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Abstract

Spinal cord injury (SCI) is a devastating condition with loss of motor and sensory functions below the
injury level. Cell based therapies are experimented in pre-clinical studies around the world. Neural stem
cells are located intra-cranially in subventricular zone and hippocampus which are highly invasive sourc-
es. The olfactory epithelium is a neurogenic tissue where neurogenesis takes place throughout the adult
life by a population of stem/progenitor cells. Easily accessible olfactory neuroepithelial stem/progenitor
cells are an attractive cell source for transplantation in SCI. Globose basal cells (GBCs) were isolated from
rat olfactory epithelium, characterized by flow cytometry and immunohistochemically. These cells were
further studied for neurosphere formation and neuronal induction. T, laminectomy was done to create
drop-weight SCI in rats. On the 9" day following SCI, 5 x 10° cells were transplanted into injured rat spinal
cord. The outcome of transplantation was assessed by the Basso, Beattie and Bresnahan (BBB) locomotor
rating scale, motor evoked potential and histological observation. GBCs expressed neural stem cell markers
nestin, SOX2, NCAM and also mesenchymal stem cell markers (CD29, CD54, CD90, CD73, CD105). These
cells formed neurosphere, a culture characteristics of NSCs and on induction, differentiated cells expressed
neuronal markers BIII tubulin, microtubule-associated protein 2, neuronal nuclei, and neurofilament. GBCs
transplanted rats exhibited hindlimb motor recovery as confirmed by BBB score and gastrocnemius muscle
electromyography amplitude was increased compared to controls. Green fluorescent protein labelled GBCs
survived around the injury epicenter and differentiated into PIII tubulin-immunoreactive neuron-like cells.
GBCs could be an alternative to NSCs from an accessible source for autologous neurotransplantation after
SCI without ethical issues.
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Introduction
Spinal cord injury (SCI) damages the cord initially by me-
chanical trauma followed by secondary cascades of ischemia,
edema, inflammatory processes, free radical generation, ex-
citotoxicity and a series of catastrophic pathophysiological
events, which results in paraplegia or tetraplegia. The injured
axons fail to regenerate because of many factors, including
the presence of inhibitory molecules, lack of permissive
growth environment within lesion sites (Filbin, 2003; Silver
and Miller, 2004; Cregg et al., 2014) and lack of neurotrophic
support (Liu et al., 1999a, b; Tuszynski et al., 1996; Bradbury
et al,, 1999). Over past decades, several exogenous chemicals,
growth factors, cells are experimented in animal models of
SCI. Cell transplantation therapy is thought to be a promis-
ing strategy for SCI repair (Tso and McKinnon, 2015).
Intraspinal transplantation of neural stem cells (NSCs)
from subventricular zone in a rat model of cervical SCI led
to significant respiratory recovery (Sandhu et al., 2017).
Immature neurons in the hippocampus tend to migrate and
form neural network following brain injury for repair (Ibra-
him et al., 2016). The hippocampus and subventricular zone
are the sources of NSCs for transplantation to treat SCI, but
these sources are highly invasive for clinical applications.
Among the possible sources of autologous cells for use to
treat SCI, olfactory mucosa is a promising source that con-

tains olfactory ensheathing cells (OECs) and neural progen-
itor cells.

In olfactory mucosa, there is a continuous replacement of
olfactory sensory neurons throughout adult life of mammals
(Mackay-Sim, 2003). The old neurons are vulnerable to death
by environmental insults and new neurons arise from the
olfactory epithelium for replacement. This neurogenesis is fa-
cilitated by a specialized gial “OECs” in the olfactory mucosa.
OECs are being used in the pre-clinical and clinical practice
around the world with different outcomes (Li and Lepski,
2013). Both OECs and neurons of olfactory mucosa signifi-
cantly enhanced axonal outgrowth in cortical slices as com-
pared to controls (Ishihara et al., 2014). The olfactory epithe-
lium is comprised of horizontal basal cells (HBCs), globose
basal cells (GBCs) and sustentacular cells. The basal cells pro-
liferate and differentiate into fully mature neurons (Graziadei,
1973). The capacity to replace the damaged or lost olfactory
sensory neurons by olfactory epithelium is well confirmed in
several studies (Smith, 1951; Schultz, 1960; Hurtt et al., 1988;
Delaleu and Sicard, 1995; Schwob et al., 1995).

HBCs are electron-dense, flat shaped, slow dividing
(quiescent) keratin positive cells, which act as a reserve
multipotent stem cells and it could be isolated by NCAM-
1 and ICAM-1/B1 integrin (Chen et al., 2004; Viktorov
et al., 2006). These cells have high proliferative potential,
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when cultured in nerve growth factor (NGF), transforming
growth factor-a (TGF-a), epidermal growth factor (EGF)
media, which gives rise to globose stem cells, glial cells and
horizontal neural cell adhesion molecule (NCAM)-1" pro-
genitor cells (Holbrook et al., 1995; Carter et al., 2004; Leung
et al., 2007). Transplantation of HBCs for treatment of SCI
in rat models showed partial recovery in terms of the Basso,
Beattie and Bresnahan (BBB) locomotor rating scale score
and remyelination (Ohnishi et al., 2013).

GBCs are electron-lucent, spherical shaped and reside su-
perficially in the olfactory mucosa above the HBC layer. This
is the precursor of the olfactory receptor neurons located
in the olfactory epithelium as a small population of transit
amplifying (mitotically active) cells called GBCs (Calof and
Chikaraishi, 1989; Gordon et al., 1995). It is generally agreed
that GBCs are the immediate neuronal progenitor cells ex-
hibiting the neurogenic basic helix-loop-helix transcription
factors during development and regeneration of olfactory
epithelium (Guillemot et al., 1993; Gordon et al., 1995; Cau et
al., 1997; Manglapus et al., 2004). Transplantation and genetic
fate mapping studies indicate that the keratin-negative GBC
population contains multipotent stem cells and also some
populations which act as reserve cells in olfactory epitheli-
um (Goldstein et al., 1998; Chen et al., 2004; Gokoffski et al.,
2011; Jang et al., 2014). In vitro studies have shown that olfac-
tory neurons are defined by NCAM expression (Mahanthap-
pa and Schwarting, 1993; DeHamer et al., 1994; Satoh and
Takeuchi, 1995), and are OMP-immunoreactive cells (Pixley,
1992; MacDonald et al., 1996; Wayne et al., 1996). Among the
basal cells, a group of GBCs express early-stage differentiation
markers like GBC-1 (Goldstein and Schwob, 1996), m-mu-
sashi (Sakakibara et al., 1996), and MASHI (Guillemot et al.,
1993; Gordon et al., 1995). GBCs were fluorescence-activated
cell sorting (FACS) done using markers like Ascll® (Guo
et al., 2010), GBC-1 (Goldstein and Schwob, 1996), GBC-2
(Chen et al., 2004), GBC-3 (Jang et al., 2007), Lgr5" (Chen et
al., 2014) for in vitro and in vivo studies (Duan and Lu, 2015).

After destroying olfactory epithelium by MeBr gas in
C57BL/6 mice, green fluorescence protein (GFP)-labeled
GBCs were infused into nasal cavity, and they engrafted and
gave rise to neurons, GBCs and sustentacular cells. Evidence
suggests that GBCs of olfactory epithelium are responsible
for replacing damaged cells (Chen et al., 2004; Jang et al,,
2007). Several studies suggest that transplantation of olfacto-
ry mucosal progenitor cells has a promising therapeutic ef-
fect in cochlear damage (Pandit et al., 2011), SCI (Xiao et al.,
2005, 2007) and Parkinson’s disease (Murrell et al., 2008).
Therefore, olfactory epithelium has been considered to be an
important source for adult neural stem/progenitor cells.

In this study, we isolated rat GBCs using GBC-3 antibody,
in vitro characterized them for neuropotency, transplanted
them into the injured rat spinal cord, and evaluated the out-
comes of GBCs transplantion by BBB scores, motor-evoked
potential, and histological observation.

Materials and Methods

Twenty-two adult Albino Wistar rats were obtained from
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the Laboraty Animal Center of the Christian Medical Col-
lege, Vellore, India. They were used for cell culture (n = 10)
and SCI experiments (n = 12). The study was approved by
Institutional Review Board (IRB) and Institutional Animal
Ethics Committee of Christian Medical College, Vellore
(IAEC No. 1/2010), India.

Isolation, culture, neuronal induction, and GFP labeling
of GBCs

Culture of epithelial stem cells

Ten male Albino Wistar rats, aged over 3 months old,
weighing 100-250 g, were used for tissue collection follow-
ing intraperitoneal anesthesia with ketamine (90 mg/kg) and
xylazine (10 mg/kg). In anesthetized rats, olfactory mucosa
was removed from the posterior regions of nasal septum and
placed in ice cold DMEM/F12 (Gibco; Grand island, New
York, USA) supplemented with 100 U/mL penicillin, 100 pg/
mL streptomycin, and 25 ng/mL amphotercin-B. The olfac-
tory mucosa was incubated for 30 minutes at 37°C in 2.4 U/
mL dispase II (Roche; Tokyo, Japan). The olfactory epitheli-
um was carefully separated from the underlying lamina pro-
pria under the dissection microscope. The olfactory epitheli-
um was incubated with 0.05% trypsin-EDTA (Gibco; Grand
island, New York, USA) in low calcium Ringer solution (Claris
Lifesciences Ltd, Ahmedabad, India) for 5-10 minutes at
37°C, followed by dissociation enzyme cocktail (collagenase/
hyaluronidase/trypsin inhibitor; 1, 1.5, 0.1 mg/mL respective-
ly; Sigma, St. Louis, MO, USA) in Ringer’s solution for 15
minutes at 37°C with trituration. The olfactory epithelium is
gently triturated for about 10-20 times to separate the cells.
Dissociated cells were subsequently transferred to a 15 mL
conical tube and the enzymes were inactivated by adding 10
mL of DMEM/F12. The cell suspension was centrifuged at
200 x g for 10 minutes. The supernatant was aspirated and
the cell pellet was resuspended in culture media and then
plated in culture flask coated with poly-D-lysine at a density
of 4-5 x 10*/cm’. Cultures were incubated at 37°C in 5%
CO, and expansion medium was refreshed every other day.
Expansion medium was composed of DMEM/F12 (1:1; Gib-
0), 2% fetal bovine serum (Gibco), N2 supplement (Gibco)
and epidermal growth factor (EGF; 25 ng/mL; Gibco).

Fluorescence-activated cell sorting of GBCs

GBCs were sorted using GBC-3 antibody (a gift from James
E. Schwob, Woochan Jang; Department of Anatomy and
Cellular Biology, Tufts University School of Medicine, Bos-
ton, MA, USA). 80-90% confluent cultures were trypsinized
and washed with Hank’s Balanced Salt Solution (HBSS).
Cell pellets were incubated with primary antibody (GBC-
IIT mouse monoclonal IgM, 1:100) for 20 minutes on ice.
Then they were washed with PBS by centrifugation and in-
cubated with secondary antibody (Donkey anti-mouse IgM-
Cy3 conjugated, 1:50; Jackson ImmunoResearch Inc., West
Grove, PA, USA) for 20 minutes. Finally, after PBS washes,
cells were sorted by ARIA-BD. Sorted cells were plated in
culture media and then transplanted at a density of 5 x 10°
cells on the 9" day after injury in a rat model of SCL.
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Characterization of GBCs by immunohistochemistry

Cells were fixed in 4% paraformaldehyde for 15 minutes
at room temperature and were washed with PBS (Gibco)
three times. Blocking and permeabilization were done in
2% goat serum/2% bovine serum albumin (BSA, Jackson
ImmunoResearch Inc.) with 0.1% Triton X-100/PBS. Cells
were incubated with primary antibody at 4°C overnight.
After PBS washes, cells were incubated with secondary an-
tibodies for 2 hours at room temperature. They were then
washed and mounted with 4',6-diamidino-2-phenylindole
(DAPI)-containing vectashield (Vector Laboratories, Burl-
ingame, CA, USA). Coverslips were immediately transferred
to glass slides and examined under the fluorescent micro-
scope. The following primary and secondary fluorescent an-
tibodies were used in this study as mentioned below. Mouse
monoclonal anti-beta III tubulin (1:50 dilution; Millipore,
Temecula, CA, USA), mouse monoclonal anti-MAP2 IgG1
(1:100 dilution; Millipore), mouse monoclonal anti-NeuN
IgG1 (1:50 dilution; Millipore), mouse monoclonal anti-neu-
rofilament H&M IgG1 (1:100 dilution; Millipore), with ap-
propriate secondary antibody goat anti-mouse Rhodamine
(1:50 dilution; Millipore), goat anti-mouse IgG1-FITC (1:50
dilution; Southern Biotech, Birmingham, AL, USA).

Flow cytometry of GBCs

Cultured GBCs were trypsinized and washed with PBS. Two
to five lakhs of cells were fixed with 4% paraformaldehyde
for 15 minutes at room temperature, then washed with
PBS following blocking and permeabilization in 2% goat
serum/2% bovine serum albumin (BSA) with 0.1% Triton
X-100/PBS, and incubated with 5-10 pL of primary anti-
body for 20 minutes on ice. Excess unbound antibodies were
washed with PBS and removed. This was then incubated for
20 minutes with 5-10 pL of fluorescent tagged appropriate
secondary antibody. Finally unbound secondary antibody
was washed with PBS. Cell suspension was aspirated and
analyzed using a fluorescence-activarted cell sorter (BD
FACS Aria, CA, USA) for NSC marker (neural cell adhe-
sion molecule, Nestin, SOX2), mesenchymal stem marker
(CD54, CD90, CD73, CD29, CD105) and haematopoietic
marker (CD45, CD34). The unstained cells were used as
control. The following primary and secondary fluorescent
antibodies were used. Mouse anti-rat CD54-FITC conjugat-
ed (1:50 dilution; BD Biosciences, Franklin Lakes, NJ, USA),
monoclonal mouse anti-rat CD90-FITC conjugated (1:100
dilution; Millipore), mouse monoclonal IgG1 anti-CD34-
FITC conjugated (1:100 dilution; Santa Cruz Biotechnology,
Dallas, TX, USA), mouse monoclonal anti-rat CD45-PE
conjugated (1:100 dilution; BD Biosciences), monoclonal
mouse anti-beta 1 integrin (1:50 dilution; Millipore), mono-
clonal mouse anti-rat CD73 (1:50 dilution; BD Biosciences),
goat polyclonal IgG anti-CD105 (1:25 dilution; Santa Cruz
Biotechnology), monoclonal anti-NCAM mouse IgG1 (Sig-
ma, St. Louis, Missouri, USA), anti-SOX2 clone 6G1.2-FITC
conjugated (Millipore), anti-nestin mouse IgG (Millipore),
with appropriate secondary antibodies goat anti-mouse
IgG2b R-phycoerythrin (RPE) (1:50 dilution; Southern Bio-

technology Associates, Inc., Birmingham, AL, USA), goat
anti-mouse IgG1-RPE conjugated (1:50 dilution; Southern
Biotechnology Associates, Inc.,), donkey anti-goat IgG-perCp
conjugated (1:100 dilution; Jackson ImmunoResearch Inc.).

Neurosphere formation

Neuronal induction medium composed of DMEM/F12 (1:1)
supplemented with 2% fetal bovine serum (FBS, Gibco), B27
supplement (Gibco), 20 mM retionic acid (Sigma) and 12.5
ng/mL bFGF (Invitrogen) was used. Cells were maintained
in neuronal induction media for 12 days (Greco et al., 2008).
After 12 days these cells were immunostained for neuronal
markers [BIII tubulin, microtubule-associated protein 2
(MAP-2), neuronal nuclei (NeuN), neurofilament (NF)] and
images were captured using Leica DMI6000 fluorescent mi-
croscope.

Neuronal induction

Neuronal induction medium composed of DMEM/F12 (1:1)
supplemented with 2% fetal bovine serum (FBS, Gibco), B27
supplement (Gibco), 20 mM retionic acid (Sigma) and 12.5
ng/mL bFGF (Invitrogen) was used. Cells were maintained
in neuronal induction media for 12 days (Greco et al., 2008).
After 12 days these cells were immunostained for neuronal
markers [BIII tubulin, microtubule-associated protein 2
(MAP-2), neuronal nuclei (NeuN), neurofilament (NF)]
and images were captured using Leica DMI6000 fluorescent
microscope.

GFP labeling of cells

0.5 x 10°/mL cells were grown in complete medium over-
night. 50 pL 1 x 10" IFU/mL pre-made lentiviral particles for
fluorescent proteins (catalog number: LVP001; GenTarget
Inc., San Diego, CA, USA) was added to the culture. After
72 hours of transduction, the transduction rate was checked
in fluorescent microscope. GFP labeled cells were used for
transplantation.

Animal experiments

Experiment design

The study was approved by the Institutional Animal Ethics
Committee of Christian Medical College (IAEC No. 1/2010),
Vellore, India and the experiment was performed according
to the Committee for the Purpose of Control and Supervi-
sion of Experiments on Animals (CPCSEA) guidelines. Rats
were randomly divided into two groups (n = 6 rats in each
group). Rats in the GBCs group received GBCs transplanta-
tion (5 lakh cells) after injury, and those in the control group
were administered DMEM without cells.

Laminectomy and SCI

Female adult Albino wistar rat, weighing 100-250 g, were
anaesthetised by intraperitoneal injection of ketamine (90
mg/kg) and xylazine (10 mg/kg). Ophthalmic ointment was
applied to the eyes to prevent drying during the operation.
The fur on the mid dorsal region was shaved and the skin
was cleaned with povidone-iodine solution (7.5%, w/v).
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NCAM PE

Figure 1 Immunohistochemical characterization of passage 2
globose basal cells (GBCs).

GBCs expressed NSC markers SOX2, nestin, and neural cell adhesion
molecule and were also immunostained for CD29, CD54 and CD73 (scale
bars: 20 pm). Green indicates fluorescein isothiocyanate (FITC) conju-
gated, red indicates R-phycoerythrin (PE) conjugated, and blue indicates
nuclear stain 4',6-diamidino-2-phenylindole (DAPI) conjugated.

Figure 3 Globose basal cells cultured in different media (DMEM/F12,
N2 supplement, epidermal growth factor, and basic fibroblast
growth factor).

(A) Globose basal cell culture on the first day. (B) Aggregation of cells
on the second day. (C) Neurosphere formation on the third day (black
arrow). (D) Phase contrast magnified view of neurosphere. Scale bars:
20 pum. Phase contrast image captured using Leica DMI6000 microscope.

Tega-derm was applied over the shaved skin to prevent fur
contamination during the surgery. A 2.0 cm long incision
was made over the lower thoracic area. The muscle and con-
nective tissue were bluntly dissected to expose the T,_, verte-
brae. T}, laminectomy was completed using a microsurgery
bone rongeur. Care must be taken to avoid damage to the
spinal cord. SCI was induced by dropping a 10 g rod, a cus-
tom-fabricated impactor device provided by the Department
of Bioengineering, Christian Medical College, Vellore, India,
from a 25 cm height to the expose spinal cord (Tharion et
al., 2011). Absorbable suture (vicryl, Johnson-Johnson Ltd)
was used to ligate the incised muscle and skin. Meloxicam (1
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Figure 2 Flow cytometry analysis of passage 2 globose basal cells
(GBCs) for neural stem cell markers and cell surface markers.

Flow cytometry analyses revealed that in passage 2 GBCs, the expres-
sion of neural stem cell markers SOX2, nestin, and NCAM was 51%,
91%, and 77%, respectively, and the expression of mesenchymal stem
cell markers CD29, CD54, CD90, CD73, and CD105 was 80%, 90%,
91%, 60%, and 91%, respectively. GBCs were negative for hematopoe-
itic markers CD34 and CD45, and their expression was 0% and 8%,
respectively.

mg/kg; Intas Pharmaceuticals Ltd, Gujarat, India) as analge-
sic, Enrofloxacin (2.5 mg/kg; Intas Pharmaceuticals Ltd.) as
antibiotic, and Ringer lactate 5 mL/100 g were administered
subcutaneously as post-operative care. Animals had free
access to food and water throughout the study. Bladder and
bowel were expressed manually as post-operative care.
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Figure 6 Hindlimb motor recovery in spinal cord injury rats following globose basal cell (GBC) transplantation.

(A) The Basso, Beattie and Bresnahan (BBB) locomotor scale score increased from 0 to 7.3 over time in the GBCs group (n = 6), and no hindlimb
movement was observed in the control group (# = 6). (B) In the GBCs group, the BBB score was 0 prior to cell transplantation (i.e., on the 9" day
after SCI), but significant functional recovery was observed at the end of the 8" week (P < 0.001). (C) At the end of the 8" week, there was significant

difference in hindlimb motor function recovery between GBCs and control groups (P < 0.001). Error bars indicate the standard deviations.
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Figure 7 Hindlimb motor evoked potential in spinal cord injury rats following globose

basal cells (GBCs) transplantation.

Motor cortex stimulation and their responses were recorded in hindlimb muscle in the 8" week

Amplitude

0.5

=

Control

0
GBCs-transplanted

after spinal cord injury. There is no EMG amplitude seen in the control group (A). In the GBCs
group, a representative EMG amplitude (arrow) was shown (B). There was significant difference
in the mean amplitude between GBCs and control groups (P < 0.05) (C). Amplitude varies
based on regeneration of injured spinal cord. Error bars indicate the standard deviations.

.

Figure 4 Immunohistochemical characterization of neurospheres
after 3 days.
Neurosphere expresses neural stem cell markers SOX2 and nestin.

FITC-positive SOX2 expression is in green, PE-positive nestin expression
is in red, and nuclei are visualized with DAPI (blue). Scale bars: 20 um.

Cell transplantation

Cell transplantation was done on the 9" day after SCI. Be-
havioral assessment (BBB) was conducted prior to cell trans-
plantation as described below. Rats were re-anesthetized
(intraperitoneal injection of 90 mg/kg ketamine/10 mg/kg
xylazine), and the original incision was re-opened and the
dorsal laminectomy was extended to the Ty |, vertebrae. Un-
der a surgical microscope, the wound was explored and the
injured spinal cord segment as well as the normal spinal cord
a few millimer above and below the injured segment were

_Beta lll tubulin-Rhodamine

Neun-fiTC

Figure 5 Induced neuronal differentiation of globose basal cells after
12 days.

Differentiated globose basal cell express neuron markers BIII tubulin,
microtubule-associated protein 2 (MAP2), neuronal nuclei (NeuN) and
neurofilament (scale bars: 20 pm). Red indicates rhodamine conjugated,
green indicates fluorescein isothiocyanate (FITC) conjugated, and blue
indicates nuclear 4',6-diamidino-2-phenylindole (DAPI) staining.

exposed. On the day of transplantation, GBCs were harvest-
ed, pelleted, and transferred into a 25 pL Hamilton syringe
(approximately 100,000 cells/uL). Total 5 x 10° cells were
injected at multiple sites, in and around the injured spinal
cord with the aid of a sterile Hamilton syringe. Control rats
received DMEM media alone without cells. Following cell
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transplantation, the surgical wound was closed and routine
post-operative care was given.

Behavioral assessment

The Basso, Beattie, Bresnahan (BBB) Locomotor Rating
Scale (Basso et al., 1995) is an operationally defined 21 point
scale, designed to assess hindlimb locomotor recovery after
impact injury to the spinal cord in rats. No complete hind-
limb movement indicates score “zero” and the normal rat
hindlimb gait score is “21”. This locomotor scale categorizes
combinations of rat hindlimb joint movements, trunk po-
sition and stability, stepping, coordination, paw placement,
toe clearance and tail position, representing sequential
recovery stages that rats attain after SCI. All rats received
bladder expression before the open field testing to elimi-
nate behaviors due to bladder fullness. Rats were allowed to
walk in the open field (45 cm x 60 cm rectangular tray) and
videographed by a Sony HD video recording handycam.
Assessment was done by an investigator, who was blinded to
the experiments. All rats were assessed for BBB score before
transplantation (i.e.) on the 9" day after SCI and then once a
week after cell transplantation till the 8" week.

Motor evoked potential studies

The EMG stimulator device and recording software (CMC-
daq) used in this study were designed by Department of
Bioengineering, Christian Medical College, Vellore, India.
Transcranial electrical stimulation of motor cortex by plac-
ing superficial bipolar electrode on the scalp was done in
the anesthetized rat (intraperitoneal injection of 90 mg/kg
ketamine and 10 mg/kg xylazine). The EMG signals were
recorded from the lower limb gastrocnemius muscles. 1.5 V
alkaline batteries were used in pulse stimulator. The signals
were amplified, filtered (10 to 5,000 Hz), and sampled at 2
kHz: 0.050 s/sweep of EMG channel. The output of the data
acquisition were 0.05 s/screen, 1.5 mV/div. The time of the
data for each segment is displayed in the centre, bottom of
the window and the amplitude of the data is shown on the
left side of each channel.

Recording was done for control (n = 6) and cell trans-
planted rats (n = 6) at the end of 8 weeks post SCI/cell
transplantation. Single channel recorded EMG signals were
analyzed for amplitude in mV. This parameter was carried
out to evaluate the functional integrity of the spinal cord.

Histology

Two weeks after GFP labeled GBCs transplantation, trans-
planted rats (n = 2) were anesthetized by intraperitoneal
injection of 90 mg/kg ketamine/10 mg/kg xylazine and tran-
scardially perfused with 4% paraformaldehyde solution. 1 cm
length of spinal cord centered on the injury epicenter was
removed and post-fixed in 30% sucrose/phosphate-buffered
saline at 4°C overnight. Twenty micrometer (um) thick lon-
gitudinal serial cryo-sections were cut and mounted on po-
ly-L-lysine coated slides. Representative tissue sections were
incubated with 0.3% Triton X-100/phosphate-buffered saline
at 4°C overnight. After PBS washes, they were incubated with
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primary antibody (mouse monoclonal anti-beta III tubulin,
1:50 dilution; Millipore) at 4°C overnight. After PBS wash-
es, they were incubated with secondary antibody (goat an-
ti-mouse Rhodamine, 1:50 dilution; Millipore) for 2 hours at
room temperature. Finally tissue sections were washed with
PBS and visualized under the confocal microscope.

Statistical analysis

SPSS16.0 software (SPSS, Chicago, IL, USA) was used to sta-
tistically analyze hindlimb motor recogery using BBB scores
and the amplitude of motor evoked potential. Wilcoxon test
and Mann-Whitney U test were used to determine the sig-
nificant differences between different groups/within group.
Continuous variables for each group were represented as the
mean + SD. A level of P < 0.05 was considered statistically
significant.

Results

Immunophenotype characterization of GBCs

GBC-3 cells were muunohistochemically positive for SOX2,
nestin, NCAM, CD29, CD54, and CD73 (Figure 1). Flow
cytometry analyses of GBC-3 revealed that the expression of
NSC markers SOX2, nestin, neural cell adhesion molecule
was 51%, 91%, and 77%, respectively, and the expression of
typical mesenchymal stem cell markers CD29, CD54, CD90,
CD73, CD105 was 80%, 90%, 91%, 60%, 91%, and GBC-
3 was negative for hematopoietic markers CD34 and CD45
(Figure 2). GBCs, upon exposure to neurosphere medium,
aggregated and formed neurospheres on the 3 day (Figure
3). These neurospheres exhibited the characteristics of neu-
ral stem/progenitor cell markers SOX2 and nestin (Figure 4).
The presence of SOX2 and nestin represents NSC like prop-
erties. In vitro neuronal induction was performed using neu-
ronal induction media for 12 days. The differentiated cells
expressed mature neuronal markers PIII-tubulin, MAP-2,
NeuN and NF (Figure 5). GBCs possessed the culture char-
acteristics including formation of neurospheres, expression
of NSC markers, and neuronal differentiation properties.
These findings suggest that GBCs are multipotent, neural
stem/progenitor cells in the olfactory neuroepithelium.

Hindlimb motor function

Following spinal cord injury, BBB score was zero on the 9"
day. 5 x 10° cells were transplanted on the 9" day post-SCL.
In each week post-transplantation, BBB scores gradually
progressed and reached 7.3 + 1.4 at the end of the 8" week,
whereas in the control group, locomotor recovery did not
progress and stayed in the baseline level.

In the GBCs group, there was significant difference in BBB
score between before and after transplantation (0 vs. 7.3
1.4, P < 0.001). Significant difference in BBB score was also
found between control and GBCs groups (0 vs. 7.3 + 1.4, P <
0.001). The mean BBB score was 1.5 + 0.8, 3.1 £ 0.9, 5.0 £ 0.8,
71+14,71+£14,73+£14, 73+ 14and 7.3 £ 1.4 in the
first, second, third, fourth, fifth, sixth, seventh, and eighth
weeks after cell transplantation, respectively. This suggests
significant functional recovery as compared to control group
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(P <0.001) (Figure 6).

Motor evoked potentials of hindlimbs

Transcranial electrical stimulation and their EMG response
from the hindlimb gastrocnemius muscle were done on
anesthesized rats. A representative electromyograph of con-
trol (Figure 7A) and transplanted rats (Figure 7B) shows
difference in wave pattern. Transplanted rats (1.2 + 0.5 mV)
showed increased amplitude changes, but control group
(0.2 £ 0.1 mV) exhibited less amplitude. Statistical analysis
showed significant improvement (P < 0.05) in amplitude
among the groups (Figure 7C), which demonstrate regen-
eration of injured spinal cord after GBCs transplantation.

Histology of rat spinal cord

GFP-labelled GBCs were seen around the injury epicenter
of the rat spinal cord (Figure 8C). GFP-labeled cells were
immunostained for BIII-tubulin, a marker of mature neuron
(Figure 8F). The results demonstrate that the transplanted
GBCs survived and differentiated in the injured spinal cord,
which could be responsible for the transplantation-mediated
repair of injured spinal cord.

Discussion

Stem cell exhibits the properties of self-renewal and differ-
entiation. Multipotent cells have the ability to give rise to
different types of cells within a tissue. Harvesting of neural
stem cells (NSC) from sub-ventricular zone, hippocampus
requires highly invasive surgery, which is a major obstacle. In
contrast, olfactory epithelial stem/progenitor cells are acces-
sible from nasal cavity without lasting damage to the donor.

Mesenchymal stem cells (MSCs) are easily harvested,
quickly expanded and have immunomodulatory, neuro-
trophic and neuroprotective properties, which can be clin-
ically used for autologous transplantation. This could be a
potential stem cell for transplantation in SCI with minimal
risk of tumorigenicity (Uccelli et al., 2008; Torres-Espin et
al., 2013; Doulames and Plant, 2016). But, multipotent na-
ture of MSC is restricted to mesodermal lineages with lim-
ited ability to differentiate into neuronal and glial lineages
(Hofstetter et al., 2002; Hodgetts et al., 2013; Vawda and Fe-
hlings, 2013). Evidence suggests that MSCs do not integrate
with host tissue following transplantation and yield moder-
ate functional recovery (Prockop, 2003; Prockop et al., 2010;
Ankrum et al., 2014; Sandner et al., 2016).

Transplantation of human embryonic stem cells (ESCs)-de-
rived oligodendrocyte progenitor cells in SCI rat model
decreased lesion size, preserved host neurons, and improve
forelimb function (Sharp et al., 2010; Sun et al., 2013). Be-
cause ESCs are harvested from the blastocysts, so they are
subjected to ethical constraints and pose the risk of teratoma
formation following transplantation (Nisbet et al., 2003).

Induced pluripotent stem cells (iPSCs) created by re-
programming of somatic cells using viral vectors are an
attractive option in the treatment of SCI. iPSCs will be ad-
vantageous over ESCs and MSCs in terms of pluripotency
and clinically autologous transplantation. However, there is

a high risk of insertional mutagenesis caused by vectors and
epigenetic memory of the source tissue. iPSCs-transplanted
groups showed gradual improvement in motor function
(Doulames and Plant, 2016). Neural stem/progenitor cell
transplantation has been found to promote axonal growth
across the injury, facilitating synaptogenesis and remyelin-
ating host axons, thereby resulting in significant functional
improvement in SCI models (Ogawa et al., 2002; Lu et al.,
2003; Iwanami et al., 2005). NSCs from the subventricular
zone were transplanted in T,, SCI rat models and obvious
improvement in motor functin was found (Ye et al., 2016).

The regenerative potential of the olfactory system has at-
tracted scientific interest. In the last decades, much attention
has been taken by scientific community on olfactory ensheath-
ing cells, because of unique glial characteristics of astrocytes
(CNS) as well as Schwann cells (PNS) and their regenerative
potential (Raisman, 2004; Mackay-Sim, 2005). OEC trans-
plantation demonstrated moderate therapeutic effect in SCI,
whereas transplantation of heterogenous glial and stem cells
(OEC:s, olfactory nerve fibroblasts, GBCs, HBCs) or whole ol-
factory mucosa tissue in SCI yields maximum efficacy. The re-
sults indicate that both glial and stem cells of olfactory mucosa
plays a role in regeneration (Lima et al., 2010, 2006).

Among the different types of stem cells like MSCs, ESCs,
iPSCs, NSCs are the foremost choice for neural regeneration.
So, we evaluated the stem/progenitor cells (GBCs, HBCs) of
olfactory neuro-epithelium in SCIL, but in this study we fo-
cused only on GBCs. GBCs contain two populations of cells.
One population of cells are immediate neuronal progenitors
that differentiate into olfactory sensory neuron (Goldstein
et al., 1998; Huard et al., 1998; Newman et al., 2000). The
other population of GBCs are multipotent that can differ-
entiate into non-neuronal cells (supporting cells, Bowman’s
gland) of the olfactory epithelium (Chen et al., 2004). HBCs
have been isolated, cultured and differentiated into neurons
and glia, suggesting multipotency (Carter et al., 2004). Both
GBCs and HBCs demonstrate multipotent nature, but only
GBCs are able to produce HBCs (Huard et al., 1998).

Methyl bromide gas injury leads to HBC activation by
down-regulation of p63. The activated HBCs give rise to
GBCs, thus tissue maintenance takes place, suggesting p63
regulates the reserve state of HBCs, but not the stem cell sta-
tus. GBCs are active stem cells that give rise to all the mature
cells of the tissue. HBCs are reserve stem cells and remain
dormant until tissue injury. Under normal condition of ol-
factory epithelium, HBCs are rarely involved in turnover of
olfactory sensory neurons (Schnittke et al., 2015).

GBC-3 is a monoclonal antibody that recognizes the cell
surface antigen-40 kDa laminin receptor and is specific for
GBC population of olfactory epithelium (Jang et al., 2007).
In our study, FACS sorted GBC-3 positive cells express the
NSC marker of SOX2, nestin, neural cell adhesion mole-
cule and MSC markers. On plating these GBCs in EGF, N2
supplement and bFGF medium, it forms “neurosphere” a
cultural characteristic of NSCs. NSCs from the brain were
reported to grow as “neurosphere” in culture (Reynolds
and Weiss, 1992). Neurosphere-forming cells expressed 91-
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Figure 8 Histology of injured rat spinal cord following globose
basal cells (GBCs) transplantation.

Two weeks after green fluorescent protein (GFP) labeling cell transplan-
tation, longitudinal 20 um thick cryosections of GBCs-transplanted
spinal cord were prepared. Phase contrast (A), GFP-labelled GBCs in
the spinal cord around injury epicenter (B), merged image (C). GFP-la-
beled GBCs (green) in spinal cord (D). BIII-tubulin-PerCp positive cells
(red) in the spinal cord (E). Merged image of D and E, yellow color (white
arrow) shows GBCs differentiated into neurons in the spinal cord (F).
Scale bars: 20 um.

98% of PIII-tubulin, and 36-78% of nestin under different
culture conditions (Zhang et al., 2004). In an another study,
cells from human olfactory mucosa behave like neural stem/
progenitors and form “neurosphere” which gives rise to
neurons and glia (Roisen et al., 2001; Winstead et al., 2005).

In olfactory epithelium, NEUROD1-labeled cells also co-
express cell cycle markers such as PCNA, Ki67 and Edu and
these GBCs exhibit a greater progenitor cell capacity (Lee et
al., 2000; Gao et al., 2009; Kuwabara et al., 2009; Boutin et
al., 2010; Guo et al., 2010; Puligilla et al., 2010). SOX2 tight-
ly regulates NeuroD1 by repressing it in the dentate gyrus.
NEUROD1-labeled cells coexpress SOX2 (Gao et al., 2009;
Kuwabara et al., 2009). Neuronal differentiation is repressed
by SOX2, which is co-expressed with NeuroD1, a factor that
regulates the neuronal differention of the same progenitors,
suggesting pleiotropic function of SOX2 in the olfactory
epithelium (Graham et al., 2003; Ellis et al., 2004; Bani-Yag-
houb et al., 2006; Boutin et al., 2010; Puligilla et al., 2010). In
our study, we further investigated the expression of SOX2
and nestin in the neurospheres, demonstrating neural stem/
progenitor cell characteristics of GBCs.

Although peripheral olfactory stem cells originate from
neural crest-derived cells, it expresses neural cell-related
genes and also exhibits the properties of bone marrow mes-
enchymal stem cell (BM-MSC), thus named “olfactory ec-
tomesenchymal stem cells” (OE-MSC) (Delorme et al., 2010;
Girard et al., 2011; Féron et al., 2013). In our study, GBCs
also express the panel of MSC markers CD29, CD54, CD90,
CD73, CD105 like bone marrow MSCs.

Earlier studies have shown that transplantation of neural
stem/progenitor cells. BMSCs on the 9" day post-SCI yield-
ed better survival and differentiation (Okano, 2002; Parr et
al.,, 2008). So, we chose the 9" day after SCI for transplan-
tation as the therapeutic window period. As a preliminary
study, a single dose of 5 lakhs of cell transplantation was
carried out rather than use of different doses. Direct injec-
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tion of cells into the injured cord was employed to ensure
the maximum effects, though various routes of cell admin-
istration like lumbar puncture and intravenous route are
employed in other studies.

In this study, hindlimb locomotor recovery was evaluat-
ed weekly by the BBB scale. The GBCs transplanted groups
showed promising score of 7.3 at the end of the 8" week
after transplantation. The control group had no improve-
ment in functional recovery, suggesting that there was no
spontaneous regeneration after SCI. Moreover, in the GBCs
group, EMG amplitude was markedly increased, indicating
axonal regeneration. In addition, histological studies showed
that GFP-labelled cells survived around the injury epicentre
of the injured spinal cord. These cells stained positive for
BIII tubulin, suggesting differentiation to neural cells which
could be responsible for the hindlimb motor recovery. Thus
we conclude that GBCs exhibit therapeutic effects in experi-
mental models of SCIL.

Taken together, GBCs from the olfactory epithelim could
be an alterative source of NSCs for autologous neurotrans-
plantation, which can be collected less invasively for thera-
peutic transplantation following SCI.
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