:
C4 (cervical), T8 (lesion site in SCl animals) and L3-5 (injection site),
and normalized to 100%. Data for the 27 days time point was
combined with 17 days as described in the methods.

a minority of cases, which may have been due to minor
disruption of the pia or meningeal inflammatory reaction.
Also, in previous studies, a collagen matrix was implanted
into the injury cavity following the hemisection,* which
could have provided an adhesive substrate for the cells
to attach, and also very likely caused a physical block of
the subarachnoid space to interrupt the passage of the
intrathecal cells.

In the present study, we transplanted nestin expressing,
proliferating neurospheres that were spinal cord-derived
NSPC, and after LP transplantation, the majority of the
transplanted NSPC expressed oligodendrocyte markers.
This is consistent with our earlier studies in which NSPC
transplanted directly into the cord after impact-compression
injury’® or into focal demyelination lesions induced
by ethidium bromide'? differentiated primarily into
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oligodendrocytes. LP transplanted NSPC did not express
neuronal markers. Also, there was no expression of any
neuronal antigens by either cultured or transplanted BMSC,
supporting the findings of most other studies.'*162!
In contrast, some reports suggest that BMSC express
neuronal markers either in vitro or after transplantation into
the injured spinal cord.?*?* Indeed, our LP transplanted
BMSC did not express any neural antigens and showed high
levels of fibronectin expression as in culture. We also found
that BMSC continued to proliferate 3 days post-transplanta-
tion unlike NSPCs that were primarily post-mitotic at that
time. LP transplanted BMSC and NSPC were often located
surrounding the spinal arteries in the spinal subarachnoid
space, suggesting a positive influence of vascular cells for
attraction and retention of these transplanted cells in this
niche environment. The results of this study indicate that
additional experimental work is necessary to assess the
utility of LP delivery of stem cells for SCI. We are planning
to assess the effects of LP transplantation of NSPC on
functional recovery after SCI.

There are differences between the anatomical relationships
of the spinal cord and vertebral column in the rat versus
humans. In the rat, the spinal cord terminates at L3-L4
vertebral level, whereas in the human it terminates at L1-1L.2
vertebral level.>* It is unknown whether there are functional
differences between the intrathecal space and flow of
cerebrospinal fluid between rats and humans.
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