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Abstract

neurons.

factors resulting in microglial P2X4R downregulation.

Background: Neuropathic pain is one of the most debilitating of all chronic pain syndromes. Intrathecal (i.t) bone
marrow stromal cell (BMSC) injections have a favorable safety profile; however, results have been inconsistent, and
complete understanding of how BMSCs affect neuropathic pain remains elusive.

Methods: We evaluated the analgesic effect of BMSCs on neuropathic pain in a chronic compression of the dorsal
root ganglion (CCD) model. We analyzed the effect of BMSCs on microglia reactivity and expression of purinergic
receptor P2X, (P2X4R). Furthermore, we assessed the effect of BMSCs on the expression of transient receptor
potential vanilloid 4 (TRPV4), a key molecule in the pathogenesis of neuropathic pain, in dorsal root ganglion (DRG)

Results: |.t. BMSC transiently but significantly ameliorated neuropathic pain behavior (37.6% reduction for 2 days).
We found no evidence of BMSC infiltration into the spinal cord parenchyma or DRGs, and we also demonstrated
that intrathecal injection of BMSC-lysates provides similar relief. These findings suggest that the analgesic effects of
i.t. BMSC were largely due to the release of BMSC-derived factors into the intrathecal space. Mechanistically, we
found that while it. BMSCs did not change TRPV4 expression in DRG neurons, there was a significant reduction of
P2X4R expression in the spinal cord microglia. BMSC-lysate also reduced P2X,R expression in activated microglia

in vitro. Coadministration of additional pharmacological interventions targeting P2X4R confirmed that modulation of
P2X,4R might be a key mechanism for the analgesic effects of i.t. BMSC.

Conclusion: Altogether, our results suggest that i.t. BMSC is an effective and safe treatment of neuropathic pain
and provides novel evidence that BMSC's analgesic effects are largely mediated by the release of BMSC-derived

Keywords: Neuropathic pain, Bone marrow stromal cells, P2X4R, TRPV4

Introduction

Neuropathic pain is a common and debilitating mani-
festation of various peripheral nerves diseases [1, 2].
Despite the obvious need for effective interventions,
neuropathic pain remains a pressing clinical problem
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owing to the limited efficacy of available drugs and poor
understanding of its pathophysiology [3, 4]. Bone mar-
row stromal cells (BMSCs), known to exhibit immuno-
modulatory properties [5, 6] and attenuate tissue
damage caused by the excessive inflammation [5, 7], are
especially promising as a candidate for novel therapies
[4, 7-10]. Intravenous and local injections (into ventricle
space or dorsal root ganglion, DRG) of BMSCs have
been shown to ameliorated pain hypersensitivity in vari-
ous models of neuropathic pain [8—11]. However, while
clinical trials of BMSCs have shown no major adverse
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events over the past 10years [7, 12], systemic BMSC
therapy can lead to potentially lethal microemboli of
BMSCs into the pulmonary circulation [10]. Moreover,
local injection of BMSCs can also result in traumatic
nerve damage [13]. Given these concerns with intraven-
ous and local administration of BMSCs, the safety and
efficacy of intrathecal (i.t.) delivery of BMSC have been
explored and investigated. To date, results have sug-
gested that i.t. delivery of BMSC into thoracic and lum-
bar spinal cerebrospinal fluid (CSF) features a favorable
safety profile as it has higher tissue-specificity, less sys-
temic side effects, and smaller dose requirements as
measured by the total number of implanted cells [9, 14,
15]. However, in the context of neuropathic pain, effi-
cacy results of it. BMSC have been variable, ranging
from a significant improvement in symptoms for several
weeks [9] to negligible behavioral changes [14, 15].
These conflicting results might be due in part to the lack
of a thorough understanding of how BMSCs act to alle-
viate neuropathic pain, thereby resulting in sub-optimal
experimental designs to investigate its efficacy. Thus,
further investigation into BMSCs’ mechanism is needed
to fully optimize its analgesic application.

The mechanisms of neuropathic pain are immensely
complex, involving both structural and functional changes
throughout the nociceptive pathways, spanning the entire
nervous system from the site of peripheral nerve injury to
the DRG, spinal cord, and brain [16, 17]. The immune sys-
tem plays a major role in neuropathic pain, with multiple
reports suggesting that spinal cord microglia, the principal
central nervous system immune cells responsible for sur-
veillance, support, protection, and restoration of tissue in-
tegrity [18], interact extensively with spinal cord neurons
and are critical for initiation and chronicity of hypersensi-
tivity associated with neuropathic pain [17-23]. More spe-
cifically, a subtype of ionotropic ATP receptor (purinergic
receptor P2X4, aka P2X,R) expressed in microglia is
thought to play an especially important role in the patho-
genesis of pain hypersensitivity [24, 25]. Reports have
demonstrated that stimulation of microglia P2X,R initi-
ates core pain signaling pathways, leading to phenotypic
switches in the response properties of nociceptive (pain-
transmitting) neurons in lamina I [3, 20, 26]. Thus,
interventions targeting spinal microglia and aborting
microglia-induced local neurobiological alterations may
hold the key to more effective therapies for neuropathic
pain 21, 23, 26-28].

While both BMSCs and microglia are known to impact
neuropathic pain, whether the mechanism of BMSC ther-
apy involves microglia regulation remains largely un-
known. We hypothesized that BMSC transplantation
attenuates neuropathic pain induced by chronic compres-
sion of dorsal root ganglion (CCD), and that BMSC'’s
effect on neuropathic pain is associated with microglia. To

Page 2 of 15

explore the mechanism of and provide critical insight into
BMSC therapy for optimization and clinical translation,
we investigated the analgesic effect of it. injection of
BMSC in a CCD model in rats, studied the microglial re-
action in response to CCD and BMSC, and explored
interactions between BMSCs and microglia.

Methods

Animals and surgical procedure

The overall design for experimental procedures is out-
lined in Fig. 1. Male Wistar rats (bodyweight 180-200 g;
Shandong University Lab Animal Center, Jinan, China)
were housed individually in plastic bottomed cages
containing wood shaving as bedding. The room was
temperature-controlled (23 + 2°C), with a maintained
relative humidity of 40-60% and a 12:12h light-dark
cycle (lights on at 07:00 AM). Rats were fed a standard
laboratory diet of rat chow pallets; food and water were
available ad libitum. All animal procedures were
reviewed and approved by the Chinese Institutional
Animal Care Committee of Shandong University and
were carried out in accordance with the Helsinki
declaration. All efforts were made to minimize the
number of animals used and their suffering.

The CCD model was established with intervertebral
foramen stenosis, which is achieved via an approach as
previously described [29-31]. Briefly, under pentobar-
bital sodium anesthesia (50 mg/kgi.p.), the right trans-
verse process and intervertebral foramina of L4 and L5
were exposed unilaterally. Two stainless steel L-shaped
rods (0.63mm in diameter and 4 mm in length) were
inserted into each foramen. The incision site was su-
tured in layers and penicillin was injected intraperitone-
ally to prevent infection. The sham group underwent the
same surgical procedure with the exception of rod inser-
tion. Correct placement of the rods was confirmed dur-
ing DRG harvesting. All surgeries were performed by the
same surgeon (YBT) to ensure consistency and the total
procedural time was kept under 2 min for each animal.

Behavioral testing

Walk gait pattern was assessed as an index of motor
function [32] on postoperative day 2 for all animals (1 =
80). Only rats scoring 1, which indicates a normal gait,
were used in following experimental procedures and
other animals (n = 5) were euthanized. For nociceptive
behavior testing, animals were placed in individual Plexi-
glas cubicles (15cmL x 10cm W x 25cm H) on a wire
mesh platform and habituated to the surroundings for
30 min. Mechanical allodynia was measured as the num-
ber of hind paw withdrawals elicited by a defined in-
nocuous mechanical stimulus (12 g von Frey filaments)
[33] before surgery and on days 2, 4, 6, 8, 10, 14, 21, and
28 post-surgery. In each testing session, rats were
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Fig. 1 Experimental design for in vivo experiments. BMSC, bone marrow stromal cells; CCD, chronic compression of dorsal root ganglion.
(@) Animal experiment design and procedures; (b) BMSCs were injected into CCD rats to mitigate neuropathic pain. (c—f) Multimodal evaluations
of neuropathic pain after BMSC transplantation including behavioral tests (c), in vivo imaging (d), immunohistochemistry (e), and Western blot (f)
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subjected to three rounds of 10 tactile stimulations with
at least 10 min between rounds. Licking was also mea-
sured during the mechanical stimulation of the hind
paw, which has been cited as hyperalgesia behavior and
is associated with an aversive experience in the context
of neuropathic pain [22]. Motor coordination was mea-
sured by accelerating rotarod (Yuyan Instruments Co.,
Ltd., Shanghai China) before and after it. delivery of
BMSC. For all behavioral analyses, the observer was
blinded to the injury type and treatment conditions of
the rats.

Cell culture

Rat BMSC isolated from the bone marrow of 4-week-
old donor Wistar rats were obtained from ScienCell
Research Laboratories (Lot No. 8567). According to
the vendor, these were frozen at the fourth passage,
and express flow-cytometry cell surface marker CD29,
CD44, CD90, and CD106 (> 70%) but negative for
CD11b, CD34, and CD45 (< 5%). Their ability to
differentiate into osteocytes, adipocytes, and chon-
drocytes has been experimentally validated. We,

therefore, used the cells for subsequent experiments
without further characterization. Cells were cultured
in low glucose Dulbecco’s modified Eagle’s medium
containing 1g/L  glucose (DMEM-LG, Hyclone,
Beijing, China) supplemented with 10% fetal bovine
serum (FBS, Gibco, Australia) and antibiotic-
antimycotic mixture (100 IU/mL penicillin, 16 pg/mL
streptomycin, and 10 pg/mL amphotericin B), and
were maintained at 37°C in a 5% CO, incubator
(SANYO Electric Co., Ltd., Japan) in fully humidified
air. The medium was refreshed every 2 days, and ad-
herent BMSCs were grown to 90% confluence and
passage 6 was used for in vivo study.

Fibroblast cultures were prepared from the dorsal skin
of postnatal day 1 Wistar rats as described previously
[34]. The cell pellet was resuspended and cultured at
37°C under 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, USA) with L-glutamine (2
mM), 10% fetal bovine serum (FBS; Gibco, USA), peni-
cillin (100IU/mL), and streptomycin (100 mg/mL)
(Thermo, USA). Cell passage 4 was used for the
following experiments.
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Rat primary cultured microglia were prepared from
postnatal (P1-P3) Wistar rat for 10—14 days as described
previously [35]. Microglia were separated by gentle
shakes of the mixed glial culture at 14—15 days in vitro
and transferred to appropriate dishes coated with or
without fibronectin (FN, 10 pg/mL; Sigma, St. Louis).
Primary microglia were incubated with BMSC (one
million/dish) lysate or PBS for 24h at 37°C and then
used for further experiments and analyses.

Intrathecal transplantation of cells

Previous studies have shown that intrathecal
catheterization causes an upregulation of spinal cytokine
IL-6 [33], so, we adopted direct percutaneous i.t. injec-
tions for the transplantation of cells. Under isoflurane
anesthesia (2% supplied with oxygen), a HAMILTON
microsyringe (25 pL) was slowly advanced through the
L4-L5 interspace until it reached the subarachnoid
space. Needle placement in the subarachnoid space was
confirmed by a tail flick.

For cell tracking, BMSCs were first labeled by chlor-
omrthylbenzamido (CelltrackerTM CM-Dil; C7000).
Cell numbers were counted by a cell counter and cell
concentration was adjusted to 10°/15pL. The dose of
BMSC was determined based upon prior investigations
and permits the delivery of a large number of cells in a
minimal volume without cell clustering [15]. One dose
of cells (15uL) was slowly injected within 5min at an
interval rate of 3 pL/min. For the control group, skin fi-
broblasts were delivered instead of BMSC with identical
dose and delivery. Injections were performed twice on
postoperative days 4 and 5.

For microglia investigations, primary microglial cells
were cultured with or without BMSC-lysate for 24 h.
Immediately prior to administration, cells were stimu-
lated with ATP at 50 uM and incubated for 1h at
37°C [22, 25]. Microglial cells with the supernatant
(10,000 cells/10 uL) were then injected intrathecally to
normal rats, and behavioral analyses were conducted
directly before and 5h after injection.

Tracking and relocalization of BMSC

Tracking of BMSCs was performed using the IVIS
imaging system (IVIS; Caliper Life Sciences). On 6
and 14 days after CCD (or 1 and 9 days after the last
i.t. injection of BMSC), animals were anesthetized by
isoflurane. To facilitate the detection of grafted cells,
the skin, spinous process, and vertebral plate at T12—
S1 level, which collectively shelter the effective detec-
tion of CM-Dil signals, were removed. A grayscale
reference image was taken of the position of rats
prior to assessing fluorescence intensity. The grayscale
photographic and fluorescent images were superim-
posed using the Living Image V 4.2. Pseudocolor
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images representing the fluorescence signal intensity
(crimson being the least intense and yellow being the
most intense). To detect the re-localization of injected
BMSC, spinal cords and DRGs were embedded in
OCT compound; 8-um-thick sections were cut with a
cryostat at — 20°C (light-tight). The slices of spinal
cords and DRGs were counterstain with DAPI for
nuclei and then analyzed under a fluorescence micro-
scope directly.

Tissue collection

At predetermined end times, rats were deeply anesthe-
tized with pentobarbital sodium (Nembutal, 50 mg/kg
i.p.) and perfused transcardially with cooled (4°C) PBS
followed by preparation for either immunohistochemis-
try (IHC) or Western blot. Immediately after perfusion,
the spinous process and vertebral plate were removed,
and the spinal cord was isolated carefully and post-fixed
overnight [32]. For immunohistochemistry, the tissues
were dehydrated and paraffin infused. For Western blot,
the lumbar enlargement was isolated, and ipsilateral and
contralateral sides were separated using the ventral
fissure as a reference. Spinal cords and DRGs were
stored in microtubes at — 80 °C until analysis.

Western blot

Western blot was performed using standard protocols as
previously described [32]. Briefly, the protein of spinal
cords and cultured microglia were separated on a 10%
SDS-polyacrylamide gel electrophoresis gel, blotted to a
nitrocellulose membrane (0.45um), and incubated over-
night at 4 °C with rabbit anti- transient receptor poten-
tial vanilloid 4 (TRPV4) antibodies (1:700, Abcam,
Shanghai, China) and rabbit anti-P2X,R antibodies (1:
800, Abcam, Shanghai, China). The membrane was
washed with TBST and incubated with anti-rabbit IgG
(1:8000, ZSGB-BIO, Beijing, China); immunoreactivity
was detected using enhanced chemiluminescence
(Millipore, Beijing, China). GAPDH served as a loading
control. Band intensities were quantified by Image ]
software [36] and the protein levels were expressed as a
ratio of the intensity of the detected band over the
respective controls.

Immunohistochemistry

A series of 5-um paraffin sections were cut using a ro-
tary microtome. Staining was performed by the standard
protocol as previously described [32, 36]. After washing,
sections were immunolabeled with the primary anti-
bodies of rabbit polyclonal P2X4R (1:300, Abcam, Shang-
hai, China), mouse monoclonal OX42 (1:400, Abcam,
Shanghai, China), rabbit polyclonal TRPV4 (1:200,
Abcam, Shanghai, China), and BSA for negative control.
The images of the labeled sections were captured and
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examined using an Olympus-DP72 automated research
microscope and analyzed using IPP.6.

Statistical analyses

All data are presented as mean + SEM and differences
between groups were examined for statistical signifi-
cance using generalized linear models repeated measures
followed by LSD post hoc test correcting for multiple
comparisons, one-way factorial analysis of variance
(ANOVA), or Student’s ¢ test. Significant differences are
indicated if P values were below 0.05. The above tests
were conducted using SPSS software version 17.0 (SPSS,
Chicago, IL, USA). GraphPad Prism software version
5.00 (GraphPad Software, San Diego, CA, USA) was
used for data representation.

Results
Intrathecal delivery of BMSC leads to a strong and
transient reduction of CCD-induced mechanical allodynia
Thermal hyperalgesia and mechanical allodynia act
through different signaling systems. To simplify our ex-
perimental model, we sought to determine the effect of
BMSC on mechanical allodynia. Tactile allodynia, a form
of mechanical allodynia and a hallmark of neuropathic
pain, is defined as abnormal pain hypersensitivity evoked
by innocuous stimuli [2]. To validate the effect of i.t. ad-
ministration of BMSC on neuropathic pain in our CCD
model, we employed a quantitative behavior test by enu-
merating hind paw withdrawals elicited by a defined in-
nocuous mechanical stimulus (12 g von Frey filaments)
as a measure for the severity of tactile allodynia. First,
results showed that CCD, but not sham control animals,
exhibited mechanical allodynia in the injured limbs
starting 4 days post CCD, with CCD animals recording
significantly larger paw withdrawals than sham animals
(CCD + PBS vs. sham + PBS, 14.67 + 2.12 vs. 2.11 *
1.36, p < 0.001, Fig. 2a). Furthermore, there was no sig-
nificant recovery of mechanical allodynia within 28 days
post-CCD compared to baseline (CCD + PBS vs. sham +
PBS, 19.67 + 2.72 vs. 0.00 + 0.00, p < 0.001, Fig. 2a). In
contrast, no change in mechanical allodynia was
observed on the contralateral hind paws of CCD and
shame animals at different time points (p > 0.05; Fig.
2b). We also evaluated pain hypersensitivity by quantify-
ing the number of licks after mechanical stimulation,
and similarly, the CCD group showed significantly
higher allodynia behavior than the sham surgery group
(sham vs. CCD, 9.33 + 2.73 vs. 38.00 + 3.85, p < 0.001;
Fig. 2c). Altogether, these results suggest that our CCD
model was executed with specific and precise surgical
methods that reliably produces neuropathic pain and its
hallmark symptom of allodynia.

We tested the role of BMSC in CCD rats from the on-
set of neuropathic pain at 4 days post CCD, in the same
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time window as the behavior test mentioned above.
When compared with CCD mice that did not receive
BMSC injections, those treated with i.t. BMSC had sig-
nificantly attenuated allodynia behaviors one day after
treatment (CCD + BMSC vs. CCD + PBS, 12.67 + 2.40
vs. 20.33 + 3.28, p < 0.001; Fig. 2a), which represents a
37.6% reduction (antiallodynic effect (%) = 100(paw
withdrawals in PBS control — paw withdrawals in BMSC
group)/(paw withdrawals in PBS control)). However, 3
days after injection of BMSC (8 days post-CCD), allody-
nia behavior increased to largely equivalent levels of PBS
injections (p > 0.05; Fig. 2a). To confirm that i.t. BMSC
treatment does not affect healthy nerves, we also evalu-
ated allodynia behavior in the unaffected contralateral
limb, and no significant changes were seen in the
contralateral limb (p > 0.05; Fig. 2b). We also evaluated
motor coordination using the accelerating rotarod test
to eliminate the potential confounding effects in the
motor system possibly introduced by BMSC graft. No
changes in motor performance were observed between
pre- and post-i.t. BMSC treatment (p > 0.05; Fig. 2d). Fi-
nally, since BMSC cultures are known to be contami-
nated with fibroblasts, we also tested the effect of
isolated fibroblast injection on allodynia in CCD. Fibro-
blasts caused significant changes in allodynia response in
the ipsilateral (sham + PBS vs. sham + fibro, 1.67 +
0.1.32 vs. 4.22 + 1.56, p < 0.05; Fig. 2a) and contralateral
limbs (CCD + PBS vs. CCD + fibro, 0.33 + 0.52 vs. 2.33
+ 1.03, p < 0.001; Fig. 2b). However, these effects were
opposite of those caused by BMSC treatment, suggesting
that fibroblasts are not responsible for the analgesic
effects of BMSCs. Together, these results indicate that
i.t. delivery of BMSC causes a sizeable and transient
reduction of neuropathic pain without causing changes
in normal sensory or motor function.

Intrathecally injected BMSCs do not localize in the spinal
cord parenchyma or DRG after injection, and act via
releasing intracellular contents

To understand the mechanism of action of i.t. BMSCs, we
evaluated whether i.t. BMSCs enter the spinal cord paren-
chyma and interact with DRG neurons. First, BMSCs were
labeled by fluorescent stain and adherent BMSCs in cul-
ture dish were dissociated to increase staining efficiency.
After dissociation, the cell bodies of BMSCs assumed cir-
cular profiles with large nuclei, and we confirmed that
nearly all BMSCs were labeled (Fig. 3a, b). We then moni-
tored the re-localization of BMSCs by in vivo fluorescent
imaging and cryosections following i.t. BMSC administra-
tion. As expected, in vivo fluorescent imaging of PBS con-
trol rats showed no fluorescence in the spinal cord (Fig.
3¢, left). In contrast, BMSC-treated rats showed significant
fluorescence around the lumbar enlargement at 1-day
post-injection, with the maximum fluorescence intensity
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Fig. 2 Intrathecal delivery of BMSCs but not fibroblasts transiently attenuated mechanical allodynia. a CCD induced significant mechanical
allodynia ipsilaterally (measured by foot lift response frequency to stimulation with 12 g von Frey filament), and sham surgery produced transient
hypersensibility compared to the baseline value. BMSCs (i.t) induced a significant (**p < 0.01) reduction of mechanical allodynia at 6 days
postoperative compared to the control (fibroblasts and PBS), but lack of long-lasting effects (< 2 days). Compared to the PBS control, pro-
inflammatory fibroblasts induced transient hypersensitivity ipsilaterally in sham animals (*p < 0.05). b PBS and BMSC injection have no influence
on the nociceptive behavioral of the contralateral hind paws, while fibroblast induces transient hypersensitivity (**p < 0.01). ¢ Licking times after
mechanical stimulation increased at days 4 post CCD surgery (*p < 0.01). d Sensorimotor coordination using the rotarod test shows no
difference was observed between pre-injection and one day after second BMSC injection (day 4 and day 6). Each time point had a sample size of
9, **p < 0.01 compared with CCD + PBS control; *p < 0.05 compared with sham + PBS control. *p < 0.01 compared with sham control

located at the injection point on the cavosurface of canalis
spinalis (Fig. 3¢, middle). At 9 days post-injection (14 days
post-surgery), fluorescence is more diffusively around the
lumbar enlargement, and there was no apparent difference
in fluorescence intensity (Fig. 3c, right). These results indi-
cate that BMSCs were successfully transplanted to the
lumbar spinal space. However, upon further evaluation,
we found that there was no evidence of BMSCs in spinal
cord parenchyma and DRG at 1day (Fig. 3d—f) or 9 days
(data not shown) post-injection. Grafted BMSCs in these

slices would appear as red and cell nuclei are labeled blue.
Together, these results suggest that i.t. BMSCs do not act
locally and directly on spinal cord neurons, and there
should be an intermediate step in its mechanism of action
of reducing neuropathic pain, possibly via the release of
BMSC’s intracellular contents.

To verify the hypothesis that the intracellular contents
derived from BMSCs have meaningful effects on neuro-
pathic pain, we injected BMSC-lysates intrathecally to
the subarachnoid space of CCD animals at 6 days (early
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phase of neuropathic pain) and 14 days (late phase of
neuropathic pain) post-CCD and assessed neuropathic
pain-related behavior. One day after it. injection of
BMSC-lysate for both time points, tactile allodynia was
attenuated compared to pre-injection. The average paw
withdrawals decreased by 49.7% (before vs. day 1, 21.17
+ 3.54 vs. 10.67 + 1.37, p = 0.002; Fig. 3g) and 32.5% (be-
fore vs. day 1, 20.00 + 2.37 vs. 13.50 + 2.09, p = 0.002;
Fig. 3h) for injection at 6-days and 14-days post-CCD,
respectively. However, 2 days after injection at both time
points, paw withdrawals of BMSC-lysate-treated animals
returned to pre-injection levels (Fig. 3g, h). These results
demonstrated that it. BMSC lysate was sufficient to
reproduce the transient and robust analgesic effects of
i.t. BMSC.

Intrathecal BMSC does not affect TRPV4 expression on
DRG neurons

Dorsal root ganglia harbor sensory neuron somata and
are thought to play a major role in the pathogenesis of
pain. Researches from our group have demonstrated that
TRPV4 in DRG neurons are upregulated following CCD
in rats [30, 37]. To examine whether it. delivery of

BMSCs acts via modulating TRPV4 in the DRG, we
quantified TRPV4 protein expression at various time
points. As shown in Fig. 4 a and b, BMSCs have no
influence on the level of TRPV4 protein in CCD rats
and similar results were obtained in immunohistological
analyses at 6 days post CCD (Fig. 4c).

Intrathecal BMSC attenuates neuropathic pain via
microglial activity independent of microglial activation
Spinal microglia play a key role in the pathological and
chronic pain mechanisms, and microglia activation has
been implicated in the onset and maintenance of neuro-
pathic pain following peripheral nerve or spinal cord in-
jury [17, 18, 20]. Past studies have shown that
intraspinal administration of ATP-stimulated microglia
to naive and uninjured rats is sufficient to produce allo-
dynia and neuropathic pain [22, 25, 38]. To determine
whether microglia are involved in the anti-allodynic
effect of BMSC, we cultured microglia treated with or
without BMSC lysate, stimulated them with ATP, and
injected the microglia (1000 cells/10 pL) intrathecally to
the lumbar spinal space of naive, uninjured rats. Neuro-
pathic pain was assessed 5h after injection. We found
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that paw withdrawals elicited by innocuous mechanical
stimulus markedly increased 5h after it. delivery of
ATP-stimulated microglia without BMSC lysate treat-
ment. This confirms that ATP-stimulated microglia are
able to generate neuropathic pain. In contrast, injection
of ATP-stimulated microglia pretreated with BMSC lys-
ate resulted in significantly fewer paw withdrawals (PBS
vs. BMSC pretreated, 17.00 + 2.83 vs. 10.83 + 2.31, p =
0.002; Fig. 5a). These results suggest that tactile allody-
nia in response to ATP-stimulated microglia was
partially negated by BMSC lysate.

To further explore the possible effects of BMSCs on
microglia, we examined whether i.t. BMSC had an effect
on the activation of microglia following nerve injury. We
performed an analysis of ionized calcium-binding
adapter molecule 1 (Iba-1) and OX42 (CD11b/c equiva-
lent protein) immunofluorescence in the lumbar spinal
cord, which are features of microglia activation. In sham
animals, Iba-1-positive cells demonstrated small com-
pact somata and slender branched processes (Fig. 5b),
consistent with the resting type morphology of micro-
glia. Six days after CCD, a prominent increase in Iba-1
immunostaining in the ipsilateral dorsal horn was ob-
served. These microglial cells exhibited an activated
phenotype, with cellular hypertrophy and retraction of
cytoplasmic processes (Fig. 5c). BMSC transplantation
had no significant effect on Iba-1 immunoreactivity and

the number of microglia when compared with tissue
from CCD animals without treatment 6days post-
surgery (Fig. 5d). Similar results were also obtained in
the OX42 immunofluorescence of the spinal cord slices
(Fig. 5e—g). Together, these results imply that microglia
activation is associated with neuropathic pain following
CCD surgery, but i.t. BMSC did not have an impact on
microglial activation.

Together, these results suggested that while BMSC did
not modify microglial activation, it is intracellular con-
tents may curtail the role of activated microglia in the
pathogenesis of neuropathic pain. Thus, the regulation
of glial signaling molecules or glial mediators rather than
glial activation per se may be more central to the
mechanism of i.t. BMSC therapy.

BMSCs attenuate the expression of P2X4R protein in
activated spinal microglia after CCD and reduce

microglial P2X4R upregulation in response to fibronectin
Upregulation of P2X4R, a protein expressed exclu-
sively in microglia [25], is known to contribute sig-
nificantly to the genesis of tactile allodynia after
periphery nerve injury [24, 25, 38]. To investigate the
detailed mechanism by which BMSC curtails pain-
generating functions of activated microglia, we ana-
lyzed P2X4R expression in the spinal cord after CCD
using immunoblot and immunohistochemistry. Using
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immunoblot studies, we found that the level of P2X,R
proteins from the ipsilateral spinal cord of CCD ani-
mals is elevated from 4 to 14 days post-operation
compared with sham controls (p < 0.001, Fig. 6a). We
also found that the level of P2X,R proteins in homog-
enates from the spinal cord of BMSC-treated animals
was significantly decreased than that of CCD animals;
here, the effects of BMSCs on P2X4R expression were
only observed on post-operation day 6 (CCD vs. CCD
+ BMSC, 75.17 + 4.53% vs. 37.67 + 4.14%, p < 0.001];
Fig. 6b), which coincides with the analgesic effects of
BMSC transplantation. To further confirm that
BMSC-derived factors are also able to curtail micro-
glia P2X4R expression, P2X,R immunoblot was inves-
tigated in microglia primary cultures. Microglia cells
were plated on dishes coated with fibronectin (FN,
10 pg/mL), a factor implicated in P2X,R upregulation
in microglia and tactile allodynia [23]. In microglia
cells incubated with BMSC lysate, an increase in the
P2X,R protein level by fibronectin was markedly sup-
pressed (FN(+) BMSC(-) vs. FN(+) BMSC(+), 53.50 *
14.36% vs. 29.17 + 7.13%, p = 0.001; Fig. 6¢).

Our immunohistochemistry data also demonstrated
consistent results. Six days after CCD, we observed
strong, punctate P2X,R immunofluorescence dotted
throughout spinal dorsal horns of CCD animals (Fig. 6e,
left) which were absent in sham control animals (Fig.
6d). After it. injections of BMSC, P2X,R immuno-
reactivity was weaker than in untreated CCD animals at
CCD6 but not at CCD14 (Fig. 6e, f). Collectively, these
results strongly suggest that BMSCs cause reduced
activation of P2X,4R in spinal microglia after CCD and
downregulation of P2X,R in response to fibronectin
in vitro.

Inhibiting microglial P2X4R is necessary and responsible
for i.t. BMSC'’s analgesic effect

Although BMSC-induced downregulation of P2X4R co-
incided with BMSC-induced analgesia, whether modula-
tion of P2X,R was required for it. BMSC’s analgesic
effect remained unclear. To address this question, we
injected ivermectin (IVM, a positive allosteric modulator
of P2X,R) intraperitoneally to BMSC treated CCD ani-
mals 6 days postoperatively and assessed allodynia. Our
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results revealed that ivermectin reduced the analgesic
effects of i.t. BMSSC treatment (pre-injection vs. 8 h after,
15.33 + 2.16 vs. 10.83 + 2.31, p = 0.007; Fig. 7a). To fur-
ther evaluate whether P2X,R downregulation is respon-
sible for i.t. BMSC analgesia, we also examined whether
TNP-ATP (an antagonist of P2X4R) can reduce the mar-
ginal benefit of it. BMSC compared with control. Our
results showed that TNP-ATP caused the decline of paw
withdrawals in CCD (13.33 + 2.53 vs. 20.83 + 2.47 at 6
nmol TNP-ATP, p = 0.002; Fig. 7b, left) and CCD +
BMSC animals (14.15 + 2.16 vs. 8.91 = 2.04 at 6 nmol
TNP-ATP , p = 0.006; Fig. 7b, right ). With increasing
doses of TNP-ATP, the differences in analgesia between
CCD animals with and without i.t. BMSC treatment de-
creased (p = 0.02; Fig. 7c), suggesting that i.t. BMSC
supplies a competitive antagonist of P2X,R that may
share a similar binding site with TNP-ATP. Together,
these findings suggest that modulation of P2X4R is

required for i.t. BMSC’s analgesic effects, and that this
effect is likely achieved via the release of the competitive
antagonist(s) that likely binds to a similar site on P2X,R
as TNP-ATP.

Discussion

Neuropathic pain is a substantial clinical problem world-
wide and currently lacks effective treatments. In this
study, we found that i.t. delivery of BMSCs is efficacious
for short-term alleviation of neuropathic pain at 6 days
post-injury, and that this therapy’s effect is largely medi-
ated by the release of BMSC intracellular contents into
the it. space leading to a downregulation of microglial
P2X4R expression. Neuropathic pain can be roughly
divided into the early phase (less than 7 days post-injury)
and the late phase [39], and our results serve as an
expansion of foundational understanding of using i.t.
BMSC therapy as a safe and effective treatment for
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early-phase neuropathic pain. This strategy also holds
significant potential for clinical translation, as i.t. deli-
very of BMSCs features a favorable safety profile and
MSCs are easily accessible and can expand to clinical
scales in a relatively short period of time. Our novel
insights regarding the mechanisms of BMSC therapy can
further guide the optimization of i.t. BMSC therapy for
clinical translation.

Biosafety is a critical concern that has limited the develop-
ment of BMSC therapy for neuropathic pain. While im-
munosuppressive properties of BMSCs can ameliorate
neuronal damage in various central nervous system diseases,
including chronic neuropathic pain [8, 11, 40], recent studies
highlighted many risks associated with systemic BMSC
therapy particularly in immuno-compromised conditions,
including potential maldifferentiation, immunosuppression,
and instigation of malignant tumor growth [41-43]. In this
study, we confirmed that it. delivery of BMSC has a favor-
able safety profile. We did not observe adverse events, in-
cluding influence on normal nociceptive behavior. We also
did not observe any tumorigenesis in the spinal cord for up
to 28 days post-CCD. Thus, our data suggest that i.t. BMSC
poses minimal health risks, and that targeted intrathecal
delivery of BMSCs may be more preferable for treating
neuropathic pain than other administration strategies.

While the effectiveness of it. BMSC injection in
neuropathic pain is debatable, our data suggest that i.t.
BMSC delivers a transient yet sizeable attenuation of
pain hypersensitivity in CCD rats. To explore the mech-
anisms of this effect, we first sought to decipher where
(anatomically) i.t. BMSCs are acting in our model. The
mechanism of BMSC'’s efficacy in neuropathic pain was
previously thought to be contact-dependent; however,
soluble factors may also play a key role in the induction

of BMSC-mediated effects. Surprisingly, we did not find
evidence of viable BMSCs in the DRG or spinal cord.
This is in contrast to Chen et al., who previously re-
ported that i.t. BMSCs migrate from the injection site to
the border of DRGs and remain viable for more than 2
months to deliver long-lasting analgesic effects [9]. The
viability of injected stem cells has been an area of con-
troversy; prior studies have also shown that grafted
MSCs were restricted to the injection site with no mi-
gration [14] and that only a small amount of BMSCs
could be found in the anterior spinal artery [15]. These
discrepancies may have arisen from differences in the
experimental set up (e.g., culture conditions [44] or
BMSC sources), inherent heterogeneity of BMSC’s biol-
ogy [45], animal model difference, and sex-specific dif-
ferences. To account for heterogeneity of BMSC’s
biology, characterization of BMSCs is a critical first step.
In our study, we used commercially validated cells that
express CD29, CD44, CD90, and CD106, and are nega-
tive for CD11b, CD34, and CD45, without further
characterization. We did, however, control for fibroblast
contamination (which is a known phenomenon with
BMSC cultures) in our animal experiments by including
isolated fibroblast injection as a separate group. Next,
animal model differences, such as the degree of injury
and host immunoreaction, may also play a major role in
BMSC survival and tissue integration of BMSCs [46]. In
the present study, we employed the CCD model, which,
compared to other neuropathic pain models, induces a
longer-lasting  structural and functional changes
throughout the nociceptive pathway via establishing per-
sistent intervertebral foramen stenosis. Thus, it is pos-
sible that intrathecally injected BMSCs in CCD rats may
have reduced viability due to a stronger inflammatory
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response in the CCD model, and the lack of nutritional
support in the spinal fluid may further facilitate inevit-
able apoptosis of i.t. BMSCs. Despite our findings show-
ing the absence of BMSCs in the DRG or spinal cord,
we were able to observe a strong analgesic effect. To-
gether, these findings suggest that the analgesic effect of
intrathecally injected BMSCs does not necessitate cellu-
lar contact, which provides novel insight into BMSC’s
mechanism of action on alleviating neuropathic pain.
Furthermore, given the transient nature of i.t. BMSC’s
analgesic effects and its favorable safety profile com-
pared to other routes of administration, multiple i.t. in-
jections, though not be optimal due to potentially more
damage to the surrounding tissue of the spinal cord,
might have a stronger impact on neuropathic pain. Fu-
ture research is warranted to explore and evaluate the
effectiveness of multiple i.t. BMSSC injections. Finally, re-
search has shown that endogenous sex steroids play a
key role in mediating differences in nociception [47].
Animals used in the present investigation are male, and
further investigation is needed to elucidate potential sex-
specific differences for response to i.t. BMSC treatment
in neuropathic pain.

Interestingly, our findings of lack of BMSCs in the
spinal parenchyma and DRG suggest that i.t. BMSCs are
not homing to nociceptive neurons. While the lack of
BMSC homing may contribute to the transient nature of
analgesic effects, these findings also suggest that homing
is not necessary to deliver significant analgesia, at least
in the short term. Thus, we hypothesized that soluble
factors released from BMSC are responsible for the at-
tenuation of pain hypersensitivity following it. BMSC
therapy. We verified this hypothesis by injection of
BMSC lysates (2 million/15pl) to the subarachnoid
space at 6 and 14 days post-CCD. Our results demon-
strated that BMSC lysates retarded neuropathic pain be-
havior to a similar extent as seen in it. BMSC-treated
animals. Past studies have suggested that injection of
molecules secreted by BMSCs may be more effective
than transplanting whole cells in certain disease states
[48]. MSCs are known to secrete a broad range of neu-
romodulatory factors at very low levels [49]. Further en-
hancement of i.t. BMSC-based therapy can be achieved
by isolating these critical components and administering
them alone which may be an effective strategy to treat
neuropathic pain. Another possible strategy to augment
BMSC-based therapy may be achieved by incorporating
genetic engineering, where expression of therapeutic
peptides in BMSCs (e.g., glia-derived neuropathic factor
(GDNF), IL-10, TGF-B) can be increased as much as
2000-fold via viral transduction [14, 50], thus enhancing
the delivery of these potentially therapeutic peptides to
treat neuropathic pain [14]. Overall, our findings reveal
a previously unknown ability of BMSCs to deliver
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analgesic effects that is independent of homing to noci-
ceptive and cellular contact; this new may be a valuable
mechanistic insight for future optimizations of neuro-
pathic pain therapies. While we believe that soluble
factors released from BMSCs in our model may be
responsible for transient analgesia, studies specifically
investigating homing markers such as CXCR4 and
CXCL12 are needed to further elucidate underlying
mechanisms.

To decipher the cellular or molecular targets of it.
BMSC therapy, we first investigated whether DRG neu-
rons are affected. TRPV4 is a crucial mechani- or osmo-
receptor expressed on DRG neurons, and the levels of
TRPV4 mRNA and protein are upregulated after CCD,
suggesting that TRPV4 plays an important role in neuro-
pathic pain [30, 37]. Our results showed that the upregu-
lation of TRPV4 in the DRG was not influenced by i.t.
delivery of BMSC. This lack of effect may be due to the
following two reasons: (1) DRG somas are not in direct
contact with CSF constituents, and soluble factors relin-
quished from BMSCs may not easily cross the blood-
spinal cord barrier, and (2) with persistent intervertebral
foramen stenosis in CCD, the upregulation of TRPV4
may be too severe to be modified by only modest
amounts of molecular contents relinquished by BMSCs.

The immune system plays a crucial role in neuropathic
pain, and over the past several years, dedicated works
from several groups have demonstrated key interactions
between BMSCs and the innate and adaptive immune
systems [51-53]. Clinically, BMSC’s immunosuppressive
ability was first validated through successful treatment
of severe acute graft-versus-host disease that was refrac-
tory to steroid immunosuppression [54]. Upon CNS in-
jury, microglia rapidly respond to adverse physiological
conditions and switch to an activated state, thus produ-
cing pro-inflammatory (neurotoxic) and neurotrophic
(neuroprotective) factors upon activation of various cell-
surface receptors [55]. In this study, using an in vivo
microglia transfer approach, we clearly demonstrate
microglial involvement in the analgesic effect of BMSC.
However, our data suggest that the upregulation of
microglial marker Iba-1 and OX42 was not mitigated by
BMSC administration despite BMSC’s analgesic effects.
This result suggests that microglial activation may not
directly modulate pain hypersensitivity, which may seem
to contradict the current dogma. However, microglia
activation is a complex process, and microglia are known
to have different functional states, each exhibiting pro-
inflammatory (neurotoxic, M1) or anti-inflammatory
(neuroprotective, M2) phenotypes [56, 57]. Further in-
vestigation is needed to elucidate the role of microglia
activation in i.t. BMSC.

Past studies have identified purinoceptors as key players
in bidirectional communications between microglia and
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other cells in the nervous system, which control several
properties of microglia including the motility of their fine
processes, the release of cytokines, their migration, and
their phagocytosis [26]. The upregulation of P2X,R in
spinal microglia after peripheral nerve injury is critical for
the pathogenesis of pain hypersensitivity after nerve injury
[24, 25, 38]. In line with previous studies, our experiments
showed that CCD induces an upregulation of P2X,R
expression in the spinal cord ipsilateral to the lesion. We
then investigated the effect of i.t. BMSC on microglial
P2X4R expression. For the first time, we showed that
expression levels of microglia P2X,R protein provoked by
CCD in the spinal cord and induced by fibronectin in pri-
mary cultures are attenuated by BMSC graft and BMSC
lysate, respectively. We further verified the direct involve-
ment of P2X,;R modulation in the alleviation of pain
hyperalgesia using pharmacological interventions. At the
time when peak analgesic effect was observed, administra-
tion of IVM (positive allosteric modulator of P2X,R)
retarded the therapeutic effect of BMSC. Meanwhile,
TNP-ATP (antagonist of P2X,R) induced a signifi-
cant decrease in the hind paw withdrawals to
innocuous stimuli. Furthermore, the efficiency of
anti-allodynia of TNP-ATP in PBS control was close
to that in BMSC-treated animals at high TNP-ATP
doses, suggesting that BMSC derived factors may be
acting on the same binding site as TNP-ATP. While
our results suggest that alteration of P2X,R expres-
sion is a major mechanism of action of i.t. BMSCs,
P2X,4R may not be the only target of BMSC derived
factors, and it is conceivable that, in addition to its
effect on microglia, BMSCs could suppress neuro-
pathic pain by modulating multiple processes in a
combinatorial fashion [58, 59]. As future BMSC-
based therapeutics are developed for neuropathic
pain, we believe that combination therapies directed
at multiple targets in neuropathic pain might be
worthwhile. Although our experimental therapy may
not perfectly serve as proof-of-concept, our identifi-
cation of microglial P2X4R downregulation as a
mechanistic component of it. BMSCs provides a
valuable addition to the current literature and know-
ledge of i.t. BMSC therapy in neuropathic pain. Fur-
ther research is now eagerly awaited to elucidate the
mechanisms underlying the downregulation of P2X,R
by BMSC and its cross-talk with other analgesic
pathways.

Summary and conclusions

Overall, our results demonstrate that intrathecal
BMSC injection is a safe and effective approach for
the treatment of neuropathic pain after nerve injury
and provides transient yet significant analgesia. Our
mechanistic investigations suggest that these effects
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are likely due to the release of soluble cellular con-
tents and their subsequent inhibition of microglial
P2X4R, and not due to BMSC differentiation or
contact-dependent modulations of DRG neurons.
These new findings offer valuable insight into the
mechanism of BMSC therapy in the context of neuro-
pathic pain and open new avenues for further investi-
gation and optimization.

Abbreviations

BMSC: Bone marrow stromal cells; CCD: Chronic compression of dorsal root
ganglion; CSF: Cerebrospinal fluid; DRG: Dorsal root ganglion;

FN: Fibronectin; it Intrathecal; Iba-1: lonized calcium-binding adapter mol-
ecule 1; IVM: Ivermectin; P2X4R: Purinergic receptor P2X4; TRPV4: Transient

receptor potential vanilloid 4

Acknowledgements
The authors appreciated the technical assistance of the cardiovascular
research center of Qilu Hospital.

Authors’ contributions

YBT, YZ, YJQ, and HW performed the in vitro and in vivo experiments and
analyzed the data. YBT and YZ wrote the manuscript. HWC and XJ revised
the manuscript. SWY and XJ conceived the original idea and designed the
experiments for this study. All authors read and approved the final
manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (No. 81101453 and 81472159, both to Yang Zhang).

Availability of data and materials
All data supporting the conclusions of this manuscript are provided in the
text and figures. Please contact the author for data requests.

Ethics approval and consent to participate
Procedures were approved by the Chinese Institutional Animal Care
Committee of Shandong University. Consent to participate is not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Physical Medicine & Rehabilitation, Qilu Hospital, Medical
School of Shandong University, Jinan, China. “Department of Neurosurgery,
University of Maryland School of Medicine, Baltimore, MD 21201, USA.
3Department of Orthopedics, University of Maryland School of Medicine,
Baltimore, MD 21201, USA. “Department of Anatomy and Neurobiology,
University of Maryland School of Medicine, Baltimore, MD 21201, USA.
°Department of Biomedical Engineering, Johns Hopkins University School of
Medicine, Baltimore, MD 21205, USA. 6Department of Anesthesiology and
Critical Care Medicine, Johns Hopkins University School of Medicine,
Baltimore, MD 21205, USA.

Received: 19 July 2019 Accepted: 5 November 2019
Published online: 17 December 2019

References

1. Alfonso Romero-Sandoval E, Sweitzer S. Nonneuronal central mechanisms
of pain: glia and immune response. Prog Mol Biol Trans! Sci.
2015;131:325-58.

2. Beggs S, Trang T, Salter MW. P2X4R+ microglia drive neuropathic pain. Nat
Neurosci. 2012;15:1068-73.

3. Costigan M, Scholz J, Woolf CJ. Neuropathic pain: a maladaptive response
of the nervous system to damage. Annu Rev Neurosci. 2009;32:1-32.



Teng et al. Journal of Neuroinflammation

19.
20.

21.

22.

23.

24.

25.

(2019) 16:271

Hosseini M, Yousefifard M, Aziznejad H, Nasirinezhad F. The effect of bone
marrow-derived mesenchymal stem cell transplantation on allodynia and
hyperalgesia in neuropathic animals: a systematic review with meta-analysis.
Biol Blood Marrow Transplant. 2015;21:1537-44.

Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, McIntosh K, Patil S, Hardy
W, Devine S, Ucker D, Deans R, et al. Mesenchymal stem cells suppress
lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp
Hematol. 2002;30:42-8.

Bottcher M, Hofmann AD, Bruns H, Haibach M, Loschinski R, Saul D,
Mackensen A, Le Blanc K, Jitschin R, Mougiakakos D. Mesenchymal stromal
cells disrupt mTOR-signaling and aerobic glycolysis during t-cell activation.
Stem Cells. 2016;34:516-21.

Parekkadan B, Milwid JM. Mesenchymal stem cells as therapeutics. Annu
Rev Biomed Eng. 2010;12:87-117.

Naruse K, Sato J, Funakubo M, Hata M, Nakamura N, Kobayashi Y, Kamiya H,
Shibata T, Kondo M, Himeno T, et al. Transplantation of bone marrow-
derived mononuclear cells improves mechanical hyperalgesia, cold
allodynia and nerve function in diabetic neuropathy. PLoS One.
2011:6:227458.

Chen G, Park CK, Xie RG, Ji RR. Intrathecal bone marrow stromal cells inhibit
neuropathic pain via TGF-beta secretion. J Clin Invest. 2015;125:3226-40.
Lee RH, Pulin AA, Seo MJ, Kota DJ, Ylostalo J, Larson BL, Semprun-Prieto L,
Delafontaine P, Prockop DJ. Intravenous hMSCs improve myocardial
infarction in mice because cells embolized in lung are activated to secrete
the anti-inflammatory protein TSG-6. Cell Stem Cell. 2009;5:54-63.

Guo W, Wang H, Zou S, Gu M, Watanabe M, Wei F, Dubner R, Huang GT,
Ren K. Bone marrow stromal cells produce long-term pain relief in rat
models of persistent pain. Stem Cells. 2011;29:1294-303.

Reinders ME, Dreyer GJ, Bank JR, Roelofs H, Heidt S, Roelen DL, Zandvliet
ML, Huurman VA, Fibbe WE, van Kooten C, et al. Safety of allogeneic bone
marrow derived mesenchymal stromal cell therapy in renal transplant
recipients: the neptune study. J Transl Med. 2015;13:344.

Siniscalco D, Giordano C, Galderisi U, Luongo L, Alessio N, Di Bernardo G, de
Novellis V, Rossi F, Maione S. Intra-brain microinjection of human
mesenchymal stem cells decreases allodynia in neuropathic mice. Cell Mol
Life Sci. 2010,67:655-69.

Yu H, Fischer G, Ebert AD, Wu HE, Bai X, Hogan QH. Analgesia for
neuropathic pain by dorsal root ganglion transplantation of genetically
engineered mesenchymal stem cells: initial results. Mol Pain. 2015;11:5.
Schafer S, Berger JV, Deumens R, Goursaud S, Hanisch UK, Hermans E.
Influence of intrathecal delivery of bone marrow-derived mesenchymal
stem cells on spinal inflammation and pain hypersensitivity in a rat model
of peripheral nerve injury. J Neuroinflammation. 2014;11:157.

Little JW, Ford A, Symons-Liguori AM, Chen Z, Janes K, Doyle T, Xie J,
Luongo L, Tosh DK, Maione S, et al. Endogenous adenosine A3 receptor
activation selectively alleviates persistent pain states. Brain. 2015;138:28-35.
Scholz J, Woolf CJ. The neuropathic pain triad: neurons, immune cells and
glia. Nat Neurosci. 2007;10:1361-8.

Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of microglia.
Physiol Rev. 2011;91:461-553.

Hughes V. Microglia: the constant gardeners. Nature. 2012;485:570-2.
Tiwari V, Guan Y, Raja SN. Modulating the delicate glial-neuronal
interactions in neuropathic pain: promises and potential caveats. Neurosci
Biobehav Rev. 2014:45:19-27.

Liu F, Yuan H. Role of glia in neuropathic pain. Front Biosci (Landmark Ed).
2014;19:798-807.

Ferrini F, Trang T, Mattioli TA, Laffray S, Del'Guidice T, Lorenzo LE,
Castonguay A, Doyon N, Zhang W, Godin AG, et al. Morphine hyperalgesia
gated through microglia-mediated disruption of neuronal Cl(-) homeostasis.
Nat Neurosci. 2013;16:183-92.

Tsuda M, Toyomitsu E, Komatsu T, Masuda T, Kunifusa E, Nasu-Tada K,
Koizumi S, Yamamoto K, Ando J, Inoue K. Fibronectin/integrin system is
involved in P2X(4) receptor upregulation in the spinal cord and neuropathic
pain after nerve injury. Glia. 2008;56:579-85.

Biber K, Tsuda M, Tozaki-Saitoh H, Tsukamoto K, Toyomitsu E, Masuda T,
Boddeke H, Inoue K. Neuronal CCL21 up-regulates microglia P2X4
expression and initiates neuropathic pain development. EMBO J.
2011;30:1864-73.

Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S, Salter
MW, Inoue K. P2X4 receptors induced in spinal microglia gate tactile
allodynia after nerve injury. Nature. 2003;424:778-83.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

Page 14 of 15

Lohr C, Grosche A, Reichenbach A, Hirmet D. Purinergic neuron-glia
interactions in sensory systems. Pflugers Arch. 2014;466:1859-72.

In Neuropathic Pain: The Pharmacological Management of Neuropathic Pain
in Adults in Non-Specialist Settings. London; 2010: National Institute for Health
and Clinical Excellence: Guidance).

Sung CS, Cherng CH, Wen ZH, Chang WK, Huang SY, Lin SL, Chan KH,
Wong CS. Minocycline and fluorocitrate suppress spinal nociceptive
signaling in intrathecal IL-1beta-induced thermal hyperalgesic rats. Glia.
2012;60:2004-17.

Wang T, Hurwitz O, Shimada SG, Qu L, Fu K, Zhang P, Ma C, LaMotte RH.
Chronic compression of the dorsal root ganglion enhances mechanically
evoked pain behavior and the activity of cutaneous nociceptors in mice.
PLoS One. 2015;10:0137512.

Wei H, Zhang Y, Fan ZZ, Ge HY, Arendt-Nielsen L, Jiang H, Yao W, Yue SW.
Effects of colchicine-induced microtubule depolymerization on TRPV4 in
rats with chronic compression of the dorsal root ganglion. Neurosci Lett.
2013;534:344-50.

Song Y, Li HW, Xie RG, Yue ZF, Song XJ, Hu SJ, Xing JL. Evoked bursting in
injured Abeta dorsal root ganglion neurons: a mechanism underlying tactile
allodynia. Pain. 2012;153:657-65.

Qu YJ. Zhang X, Fan ZZ, Huai J, Teng YB, Zhang Y, Yue SW: Effect of TRPV4-
p38 MAPK pathway on neuropathic pain in rats with chronic compression
of the dorsal root ganglion. Biomed Res Int. 2016;2016:6978923.
Winkelstein BA, Rutkowski MD, Sweitzer SM, Pahl JL, DeLeo JA. Nerve injury
proximal or distal to the DRG induces similar spinal glial activation and
selective cytokine expression but differential behavioral responses to
pharmacologic treatment. J Comp Neurol. 2001;439:127-39.

Zangi L, Margalit R, Reich-Zeliger S, Bachar-Lustig E, Beilhack A, Negrin R,
Reisner Y. Direct imaging of immune rejection and memory induction by
allogeneic mesenchymal stromal cells. Stem Cells. 2009;27:2865-74.

Fung S, Cherry AE, Xu C, Stella N. Alkylindole-sensitive receptors modulate
microglial cell migration and proliferation. Glia. 2015,63:1797-808.

Du J, Zhen G, Chen H, Zhang S, Qing L, Yang X, Lee G, Mao HQ, Jia X.
Optimal electrical stimulation boosts stem cell therapy in nerve
regeneration. Biomaterials. 2018;181:347-59.

Zhang Y, Wang YH, Ge HY, Arendt-Nielsen L, Wang R, Yue SW. A transient
receptor potential vanilloid 4 contributes to mechanical allodynia following
chronic compression of dorsal root ganglion in rats. Neurosci Lett.
2008;432:222-7.

Coull JA, Beggs S, Boudreau D, Boivin D, Tsuda M, Inoue K, Gravel C, Salter
MW, De Koninck Y. BDNF from microglia causes the shift in neuronal anion
gradient underlying neuropathic pain. Nature. 2005;438:1017-21.

Kawasaki Y, Xu ZZ, Wang X, Park JY, Zhuang ZY, Tan PH, Gao YJ, Roy K,
Corfas G, Lo EH, Ji RR. Distinct roles of matrix metalloproteases in the early-
and late-phase development of neuropathic pain. Nat Med. 2008;14:331-6.
Klass M, Gavrikov V, Drury D, Stewart B, Hunter S, Denson DD, Hord A, Csete
M. Intravenous mononuclear marrow cells reverse neuropathic pain from
experimental mononeuropathy. Anesth Analg. 2007;104:944-8.

Norozi F, Ahmadzadeh A, Shahrabi S, Vosoughi T, Saki N. Mesenchymal
stem cells as a double-edged sword in suppression or progression of solid
tumor cells. Tumour Biol. 2016;37:11679-89.

Casiraghi F, Perico N, Cortinovis M, Remuzzi G. Mesenchymal stromal cells in
renal transplantation: opportunities and challenges. Nat Rev Nephrol.
2016;12:241-53.

Casiraghi F, Remuzzi G, Abbate M, Perico N. Multipotent mesenchymal
stromal cell therapy and risk of malignancies. Stem Cell Rev. 2013;9:65-79.
Bara JJ, Richards RG, Alini M, Stoddart MJ. Concise review: bone marrow-
derived mesenchymal stem cells change phenotype following in vitro
culture: implications for basic research and the clinic. Stem Cells.
2014;32:1713-23.

Le Blanc K, Mougiakakos D. Multipotent mesenchymal stromal cells and the
innate immune system. Nat Rev Immunol. 2012;12:383-96.

Zhu XY, Lerman A, Lerman LO. Concise review: mesenchymal stem cell
treatment for ischemic kidney disease. Stem Cells. 2013;31:1731-6.
Lacroix-Fralish ML. Sex-specific pain modulation: the growth factor,
neuregulin-1, as a pro-nociceptive cytokine. Neurosci Lett. 2008;437:184-7.
Pawitan JA. Prospect of stem cell conditioned medium in regenerative
medicine. Biomed Res Int. 2014;,2014:965849.

Amable PR, Teixeira MV, Carias RB, Granjeiro JM, Borojevic R. Protein
synthesis and secretion in human mesenchymal cells derived from bone
marrow, adipose tissue and Wharton's jelly. Stem Cell Res Ther. 2014;5:53.



Teng et al. Journal of Neuroinflammation

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

(2019) 16:271

Lin P, Lin' Y, Lennon DP, Correa D, Schluchter M, Caplan Al. Efficient lentiviral
transduction of human mesenchymal stem cells that preserves proliferation
and differentiation capabilities. Stem Cells Transl Med. 2012;1:886-97.

Malm H, Corbascio M, Osterholm C, Cowan S, Larsen CP, Pearson TC, Ekberg
H. CTLA4ig induces long-term graft survival of allogeneic skin grafts and
totally inhibits T-cell proliferation in LFA-1-deficient mice. Transplantation.
2002;73:293-7.

Vellasamy S, Tong CK, Azhar NA, Kodiappan R, Chan SC, Veerakumarasivam A,
Ramasamy R. Human mesenchymal stromal cells modulate T-cell immune
response Vvia transcriptomic regulation. Cytotherapy. 2016;18:1270-83.

Ansboro S, Roelofs AJ, De Bari C. Mesenchymal stem cells for the
management of rheumatoid arthritis: immune modulation, repair or both?
Curr Opin Rheumatol. 2017;29:201-7.

Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C, Hassan M, Uzunel M,
Ringden O. Treatment of severe acute graft-versus-host disease with third
party haploidentical mesenchymal stem cells. Lancet. 2004;363:1439-41.
Popiolek-Barczyk K, Mika J. Targeting the microglial signaling pathways: new
insights in the modulation of neuropathic pain. Curr Med Chem. 2016;23:
2908-28.

Gosselin RD, Suter MR, Ji RR, Decosterd . Glial cells and chronic pain.
Neuroscientist. 2010;16:519-31.

Stirling DP, Cummins K, Mishra M, Teo W, Yong VW, Stys P. Toll-like receptor
2-mediated alternative activation of microglia is protective after spinal cord
injury. Brain. 2014;137:707-23.

Hua Z, Liu L, Shen J, Cheng K, Liu A, Yang J, Wang L, Qu T, Yang H, Li Y,

et al. Mesenchymal stem cells reversed morphine tolerance and opioid-
induced hyperalgesia. Sci Rep. 2016;6:32096.

Li J, Deng G, Wang H, Yang M, Yang R, Li X, Zhang X, Yuan H. Interleukin-
Tbeta pre-treated bone marrow stromal cells alleviate neuropathic pain
through CCL7-mediated inhibition of microglial activation in the spinal
cord. Sci Rep. 2017;7:42260.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Animals and surgical procedure
	Behavioral testing
	Cell culture
	Intrathecal transplantation of cells
	Tracking and relocalization of BMSC
	Tissue collection
	Western blot
	Immunohistochemistry
	Statistical analyses

	Results
	Intrathecal delivery of BMSC leads to a strong and transient reduction of CCD-induced mechanical allodynia
	Intrathecally injected BMSCs do not localize in the spinal cord parenchyma or DRG after injection, and act via releasing intracellular contents
	Intrathecal BMSC does not affect TRPV4 expression on DRG neurons
	Intrathecal BMSC attenuates neuropathic pain via microglial activity independent of microglial activation
	BMSCs attenuate the expression of P2X4R protein in activated spinal microglia after CCD and reduce microglial P2X4R upregulation in response to fibronectin
	Inhibiting microglial P2X4R is necessary and responsible for i.t. BMSC’s analgesic effect

	Discussion
	Summary and conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

