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INTRODUCTION

Background: Neuropathic pain (NP) is considered a clinically incurable condition
despite various treatment options due to its diverse causes and complicated dis-
ease mechanisms. Since the early 2000s, multipotent human mesenchymal stem
cells (hMSCs) have been used in the treatment of NP in animal models. However,
the effects of hMSC injections have not been studied in chronic post-ischemia pain
(CPIP) mice models. Here, we investigated whether intrathecal (IT) and intrapaw (IP)
injections of hMSCs can reduce mechanical allodynia in CPIP model mice.
Methods: Seventeen CPIP C57/BL6 mice were selected and randomized into four
groups: IT sham (n = 4), IT stem (n = 5), IP sham (n = 4), and IP stem (n = 4). Mice
in the IT sham and IT stem groups received an injection of 5 uL saline and 2 x 10*
hMSCs, respectively, while mice in the IP sham and IP stem groups received an
injection of 5 plL saline and 2 x 10° hMSCs, respectively. Mechanical allodynia was
assessed using von Frey filaments from pre-injection to 30 days post-injection. Glial
fibrillary acidic protein (GFAP) expression in the spinal cord and dorsal root ganglia
were also evaluated.

Results: IT and IP injections of hMSCs improved mechanical allodynia. GFAP expres-
sion was decreased on day 25 post-injection compared with the sham group. Injec-
tions of hMSCs improved allodynia and GFAP expression was decreased compared
with the sham group.

Conclusions: These results suggested that hMSCs may be also another treatment
modality in NP model by ischemia-reperfusion.

Key Words: Ganglia, Spinal; Glial Fibrillary Acidic Protein; Hyperalgesia; Mesenchy-
mal Stromal Cells; Mice; Neuralgia; Reperfusion Injury; Spinal Cord; Stem Cells

dysfunction in the nervous system [1]. NP is often associ-

ated with the presence of abnormal sensory symptoms,
such as hyperalgesia, allodynia due to trauma, viral infec-
tion (herpes zoster, etc.), metabolic disease, nutritional

Neuropathic pain (NP) is a progressive nervous system
disease, occurring in association with a primary lesion or
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deficiency, immune disease, tumors, and ischemic vas-
cular events. Several pharmacological and non-pharma-
cological treatment options for NP have been introduced.
Despite these efforts, the treatment of NP remains chal-
lenging and patients often do not respond to any avail-
able treatments [1]. In recent years, stem cell therapy has
become a promising approach in molecular medicine
with several reports of its neuroprotective effect in vari-
ous models of nerve injury, suggesting that it may also be
useful in the treatment of NP [2-5]. However, the efficacy
of stem cell therapy in the treatment of NP can be affected
by several variables including the animal model, time of
treatment initiation, types of stem cells, routes of adminis-
tration, administration amount and frequency, and dura-
tion of observation following the administration [6-9].

Some of the key considerations in the experimental de-
sign of stem cell therapy for NP in animal models include
the number of grafted cells, timing (injection point, dura-
tion of treatment, and observation), routes of administra-
tion, and types of animal models. In this study, we consid-
ered the animal model type and administration routes as
key variables.

Most previously published studies on the effects of stem
cell treatment used spinal nerve ligation or peripheral
nerve injury to induce NP [9-13]. However, no reports
have been published to date of stem cell injection for the
treatment of NP in chronic post-ischemia pain (CPIP).
Furthermore, there have been reports of stem cell treat-
ment using intra-brain [14], intraspinal [15], intravenous
[12,13], and intrathecal (IT) [9,11,16,17] routes, but no pub-
lished report has detailed the intrapaw (IP) injection, one
of the local injection routes of stem cells for the treatment
of NP. Although stem cells are being used in various NP
research, the exact mechanism of action remains elusive.
In the treatment of NP, the immunomodulatory properties
of mesenchymal stem cells (MSCs), such as reducing levels
of pro-inflammatory cytokines (such as interleukin 1 beta
[IL-1beta] and IL-17), astrocyte and microglial activation,
and stimulating the secretion of anti-inflammatory cy-
tokines and regenerative molecules, appear to be the key
mechanism of action rather than its well-known multipo-
tent differentiation ability [18-22].

Therefore, the authors hypothesized that MSC injec-
tions can reduce mechanical allodynia in the CPIP mouse
model, an animal model of complex regional pain syn-
drome (CRPS) type 1, in which an excessive inflammatory
response is implicated. To test this hypothesis, pain be-
havior and glial fibrillary acidic protein (GFAP) expression
in the spinal cord and the dorsal root ganglia (DRG) were
examined in CPIP model mice following the IT and IP in-
jections of human mesenchymal stem cells (hMSCs).
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MATERIALS AND METHODS
1. Animals and CPIP model production

The animal study protocol was approved by the Institu-
tional Animal Care and Use Committee of the College of
Medicine, The Catholic University of Korea (2017-0158-01).
Male adult C57/BL6 mice (25-30 g) were used in this study
and housed in groups of five, allowed free access to food
and water under a 12:12-hr light-dark cycle. All animals
were maintained to adapt to their environmental condi-
tion for 7 days before the experiment.

The CPIP model was induced in mice under general
anaesthesia with isoflurane by placing a tight-fitting O-
ring (O-Rings West, Seattle, WA) with a 5/64 inch internal
diameter around the left ankle for 3 hours, as described
by Coderre et al. [23]. The O-rings were removed while the
mice were still under general anesthesia, allowing for re-
perfusion. Mice in the sham group were placed under gen-
eral anesthesia, but their ankles were loosely rather than
tightly surrounded by cut O-ring. Mechanical allodynia
was measured, using von Frey filaments (18011 Semmes-
Weinstein filament; Stoelting Co., Wood Dale, IL), every
2 days before the stem cell injection from 1 to 7 days after
reperfusion.

2. Stem cell transplantation procedures

hMSCs (Catholic MASTER Cells) were obtained from the
Catholic Institute of Cell Therapy (CIC; Seoul, Korea). The
Catholic MASTER Cells supplied by CIC were derived from
human bone marrow donated by healthy donors after in-
formed consent.

At day 7 after reperfusion, 17 of the CPIP model mice
that exhibited mechanical allodynia were selected and
randomized into four groups. Animals were divided into
an IT sham group (n = 4), IT stem group (n = 5), IP sham
group (n = 4), and IP stem group (n = 4). The Hylden and
Wilcox’s method modification [24] was used to perform
the IT needle placement. The mice were anesthetized with
3% isoflurane in a chamber and then the lower back was
shaved to help visualize the lumbosacral region, and each
mouse was placed in a nose cone for continued isoflurane
administration during the procedure. A 30-gauge needle
attached to a 50 pL Hamilton syringe (Hamilton, Reno,
NV) was inserted between the L5 and L6 vertebrae.

Five microliters of sterile saline was slowly injected over
30 seconds into each mouse of the IT sham group and 5 uL
(2 x 10" cells) of stem cells were injected into each mouse
of the IT stem group. Sterile saline (5 pL) was injected into
the hind paw of each mouse in the IP sham group and 5 uL
(2 x 10° cells) of stem cells were injected into each mouse of
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the IP stem group. The number of cells to be injected was
determined based on the study by Kim et al. [25].

3. Evaluation of mechanical allodynia

Mechanical allodynia was measured every 2 days after
the stem cell and saline injection from 1 to 31 days using
the von Frey up-down method. To stimulate the plantar
surface, a mouse was placed on a wire mesh floor and a
transparent 8 x 8 x 18 cm plastic box was placed over the
mouse. After the mouse was acclimated to the environ-
ment for 30 minutes or more, a force was vertically applied
to the mouse’s paw for 3 seconds using a von Frey filament
so that the filament was bent in the midplantar area, and
the avoidance response was evaluated. Seven filaments
weighing 2.44-4.31 g were used. The simplified up-down
method used by Bonin et al. [26] was used to examine the
reflex 4 additional times starting from when the mouse
started or stopped showing an avoidance response. A 50%
response threshold was measured based on the reflex
patterns and log-values of the von Frey filament tests.
Mechanical values for both the paws were measured and
averaged by each limb.

4. Fluorescence immunochemistry

At 32 days after the stem cell injection, a total of 17 male
mice were deeply anesthetized with ketamine and per-
fused with 0.9% saline, followed by 4% paraformaldehyde
in 0.1 M phosphate buffer via the cardiovascular perfusion
surgery. The ipsilateral L3-L5 DRG and the spinal cord
were collected and post-fixed in 4% paraformaldehyde,
then placed overnight in 25% sucrose at 4°C. The DRG and
spinal cord tissues were sliced transversely into 10 pm
sections on a cryostat (Microm HM 525; Thermo Fisher
Scientific, Waltham, MA). The slices were incubated with
mouse anti-GFAP (1:150; MED Millipore, Temecula, CA)
overnight at 4°C. After the sections were washed with buf-
fer, they were incubated with goat anti-mouse immuno-
globulin G conjugated to fluorescein isothiocyanate (1:200;
EarthOx, San Francisco, CA) for 1 hour at 37°C.

At least 2 pictures from each DRG and spinal cord per
mouse were obtained using confocal microscopy (Zeiss
LSM/510 Upright 2 photon; Carl Zeiss, Oberkochen, Ger-
many) and stored digitally. The relative fluorescence in-
tensity of the immunofluorescent images was calculated
by Image Pro Plus ver. 6.0 software (Media Cybernetics
Inc., Rockville, MD). GFAP staining was quantified by
measuring the total integrated intensity of the pixels di-
vided by the total number of pixels in a standardized area.
Staining intensity was examined in laminae I and II of
the superficial dorsal horn using a standardized box with
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4-6 mice per experimental condition. Only pixels above a
preset background threshold were included, and the GFAP
data are presented as the total area above the intensity
threshold. The raw values were subjected to statistical
analyses.

5. Statistical analysis

Statistical analyses were performed using GraphPad Prism
ver. 5.0 (GraphPad Software Inc., San Diego, CA) and the
data are presented as the group mean + standard error of
the mean. Paw withdrawal thresholds were analyzed with
one-way analysis of variance with repeated measures over
time, followed by a multiple comparison test (Dunnett’s
post hoc test) to compare each time point and group.

RESULTS
1. Stem cell injections reduced mechanical allodynia

The pain withdrawal threshold of the left hind paw sig-
nificantly increased following the hMSC injection on days
26-31 in the IT stem and IP stem groups compared to the
IT sham and IP sham groups (Fig. 1A; P < 0.05). The pain
withdrawal threshold of the left hind paw significantly in-
creased following the hMSC injection on days 26-31 in the
IT stem and IP stem groups compared to the pre-injection
days (Fig. 1A; P < 0.05). There was no statistically signifi-
cant difference in mechanical allodynia between the IT
stem and IP stem groups. In the contralateral hindpaw,
there was no statistically significant intergroup difference
in the pain withdrawal thresholds (Fig. 1B).

2. Stem cell injections decreased GFAP expression in
CPIP model mice

The IT stem and IP stem groups showed significantly re-
duced GFAP expression in the DRG and the spinal cord
compared to the IT sham and IP sham groups (Fig. 2; P <
0.001).

DISCUSSION

In this CPIP mouse model, IT and IP hMSC injections im-
proved mechanical allodynia and reduced GFAP expres-
sion compared with the sham groups.

Since the 2000s, stem cells have been used as the major
source of cell-based therapy for several diseases and medi-
cal conditions. MSCs have several advantages, such as a
high expansion potential, stable genetic phenotype, and
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Fig. 1. The anti-allodynic effects of human mesenchymal stem cells (hMSCs) on pain withdrawal threstholds in chronic post-ischemia pain mice model
by von Frey filament testing. (A) Paw withdrawal mechanical thresholds were reduced after day 26 in left hindpaw of the intrapaw (IP) stem compared
with pre-injection and sham-operated mice groups (*P < 0.05). Also the pain withdrawal threshold of the left hindpaw significantly increased at day 26-
31 after stem cell injection in the intrathecal (IT) stem group compared with pre-injection and sham-operated mice groups ("P < 0.05). (B) In the contra-
lateral hindpaw, there no significant difference in pain withdrawal threshold between the groups.

Spinal cord B Cord GFAP
1 150 A
9 T I
% 100 -
c
o
g a
Z b
+
‘E 50 -
<
IP stem
O T T T
IP sham IP stem IT sham IT stem
DRG GFAP
200
IT sham _|_
2 150 1
2 T
e
§ 100 a
" b
™
L
IT stem 50 -
O T T T
IP sham IP stem IT sham IT stem

Fig. 2. The expression of glial fibrillary acidic protein (GFAP) in the spinal cord and dorsal root ganglion (DRG). (A) In intrathecal (IT) stem and intrapaw (IP)
stem groups, GFAP expression reduced in the spinal cord and DRG (200x magnification). (B) And there is a significant decrease in the staining density
of GFAP at day 31 after injection of human mesenchymal stem cells compared with sham groups. ATF3: activating transcription factor 3. °P < 0.001 vs.
IP sham, °P < 0.001 vs. IT sham.
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strong immunosuppressive properties without immuno-
suppressant use [16], as well as the potential for autologous
and heterologous transplantation [27]. Reports have been
published of MSCs in the treatment of NP [28,29], and the
administration of stem cells via various routes has been
shown to stimulate functional recovery of various brain,
spinal cord, and peripheral nerve injuries [10-12,30-32].
However, these studies were conducted using direct nerve
injuries in animals, and no report to date has detailed
stem cell injections in the treatment of NP in an ischemia-
reperfusion model, such as the CPIP mice model used in
the present study. While the exact mechanism underlying
the improvement of pain behavior by MSCs in neuropathic
models remains elusive, it is the secretion of neurotrophic
molecules and the immunomodulatory properties of
MSCs, rather than their multipotent differentiation, which
are believed to mediate the recovery of nerve injury by
MSCs [33,34].

CRPS-I, formerly known as reflex sympathetic dys-
trophy, is a clinical syndrome of variable course and
unknown cause characterized by pain, swelling, and va-
somotor dysfunction of an extremity, as occurring in the
absence of definable nerve injury. CRPS-I usually occurs
after fracture, sprain, contusion, crush injury, arthroscop-
ic surgery, tight casting, or edematous soft tissue injury
[23]. A common characteristic is that these injuries induce
an early inflammatory response and microvascular and
ischemic changes in tissues. Although the exact patho-
physiology of CRPS-I is unknown, a possible mechanism
is posttraumatic inflammation [23]. Posttraumatic inflam-
mation is the key mechanism underlying the observed
symptoms in the CPIP mouse model, an animal model
that exhibits clinical symptoms of CRPS type I [35,36].
Therefore, the authors hypothesized that the injection of
MSCs with immunomodulatory properties could reduce
mechanical allodynia in CPIP model mice.

As we hypothesized, the present study showed that IT
and IP injections of hMSCs increased the pain withdrawal
threshold on day 31 post-injection in CPIP model mice.
One of the key findings of this study is that the onset of
the anti-allodynic effect following MSCs in CPIP model
mice was slower than that of a direct nerve injury model.
Studies using direct nerve injury models showed the anti-
allodynic effect of MSCs at 3-14 days post-injection; this ef-
fect persisted throughout the study [10-13,16]. The current
study clearly showed a slower onset of the anti-allodynic
effect following the MSC injection, measured by the pain
withdrawal threshold. To determine whether this differ-
ence is relevant, immunohistological evidence compared
to the sham group was necessary. In our immunohisto-
logic study, there was a statistically significant reduction
in GFAP expression in the spinal cord and DRG in the IT
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stem and IP stem groups compared to the sham groups,
indicating a reduction in the astrocyte reactivity involved
in allodynia maintenance. Therefore, the difference in the
delayed onset of the anti-allodynic effect may be due to
the difference in the experimental animal models.

In addition to the animal models, administration route
is a critical consideration in studying the effects of MSCs.
The IT administration of MSCs used in the present study
was used in many other studies for its various advantages
such as being minimally invasive, reaching therapeutic
concentrations due to the small IT space, avoiding issues
with the immunological barrier (e.g., blood-brain/spinal
cord barrier), and placement of injection sites near the in-
jured DRG and spinal cord tissues [16]. Most studies have
reported amelioration of mechanical allodynia following
the IT administration of MSCs [11,13,16,17,28]. However,
other reports suggested the IT route, as one reported no
improvement in mechanical and heat allodynia following
repeated IT administration of 2 x 10° cell/15 ug MSCs on
days 2-4 after partial sciatic nerve ligation in rats [9]. The
relatively short observation period and the animal model
used may have affected their results, as our study showed
amelioration of mechanical allodynia in MSC-injected
groups after day 26 post-hMSCs injection.

The other route of administration, IP, used in this study
is considered an intralesional or local administration in
nerve injury models. The systemic and local administra-
tion of MSCs can reduce inflammation and NP [10,37-39].
However, some studies using spinal cord injury models
showed the onset of motor recovery to be 15 days following
the intralesional injection of MSCs and 3 months follow-
ing the intravenous injection. Further, the recovery of cold
sensitivity was observed a month following the intrale-
sional injection versus 6 months following the intravenous
injection, suggesting that intralesional (local) administra-
tion is more effective than systemic administration [15]. In
addition, one report detailed improvement in mechanical
hyperalgesia and cold allodynia following the local injec-
tion of bone marrow mononuclear cells in the hindlimb
muscles of diabetic neuropathy rats [40]. In this study, the
IT and IP injection groups showed reduced mechanical al-
lodynia compared to the sham groups, suggesting that the
IP (local injection) route is also as effective as the IT route.

Although we can’t determine the exact reason that the
paw withdrawal threshold on the right foot looks more
variable compared to those of the left paw, symptoms of
CRPS spread to the contralateral side in about 16% of all
patients with CRPS-I [41,42], and there have been reports
of symptom contraction in contralateral unlesioned struc-
tures following peripheral nerve damage in animal exper-
iments [43]. The contralateral effects are usually mild and
brief, and the paw withdrawal threshold on the right foot
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showed more variable compared to that of the left paw.

Despite the positive results of using MSCs in the treat-
ment of NP in many studies, translating the findings to
clinical use has been challenging. Some of the limitations
of the studies that contribute to this challenge are the lack
of a clear understanding of the molecular mechanism in
treating chronic pain, the localization and life span of
transplanted MSCs, and the ideal condition for MSC in-
jections. The timing of transplantation is another critical
consideration. Some studies showed positive results when
MSCs were injected at the same time as the nerve injury
procedure, but this is neither practical nor achievable in
a clinical setting [17]. Most studies transplanted MSCs 3-7
days after the nerve injury [10-13]; therefore, hMSCs were
injected 7 days following the induction of CPIP in this
study [10-13].

This study has several limitations: (1) This immuno-
histological study was only performed in the spinal cord
and the DRG, and the levels of pro-inflammatory proteins
other than GFAP were not measured; (2) The number of
animals used in the study was limited due to limitations
in the availability of hMSCs; (3) Only a small number of
CPIP model mice had persistent mechanical allodynia
more than 4 weeks post-reperfusion, making it difficult
to observe mechanical allodynia at more than 5 weeks
post-reperfusion; and (4) Cold and heat allodynia were not
measured.

In summary, the results of this study demonstrate that
the IT and IP administration of hMSCs in a non-nerve in-
jury model, the CPIP mouse model, reduced mechanical
allodynia, indicating that MSCs may be used in the cell
therapy of CRPS type I.
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