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Abstract

Management of chronic pain is one of the most difficult problems in modern practice. Grafted human telomerase reverse
transcriptase—immortalized bone marrow mesenchymal stromal cells ('TERT-BMSCs) with inducible galanin (GAL) expression
have been considered to be a potentially safe and controllable approach for the alleviation of chronic pain. Therefore, in this
study, we aimed to assess the feasibility of hTERT-BMSCs/Tet-on/GAL cells secreting GAL under the transcriptional control
of doxycycline (Dox) for controllable pain relief. After transplanted into the subarachnoid space of neuropathic rats induced
by spared nerve injury of sciatic nerve, their analgesic actions were investigated by behavioral tests. The results showed that
the pain-related behaviors, mechanical allodynia, and thermal hyperalgesia were significantly alleviated during | to 7 weeks
after grafts of hnTERT-BMSCs/Tet-on/GAL cells without motor incoordination. Importantly, these effects could be reversed
by GAL receptor antagonist M35 and regulated by Dox induction as compared with control. Moreover, the GAL level in
cerebrospinal fluid and spinal GAL receptor | (GalR|) expression were correlated with Dox administration, but not GAL
receptor 2 (GalR2). Meanwhile, spinal protein kinase M{ (PKMC) expression was also inhibited significantly. Taken together,
these data suggest that inducible release of GAL from transplanted cells was able to produce controllable pain relief in
neuropathic rats via inhibiting the PKM( activation and activating its GalR| rather than GalR2. This provides a promising step
toward a novel stem cell-based strategy for pain therapy.
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Introduction Galanin (GAL) is a neuropeptide of 29 or 30 (in humans)
amino acids that is proteolytically processed from the

Chronic neuropathic pain due to nerve injuries is an peptide precursor preprogalanin. It is widely distributed in
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central and peripheral nervous system and has been shown to
regulate numerous physiological and pathological processes
through interactions with three G-protein-coupled receptors,
GalR1 through GalR3*. There is evidence that high-level
doses of GAL have antinociceptive effects. From behavioral
studies, mice given exogenous GAL or transgenic mice over-
expressing GAL showed diminished neuropathic pain-like
behaviors after nerve injury>. However, because of short
half-life in cerebrospinal fluid (CSF)’, a single intrathecal (i.t.)
injection of GAL could only temporarily reverse pain, which
may not be adequate to attenuate the chronic pain states.

Recently, the combination of gene transfer techniques and
cell transplantation represents a promising approach to deliver
antinociceptive molecules into the pain-processing centers
for pain relief®. This cellular “biologic minipumps” could not
only continuously deliver antinociceptive molecules, but also
eliminate the problems associated with exogenous infusion
pumps, such as lability of neurotrophins, infection at the cath-
eter tip, and initial high dose of agents®!°. Although previous
studies have demonstrated that astrocytes genetically modi-
fied by the rat preprogalanin gene could secrete higher levels
of GAL in vitro and efficiently function to relieve neuropathic
pain'™'2) potential complications resulting from the continu-
ous secretion of GAL appear inevitable. In addition, it is dif-
ficult to obtain primary neuronal cells from adult tissue and
inevitable to face major ethical issues in clinical practice. The
ideal therapeutic cells should be reproducible, safe, and con-
trollable release of antinociceptive molecules. Therefore,
studies have increasingly focused on the potential therapeutic
effects of multipotent bone marrow mesenchymal stromal
cells (BMSCs) transplantation for neurological diseases
because of its easy harvest, immunoregulatory properties,
and neuronal differentiation capability'>!*. However, the life
span of primary BMSCs is limited and difficult to obtain in
large quantities'. Fortunately, these limitations have been
overcome via introducing ectopic telomerase catalytic com-
ponent (human telomerase reverse transcriptase, hTERT) and
single inducible tetracycline-controlled gene expression sys-
tem into BMSCs'®!”. The hTERT-immortalized BMSCs with
controllable GAL releases (hTERT-BMSCs/Tet-on/GAL)
under the transcriptional control of doxycycline (Dox) have
been established and appraised in our previous work!'®. The
hTERT-BMSCs/Tet-on/GAL cells are not only easily manip-
ulated, reproducible, and nontumorigenic, but also display
high inducibility and controllable release of exogenous GAL
in the presence of inducer Dox in vitro. Therefore, in this
present study, we aimed to verify its feasibility for controlla-
ble pain relief on spared nerve injury (SNI)-induced neuro-
pathic behavior and potential mechanisms.

Experimental Procedures

Animals and Cell Preparation

Adult male Sprague—Dawley rats (180-220 g) were obtained
from the Experimental Animal Center of Sun Yat-Sen

University. The rats were housed in cages at room tempera-
ture (20°C-25°C) under a 12-h light-dark cycle with free
access to food and water. All animal procedures were per-
formed during the light cycle and followed National Institutes
of Health (NIH) guidelines.

The hTERT-BMSCs and hTERT-BMSCs//Tet-on/GAL
cells have been established, identified, and cryopreserved in
our department'®. For transplantation, cells should be resus-
citated and proliferated to near 70% confluence. Immediately
before transplantation, these proliferated cells were gently
dissociated from six-well culture plates with sterile 0.5 mM
ethylenediaminetetraacetic acid (EDTA)/Dulbecco’s phos-
phate-buffered saline (DPBS) and pelleted by centrifugation,
then resuspended in Ca*-Mg? free Hank’s buffered saline
solution. Viability and cell counts were assessed by trypan
blue exclusion. An aliquot of 1 million cells was prepared
immediately prior to each transplant to assure near 100%
viability at the beginning of the experiment. Grafting was
within 30 min of cell preparation.

Chronic i.t. Catheters and Cell Transplantation

Rats were anesthetized and maintained with 1% to 3%
sevoflurane in oxygen; a catheter (PE 10,0.d.0.61 mm) was
inserted into the subarachnoid space between the L5 and
L6 vertebrae, with its tip at the lumbar enlargement. The
proper location of the catheter was tested by assessing sen-
sory and motor blockade after i.t. injection of 7 pl of lido-
caine (20 mg/ml)". Following the i.t. catheter, rats were
allowed to recover at 37° for 12 h, after which time, they
were returned to the animal care facility and housed one
per cage with chow and water ad libitum. For transplanta-
tion, viable cells (10°) were injected into the subarachnoid
space through catheter, the external portion of the chronic
indwelling catheter was protected according to Milligan’s
method?.

Establishment of SNI

The surgery to produce the SNI model of neuropathic pain
was originally described by Decosterd and Woolf?!. Briefly,
1 week after i.t. catheter, rats were anesthetized by 1% to 3%
sevoflurane in oxygen, the skin on the lateral surface of the
thigh was incised, and a section made directly through the
biceps femoris muscle exposing the sciatic nerve and its
three terminal branches: the sural, common peroneal, and
tibial nerves. The common peroneal and the tibial nerves
were tight-ligated with 5/0 silk and sectioned distal to the
ligation, removing 2 to 4 mm of the distal nerve stump.
Great care was taken to avoid any contact with or stretching
of the intact sural nerve during the whole procedure. In
sham-operated animals, the sciatic nerve branches were
exposed but not lesioned. Animals that had undergone SNI
surgery and demonstrated vigorous mechanical and thermal
hypersensitivity effect of nerve injury were used for further
cell transplantation.
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Animal Grouping

For pain behavior tests, rats were randomly assigned to five
groups (10 in each group). Group 1 received neither SNI nor
injections and served as Sham group. Group 2 received SNI
but not i.t. injections and served as the SNI alone. Group 3
received SNI as well as i.t. transplanted with hTERT-BMSCs
cells. Groups 4 and 5 received SNI and i.t. with hTERT-
BMSCs/Tet-on/GAL cells. All animals were administered
Dox (2 mg/ml; Sigma, St. Louis, MO, USA) in drinking
water ad libitum except for group 4. For motor coordination
assessment, Sham and SNI rats with Dox drinking were sub-
divided into four groups (four in each) according to the dif-
ferent substance injected intrathecally, named as Sham + NS
+ Dox, Sham + hTERT-BMSCs/Tet-on/GAL + Dox, SNI
+ NS + Dox, and SNI + hTERT-BMSCs/Tet-on/GAL +
Dox group, respectively. Here, NS referred to normal saline.
In addition, for determination of GAL secretion levels from
cells in CSF, additional animals grafted with h TERT-BMSCs/
Tet-on/GAL cells were allocated into two groups (five in
each group) according to different dose and way of Dox
administration.

Motor Coordination Test

To exclude any further motor impairment that could possibly
be generated by the i.t. grafts, the Rotarod Motor test was
applied. This test consists of putting the rat on a rotary cylin-
der to measure the time of its equilibrium before falling. The
cylinder is subdivided into four sections, allowing screening
of four animals (one for each section) simultaneously. Below
the cylinder, there is a platform in its turn in correspondence
of the four sections, which is connected to a magnet activated
from the fall of rat on the plate, and records the time of per-
manence on the cylinder (Rota Rod Treadmills ZH-300,
Anhui Zheng Hua Biologic Apparatus Facilities Co., Ltd,
China). After a period of adaptation, the spin speed gradually
increased from 5 to 40 (rpm) for the maximum time of 5 min.
On the same day, the animals were analyzed twice with an
interval of 1 h. The residence time on the cylinder was
expressed as latency to fall (s)*.

Thermal and Mechanical Stimulation Tests

All animals were examined before SNI and 8 weeks after
SNI and transplants for hind paw withdrawal in response to
the stimulation. Thermal hyperalgesia thresholds were mea-
sured according to a previous method?!. Rats were placed on
a preheated glass platform within a plastic chamber. After
habituated for at least 2 h, the lateral plantar area was exposed
to a beam of radiant heat through a transparent perspex
surface (PL-200 thermal nociceptive stimulator, Chengdu
Techman Software Co., Ltd, Chengdu, China). The with-
drawal response latency to nociceptive heat stimulation and
the duration of withdrawal after the heat stimulation were

recorded to the nearest 0.5 s, with a cut-off time of 10 s. The
heat stimulation was repeated three times at an interval of 5
to 10 min for each paw, and the mean was calculated.

Mechanical allodynia thresholds were measured using a
Von Frey Hairs testing device (Aesthesio®, Ugo Basile,
Varese, Italy) for evaluating cutaneous sensation levels. Rats
were put in perspex enclosures placed on an elevated metal
platform with a mesh-like open wire grid of square holes 5 X
5 mm?, and the plantar surface of hind paw was stimulated
with a series of ascending forced von Frey filaments from 0
to a maximum of 25 g over a 20-s period. When the paw was
unexpectedly touched, rats exhibited a paw withdrawal
reflex. The force at which the animal withdrew its paw was
recorded to the nearest 0.1 g23.

M35 Challenge

Two weeks after transplantation, five rats grafted with
hTERT-BMSCs/Tet-on/GAL and Dox drinking (2 mg/ml)
were injected intrathecally with M35 (3 pg/kg)*, a putative
GAL receptor antagonist (Sigma, St. Louis, MO, USA), to
determine whether the analgesic efficacy was acted through
GAL receptors, while others in the same group were injected
with NS as control. To rule out non-specific effects on pain
processing of the antagonist, some rats in group 3 were also
injected with the same dose of M35. Thermal hyperalgesia
and mechanical allodynia were observed every 30 min until
90 min after injection.

Kinetics Analysis of GAL Secretion Under the
Dox Induction In Vivo

To determine the secretion levels of GAL peptide in the
grafted animals, 1 week after A TERT-BMSCs/Tet-on/GAL
cells transplantation, the grafted rats were administered
higher dose (2 mg/ml) or lower dose (1 mg/ml) of Dox in
drinking water at different predetermined times after trans-
plantation. Every week, 20-ul CSF samples were collected
through the polyethylene catheter placed in the animals’
subarachnoid space, and equal amounts of artificial CSF
prepared as described before were injected to substitute!,
The GAL levels in CSF were assayed via GAL enzyme-
linked immunosorbent assay (ELISA) kit (JM-E1001)
according to the manufacturer’s instructions (TSZ
Biological Trade Co. Ltd, NJ, USA) as described before'®.
Briefly, the CSF from the grafted animals was collected and
centrifuged at 1,000 rpm for 5 min at 4°C, and subsequently
incubated on a microplate precoated with a rat GAL mono-
clonal antibody for 45 min at 37°C (five wells for each).
After the second antibody conjugated with horseradish per-
oxidase (HRP) was added and bound to the captured GAL,
the HRP substrate TMB (tetramethylbenzidine) was added
to the wells. The OD450 was measured to generate a stan-
dard curve and calculate the GAL concentration using a
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microplate reader (Molecular Devices, Sunnyvale, CA,
USA). The secretion levels were standardized and expressed
in pg/ml of supernatant.

Determination of Lumbar Spinal GalR I, GalR2,
and p-PKMC Expression

Spinal dorsal horn (SDH) is an important part of mediating
nociceptive signaling and central sensitization?. It has also
been well recognized that nerve lesion induces change of
gene and protein expression of neuropeptides and receptors
in SDH corresponding to neuropathic pain induction®,
Thus, the GalR1, GalR2, and phosphor-protein kinase M
(p-PKMY{) expression levels in SDH were analyzed by
Western blot assay 8 weeks following nociceptive stimula-
tion tests. In short, rats were sacrificed with 5% isoflurane
anesthesia, and the lumbar spinal cord segments (L, )
(100 mg) in each group were harvested. The samples were
homogenized in 10 mM Tris-HCI buffer (pH 7.4) with pro-
tease inhibitors, and then centrifuged at 15,000 X g for 20
min, the supernatant were collected for Western blot assay.
After determining the protein concentrations of the superna-
tants, 50 mg protein of each sample was loaded onto the
10% SDS (sodium dodecyl sulfate) gel, separated by elec-
trophoresis and transferred to nitrocellulose membrane. The
membranes were blocked in blocking buffer (5% nonfat
milk) for 2 h at room temperature, and then incubated with
rabbit anti-p-PKM( (cat# CG1453) (1:400, Cell Applications
Inc., San Diego, CA, USA), rabbit anti-GalR1 (cat#
sc-16216) (1:500, Santa Cruz Biotechnology, Dallas, TX,
USA), rabbit anti-GalR2 (cat# sc-16219) (1:500, Santa Cruz
Biotechnology, Dallas, TX, USA) or rabbit anti—glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) (cat#TA-08)
(1:500, Beijing Zhongshan Golden Bridge Biotechnology
Co., Ltd., China) overnight at 4°C. After being washed three
times for 10 min with washing solution, an HRP conjugated
goat anti-rabbit antibody (1:300, Beijing Zhongshan Golden
Bridge Biotechnology Co., Ltd.) was added as the second-
ary antibody, and the blots were developed and visualized
by enhanced chemiluminescence of Western blotting detec-
tion kit on light sensitive film. For densitometric analysis,
the blots were scanned and quantified with GeneSnap V6.05
software (England). The protein levels were expressed as
the ratio of GalR1, GalR2, and p-PKM( to internal control
GAPDH. Each sample was measured three times, and the
average value was taken for statistical analysis.

Statistics

The data are expressed as the mean = SEM and analyzed
using SPSS 11.5 for Windows (Chicago, IL, USA). The nor-
mal distribution of all data was verified. If the normality test
is fail, the data were analyzed with non-parametric test. If
the normality test is pass, the two-way repeated-measures

analysis of variance (ANOVA) was used for the data (behav-
ioral test data), multiple comparisons were made between
the groups, and a simple effect test was made on the two
within-subject factors (time and groups) or analyze the data
by one-way ANOVA (the level of Gal, GalR1, GalR2, and
p-PKMJ). Student’s two-tailed ¢ test was used for analysis
of two independent samples. A P < 0.05 was considered
statistically significant.

Ethical Approval

This study was approved by the Regional Ethical Review
Boards in the First Affiliated Hospital of Sun Yat-Sen
University.

Results

Behavioral Response to Thermal and Mechanical
Stimulation After Intrathecal Transplantation of
Cells Into SNI Rats

The effects of transplanted cells on thermal hyperalgesia and
mechanical tactile allodynia after SNI are shown in Fig. 1A,
B. No abnormal behavioral change to the heat and mechani-
cal stimulus occurred in Sham group, and no decrease in
latency of withdrawal to the radiant heat stimulus (no heat
allodynia) was found in all groups during the whole observa-
tion period (data not shown). In contrast, 1 week after SNI
surgery, the animals in groups 2, 3, 4, and 5 refrained from
weight bearing on the affected paw and modified their stance
accordingly, with eversion of the foot. In addition, the dura-
tion of withdrawal in response to the heat stimulus in the
ligated hind paw increased significantly over the baseline
values; at the same time, a significant and vigorous hyper-
sensitivity to innocuous mechanical von Frey filament stim-
ulation was also seen after the same lesion and reached a
peak at about 2 weeks after SNI, which did not resolve
throughout the 8 weeks following the operation. However, as
compared with other groups, the marked hyper-responsive-
ness on thermal hyperalgesia and mechanical allodynia of
animals with Dox induction in group 5 were attenuated sig-
nificantly 1 week after cells grafted and persisted for at least
7 weeks. Meanwhile, their abnormal stance was relieved and
ameliorated a little after cells transplantation. In contrast,
transplantation of control cells had no effect on the hypersen-
sitivity to stimulation whether Dox was given or not.

Grafts on Motor Coordination and Daily Activities

The results showed the motor balance function of rats in the
Sham + NS and Sham + hTERT-BMSCs/Tet-on/GAL group
was not affected, reaching 30 s almost. Although the resi-
dence time of rats in SNI + NS and SNI + hTERT-BMSCs/
Tet-on/GAL group was markedly shorter than that in Sham
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Figure |. Behavioral changes in response to noxious thermal (A) and mechanical stimulation (B) before and after SNI and cell
transplantation. Animals were either left unoperated Sham (group | [-®-]), given the SNI (group 2[-B-]), or SNI as well as cell
transplantation with hTERT-BMSC:s cells (group 3[-A-]) or hTERT-BMSCs/Tet-on/GAL cells (group 4[-V -] and group 5[-O-]) | week
following the SNI. All animals were administered Dox except for group 4. The data reported are mean = SEM. GAL: galanin; hTERT-
BMSC: human telomerase reverse transcriptase—-immortalized bone marrow mesenchymal stromal cell; SNI: spared nerve injury.
Asterisks (*) indicate the animals in group 5 that differed significantly from the other groups at each time point (P < 0.05).

group after NS or cell injection, there was no significant dif-
ference between these two groups, indicating that cell trans-
plantation had no effect on the motor balance and coordination
of rats, once intrathecally injected (Fig. 2). Moreover, no
autotomy or body weight loss was observed; the animals’
grooming, sleep—wake cycles, and social interaction with
other rats in the cage were not obviously affected after cells
grafted.

Effects of M35 on Antinociceptive Effects of
GAL Secreted From Grafts

The antinociceptive effects of group 5 were antagonized by
an i.t. injection of M35 2 weeks after SNI and transplantation,
while no effect occurred with N'S administration. The reversal
effects of M35 were temporary and behavior returned to pre-
M35 levels within 90 min after injection (Fig. 3A, B). No
animal in group 3 showed further abnormal sensory or motor
dysfunction after i.t. administration of M35.

Regulation of GAL Expression in CSF by Dox
In Vivo

To determine the fluctuating expression of GAL and regula-
tion efficacy of Dox in hTERT-BMSCs/Tet-on/GAL-grafted
animals, Dox was administered and eliminated from drink-
ing water over the course of 8§ weeks. Similar levels of early
leakiness were observed in all animals (lower dose group:
3.72 = 0.69 ng/ml; higher dose group: 4.11 = 0.21 pg/ml)
post-grafting. Animals in the higher dose of Dox had an
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Figure 2. The effects of cell transplantation on performance

in the Rotarod test. Sham and SNI animals were either injected
NS (Sham + NS[-®-], SNI + NS[-A-]) or hTERT-BMSCs/
Tet-on/GAL cells (Sham + hTERT-BMSCs/Tet-on/GAL[-B-],

SNI + hTERT-BMSCs/Tet-on/GAL group[-O-]). Intrathecally
administration of cells (10°) to Sham or SNI rats had no effects on
motor function when compared with vehicle (NS) treated rats.
Values are expressed as mean = SEM of the latency (s; n = 4 rats/
group). GAL: galanin; hTERT-BMSC: human telomerase reverse
transcriptase—immortalized bone marrow mesenchymal stromal
cells; NS: normal saline; SNI: spared nerve injury.

significant increase in GAL levels when 2 mg/ml Dox was
administered to their drinking water. The GAL expression
reached a maximum level on the second week after Dox
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Figure 3. The effects of M35 on thermal withdrawal duration (A) and mechanical withdrawal threshold (B). SNI animals grafted with
hTERT-BMSCs ([-A-]) or hTERT-BMSCs/Tet-on/GAL ([-B-]) cells were intrathecally injected with M35 2 weeks after transplantation,
while other SNI animals grafted with hTERT-BMSCs/Tet-on/GAL cell were injected with NS as control ([-®-]). Values are expressed
as mean £ SEM (n = 5 rats/group). GAL: galanin; hTERT-BMSC: human telomerase reverse transcriptase—immortalized bone marrow
mesenchymal stromal cell; NS: normal saline; SNI: spared nerve injury. Asterisks (*) indicate the animals in that group differed
significantly from the other two groups at these time points (P < 0.05).

induction (15.00 = 1.41 pg/ml), but dropped to that of con-
trols after Dox was withdrawn. In contrast, when animals
with lower dose of Dox were subsequently exposed to an
intermediate dose of Dox (1 mg/ml), GAL levels in CSF also
showed the same expression characteristics, but the peak
level (7.87 £ 0.27 pg/ml) was less than that of higher dose

(Fig. 4).

Western Blot for GalR 1, GalR2, and p-PKMC
Expression in Lumbar SDH

The results showed that GalR1 protein levels increased
markedly in spinal cord 8 weeks after SNI injury as com-
pared with that in sham-operated control animals, while the
GalR1 levels in group 5 were significantly higher than that in
other groups (P < 0.01) (Fig. 5A). GalR2 levels also
increased apparently after SNI injury as compared with that
in Sham group at the same experimental time point (Fig. 5B),
but GalR2 levels in groups 3, 4, and 5 were slightly lower
than that in group 2 (P < 0.05); no significant difference was
found among them. In addition, the level of p-PKM( expres-
sion in spinal cord was significantly higher after SNI than
that in sham-operated control group (P < 0.01), while
p-PKMC levels in group 5 showed significantly lower than
that in other groups except for Sham group (Fig. 5C). These
results implied that GAL released from transplanted cells
under the Dox induction could produce antinociceptive effect

—— SNKHhTERT-BMSCs/Tet-on/GAL+ Dox(2mg/ml)
20- —— SNKhTERT-BMSCs/Tet-on/GAL+ Dox(1mg/ml)

(ug/mL)

Concentration of GAL in CSF

3 4 5 6 7 8

o
-
N

Weeks Post-grafting

Figure 4. Regulation of GAL secretion with different dose of
Dox treatment. Some rats in the SNI + hTERT-BMSCs/Tet-on/
GAL + Dox (2 mg/ml) group(-M-) were administered Dox (2
mg/ml) in drinking water from the first to the fourth week after
cell transplantation and then removed, while other rats in the

SNI + hTERT-BMSCs/Tet-on/GAL + Dox (I mg/ml) group

(-®-) were administered with Dox (I mg/ml) from the fourth

to the sixth week after transplantation and then withdrawal. All
animals were observed for 8 weeks. Values are expressed as
mean * SEM (pg/ml in CSF, n = 5 rats/group). CSF: cerebrospinal
fluid; GAL: galanin; hTERT-BMSC: human telomerase reverse
transcriptase—immortalized bone marrow mesenchymal stromal
cell; SNI: spared nerve injury. Asterisks (*) indicate the animals in
higher dose of Dox differed significantly from those in lower dose
at these time points (P < 0.05).
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Figure 5. Western blotting assays for lumbar spinal GalR |, GalR2, and p-PKM( expression. Eight weeks after SNI, the protein level
of GalR| increased dramatically than that of the sham-operated animals, while it was significantly higher in those rats transplanted
with hTERT-BMSCs/Tet-on/GAL cells and Dox induction (group 5) (*P < 0.05) (A). GalR2 levels also increased obviously after SNI
than that in the group | (*P < 0.05), but the increase degree was slighter in groups 3, 4, and 5 with cell transplantation, and there
was no significant difference among them regardless of Dox given (**P > 0.05) (B). The level of p-PKM( expression in spinal cord was
also significantly higher when compared with sham-operated animals (*P < 0.01), but the increment of which was obviously smaller in
group 5, there was no significant difference among groups 2, 3, and 4 (**P > 0.05) (C). Samples in different lanes starting from the left
represented as lane |: Sham + Dox; lane 2: SNI + Dox; lane 3: SNI + hTERT-BMSCs + Dox; lane 4: SNI + hTERT-BMSCs/Tet-on/
GAL; lane 5: SNI + hTERT-BMSCs/Tet-on/GAL + Dox. The columns represent the densitometric quantitation of immunoreactive
protein expressed relative to control GAPDH and plotted as a histogram. GAL: galanin; GAPDH: glyceraldehyde 3-phosphate
dehydrogenase; hTERT-BMSC: human telomerase reverse transcriptase—immortalized bone marrow mesenchymal stromal cell; p-PKMZ:

phosphor-protein kinase ME; SNI: spared nerve injury.

by inhibiting PKM{-mediated central sensitization via acti-
vating inhibitory receptor GalR1 but not GalR2.

Discussion

The current treatment options for neuropathic pain due to
nerve injuries are limited and largely unsatisfactory. The
combination of ex vivo gene transfer and stem cell-based
transplantation is becoming a promising strategy for the
treatment of neurodegenerative diseases and traumatic
injuries. The use of cell lines as vehicles to deliver control-
lable antinociceptive molecules, such as GAL, into the
pain-processing centers to balance the excitatory and inhib-
itory systems represents a newly developed technique for
pain therapy. In our previous study, using a single Tet-on
inducible lentivirus system, a hTERT-BMSCs/Tet-on/GAL
cell line with controllable GAL release was constructed and
displayed low background activity coupled with high
inducibility in the presence of inducer Dox in a dose-depen-
dent manner in vitro'®. Therefore, in this present study, it is
confirmed that subarachnoid transplantation of hTERT-
BMSCs/Tet-on/GAL cells into SNI-induced neuropathic
rats could produce controllable pain relief. This strategy is
the first promising step toward a novel hTERT-BMSCs-
based “regulable biological minipumps” for pain therapy.

Neuropathic pain caused by a lesion or disease of the
somatosensory nervous system is a common chronic pain
condition, which is often characterized by hyperalgesia and
allodynia to mechanical and thermal stimuli, as well as spon-
taneous pain®’. The advance in the treatment of pain has been
greatly benefited from the development of animal models that
reflect the same element of pain syndromes in human. Several
attempts have been made to model partial nerve injury, such
as the Bennett chronic constriction injury model and the
Chung spinal nerve ligation model. However, the degree of
damage in these cases is inherently difficult to reproduce
leading to some variability in the number of responders and
their behavior?®. In addition, although most animal models
find a reduction in the withdrawal latency to heat stimulus,
this is not a typical feature in patients with neuropathic pain
and is generally considered to indicate a change in sensitivity
of peripheral nociceptor rather than a change in the overall
excitability of the somatosensory system?’. Fortunately, an
alternative approach, the SNI model, was recently developed
by Decosterd and Woolf?!. This surgical procedure is easy to
perform and reproduce, involving a lesion of two of the three
terminal branches of the sciatic nerve (tibial and common
peroneal nerves, leaving the sural nerve intact), which enables
investigation of changes in both injured primary sensory
neurons and neighboring intact sensory neurons, and their
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contribution to the pathophysiology of neuropathic pain. The
constellation of symptoms, mechanical allodynia, mechanical
hyperalgesia, no change in thermal heat threshold, and a
hyper-responsiveness to a supra-threshold heat stimulus
found in SNI model, is representative of many of the symp-
toms encountered in human patients with neuropathic pain®.
Thus, the SNI animal model was introduced in the present
study; it has been proved to be robust, with substantial and
prolonged changes in mechanical sensitivity and thermal
responsiveness developed within the first weeks after the
insult and preserved for at least 2 months, which could pro-
vide a useful model for identifying the efficacy of this new
treatment method.

It has been demonstrated that neuropeptide GAL is upreg-
ulated after injury in the SDH where it plays a predominantly
antinociceptive and gatekeeper role in the inhibition of neu-
ropathic pain>?. Because of the relationship of the prepro-
galanin gene to GAL production and the activation of GAL
through its receptors in the central nervous system (CNS)*!,
we introduced the GAL gene into hTERT-BMSCs as a poten-
tial treatment for chronic neuropathic pain and found GAL
released from the grafted genetically modified BMSCs in
subarachnoid space has a similar profile to endogenous GAL
and attenuates chronic neuropathic pain. When animals
grafted with hTERT-BMSCs/Tet-on/GAL cells were admin-
istrated with Dox in their drinking water, the analgesia effect
was significantly better than that without Dox given, the
effect lasted over a 7-week period in a Dox-controllable
manner. Kinetic tests on GAL secretion from hTERT-
BMSCs/Tet-on/GAL cells also showed the preprogalanin
gene activation could be switched on and off under the tran-
scriptional control of an inducer Dox in vitro. Moreover, to
exclude any further motor coordination impairment that
could possibly be generated by cells injection, we applied the
Rotarod test to compare SNI + hTERT-BMSCs/Tet-on/GAL
with SNI + NS treated rats. Although SNI rats proved to be
less able to walk and shorter residence time in respect to
Sham rats, there is no significant difference in motor coordi-
nation outcome for these SNI rats with or without transplant
(Fig. 3), implying that neither the administration procedure
nor stem cells injection modified motor coordination.

Sensory hypersensitivity followed by peripheral nerve
injury is caused by the hyper C-fiber activity and sensitiza-
tion of CNS, especially in SDH?"-28, The superficial layers of
SDH receives strong input from thin primary afferent fibers
and is involved in nociception, pain, temperature sensing,
and other experiences>. After i.t. transplantation, GAL
secreted from the grafted cells mainly diffuses directly into
the superficial neurons in the SDH. Although the fate of
transplanted cells in the i.t. space was not detected in our
present study, the long-term analgesia effects and fluctuating
secretion of GAL by daily Dox administration from cell-
grafted animals suggest transplanted hTERT-BMSCs/Tet-on/
GAL cells may maintain survival and continuous secretion
of GAL peptide for a long time.

Recently, a modified version of chimeric peptide M35
(galanin[1-13]-GIn14-bradykinin [2-9] amide) was reported
as a novel GalR1-selective ligand, where a glutamine intro-
duced at position 14 contributes to the molecule’s observed
25-fold selectivity for GalR1 over GalR2*. Although M35 is
a full agonist in vitro, specifically in cell lines expressing
individual GAL receptor subtypes, it is only in vivo that acts
as antagonists in many experimental models such as the
flexor reflex and chronic constriction injury rat***2, In the
absence of endogenous GAL in the GAL-knockout mouse,
M35 has an agonistic effect, whereas in the presence of GAL,
its agonistic activity is masked and it acts as an antagonist®>.
Therefore, as found in group 5, animals had a significant
increase of GAL levels in CSF after hTERT-BMSCs/Tet-on/
GAL cells grafted and displayed pronounced analgesic
effects under the Dox induction, that were partially reversed
by the i.t. injection of M35, further implying that these anti-
hyperalgesic responses are mainly mediated by the exoge-
nous GAL release from grafted cells.

Extensive research has examined the role of GAL and its
receptors in the regulation of pain processing. In the rat spi-
nal cord, many intrinsic neurons in laminae I and II express
GalR1-R mRNA, with some neurons in laminae III to V,
whereas only a few neurons express GalR2 mRNA in the
dorsal horn**. Studies have shown that nerve injury induces
complex plasticity of Gal, GalR1, and GalR2 expression in
DRG and SDH neurons, which play a crucial role in neuro-
pathic pain and nerve regeneration®*-¢, Consistent with these
results, in our previous study, SNI caused a significantly
upregulation of endogenous GAL in SDH; this change might
be a compensatory effect, indicating that GAL upregulation
after peripheral nerve injury could be considered as a trans-
form of normal neuronal sensory conduction state to a pro-
tection and regeneration one!'?. Besides the dramatic change
and important role of GAL after nerve injury, another very
interesting question is whether and how GAL receptors
change in this condition. Although the precise actions of
GAL and its receptor subtypes in nociception and the exact
sites of action have not yet been fully clarified, more and
more evidence indicates that GalR1 may mediate the analge-
sic response in chronic pain, while GalR2 mediates the
hyperalgesic effect’’*®. In our present study, GalR1 and
GalR2 expression was upregulated in lumbar spinal cord
after SNI injury at the same experimental time point, whereby
GalR1 expression levels in SNI animals with hTERT-
BMSCs/Tet-on/GAL cells injected under Dox induction
(group 5) showed significant higher as compared with other
control groups. GalR1 has been confirmed to predominately
locate in postsynaptic membrane®. The effect of GalR1
increasing by exogenous GAL may be an activator/receptor
positive feedback just like the other receptor adaptive reac-
tion. Except for inhibition of active neuropeptide release,
activation of GalR1 may also reduce excitability of glutama-
tergic interneurons in SDH*. The inhibitory role perhaps
mainly results from inhibition of cAMP production mediated
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by Gi-coupled GalR1 on intrinsic dorsal horn neurons. In
contrast to GalR1, only couple to Gi protein, GalR2 can also
activate Gg/11 protein leading to more complex functions*!.
Many studies pay close attention to neuroprotective and neu-
ronal trophic effect of GAL conducted by GalR2*2. In our
present study, the GalR2 levels in the spinal cord were also
upregulated, which may make the increasing GAL acts as
neurotrophy more effective after SNI. However, compared
with SNI alone group, the levels of GalR2 expression
decreased in SNI animals after cells transplant, and the
GalR2 level of animals in group 5 just showed slightly lower
than that in these groups even if under Dox induction, indi-
cating that inhibiting excitatory receptor GalR2 may play a
little antinociceptive effect in terms of pain behavioral
changes. In short, the upregulation GalR1 in SDH makes this
effect more potent after nerve injury, emphasizing the antino-
ciceptive effects of GAL released inducibly from hTERT-
BMSCs/Tet-on/GAL cells on pain may be mainly mediated
through GalR1 rather than GalR2. However, its exact down-
stream molecular mechanism is unclear.

Intracellular protein kinases play a significant role in the
processing and development of chronic pain, and late long-
term potentiation (L-LTP) in nociceptive spinal pathways
shares several common features with hyperalgesia and cel-
lular mechanism of pain amplification in acute and chronic
pain®. Protein kinase M¢ (PKMJ(), an atypical protein kinase
C, is an essential substrate of the L-LTP underlying central
sensitization, which is also considered as one mechanism for
memory formation; PKM( lacks a regulatory region and has
the potential to maintain autonomous activity over extended
periods of time once it is translated and phosphorylated
by phosphoinositide-dependent protein kinase 1%. Protein
kinase M{ was first recognized as a constitutively active
kinase that may play a role in the maintenance of L-LTP.
These factors represent the molecular engine and substrate
for the maintenance of L-LTP and long-term pain memory*.
Although there are some differences between memory recon-
solidation and pain maintenance, it is possible that these pro-
cesses share at least some of the same underlying cellular
and molecular mechanisms***’. However, the potential con-
tributions of exogenous GAL to PKM( in chronic pain state
are not known. To this end, we conducted this experiment to
detect the possible variation of spinal p-PKM( to SNI and
hTERT-BMSCs/Tet-on/GAL grafts. Western blot assay data
showed that the spinal p-PKM( protein expression level was
increased significantly in the SNI animals 8 weeks later,
while its levels in animals grafted with hTERT-BMSCs/
Tet-on/GAL cells and Dox induction (group 5) showed sig-
nificantly lower than that in other control groups. These
implied the sustaining hypersensitivity after SNI insult para-
digm may be paralleled with the spinal PKM( phosphoryla-
tion. Galanin released from the transplanted cells under the
Dox induction could produce antinociception induced by
GalR1 via inhibiting PKMC signaling pathway in the SDH of
rats with neuropathic pain. These data offer a new point of

view on the antinociceptive effects of GAL and its receptor
signaling system.

Despite significant differences in GAL secretion from
transfected cells observed in the presence and absence of
Dox, some weak residual gene expression or leakiness in
this system still remained in the off state in both vitro'® and
vivo experiments, reflecting the unexpected translation in
transduced cells in the absence of Dox. But fortunately,
there was a sensitive and effective induction of expression
upon Dox administration observed in this ex vivo study.
Leakiness of the Tet system is an often-reported phenome-
non that could limit its use in certain applications. Although
our findings show significant differences in GAL secretion
and analgesic effects of hTERT-BMSCs/Tet-on/GAL cells
in the presence and absence of Dox, further research is nec-
essary to improve the system. In addition, the action site of
injected cells (cord vs brain stem) and deleterious effects,
such as chronic arachnoiditis, in transplanted animals after
longer periods of time should be included in the scope of
future studies. Furthermore, we also believe that tracking
the cells post-implantation is very important. Knowing the
fate of the transplanted cells, how they distribute, and their
survival/grafting rate may have a major impact not only for
this study but can also provide valuable insight into the
potential use for multiple applications.

Conclusion

Taken together, using a single tetracycline-inducible lentivirus
delivery system, hTERT-BMSCs/Tet-on/GAL cells have been
engineered, which can release GAL under the control of an
inducer Dox in a dose-dependent manner. When grafted into
the SNI neuropathic rats, these inducible GAL-producing cells
produced significantly controllable pain relief via activation of
GalR1 but not GalR2, and inhibition of PKM( activation
mediated central sensitization as well, suggesting transplanta-
tion of such BMSCs-based “biological minipumps” for GAL
expression regulated by a Tet-on system within the CNS may
be developed as an adjunct to currently used therapies for pain,
but further research is necessary to improve this promising
technique for pre-clinical application.
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