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Intrathecal Administration of Mesenchymal Stem Cells
Reduces the Reactive Oxygen Species and
Pain Behavior in Neuropathic Rats
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Background:

Neuropathic pain induced by spinal or peripheral nerve injury is very resistant to common pain killers, nerve
block, and other pain management approaches. Recently, several studies using stem cells suggested a new way
to control the neuropatic pain. In this study, we used the spinal nerve L5 ligation (SNL) model to investigate
whether intrathecal rat mesenchymal stem cells (rMSCs) were able to decrease pain behavior, as well as the
relationship between rMSCs and reactive oxygen species (ROS).

Methods:

Neuropathic pain of the left hind paw was induced by unilateral SNL in Sprague-Dawley rats (n = 10 in
each group). Mechanical sensitivity was assessed using Von Frey filaments at 3, 7, 10, 12, 14, 17, and 24 days
post-ligation. rMSCs (10 ul, 1 x 10% or phosphate buffer saline (PBS, 10 pl) was injected intrathecally at
7 days post-ligation. Dihydroethidium (DHE), an oxidative fluorescent dye, was used to detect ROS at 24 days
post-ligation.

Results:

Tight ligation of the L5 spinal nerve induced allodynia in the left hind paw after 3 days post-ligation. ROS
expression was increased significantly (P < 0.05) in spinal dorsal horn of L5. Intrathecal rMSCs significantly
(P < 0.01) alleviated the allodynia at 10 days after intrathecal injection (17 days post-ligation). Intrathecal
rMSCs administration significantly (P < 0.05) reduced ROS expression in the spinal dorsal horn.

Conclusions:

These results suggest that rMSCs may modulate neuropathic pain generation through ROS expression after
spinal nerve ligation. (Korean J Pain 2014; 27: 239-245)
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INTRODUCTION

Neuropathic pain induced by nervous tissue damage is
an incurable condition that affects about 3% of the pop—
ulation [1]. Neuropathic pain manifests specific symptoms
such as spontaneous burning pain and allodynia (pain that
arises due to non—noxious stimuli) due to sensory system
damage or disease [1]. These symptoms have a significant
impact on a patient’s quality of life and social productivity.
Pain control for neuropathic pain is still not at a sat—
isfactory level despite the availability of various treatment
methods. The failure of pain control may lead to suicide.

Recently, many studies have investigated mesen—
chymal stem cells (MSCs) for the treatment of incurable
conditions. MSCs have the ability to renew themselves in
an undifferentiated state, and the selective proliferation of
MSCs can be achieved using a special culture media, caus—
ing differentiation into various limited tissue cells [2]. Bone
marrow includes hematopoietic stem cells and MSCs [3].
MSCs can be differentiated into muscle cells, osteocytes,
and nerve cells [4]. In addition, MSCs migrate to the dam—
aged lesion and then settle and survive at the site for the
functional recovery of the damaged lesion [5]. These cells
have the potential to treat neuropathic pain due to nerve
damage because they have genetically safe and strong im—
munosuppressive characteristics [6]. Therefore, this study
was conducted to determine whether allogenic MSCs can
be used clinically for the control of neuropathic pain.

Reactive oxygen species (ROS) are known to be in—
volved in continuous chronic pain, including neuropathic
pain and inflammatory pain [7,8]. A certain amount of ROS
in the cell is useful in one sense, as these molecules block
pathogens and activate various enzymes, but an increase
in ROS destroys the cell composition factors and may lead
to structural and functional defects in the cell [7]. ROS in
nerve tissues are formed from various causes and are
known to have an important role in the nerve ligation—in—
duced neuropathic pain model [7]. A recent in vitro study
reported that human MSCs can exist under oxidative stress
and can also remove ROS [9]. However there is not any
research of MSCs reduce the ROS in the neuropathic pain,

Therefore, we performed spinal nerve ligation (SNL) in
rats to induce neuropathic pain and then carried out intra—
thecal administration of MSCs to investigate whether these
cells decreased the withdrawal response. We dlso inves—

tigated the relationship between withdrawal response and
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ROS expression in the spinal dorsal horn to find a new

strategy for the elimination of neuropathic pain.

MATERIALS AND METHODS

1. Animal care

Six—week—old male rats (Sprague—Dawley) with weights
from 180 g to 200 g were used in this study. Sawdust was
laid and water and feed were freely available in the cage.
Day and night were controlled every 12 hours, and the in—
door temperature of 22 + 2°C and humidity were main—
tained. All experiments were conducted according to regu—
lations approved (CNUH-POO05-RI) by the animal experi—
mentation committee at the Chungnam National University
Hospital and guidelines of the International Association for
the Study of Pain.

2. Preparation of the pain model

The selected rats went under anesthesia with iso—
flurane 1.5%—2% (Baxter, USA). Then, in the prone posi—
tion, the fur on the back was shaved, followed by dis—
infection with potadine. The skin was incised, left trans—
verse process was removed, and then the L5 nerve was
isolated and tightly ligated with black silk, The muscle and
skin were then sutured for the completion of the procedure.
The same personnel carried out dll of the procedures with
the same methods. The pain threshold was measured by
using Von Frey filament. Rat mesenchymal stem cells

(rMSCs) were injected intrathecally at 7 days post—ligation.

3. Pain threshold assessment

Mechanical paw withdrawal thresholds were confirmed
by measuring the withdrawal response to stimulating the
rats’ left soles with Von Frey filaments. The rats were sta—
bilized for 30 minutes as they were placed on the wire
mesh, which was enclosed with a plastic box without the
bottom surface. The stimulation was gradually increased,
and a positive response was classified as dodging, shaking,
or flinching from the stimulation. The level of stimulation
was also recorded. For accurate measurement, pressure
was exerted until the Von Frey filament was slightly
bended. The measurement was repeated 5 times and per—
formed between 11 a.m. and 3 p.m. [I0]. The pain threshold
was recorded in grams (g), which were indicated on the Von
Frey filaments.

Pain threshold test was performed on prior to and on
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days 3 and 7 following SNL procedure, rMSCs were ad-—
ministered intrathecally in the rats presenting with pain
behavior on day 7 following SNL procedure, and then the
withdrawal response was also measured with Von Frey fil—

aments on days 3, 5, 10, and 17 after intrathecal injection,

4, Rat mesenchymal stem cell isolation

Adult male Sprague—Dawley rats (weight 180g to 200g)
were used, with the cell culture method described by
Soleimani and Nadri [11]. The animals were anesthetized
with isoflurane 1.5—2% and killed by the cervical dislocation
method. Under sterile conditions, both femurs and tibia
from each rat were excised. The muscles and entire con—
nective tissue were detached. The ends of the bones were
removed, and a 27—gauge needle, inserted into the shaft
of the bone marrow, was extruded by flushing with DMEM
(Dulbecco’s modified Eagle medium—low glucose) supple—
mented with 10% FBS, 100 p/ml penicillin, and 100 pg/ml
streptomycin, which was dlso used as the growth medium,
Marrow plug suspension was dispersed by pipetting, suc—
cessively filtered through a 70 mm mesh nylon filter (BD
Biosciences, Bedford, MA, USA), and centrifuged at 1,500
rpm for 5 min. The cells from one rat were seeded onto
one 100—mm plastic tissue culture flask (BD Biosciences)
and incubated at 37°C in an incubator containing 5% CO2
for 1 day. The rMSCs were isolated on the basis of their
ability to adhere to the culture plates. The rMSCs were
washed with phosphate—buffered sdline (PBS) and de—
tached by incubating with a 0.25% trypsin—EDTA solution
(Invitrogen/GIBCO) for 5-10 min at 37°C. The cells were
centrifuged at 200 g for 10 min, followed by cell dilution
of 1 X 105/ml in PBS for administration. The amount of
cells and their concentration were 1 X 10° cells/ml, chosen
according to Yang et dl. [12].

5. Intrathecal rMSC administration

The pain response was observed for up to 7 days after
SNL, and the model rats were selected based on withdrawal
response threshold and randomized into three groups.
Animals were divided into a pain group (N = 10), a PBS
group (N = 10) and an rMSC group (N = 10). rMSCs or PBS
was injected intrathecally through the L5—L6 interspace at
7 days post-ligation. The pain group had neuropathic pain
after SNL without intrathecal injection; the PBS group un—
derwent intrathecal injection of PBS to the neuropathic
pain rats at 7 days post-ligation; and the rMSCs group
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underwent intrathecal administration of rMSCs to the neu—
ropathic pain rats at 7 days post—ligation. Under isoflurane
anesthesia, intrathecal injections were performed by lum—
bar puncture (L5-L6) with a 25 G needle [13]. Total volume
of O pull X 10° of rMSCs or 10 ul PBS was injected using
microsyringe pump for 10 seconds [12].

6. Fluorescent dye of ROS expression

Dihydroethidium (DHE) or hydroethidine is a cell-per—
meable compound that, upon entering the cells, interacts
with O2+—to form oxyethidium. This, in turn, interacts with
nucleic acids to emit a bright red color detectable qual—
itatively by fluorescent microscope (Carl Zeiss, Oberkochen,
German).

Dihydroethidium (DHE), an oxidative fluorescent dye,
was used to detect superoxide according to the method
described by Harraz et al. [14]. The production of ROS was
detected at 17 days (24 days post-ligation) after intra—
thecal injection in the pain (N = 7), rMSC (N = 3), PBS
(N = 3) groups, and naive (N = 3) rats. Rats were euthan—
ized with an overdose of isoflurane. Lumbar enlargement
(L4-L6) regions of the spinal cords were removed immedi—
ately, immersed in 4% paraformaldehyde fixative over—
night, and then embedded in paraffin. Four—micrometer
sections of the paraffin—embedded tissue arrays were de—
paraffinized and rehydrated in a graded dlcohol series.
Sections were rinsed in PBS containing 100 pM rotenone
to inhibit mitochondrial respiration prior to incubation with
1 uM DHE (Invitrogen) for 5 minutes in the dark in the con—
tinued presence of 100 uM rotenone. Sections were then
rinsed in PBS and cover slipped with Vectashield mounting
media containing DAPI. Images were obtained with a fluo—
rescent microscope. The excitation wavelength was 488
nm, and emission fluorescence was detected with the use
of a 585 nm filter. The reactive oxygen expression was
quantitatively counted at the dorsal horn.

For quantitative analysis of DHE reactive cells, stained
sections from the spinal dorsal horn compared the number
of DHE to DAPI cells using Adobe Photoshop (version 7.0.1,
Adobe). All quantitative procedures were performed unin—

formed of each animal’s experimental condition.

7. Statistical analysis

SPSS (version 12.0, SPSS Inc.) was used for the stat—
istical analysis and compared the pain threshold using
one—way ANOVA followed by individual post hoc compar—
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isons (Tukey post hoc tests). All of the values were re—
corded as the mean *+ the standard error of the mean
(SEM), and statistical significance was defined as a P value
of less than 0.05.

RESULTS

1. Result of the measurement of pain threshold

After the procedure, the rats did not completely touch
their left hind paw (the side affected by the procedure) on—
to the ground, and their toes were curled toward the hind
paw. The rats presented signs of spontaneous pain, such
as licking or lifting the left hind paw. The withdrawal re—
sponse thresholds due to stimulation of the left hind paw
by Von Frey filaments prior to and on days 3 and 7 post—
ligation procedure were 11.8 £ 3.6 g, 2.6 = 2.5 g, and
2.3 = 3.1 g, respectively, in the pain group; 1.9 + 3.3
g, .8 £ 1.8 g, and 0.7 = 0.6 g, respectively, in the PBS
group; and 11.3 £ 40 g, 22 + 20 g, and 0.6 £ 0.5
g, respectively, in the rMSCs group. In dll 3 groups, the
pain thresholds showed decreases that were statistically
significantly (2 < 0.001) on days 3 and 7 following the
spinal nerve ligation compared with the values prior to the
procedure (Fig. 1A). The sham surgery didn’t induced pain

behavior and no different with naive (data not show).
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The withdrawal response thresholds on day 10 (17 days
post—ligation) following the intrathecal injection in the pain
group, PBS group, and rMSCs group were 0.6 = 0.3 g,
0.5 £ 0.3 g, and 2.0 * 1.4 g respectively. The pain
threshold in the rMSCs group was significantly (2 < 0.01)
increased relative to the pain and PBS group. In addition,
the withdrawal response thresholds on day 17, the values
were 0.8+ 0.3 g, 0.5 + 0.4 g, and 2.2 £+ 1.6 g res—
pectively. Thus, the pain threshold in the rMSCs group was
significantly increased relative to the pain and PBS groups
(P < 0.05, P < 0.0]) (Fig. 1B). The immune rejection re—
sponse was not observed after the administration of MSCs,
and no other adverse reactions were observed during the
course of the study. No tumors were found in the cere—

brospinal fluid anadlysis after the study.

2. ROS expression

ROS expression was observed at the L5 spinal dorsal
horn on day 24 following SNL (on day 17 following the in—
trathecal administration) in each group. The DHE fluo—
rescence expression in the naive and rMSC groups was less
than in the Pain and PBS groups (Fig. 2A).

The reactive oxygen expression was quantitatively
compared at the dorsal horn. The ROS fluorescence ex—

pression in the PBS and pain groups was significantly
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Fig. 1. Von Frey filament testing results. (A) Effect of spinal nerve ligation on the development of neuropathic pain. A
significant decrease in the paw withdrawal threshold in the Von Frey filament test is induced 3 days after SNL. ***P <
0.001 vs. before surgery. (B) Effect of rMSCs on paw withdrawal reflex responses to Von Frey filament stimuli in rat pain
models. rMSCs treatment on day 7 after SNL significantly increased the withdrawal threshold on days 10 and 17 after
administration. **P < 0.01 vs. PBS group and *P < 0.05 P < 0.01 vs. Pain group. Values are expressed as the
mean = SEM (n = 10 in each group) Abbreviations: T, post-administration.
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Fig. 2. DHE staining of the L5 spinal dorsal horn on day 24 following the spinal nerve ligation. (A) The L5 spinal dorsal
horn segments (naive, pain, PBS, rMSCs groups) were stained with ROS-sensitive dye DHE (dihydroethidium). ROS (red)
expression was decreased in the spinal cord of the rMSCs group (scale bar, 200 pm). (B) Fluorescent intensities of DHE
signals were measured and compared with other groups. The intensities of DHE in the pain and PBS groups show a significant
difference at *P < 0.05 compared with the naive rats. The rMSCs group shows a statistical difference at P <0.05 compared
with the pain or PBS groups. Values are expressed as the mean + SEM.

(P < 0.05) increased relative to the naive rats. The ROS
fluorescence expression in the rMSCs group was signi—
ficantly (P < 0.05) reduced relative to the pain and PBS
groups, There was no significant difference between the
naive and rMSCs groups, and between the pain and PBS

groups (Fig. 2B).

DISCUSSION

In this study, neuropathic pain was induced by spinal
nerve ligation in rats. The rats presented pain behavior,
the typical withdrawal response, on day 3 of the procedure,
and this continued for up to 4 weeks post—ligation, To ob—
tain a firm pain model, the pain response was observed
for up to 7 days after SNL, and the model rats were se—
lected based on withdrawal response threshold and rando—
mized into three groups. Then, rMSCs isolated from bone
marrow were administered intathehecally in rMSCs group
to observe the change in pain threshold for 3 weeks post—
administration,

Neuropathic pain presents as nerve damage or func—
tional defects [15]. The spinal dorsal horn is an important
component that transmits and controls the nociception
transmitted from the peripheral nociceptors [16,17]. In the
spinal dorsal horn of the pain model, various neurotrans—

mitters (excitatory amino acids, substance P, GABA, NO)
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are changed [13]. Neuropathic pain involves the expression
of receptors in the nervous system or nociceptive pathway,
as well as changes in enzymes or voltage—dependent ion
channels [18,19]. ROS expression is increased at the dorsal
horn when the cells such as glia becomes activated [20].
There are various neuropathic pain treatment methods
based on the number of pain mechanisms and symptoms.
Medications (anticonvulsants, antidepressants, opioids) or
spinal cord stimulation are clinically used for treatment [1].
In addition, sodium and calcium channels, GABA receptors,
neurotrophic factors [21], and genes are being targeted and
experimented with in laboratories to develop treatments.
However, control of neuropathic pain is very difficult.
Currently, the treatment of incurable conditions with
stem cells is the area of particular interest. Stem cells are
the fundamental cells for the formation of all cells and tis—
sues in the body, and there are divided embryonic stem
cells and adult stem cells. Embryonic stem cells are iso—
lated from miscarried embryos between implantation and
8-12 weeks of pregnancy, and these cells are multi—
differentiable. Adult stem cells can be isolated from tissues
such as the skin, liver, heart, kidney, and bone marrow
[22]. MSCs are among the adult stem cells and can be iso—
lated from hematopoietic stem cells and bone marrow [3].
MSCs are multi—differentiable, self—proliferating cells

that migrate along damaged tissues in the brain, spinal
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cord, and peripheral nerves to repair the functional dam—
age [23]. MSCs can be differentiated into neurons and as—
trocytes both in—vivo and in—vitro [24]. In addition, for
conditions such as Parkinson’s disease [25], stroke [24],
paraplegia [26], and infarction [27], stem cells have been
transplanted in animal models, and their migration to the
damaged site and functional recovery have been observed.

In this study, intrathecal administration of rMSCs in
rats with neuropathic pain induced by L5 spinal nerve liga—
tion improved pain behaviors (Fig. 1). The results suggest
that intrathecal rMSCs may have certain roles in reducing
the pain generated in the spinal cord of SNL neuropathic
rats.

ROS have been implicated in many neurodegeneration
diseases. Recent studies reported that ROS plays an im—
portant role in the induction and maintenace of neuropatic
pain in the spinal nerve ligation [7,28]. Human MSCs have
a high resistance to oxidative induced cell death [9]. This
correlates with low levels of intracellular reactive species
and constitutive expression of enzymes required to man—
age oxidative stress in vitro. It suggests that MSCs may
reduce ROS and improve neuropathic pain.

In this study, we used in—vivo conditions to determine
whether the intrathecadl injection of rMSCs in the pain
model due to spinal nerve ligation can reduce oxidative
stress and result in pain control. rMSCs were admin—
istration on day 7 following the spinal nerve ligation. The
withdrawal response threshold in the rats with rMSC ad—
ministration was significantly increased starting on day 10
post— administration (17 days after the spinal nerve liga—
tion) compared with the other groups, and the withdrawal
response threshold was persistently high until day 17
post—administration, In addition, in the group with trans—
planted MSCs, the ROS was significantly reduced in the
dorsal horn on day 17 post—administration. The degree of
ROS expression of the dorsal horn in rMSC—administration
rats was similar to that in the naive rats, which implies
that the injected rMSCs contributed to the reduction of
ROS expression, However, the ROS expression significantly
increased in the pain and PBS groups compared with the
naive rats. Therefore, our in—vivo study using rMSCs ad—
ministration in the neuropathic pain model supports
Valle—Prieto’s in—vitro study that human MSCs have high
resistance to oxidative induced cell death correlating with
low levels of intracellular reactive species [9].

The pain response was reduced starting on day 10
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post—administration, but the pain threshold observed for
up to 17 days post— administration did not reach the same
level as that observed pre—ligation. The reason for these
results may be that the amount of transplanted MSC
self—proliferation was too limited to result in complete pain
control or that the time for these cells to exert their full
effect is beyond the timeframe adopted in this study.

Overdll, rMSCs administration in the rat neuropathic
pain model through spinal nerve ligation resulted in a
higher (£ < 0.01) pain threshold compared with the pain
and PBS groups, and the ROS expression was significantly
(P < 0.05) reduced compared with the pain and PBS
groups. It is still difficult to determine whether the rMSCs
migrated directly to the damaged area and indirectly re—
duced ROS or whether these cells directly affected the re—
duction of oxidative stress due to ROS expression. There—
fore, further in—vivo studies need to be warranted with re—
gard to the role of MSCs in the improvement of neuro—
pathic pain,
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