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A preclinical study on cell therapy as

an adjunct to surgical decompression
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accelerating blood spinal cord barrier
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Abstract

Background Degenerative cervical myelopathy (DCM) is the most common disorder affecting the cervical spinal
cord in the developed world. Whilst surgery is effective, many patients suffer from residual neurological deficits post-
decompression. Cell-based therapies have been studied for traumatic spinal cord injury models but not DCM and
may be efficacious as an adjunct to surgical decompression via trophic factor secretion, parenchymal engraftment
and/or blood spinal cord barrier reconstitution.

Methods 98 SD rats at age 10-12 weeks underwent five weeks of cervical compression by inserting a water-
absorbent polyurethane polymer at the C4 epidural space or received sham surgery. Decompression surgery was
performed by removing the polymer. Treatment groups received BM-MSCs (bone marrow-derived marrow stromal
cells) or BM-neurospheres intravenously or intracisternally at the time of decompression. Locomotor function (BBB
testing, rotarod testing, Forelimb Score, and Hind Limb Score) and blood -spinal cord barrier (BSCB) recovery via Evans
blue extravasation was observed in 35 rats during the 10-week post-decompression recovery period. 30 rats were
used to determine in vivo cell distribution and comparative efficacy of intravenous (IV) or intracisternal (CIS) injection.
The remaining rats were sacrificed to assess for the engraftment of transplanted cells. In vivo bioluminescent imaging
(BLI) of EGFP-Luciferase BM-MSCs localized cells grossly to organ systems, whilst immunohistochemistry (IHC) of spinal
cord specimens targeting anti-human antigens facilitated localization at the site of compression.

Results BSCB disruption indicated by Evans Blue dye extravasation peaked at Week-4 post-decompression (DW4)
and correlated with endoglin expression. Locomotor recovery after polymer removal was delayed with minor
improvements observed by Week-8 post-decompression (DW8). IV and CIS injection of BM-MSCs did not lead to
significant improvement in locomotor function (p=0.101, Rotarod Test: PBS vs. CIS) nor of BSCB reconstitution by

*Correspondence:
Graham Ka Hon Shea
gkshea@hku.hk

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s13287-025-04348-9
http://orcid.org/0000-0003-3480-371X
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-025-04348-9&domain=pdf&date_stamp=2025-5-23

Kim et al. Stem Cell Research & Therapy (2025) 16:262

Page 2 of 20

Day 10 post-decompression. BLI showed significant peripheral organ entrapment of IV BM-MSCs, while CIS BM-MSCs
remained in the cervical region, with IHC demonstrating localization to the pia mater. At Day 20, both CIS BM-MSCs
and BM-neurospheres similarly failed to significantly improve locomotor function (p=0.136, Rotarod Test: PBS vs.
BM-neurospheres) and transplanted cells were absent from the cervical cord parenchyma.

Conclusion Human BM-MSCs and BM-neurospheres demonstrate limited efficacy as adjunct therapy to cervical
decompression under the present experimental conditions. Adjusting insertable polymer hardness, cell number, and
timing of cell transplantation may be future means to demonstrate potential therapeutic effectiveness.

Keywords Degenerative cervical myelopathy, Blood-spinal cord barrier, Cervical decompression, Cell therapy, Bone
marrow-derived marrow stem cells, Bone marrow-derived neurospheres

Background

Degenerative cervical myelopathy (DCM) is the most
prevalent form of cervical spinal cord dysfunction in the
developed world [1]. Incidence of hospitalization due to
DCM is estimated to be 4.04 per 100,000 and rising due
to the aging population [2]. DCM is characterized by
progressive narrowing of the cervical spinal canal, typi-
cally caused by degenerative disc disease, thickening of
the spinal ligaments, osteophyte formation, and can be
exacerbated by occupational hazards or life-style hab-
its involving repetitive flexion and extension of neck
[3, 4]. Surgical decompression offers the best treatment
outcomes, however recovery to near normal function
(mJOA =216) declines sharply with DCM severity [5, 6].
Non-operative treatment modalities are largely ineffec-
tive in halting disease progression [7].

Blood-spinal cord barrier (BSCB) disruption is a key
pathological factor in DCM and correlates with disease
severity [8—10]. BSCB disruption by reperfusion injury
likely occurs post-decompression in patients with mod-
erate to severe DCM, hindering neurological recovery
[11-14]. AlbuminQ, a clinical metric of BSCB integrity
measured by the calculating the ratio of CSF: serum albu-
min concentration, is significantly increased in DCM,
but largely stabilizes after cervical decompression [9, 10].
Nevertheless, albuminQ is more accurately a measure of
blood-CSF barrier integrity and may not capture BSCB
compromise at the capillaries where Virshow-Robin
spaces are sealed [15]. Direct evidence of BSCB disrup-
tion in rodent DCM models may be demonstrated by sig-
nificant blood Evans Blue dye (EBD) extravasation into
the spinal/ cord parenchyma, however the extent of EBD
leakage post-decompression in disease models remains
unknown [16, 17].

Marrow stromal cells (MSCs) are now understood to
possess a capacity to function as adventitial or perivas-
cular cells in vivo, which support the blood-CNS barrier,
facilitate vascular remodeling, and possess multipotency
[18-24]. In the context of acute SCI, in vivo neurogenesis
or gliogenesis by bone marrow (BM)-derived MSCs were
found to be limited regardless of transplantation route,

thus its efficacy is now largely attributed to its trophic,
angiogenic, and immunomodulatory properties [25-30].

Neurospheres were first described and cultured by
Reynolds and Weiss to select and expand neural stem
cells (NSCs) from neurogenic niches [31]. It was later
discovered that neurospheres could be generated under
similar culture conditions from BM-MSCs as well [32],
and that human BM-derived neurospheres harbor neural
crest-like stem cells capable of neuronal differentiation
[33]. Comparative evaluation of rat BM-NSCs vs. subven-
tricular zone-NSCs demonstrated that both NSC sources
share analogous function and neuronal differentiation
potential [34]. In animal SCI studies, transplanted BM-
neurospheres showed lack of long-term survival after
engraftment and differentiated mostly towards oligoden-
drocytes and astrocytes, not neurons [35-37].

Cell therapy interventions have yet to be tested in
DCM, despite its widespread prevalence and the persis-
tence of neurological deficits after surgery. Unlike trau-
matic SCI, DCM is characterized by stepwise progressive
deterioration and from a clinical standpoint, there
remains ample time for harvest and preparation of cells
for transplantation. Here, we hypothesized that trans-
plantation of BM-MSCs and BM-neurospheres may be
useful to improve histological and neurological outcomes
following decompression, in a rat implantable polymer
model.

Methods

Research aim

This study was conducted to evaluate post-decompres-
sion locomotor recovery and BSCB reconstitution in
an implantable polymer-induced degenerative cervical
myelopathy (DCM) rat model. In addition, BM-MSC
and BM-neurosphere were investigated as a therapeutic
adjunct to surgical decompression by assessing its effect
on locomotor recovery, BSCB reconstitution, and cellular
migration and engraftment. All experiments were con-
ducted at The University of Hong Kong, Faculty of Medi-
cine, Laboratory Block. The work has been reported in
line with the ARRIVE guidelines 2.0.
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Insertable polymer rat DCM model

We utilized the insertable polymer rat DCM model as
it replicates chronic progressive cervical cord progres-
sion characteristic of human DCM with relative ease and
consistency whilst allowing for surgical decompression
via polymer removal [38—40]. In this study, 10—12-week-
old Sprague Dawley (SD) rats were used, with male and
female rats utilized in separate experimental groups to
avoid gender being a confounding factor. Meloxicam
(1 mg/kg) was delivered one day before surgery via drink-
ing water, whilst buprenorphine (0.1mL, 300 pg/mL)
was administered subcutaneously 30 min prior to sur-
gery. Anesthesia was delivered with isoflurane inhalation
(5% induction) followed by intraperitoneal (IP) injec-
tion of ketamine (75-100 mg/kg) and xylazine (10 mg/
kg). Surgical procedures were performed based on pro-
tocols described by Li et al. (2023) and Karadimas et al.
(2013), with modifications [16, 17]. In brief, a 4-cm mid-
line skin incision was made from cervical level 2 (C2) to
thoracic level 2 (T2). Muscle and connective tissues were
retracted to expose the vertebral column. C3-5 laminae
were identified by counting spinous processes from C2.
Ligamentum flavum at C3/4 was removed to expose the
underlying dura. Next, the polyurethane polymer (2 mm
x 1 mm x 1 mm, length x width x thickness, Guangzhou
Fischer Chemical Co., Ltd., Guangzhou, China) was
implanted into the C4 epidural space posterior to the cer-
vical cord to induce compression. Polymer dimensions
were determined according to dimensions utilized in
previous studies [38, 39, 41]. For the sham surgery group,
only the ligamentum flavum at C3/4 was removed, with-
out polymer implantation. For decompression surgery,
C4 laminectomy was performed, followed by remov-
ing the exposed polyurethane polymer. Thoroughness of
decompression was confirmed by visual observation for
dural sac pulsation.

Humane endpoint for euthanasia was determined with
the following criteria: (1) incapable of feeding or drink-
ing independently, (2) complete tetraplegia, or (3) loss
of weight exceeding 20% of initial body weight prior to
cervical compression or decompression surgery. Rats
meeting any one of these criteria were euthanized with
sodium pentobarbital overdose (120 mg/kg, i.p.).

Evans blue extravasation assay

Evans Blue dye (EBD) extravasation was used to study
BSCB disruption in DCM rats [42]. 4% EB (206334,
Sigma-Aldrich) solution was prepared in 0.9% saline
solution and intravenously injected via the tail vein
(2mL/kg) whilst rats were anaesthetized with isoflurane
gas (5% induction, 2% maintenance). Rats were placed
back into the cage after recovery. Six hours later, rats
were euthanized with pentobarbital sodium overdose and
transcardiac perfusion was performed with ice-cold PBS.
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After complete perfusion, the cervical spinal cord from
C2 - C7 was extracted. For ex vivo fluorescence quantifi-
cation, Perkin Elmer In Vivo Imaging System— Spectrum
(PE-IVIS) was used to visualize and quantify EBD extrav-
asation at the cervical spinal cord (excitation / emission
wavelengths: 620/680 nm, filter: 605/680 nm, exposure:
1's, height: 0.5 cm). For each spinal cord, regions of inter-
est (roi) of the same length and width were placed so that
the point of highest EBD signal was placed at the center
of the roi. For spectroscopic quantification, the C3 - C5
spinal cord was placed in 50% TCA solution in 1:3 weight
(mg): volume (pl) ratio. Each cord was homogenized
manually with a stainless-steel pestle for 5 min and cen-
trifuged at 10,000 x g for 20 min. 40uL of the superna-
tant was mixed with 65ul. of 95% ethanol per well in a
96-well microplate and its fluorescence emission (excita-
tion/emission: 620/680 nm) was measured with CLARI-
Ostar Plus. EBD concentrations were determined against
a standard curve.

Behavioral tests

Rats were categorized as suffering from mild, moderate,
and severe DCM based on their rotarod performance at
Week 5 post-compression (female rats, severe: 0-24 s,
moderate: 25-64 s, and mild: > 65 s; male rats: severe:
0-14 s, moderate: 15-44 s, mild: > 45 s). Mild, moder-
ate, and severe DCM rats were randomly and evenly
distributed to different interventional groups to control
for the confounding effect of injury severity. Stratified
randomization was performed with a random number
generator with each group assigned a number. All behav-
ioral tests were performed by blinded experimenters and
blinded experimenters did not participate during animal
grouping.

Rotarod test

A rotating rod (LE8306, Panlab) was used to assess bal-
ance and coordination. Briefly, each rat was placed on an
accelerating spinning rotor (starting RPM: 15, end RPM:
50, total run time: 5 min) and allowed to run without
falling for as long as possible. The Rotarod Test was per-
formed five times per rat with 5 min breaks in-between.
The three longest runtimes were recorded and averaged.
Rats were trained with five runs per day for three days
before the first measurement, and for subsequent tests, a
single training session (five runs) was conducted the day
prior.

Locomotor scoring test

The BBB (Basso, Beattie and Bresnahan) Locomo-
tor Test, modified BBB (mBBB) test for cervical spinal
cord injury, Forelimb Score (FLS), and Hind Limb Score
(HLS) were used to assess locomotor function of rats
[43, 44]. Each rat was placed on a black wooden round
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table (radius=60 cm) and allowed to move freely for up
to 10 min. Locomotor function was evaluated indepen-
dently by two blinded experimenters using the mBBB,
BBB, FLS, and HLS scoring matrices. The final score
for each test was the average of the two experimenters’
assessments. Scoring matrices can be found in Table S1-
S2 in Additional File 1.

Magnetic resonance imaging

MRI assessment of rats was carried out at the Labora-
tory of Biomedical Imaging and Signal Processing (BISP),
University of Hong Kong, using a 7T MRI scanner (Para-
Vision v5.1, PharmaScan 70/16, Bruker Biospin GmbH,
Germany). Rats were oriented in a prone position on a
plastic holder with physiological monitoring using MRI-
compatible sensors (SA Instruments, NY). The surface
receiver coil was fixed in place directly above the cervical
spinal cord. RARE T2-weighted images were acquired in
sagittal planes with the following parameters: echo time:
12.962 ms, repetition time: 1672.766 ms, field-of-view:
40 mm x 40 mm, resolution: 156.25 um x 156.25 pm,
number of excitations: 1, acquisition time: 36 s, slice
thickness: 1.0 mm, and number of slices: 12. Transverse
plane images were acquired with the following param-
eters: echo time: 12ms, repetition time: 4200 ms, field-
of-view: 32 mm x 32 mm, resolution: 125 ym x 125 um,
number of excitations: 2, acquisition time: 4 min 28 s,
slice thickness: 1.0 mm, number of slices: 12.

BM-MSC and BM-neurosphere culture

Bone marrow was obtained from consenting donors
requiring long bone reaming and intramedullary nail-
ing from the Department of Orthopaedics and Trauma-
tology, Queen Mary Hospital, Hong Kong, with ethics
approval obtained from the Institutional Review Board of
The University of Hong Kong / Hong Kong West Clus-
ter (Study No. UW 10-157). BM-MSCs were selected
by plastic adherence followed by subculture and expan-
sion in 6-well plates (Greiner Bio-One) with BM-MSC
medium, defined as Minimum Essential Medium «
(Gibco) supplemented with 15% fetal bovine serum
(ExCell Bio). BM-MSC cultures were maintained with
medium change every two days and passaged at 1:3 fol-
lowing TrypLE (Invitrogen) dissociation. At Passage 4
or 5, BM-MSCs were tested for tri-lineage differentia-
tion (see Fig. S1 in Additional File 1 for culture proto-
cols), used for cell transplantation, or differentiated into
BM-neurospheres.

BM-neurosphere culture was performed as previously
described [45]. After passage 4—5, confluent BM-MSCs
were dissociated with TrypLE and seeded at 3x10°
cells per well in Ultra-Low Attachment Surface Polys-
trene 6-well plates (Corning) in Neurosphere-Induc-
tion Medium (NIM). NIM was defined as Advanced
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DMEM/F-12 (Gibco) supplemented with B27 (Invitro-
gen), 2mM GlutaMax (Gibco), 20ng/mL bFGF (Peprot-
ech), and 20ng/mL EGF (Gibco). BM-neurospheres were
maintained in NIM for eight to ten days. BM-neuro-
sphere dissociation was performed with Accutase (Invi-
trogen) according to manufacturer instructions on Day
3—4 and 7-8. For transplantation studies, nascent BM-
neurospheres were used (diameter =10-50 pum) as larger
spheres could cause occlusion upon injection or require
enzymatic dissociation prior to transplantation.

RNA sequencing

BM-MSCs and BM-neurospheres were cultured from
bone marrow obtained from three consenting donors.
RNA extraction was performed with NucleoSpin RNA
(Macherey-Nagel) at passage 5 for BM-MSCs and at Day
9-10 for BM-neurospheres. Prior to sequencing, ribo-
somal RNA depletion was performed using QIAseq Fast-
Select—rRNA HMR Kit (Qiagen). cDNA libraries were
prepared using KAPA RNA HyperPrep Kit (Roche). 500
ng of total RNA was used as starting material for ribo-
somal RNA depletion. Cytoplasmic rRNA, mitochondrial
rRNA were removed by the QIAseq FastSelect reagents
during NGS library preparation. The processed RNA was
fragmented to 200—300 bp in the presence of magnesium
ions. The fragmented rRNA-depleted RNA was applied
as templates to synthesize first strand cDNA by using
random hexamer-primers and reverse transcriptase. For
second strand cDNA synthesis, the mRNA template was
removed, and a replacement strand was generated to
form blunt-end double-stranded (ds) cDNA. ds cDNA
underwent, 3’ adenylation and indexed adaptor ligation.
The adaptor-ligated libraries were enriched by 12 cycles
of polymerase chain reaction (PCR). Illumina NovaSeq
6000 was used for Pair-End 151 bp sequencing.

RNAseq data analysis

Raw sequencing reads were assessed for quality using
FastQC and trimmed using Trimmomatic to remove
adapters and low-quality sequences. Processed reads
were then aligned to the genome using STAR, a splice-
aware aligner, with GENCODE v35 as the reference
annotation for accurate alignment of exonic and intronic
regions. Gene-level quantification was performed using
featureCounts. Differential expression analysis was per-
formed using the DESeq?2 algorithm [46] with prefiltering
of genes (minimal count=10, minimal sample size=3).
Log fold shrinkage was applied (apeglm method). Ensem-
ble IDs were converted to gene symbols using the EnsDb.
Hsapiens.v79 database [47]. Principal component analysis
(PCA) was performed after regularized log data transfor-
mation, and volcano plots made with EnhancedVolcano
[48]. Upregulated and downregulated Gene Ontology
(GO) terms in BM-neurospheres (vs. BM-MSC) were
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determined with gene set enrichment analysis (GSEA),
after ascribing gene ranks (-log10(p-value) * sign of fold
change)) to each differentially expressed gene. With
a gene list of upregulated genes (padj>0.01, log2fold-
change>1), GO network analysis was performed with
ClueGO in Cytoscape with the following parameters:
GO-term p-value threshold: 0.001, GO tree interval:
6—13, minimum number and % genes: 4 and 19.5 kappa
score: 0.2. Several GO terms were removed to improve
visibility of the GO Term network. Neurosphere markers
[49-53], chemokine receptor genes [54—56], and pericyte
markers [57, 58] were chosen from a selection of prior
studies.

Intracisternal and intravenous injections

Intracisternal injection at the time of decompression was
carried out as described by Mahat (2012) with modifica-
tions [59]. In brief, rats were anesthetized with isoflurane
(5% induction, 2% maintenance) and placed in a stereo-
taxic frame (model 68528, RWD Life Sciences), secured
with ear bars. The head was tilted at a flexed position
and the injection site identified by palpation of the pos-
terior limit of the magnum foramen and C1 vertebrae.
A 31-gauge catheterized needle was inserted transcuta-
neously below the posterior limit of the magnum fora-
men into the cisterna magna. While inserting the needle,
gentle negative pressure was maintained, and insertion
was halted upon successful penetration into the cisterna
magna confirmed by the withdrawal of clear cerebrospi-
nal fluid. A 50 pL cell suspension of either BM-MSCs
or BM-neurospheres (750,000 cells in PBS) was slowly
injected at a rate of 20 pL/sec. After injection, the needle
was kept in place for 1 min to prevent backflow. For intra-
venous injection, rats were anesthetized with isoflurane
(5% induction, 2% maintenance). The tail was cleansed
with 70% ethanol, and the lateral tail vein was identi-
fied. A 25-gauge needle was inserted into the tail vein
near the tip of the lateral vein as evidenced by a flash of
blood in syringe. 1 mL of cell suspension (BM-MSC only,
2x10° cells in «MEM) was injected at a rate of 100 uL/
sec. Cell doses for intracisternal and intravenous injec-
tions were with accordance to dosing of MSCs previously
used in the rat SCI model (range of 1x10° to 5x10°)
whilst the median cell count for intravenous delivery was
1x 10° MSCs (ranging from 1 x 10° to 9 x 10°) [60]. Given
the robust safety profile of intravenous MSC injections
reported in the literature and the limited data available
for intracisternal administration, the intracisternal dose
was conservatively chosen, whereas the intravenous dose
was set higher.

EGFP-Luc BM-MSCs
To generate enhanced green fluorescence protein— lucif-
erase expressing BM-MSCs, P1 BM-MSCs were cultured
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at 30% confluency and transduced with lentiviral vec-
tor (rLV-EFla-Luciferase-P2A-EGFP-T2A-Puro-WPRE,
BrainVTA). P1 BM-MSCs were cultured in BM-MSC
medium («MEM +15% FBS) containing 50ug/mL prot-
amine sulfate (P4020, Sigma-Aldrich) and lentiviral
vectors at 10 multiplicity of infection (moi). After 24 h,
BM-MSC medium was changed to MEM + 15% FBS and
cells cultured until 70% confluency. Positive selection was
performed via addition of 5ug/mL puromycin (Gibco) for
48 h. BM-MSCs were cultured in aMEM + 15% FBS until
Passage 5 and injected either intravenously or intracister-
nally into DCM rats.

In vivo bioluminescent imaging (BLI)

Rats that received EGFP-Luc BM-MSCs underwent BLI
to track in vivo cell migration of BM-MSCs. Prior to BLI,
rats were anesthetized with intraperitoneal (IP) injection
of ketamine (75-100 mg/kg) + xylazine (10 mg/kg). Ani-
mals then received fresh luciferin solution (15 mg/mL in
PBS, Revvity) intraperitoneally at 10uL per gram of body
weight. After 15 min, the rat was placed inside the PE-
IVIS imaging chamber in a prone position and BLI was
performed (open filter, exposure: auto, height: 3.5 cm).
Cell migration was calculated by dividing the total flux
(radiance) at the cervical spinal cord by total flux mea-
sured across the whole body.

Ex vivo cell migration

Immediately prior to cell injection, BM-MSCs and BM-
neurospheres were labelled with Vybrant™ DiD Cell-
Labeling Solution (Invitrogen) according to manufacturer
instructions. At post- injection Day 20, euthanasia was
performed with pentobarbital sodium overdose followed
by transcardiac perfusion with 4% PFA. The vertebral col-
umn and skull were extracted and submerged in 4% PFA
solution for one day and 30% sucrose solution for two
days. The fixed brain and spinal cord were removed from
the vertebral column and skull. To track the migration of
DiD-labelled BM-MSCs and BM-neurospheres, ex vivo
imaging of the brain and spinal cord was performed with
PE-IVIS (excitation /emission: 648/670nm - DiD, filter:
640/680nm, exposure: 7 s, height: 0 cm). Migration Rate
(% MR) was calculated by dividing the total fluorescence
at the decompression site by total fluorescence measured
across the brain and spinal cord.

Immunohistochemistry and immunocytochemistry

In preparation for immunohistochemistry (IHC), the rat
brain and spinal cords were extracted after transcardiac
perfusion, fixed in 4% PFA, and placed in 30% sucrose
solution for three days. Samples were frozen in tissue
freezing medium (Leica), cryosectioned, and mounted
onto glass slides (JISOOAMNZ, fisher scientific). For
immunocytochemistry (ICC), BM-MSCs were cultured
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on removeable chamber slides. Cyrosectioned tissue or
cultured BM-MSCs were fixed in 4% PFA for 15 min and
incubated in Blocking Buffer for 2 h at room tempera-
ture. Primary antibody staining was performed overnight
at 4 °C in Antibody Dilution Buffer. For intracellular and
nuclear markers, samples were additionally permeabi-
lized with 0.3% PBST for 10 min prior to blocking. After-
wards samples were incubated with secondary antibody
in Antibody Dilution Buffer for two hours. Nuclear
staining was performed with 0.1% Hoechst 33,342 (Invi-
trogen) in PBS for 10 min at room temperature. Glass
coverslips were placed on top of the tissue or cell samples
with Mounting Medium (50001, Ibidi) and cells / sec-
tions imaged with an LSM780/880 confocal microscope
(Zeiss). A complete list of buffer recipes and antibody
list and catalogue number can be found in Table S3-S5 in
Additional File 1.

Fluorescence quantification

ZEISS ZEN desk software was used to analyze fluores-
cence data from IHC. For mean fluorescence intensity
(FI/um?) quantification, sum FI was divided by total
spinal cord area (um?). Spinal cord area was defined by
spline contour function traced around the DAPI-stained
tissue region. Lower thresholds for the sum of FI was set
specific to each marker studied to remove background
noise. For co-localization quantification, ZEN desk co-
localization function was used to derive the Pearsons’s
co-localization coefficient (r) between two markers of
interest. Co-localization coefficient (r) denotes the corre-
lation of fluorescence intensity distribution between two
markers. Co-localization coefficient (r) of +1.0 indicates
perfect positive or negative linear co-localization cor-
relation, while r=0 indicates no correlation. % Co-local-
ization is defined as percentage of co-localizing pixels of
each marker of interest. For selecting high-DiD regions
to be imaged, each high-DiD spinal cord region was
numbered and randomly selected with a random number
generator.

Sample size calculation and statistical analysis

Minimal sample size per group for control-treatment
experiments was determined by using the following for-
mula: 7=20%(Z,,+Zp)° / A* (Additional File 1, Figure
S2). AFLS values (FLS: DW2 - CW5) for each rat in the
pilot batch (n=5) shown in Fig. 1C were used to calcu-
late standard derivation (o). Minimum detectable differ-
ence (A) was set as 1.5, a conservative estimate from + 3.9
in BBB score conferred by cell therapy in the context
of traumatic SCI [60]. Since there are no prior studies
examining cell therapy as an adjunct therapy to cervi-
cal decompression in DCM, cell therapy efficacy from a
meta-analysis of traumatic SCI studies were used to esti-
mate minimum detectable difference [56]. With o=1,

Page 6 of 20

A=2,7Za=1.96, and Zb=0.8416, n was determined to be
at least 7 (6.977). Thus, initial samples sizes in all groups
were set at #=9-11 to account for sample loss due to
dropout. The number of rats that underwent DCM or
sham surgery for each experiment was as follows: DCM
progression (n=8), MRI (n=4), Evans Blue extravasation
assay (n=23), PE-IVIS (n=6), intravenous vs. intracister-
nal BM-MSC (n =24), and BM-MSC vs. BM-neurosphere
(n=33), with a total of n=98. Sample size estimation
for Evans Blue extravasation experiment was not possi-
ble due to lack of prior studies investigating progressive
changes in BSCB permeability post-cervical decompres-
sion in rodents and was set as n =6. Sample sizes for MRI
and PE-IVIS studies were minimal (=1 for MRI and
n =3 for PE-IVIS) as they were pilot experiments.

All statistical analysis was performed on GraphPad
Prism 10.2.3. Paired one-way or two-way ANOVA analy-
sis were performed, unless specified otherwise. P-values
were taken to be statistically significant at <0.05. Power
analysis for pooled analysis (Fig. 7) was conducted using
the formula: N = {(r+1) (Z,,, + Zl,[?,)zcz}/rd2 (r=nl1/
n2 ratio of sample size, oc=pooled standard deviation,
d =difference of means of two groups, Z; g = 0.84 for
power 0.8, Z, = 1.96 for alpha 0.5). Mean values and SD
values from all experimental groups are shown in graphi-
cal representation (error bar = o).

Results
Locomotor recovery and BSCB reconstitution are delayed
after cervical decompression
Female SD rats were divided into two groups- DCM
group (n=5), who received the implantable polymer, and
sham surgery control group (n=3) to characterize the
progressive changes in locomotor function post-cervical
compression and decompression. DCM model illustra-
tion and the schedule for neurological assessment is
shown in Fig. 1A-B. After 5-weeks post cervical compres-
sion, FLS, HLS, and body weight decreased significantly,
and FLS & HLS remained low compared to baseline
(Fig. 1C). Post-decompression improvement in locomo-
tor function was delayed with significant improvement
observed at DW8 and DW10 in HLS and FLS, respec-
tively. Significant improvement in rotarod performance
post-decompression was not observed (p=0.246). Sepa-
rately, four female SD rats underwent DCM surgery
(5-week compression, followed by decompression via
polymer removal) and T2-weighted MRI scans of the cer-
vical spinal cord were conducted on mild, moderate, and
severe DCM rats to document for radiological compres-
sion (Fig. 1D). DCM severity was determined by rotarod
performance (severe: 0-25 s, moderate: 25-65 s, and
mild: > 65 s).

To assess the extent of BSCB disruption post-decom-
pression, a total of 19 female SD rats underwent DCM
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surgery, with the EBD extravasation assay performed at
Week 1 (n=6), Week 4 (n=6), and Week 10 (n=4) post-
decompression. DCM dropout rate was 15.8% (humane
endpoint reached: n=2, surgical complications: n=1).
EBD measurements were conducted at DW1 for sham
control group (n=4). To visualize and quantify EBD
extravasation, each spinal cord was harvested and imaged
ex vivo with PE-IVIS (Fig. 1E-F). Elevated EBD extrava-
sation was seen in DW1 (+262.1%), DW4 (+373.9%),
and DW10 (+168.4%) compared to sham control, but
only reached statistical significance at DW4 (p =0.0251).
From these results it could be inferred that BSCB perme-
ability peaked around DW4, and by DW10 was nearly
reconstituted.

Evans blue extravasation co-localizes with VEGF and
endoglin, not MMP9

The extent of BSCB damage, reperfusion-induced oxida-
tive stress, and vascular remodeling are critical factors
that affect post-decompression neurological recovery
in DCM [8, 61-63]. After ex vivo imaging, injured spi-
nal cord regions from healthy (n=1), sham (n=3), DW1
(n=3), DW4 (n=3), and DW10 (n=4) were sectioned
and stained to assess for the extent of BSCB break-
down (EBD and MMPY), oxidative stress (4HNE), acute
inflammation (TNFa), glial scarring (CS56), and vascular
remodeling (VEGF and endoglin) [64—71]. Each marker
was imaged together with EBD to measure its co-local-
ization to areas of BSCB breakdown. Spinal cord sections
with negligible EBD extravasation were omitted from co-
localization analysis.

Overall, marker elevation and BSCB breakdown were
most apparent at DW1 and DW4 (Fig. 2A). Specifically,
CS56 and 4HNE were expressed the most at DW1. EBD
extravasation peaked at DW4, while VEGF and MMP9
remained similarly elevated at both DW1 and DW4.
Among all six markers explored, endoglin expression was
the most correlated with EBD extravasation. Figure 2B
shows a heatmap of correlation coefficients between
each markeragainst EBD FI measured across all samples,
except the healthy group (n=1). Analysis for signal co-
localization also demonstrated congruence between EBD
with endoglin and VEGF signals (r=0.455 and r=0.303),
but not with 4HNE, CS56, MMP9, and TNF«a (Fig. 2C-
D). This implied that EBD extravasation was consistent
to regions with “active” CD105+ (endoglin) blood ves-
sels undergoing vascular remodeling and vessel matura-
tion, rather than in regions with acute BSCB breakdown
(MMP9) as seen in acute SCI [66, 72—-74].

Neurosphere induction of BM-MSCs upregulates neuronal
pathways

RNAseq was performed on BM-MSCs and BM-neuro-
sphere cultures from three donors (Patient 9, 12, and 15)
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to investigate whether neuronal pathways and canonical
neurosphere markers were upregulated after neurosphere
induction (Fig. 3A-B). PCA results indicated a distinct
gene expression profiles in BM-MSCs vs. BM-neuro-
spheres, with minor sample variance between patients
(Fig. 3C). Differential gene expression analysis revealed
1740 upregulated and 1449 downregulated genes in
BM-neurospheres vs. BM-MSCs with padj>0.01 and
log2foldchange>1 set as threshold (Fig. 3D). Full list of
up- and down-regulated genes can be found in Additional
File 2. Figure 3E shows top upregulated GO terms ranked
by GSEA normalized enrich score (NES), which included
terms linked to synapse components and functions, such
as synaptic membrane and neurotransmitter receptor
activity, as well as biological pathways associated with
bone, cartilage, and CNS development. Figure 3F shows
downregulated GO terms, which mostly comprised of
terms associated with cellular division and proliferation.
Additional File 3 contains the full list of enriched GO
terms, as well as KEGG, Reactome, and WikiPathway
terms. GO term network created with a separate list of
upregulated genes with ClueGo (cytoscape) indicated a
connection between CNS development and kidney devel-
opment, with the latter further associated with WNT
signaling, bone, and cartilage development pathways
(Fig. 3G). As expected, neurosphere induction increased
expression of neural stem cell markers such as GFAP,
NGEFR, and nestin, while changes in expression of fate-
committed neuroglial markers (MAP2, NF200, MBP)
were minimal (Fig. 3H). As shown in Fig. 31, neurosphere
induction also increased the expression of CXCR4 and
CCR1, both key chemokine receptors involved in neu-
ral stem cell migration during development [75-77]. For
pericyte markers in Fig. 3], only genes associated with
angiogenesis were upregulated (PECAM, PDGEFRB, and
VEGFA).

Both intracisternal and intravenous BM-MSCs did not
significantly improve locomotor function nor attenuate
Evans blue leakage

A total of 30 female SD rats underwent DCM surgery and
were given either intravenous (IV) BM-MSCs (n=12),
intracisternal (CIS) BM-MSCs (n#=10), or PBS (n=8) to
assess the migration and efficacy of IV and CIS BM-MSCs
in the post-decompression DCM model. Experimen-
tal dropout rate was 13.3% (humane endpoint reached:
n=2, surgical complications: n=2). Cells were delivered
immediately after decompression surgery (CW5) and
locomotor function was assessed at D10 (Day 10 post-
decompression), followed by EBD extravasation assay on
the same day (D10). For three rats (n=3) each in IV and
CIS group, BM-MSCs used were transduced with EGFP-
Luc containing lentiviral vector (EGPF-Luc BM-MSCs)
to track in vivo distribution at D5 post-decompression.
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Rats given EGPF-Luc BM-MSCs were omitted from
behavioral tests and the EBD extravasation assay.

Post-decompression locomotor recovery, measured
by change (D10 - CWS5) in FLS, rotarod performance,
and body weight, did not improve significantly with
CIS or IV BM-MSC intervention (Fig. 4A). CIS group
showed + 12.4 s improvement in rotarod performance at
D10 compared to CW5 (-32 s), but did not reach signifi-
cance (CIS:ARotarod vs. PBS:ARotarod, p=0.101). EBD
extravasation measured by both PE-IVIS and microplate
spectroscopy showed that neither CIS nor IV BM-MSC
injections attenuated EBD leakage by D10 (Fig. 4B-C).
Increase in EBD extravasation correlated negatively with
A FLS, indicating that rats with poorer outcomes after
decompression had more BSCB disruption (Fig. 4D). The
same trend was not observed in A rotarod (p=0.301) as
shown in Fig. 4E. Entrapment of EGPF-Luc BM-MSCs in
peripheral organs was significant in the IV group, whilst
luminescence signal was largely detected only at the cer-
vical and lumbar spinal cord region for the CIS group
(Fig. 4F). Due to the proximity of the injection site to
the injury site, it was difficult to ascertain whether CIS
injected EGPF-Luc BM-MSCs mostly remained at the
cisterna magna or migrated to the injured spinal cord
region, or both. IV vs. CIS % migration did not reach
significance due to large variance in CIS group, possibly
due to lower N number (n =3) and variability in luciferin
absorption rate and cell survival (Fig. 4G).

Both intracisternal BM-MSC and BM-neurosphere did not
significantly improve locomotor function by D20 post-
decompression

33 male rats underwent DCM surgery and received
PBS (n=9), BM-MSCs (n=11), or BM-neurospheres
(n=10) intracisternally to determine its migration rate
and in vivo differentiation. DCM dropout rate was 9.1%
(humane endpoint reached: n=3). Cell injection was
performed at the time of decompression and locomotor
function was assessed at D10 and D20. Four rats from
the BM-MSC (n=4) and BM-neurosphere (n=4) groups
received DiD-marked cells to enable cell tracing with ex
vivo fluorescence imaging and immunohistochemistry,
performed upon sacrifice at D20.

None of the measured neurological outcomes (BBB,
mBBB, FLS, and rotarod) showed significant improve-
ment from baseline across all groups (Fig. 5A). Post-
decompression locomotor recovery measured at D10
and D20 was not significantly improved by CIS BM-
MSCs or BM-neurospheres, compared to PBS control.
By D20, rotarod performance improved the most in the
BM-MSC group (+2.1 s, CW5=26.8 s, D10=28.9 s)
but did not reach significance vs. PBS group (p=0.136).
BM-MSC and BM-neurosphere groups showed similar
distribution to each other throughout the spinal cord
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with fluorescence intensity concentrated at the injection
site and hindbrain (Fig. 5B). Cell migration, quantified
by average fluorescence signal intensity at the compres-
sion site, did not differ significantly between BM-MSCs
vs. BM-neurospheres (Fig. 5C). Both groups had little to
no presence of DiD+ cells at the injury site and human
nuclei immunopositivity was not observed throughout
the spinal cord parenchyma (Fig. 5D-E).

DiD + BM-MSC and BM-neurospheres co-localized with
S100B, but not CD146 or NeuN
At endpoint (D20), spinal cords of rats receiving DiD-
labelled BM-MSCs (n=4) or BM-neurospheres (n=4)
were retrieved and stained for perivascular (CD146),
glial (S100pB), and neuronal markers (NeuN) together
with DiD (Fig. 6A-B). Spinal cord regions to be imaged
were randomly selected to comprise of three high-DiD
signal regions per spinal cord section (Fig. 6C). Co-local-
ization analysis indicated most DiD+ cells were S1003+,
likely astrocytes or oligodendrocytes positioned near the
meninges, while contribution to the perivascular niche
(CD146+) and to neuronal progeny (NeuN+) was low.
Behavior data from all animal experiments were pooled
and locomotor recovery after cervical decompres-
sion measured by A FLS (D10- CW5) and A Rotarod
(D10— CWS5). Pooled analysis shown in Fig. 7A-B indi-
cated no significant difference in locomotor recovery
post-decompression between male vs. female rats (AFLS
p-value=0.094, Arotarod p-value=0.753, t-test). Post-
decompression improvement in rotarod performance
was significantly higher in severe DCM rats compared
to mild or moderate DCM rats as shown in Fig. 7C-D
(p value=0.003 and 0.004, respectively). Rats across all
disease severity groups show limited change in FLS and
rotarod performance by cell therapy intervention with
none reaching statistical significance when compared to
matched PBS control (Fig. 7E-F). Power analysis results
on pooled rotarod data (PBS vs. Treatment) indicated
at least 35 animals were required per treatment arm to
achieve 80% power (a =0.05) for significant improvement
in motor testing, indicating a large locomotor outcome
variability for the current disease model and treatment
paradigm.

Discussion

To the best of our knowledge, this work represents the
first attempt to investigate cell therapy as an adjunct
to surgical decompression in a rodent model of DCM.
Whilst the polymer implantation method is relatively
established, limitations affecting model performance
and reproducibility should be understood in the con-
text of other available models. Five different types of
DCM animal models have been used in experimental
studies as outlined by Kanbara et al. (Table 1) [39]. The
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water-absorbing polyurethane polymer model, as was
used in our study, demonstrated evidence of subacute
injury upon polymer insertion (seen in CW1- FLS and
HLS) and the absence of persistent and slowly progres-
sive deterioration typical of human pathology. As recom-
mended by Ijima et al., harder polymer material (such as
AquapreneDx) may be used in future work to overcome
such limitations [16, 38, 41]. Interestingly, modulating
the expansion rate or the thickness of soft, but not hard,
polyurethane polymer had negligible impact on the dis-
ease pathology or progression of DCM [38, 41].

BSCB disruption is increasingly recognized as a path-
ological event in traumatic and degenerative neurologi-
cal conditions including DCM [8]. This likely occurs by
four distinct mechanisms and contexts in DCM- (1)
Primary injury caused by direct physical compres-
sion, (2) Hypoxia-induced BSCB hyper-permeability in
mildly ischemic spinal cord regions, (3) BSCB disrup-
tion from post-decompression reperfusion injury, and
(4) Elevated BSCB permeability during revasculariza-
tion of compressed regions after decompression [8, 16].
Another novel contribution of our work was to exten-
sively document BSCB breakdown and reconstitution in
the rat DCM model, both with and without receiving cell

therapy. We observed that EBD extravasation peaked at
Week 4 post-decompression, likely a result of increased
angiogenesis and vascular remodeling as high-EBD
regions co-localized with VEGF and endoglin, and not as
a the sequalae of post-decompression reperfusion injury
which often occurs from 1 to 3 days post-decompression
[14, 62, 83]. Vascular regeneration and neuroprotection
are some of the key therapeutic mechanisms provided by
transplanted MSCs [84], but our results demonstrated a
failure in the BM-MSC group to reduce EBD extravasa-
tion by D10. For comparison, human BMSCs delivered
intravenously 1 h after cervical SCI in rats led to a reduc-
tion in EBD extravasation as early as Day 1 [85]. Similarly
rapid BSCB reconstitution ability was observed upon SCI
models receiving rat BMSCs [86—88].

Consistent to prior reports, cells delivered intrave-
nously demonstrated significant entrapment in periph-
eral organs, while cells introduced intracisternally mostly
remained at the injection site and hindbrain but were
not specifically localized to the compressed spinal cord
region [89-91]. Several studies have indicated robust
injury site migration and parenchymal penetration of
BM-MSCs delivered via lumbar puncture into the CSF,
whilst others concurred with our results in reporting



Kim et al. Stem Cell Research & Therapy (2025) 16:262

Male vs Female:
AFLS (D10-CWS5)

4
2 U0 .2.
Jd...e8°. .. Ol . )
o 0 $ ——o—o— .g
8 o
O .24 $ 8
@ . s 8
< 4]
-4 P (X} a
°
-6 °
-8 T T
Male Female

Mild vs Moderate vs Severe:
AFLS (D10-CWS5)

10
[ ]
5 "
S | 2 o g
.. 038e®... 900, .. #
8 0 r. o.! (3 3
< o o3¢ - L 4 (7]
5] pe o0 ' 4 <
[
-10 1 T T
.\6 @ (0
» obz«’b of g
Q&
E F
PBS vs Treatment:
AFLS (D10-CWS5)
4
2_.
o S
§ o--}--- } ........... } ............. g
A o
24 @
< (7]
<
-4
-6 1 1 1 1 1 1
O X o Q o
Q& Q& Q&
T O OE
< < <

Page 15 of 20

Male vs Female:
ARotarod (D10-CW5)

100

50

-50-

-100 .
Male Female

Mild vs Moderate vs Severe:
ARotarod (D10-CWS5)

%k %k %k

100

50

ceee ®,
o FE
-50-

-100 T T T

PBS vs Treatment:
ARotarod (D10-CW5)

ol { ..... %% ...... E} e

A Severe

-50-

-100

Fig.7 Analysis of neurological outcomes across treatment subgroups. (a-b) AFLS and ARotarod of male vs. female rats with each rat matched for disease
severity and experimental group. (c-d) AFLS and ARotarod of mild vs. moderate vs. severe DCM rats with each rat matched by sex and experimental
group. (e-f) AFLS and ARotarod of PBS vs. treatment group with rats matched by sex and disease severity

that cells remained only at the meningeal layers, without
engraftment into the spinal cord parenchyma [26, 28, 92].
The discrepancy in findings may be attributed to differ-
ences in timing and dosing regimen of cellular delivery,
as one study adopted repeated BM-MSC injections at

Day 7, 8, and 9 following SCI and demonstrated engraft-
ment of BM-MSCs into the damaged white matter. On
the contrary, a single dose of cellular transplantation
inject at Day 3 or repetitive injections at Day 3, 4, and 5
found BM-MSC to be present at the pia mater only [93,
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Table 1 Rodent DCM models
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DCM Model Description Advantages Disadvantages References
twy-twy mice  Gradual cervical spinal cord compression by~ Reproducible rate of deterioration that -Development of joint ankylo-  [78, 79]
model genetic ossification of the posterior longitudi- mimics step-wise neurological deterio-  sis complicates motor tests
nal ligament and ligamentum flavum ration of DCM - Site of maximal compression
different to human pathology
Polyethylene  Polyethylene thread is tied around the cervi-  -No surgical operation required on the  -Takes 6 to 9 months (in rats) [80]

thread model  cal spinal column, restricting the natural axial

growth of the spinal cord

spinal cord
- Chronic compression and late onset

to develop symptoms

neurological decline reflects natural
history of DCM

Titanium-screw Cervical laminectomy followed by insertion of -Enables fine control over spinal cord

-Invasive surgical procedure [81]

model a titanium screw overlying the dura compression
Polyether Gradual thickening and calcification of the -Chronic, slowly progressive compres-  -Lack of accessibility to the [11,17,82]
sheet model inserted aromatic polyether compresses the  sion by gradual calcification polymer material
cervical spinal cord
Water-absorb-  Insertion of gradually expanding water-ab- -Compression can be standardized -Acute spinal cord injury upon  [38, 39]

ing polyure- sorbent polyurethane polymer at the cervical
thane polymer  spinal cord
model

with identical thickness and swell rate
of the polymer

insertion
-Variable results based on
polymer material

94]. These relate to the concept of a transplantation win-
dow when the spinal cord is more receptive to cells after
the acute cytotoxic inflammatory response has attenu-
ated, thus numerous studies suggest that administering
MSCs during the subacute phase (Days 7-9) and at high
doses (>1 x 10°) with repeated injections yields are means
to achieve enhanced migration profiles, integration into
injured white matter, and greater promotion of axonal
sprouting and remyelination [94—96]. Overall, our results
failed to demonstrate that adjunct cell therapy could
improve neurological outcomes. Optimal transplanta-
tion parameters should be investigated in the context of
the rat DCM model before the potential for therapeutic
application is ruled out.

The prevailing mechanisms by which MSCs facilitate
neural regeneration include immunomodulation, pro-
motion of axonal outgrowth, and vascular repair, medi-
ated via the secretion of signaling and growth factors
[84]. The post-engraftment fate of MSCs remains unclear,
but several studies indicate engraftment as pericyte-like
cells [22, 97, 98]. This pericyte-like phenotype underlies
their reported effects on reconstituting the BBB/BSCB
[99]. Our results, however, did not show a reduction in
Evans Blue extravasation by intravenous or intracister-
nal MSC injection and showed a lack of engraftment. In
fact, our results of increased Evans Blue leakage during
post-decompression may have been more representative
of increased angiogenesis and revascularization rather
than BSCB breakdown. For neural stem cells (NSC), the
proposed mechanisms of action following transplanta-
tion include replacement of neuronal and glial popula-
tions in addition to trophic factor secretion, although
in vivo effects vary depending on culture conditions
and progenitor identity [100, 101]. Neurosphere culture
induces NSCs to adopt an astrocyte-like undifferentiated

state upon transplantation with increased prolifera-
tive and self-renewal capacity [102]. When BM-MSCs
are cultured under neurosphere-forming conditions,
mesenspheres result which can self-renew, express NSC
markers, and differentiate into neuronal and glial-like
phenotypes in vitro [103]. Our RNAseq results substan-
tiate upregulation of key NSC markers and pathways,
and our recent integrative scRNAseq analysis revealed
that Nestin®” PDGFRa* BM-MSCs within long bone mar-
row originates from the neural crest and may be biased
towards neuronal differentiation [104]. Nevertheless,
intracisternal transplantation of BM-neurospheres in the
DCM animal model resulted in cells remaining at the pia
mater; cells did not migrate and engraft into the injured
spinal cord parenchyma nor give rise to neurons and glia.

Limitations to this study include polymer performance,
which could not fully replicate the slowly progressive
deterioration of DCM in human subjects and was sub-
ject to variability between experimental animals. Optimi-
zation of polymer material and size, as well as a longer
observational period for both BSCB and neurological
recovery would be means for future improvement [105].
Optimization of cell transplantation dosing and timing
would also be essential. Based on the meta-analysis of cell
therapy in various animal models of SCI, a high dose of
stem cells (>1x10°) and transplantation at the subacute
phase (3—14 days post-SCI) may be ideal [106]. Repeat-
ing xenograft experiments with immunosuppressants
such as cyclosporin A could reduce immunorejection as
a confounder for lack of efficacy, although others have
demonstrated that immunosuppression is not required
to demonstrate efficacy of human MSC transplantation
in SCI and various CNS injury rodent models [93, 105,
107-110].
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Conclusion

In a water-absorbing polymer DCM rat model, post-
decompression locomotor recovery was delayed with
significant improvement observed by Week 8 post-
decompression. Extensive spinal cord EBD extravasation
continued up to 4-weeks post-cervical decompression
and likely resulted from vascular remodeling, rather
than breakdown of the BSCB. Results from this study did
not demonstrate evidence for the efficacy of BM-MSCs
and BM-neurospheres as an adjunct therapy for cervi-
cal decompression. Further optimization of the disease
model, cell dosing and timing are required.
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