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Abstract Neuropathic pain is a very complex disease,
involving several molecular pathways. Current available
drugs are usually not acting on the several mechanisms
underlying the generation and propagation of pain. We
used spared nerve injury model of neuropathic pain to
assess the possible use of human mesenchymal stem cells
(hMSCs) as anti-neuropathic tool. Human MSCs were
transplanted in the mouse lateral cerebral ventricle. Stem
cells injection was performed 4 days after sciatic nerve
surgery. Neuropathic mice were monitored 7, 10, 14, 17,
and 21 days after surgery. hMSCs were able to reduce
pain-like behaviors, such as mechanical allodynia and
thermal hyperalgesia, once transplanted in cerebral ven-
tricle. Anti-nociceptive effect was detectable from day 10
after surgery (6 days post cell injection). Human MSCs
reduced the mRNA levels of the pro-inflammatory inter-
leukin IL-1f mouse gene, as well as the neural
f-galactosidase over-activation in prefrontal cortex of SNI
mice. Transplanted hMSCs were able to reduce astrocytic
and microglial cell activation.
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Introduction

Neuropathic pain is defined as pain initiated or caused by a
primary lesion or dysfunction in the nervous system [1, 2],
and several clinical symptoms are associated with it [3].
Due to its very complex nature, neuropathic pain does not
respond to traditional analgesics, such as anti-inflamma-
tories and some opiates. Currently, there are no drugs for
the neuropathic pain treatment acting in a complete and
definitive way. Neuropathic pain remains a pressing clini-
cal problem, despite the therapeutic strategies and devices
developed so far [4, 5].

Newer molecular studies support the idea that neuro-
pathic pain is a complete disease and not only the result of
another syndrome or injury. Changes in DNA expression in
the neuropathic pain syndrome have been observed [6, 7].
In addition, neuropathic pain is associated with neuronal-
tissue damage [8].

Stem cells hold a great potential for the regeneration of
damaged tissues. They have shown capacity in limiting
neuronal damage in a wide variety of experimental neu-
rologic injuries, including Parkinson’s disease, stroke,
multiple sclerosis, traumatic brain injury, spinal cord
injury, and peripheral nerve damage [9-11]. As a nervous
system yet incurable disease, neuropathic pain may also
potentially be a candidate for stem cell therapy [12].

Two critical challenges in developing cell-transplanta-
tion therapies for injured or diseased tissues are to identify
optimal cells and harmful side effects. Among the stem cell
population, mesenchymal stem cells (MSCs), or bone
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marrow stromal cells, have probably the best potential for
good results in pain-care research. These cells are a pop-
ulation of progenitor cells of mesodermal origin found in
the bone marrow of adults, giving rise to muscle cells, fat,
vascular and urogenital systems, and to connective tissues
throughout the body [13—-15]. MSCs show a high expansion
potential, genetic stability, and stable phenotype, can be
easily collected and shipped from the laboratory to the
bedside, and are compatible with different delivery meth-
ods and formulations [16]. In addition, MSCs have two
other extraordinary characteristics: they are able to migrate
to sites of tissue injury and have strong immunosuppressive
properties that can be exploited for successful autologous
as well as heterologous transplantations without requiring
pharmacological immunosuppression [17, 18].

Besides, MSCs are capable of differentiating into neu-
rons and astrocytes in vitro and in vivo [19]. Recently,
MSC injection has shown good results for amyotrophic
lateral sclerosis treatment in human [20]. They are able to
improve neurological deficits and to promote neuronal
networks with functional synaptic transmission when
transplanted into animal models of neurological disorders
[21].

Mesenchymal stem cells have been observed to migrate
to the injured tissues and mediate functional recovery fol-
lowing brain, spinal cord and peripheral nerve lesions. In
addition, MSCs could modulate pain generation after sci-
atic nerve constriction [22], although the underlying
mechanisms by which MSCs exert their actions on pain
behavior is still to be clarified.

In the present study, we have used spared nerve injury
(SNI) model of neuropathic pain to investigate in the
mouse if transplantation of human mesenchymal stem cells
(hMSCs) in the cerebral ventricle was able to decrease
pain-like behaviors and to interfere with molecular mech-
anisms underlying pain development and maintenance.

Materials and methods
Animals

Male C57BL/6 N mice (35-40 g) were housed three per
cage under controlled illumination (12:12 h; light:dark
cycle; light on 0600 hours) and environmental conditions
(room temperature 20-22°C, humidity 55-60%) for at least
1 week before the commencement of experiments. Mouse
chow and tap water were available ad libitum. The
experimental procedures were approved by the Ethic
Committee of the Second University of Naples. Animal
care was in compliance with the IASP and European
Community (E.C. L358/1 18/12/86) guidelines on the use
and protection of animals in experimental research. All

efforts were made to minimize animal suffering and to
reduce the number of animals used. Behavioral testing was
performed before surgery to establish a baseline for
comparison with post-surgical values. Mononeuropathy
was induced according to the method of Bourquin and
Decosterd [23]. Mice were anaesthetized with sodium
pentobarbital (60 mg/kg i.p.). The right hindlimb was
immobilized in a lateral position and slightly elevated.
Incision was made at mid-thigh level using the femur as a
landmark. The sciatic nerve was exposed at mid-thigh level
distal to the trifurcation and freed of connective tissue; the
three peripheral branches (sural, common peroneal, and
tibial nerves) of the sciatic nerve were exposed without
stretching nerve structures. Both tibial and common pero-
neal nerves were ligated and transacted together. A micro-
surgical forceps with curved tips was delicately placed
below the tibial and common peroneal nerves to slide the
thread (5.0 silk, Ethicon; Johnson, and Johnson Intl,
Brussels, Belgium) around the nerves. A tight ligation of
both nerves was performed. The sural nerve was carefully
preserved by avoiding any nerve stretch or nerve contact
with surgical tools. Muscle and skin were closed in two
distinct layers with silk 5.0 suture. Intense, reproducible
and long-lasting thermal hyperalgesia and mechanical
allodynia-like behaviors are measurable in the non-injured
sural nerve skin territory [23]. The SNI model offers the
advantage of a distinct anatomical distribution with an
absence of co-mingling of injured and non-injured nerve
fibers distal to the lesion such as the injured and non-
injured nerves and territories can be readily identified
and manipulated for further analysis (i.e. behavioral
assessment).

The sham procedure consisted of the same surgery
without ligation and transection of the nerves.

Groups of mice were divided as follows:

(a) Naive (n = 5);

(b) Sham-operated mice (n = 5);

(c) SNI mice treated with vehicle (SNI/vehicle) (n = 5);

(d) SNI mice treated with hMSCs (50 x 10° cells/5 ny)
(SNI/hMSCs) (n = 5).

Nociceptive behavior

Thermal hyperalgesia was evaluated by using a Plantar Test
Apparatus (Ugo Basile, Varese, Italy). On the day of the
experiment, each animal was placed in a plastic cage
(22 cm x 17 cm x 14 cm;length x width x height) with
a glass floor. After a 60-min habituation period, the plantar
surface of the hind paw was exposed to a beam of radiant
heat through the glass floor. The radiant heat source con-
sisted of an infrared bulb (Osram halogen-bellaphot bulb;
8 V, 50 W). A photoelectric cell detected light reflected
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from the paw and turned off the lamp when paw movement
interrupted the reflected light. The paw withdrawal latency
was automatically displayed to the nearest 0.1 s; the cut-off
time was 20 s in order to prevent tissue damage.

Mechanical allodynia was measured by using Dynamic
Plantar Anesthesiometer (Ugo Basile). Mice were allowed
to move freely in one of the two compartments of the
enclosure positioned on the metal mesh surface. Mice were
adapted to the testing environment before any measure-
ments were taken. After that, the mechanical stimulus was
delivered to the plantar surface of the hindpaw of the
mouse from below the floor of the test chamber by an
automated testing device. A steel rod (2 mm) was pushed
with electronical ascending force (0-30 g in 10 s). When
the animal withdrawn its hindpaw, the mechanical stimulus
was automatically withdrawn and the force recorded to the
nearest 0.1 g. Nociceptive responses for thermal and
mechanical sensitivity were expressed as thermal paw
withdrawal latency (PWL) in seconds and mechanical paw
withdrawal threshold (PWT) in grams.

Each mouse served as its own control, the responses
being measured both before and after surgical procedures.
PWL and PWT were quantified by an observer blinded to
the treatment.

Motor coordination behavior

Neurological functions and motor coordination were eval-
uated by Rotarod motor test (Ugo Basile). This test consists
of putting the mouse on a rotary cylinder in order to then
measure the time (in seconds) of its equilibrium before
falling. The cylinder is subdivided in five sections, allow-
ing the screening of five animals per test (one for section),
simultaneously. Below the cylinder there is a platform in
its turn subdivided in five plates (in correspondence of the
five sections) everyone of which it is connected to a magnet
that, activated from the fall of the mouse on the plate,
records the time of permanence on the cylinder. After a
period of adaptation of 30 s, the spin speed gradually
increased from 5 to 40g for the maximum time of 5 min.
On the same day, the animals were analyzed by two sep-
arate tests with a time interval of 1 h. The experiment was
performed for every group of animals: the day before the
surgical procedure, the day before the behavioral tests in
order to avoid useless stress, the day before the stem cell
administration, and from the day 6 after SNI. The time of
permanence of the mouse on the cylinder was expressed as
latency (s).

Human mesenchymal stem cell cultures

Human bone marrow-derived MSCs were isolated from a
small aspirate of bone marrow and in vitro expanded in

basic-fibroblast growth factor (FGF)-containing medium as
already described [24]. In brief, bone marrows were
obtained from healthy donors after informed consent. Bone
marrow aspirates were collected from iliac crests, separated
on Ficoll density gradient (GE Healthcare, Italy), and the
mononuclear cell fraction was harvested and washed in
phosphate buffer saline (PBS) (Sigma, St. Louis, MO).
Then, 1-2.5 x 10° cells per cm? were seeded in 100-mm
dishes with a-modified Eagle’s medium («-MEM) (Lonza,
Verviers, Belgium) containing 10% fetal bovine serum
(FBS) (EuroClone-Celbio, Milan, Italy), 2 ng/ml basic FGF
(PeproTech, Rocky Hill, NJ), 2 mM r-glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin (all Lonza) (pro-
liferating medium). After 24—48 h, non-adherent cells were
discarded, and adherent cells representing MSCs along with
committed progenitors were washed twice with PBS. Cells
were then incubated for 7-10 days in proliferating medium
to reach confluence, and extensively propagated for further
experiments. We used cells till the 4th passage, each time we
plated 2 x 10° cells per cm?. The same day as the trans-
plantation procedure, hMSCs were labeled with fluorescent
Vybrant CM-Dil cell labeling solution (Invitrogen, Eugene,
OR) according to the manufacturer’s protocol.

We did not characterize hMSCs by flow cytometry in
order to be more reliable than the clinical trial protocols
currently used (see http://www.clinicaltrials.gov). We
characterized hMSCs by their adherence in culture condi-
tions in vitro (and we performed their safety evaluations
which include culture and check of pathogenic microor-
ganisms). In addition, we stained hMSCs for CD73 specific
marker after in vivo transplantation.

Human mesenchymal stem cell transplantation
procedure

On the day of the transplantation, mice were anaesthetized
with sodium pentobarbital (60 mg/kg i.p.) and placed in a
stereotaxic apparatus. The skull was exposed through a
longitudinal incision that allows a view of the bregma, the
cranial reliquary was then drilled at the reached coordinated,
and labeled hMSCs were microinjected into by using a 5-pl
Hamilton syringe attached to the stereotaxic apparatus.
A volume of 5 ul of solution (stem cells + vehicle) or
vehicle were injected over a period of 5 min. Labeled
hMSCs were suspended in PBS with 10% heparin and
transplanted to neuropathic mice, while control mice were
administered with 5 pl PBS with 10% heparin (vehicle
solution). Each neuropathic mice received 50,000 cells/5 pl.
The amount of cells to be injected was chosen on the basis of
a previous study [25]. Indeed, it has been observed that a
higher number of cells may cause cell cluster formation
within the microinjection cannula which, in turn, may be
responsible for cell damage and decreased viability. After
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the administration, antibiotic was applied to the exposed
tissue to prevent infection. hMSCs were microinjected
controlaterality to the sciatic nerve injury into the lateral
cerebral ventricle of the mouse using coordinates from the
Atlas of Paxinos and Watson [26]: AP = 3.5 mm and
L = 1.0 mm from bregma, V = 2.5 mm below the dura.

Stem cells injection was performed 4 days after sciatic
nerve surgery. Neuropathic mice were monitored 7, 10, 14,
17, and 21 days after surgery.

Fluorescence immunocytochemistry: phenotypic
characterization of the human mesenchymal stem cells

Transplanted human MSCs were used for immunofluores-
cence analysis of the expression of surface antigen CD73.
In brief, animals were perfused transcardially with 150 ml
of saline solution (0.9% NaCl), and 250 ml of 4% paraf-
ormaldheyde fixative. The brain was taken out and kept in
the fixative for 24 h at 4°C. The tissue was kept in 30%
sucrose in PBS and frozen in cryostat embedding medium
(Bio-Optica, Milan, Italy). Serial 15-um sections of the
brain were cut using a cryostat and thaw-mounted onto
glass slides. After washing in PBS, non-specific antibody
binding was inhibited by incubation for 30 min in blocking
solution (1% BSA, 0.2% powdered skim milk, 0.3% Tri-
ton-X 100 in PBS). Primary antibodies were diluted in PBS
blocking buffer and slides were incubated overnight at 4°C
in primary antibodies to human monoclonal anti-CD73
(1:200; Abcam, Cambridge, UK), to mouse monoclonal
anti-NeuN (1:200; Chemicon-Millipore, Billerica, MA), to
mouse poly-clonal anti-glial fibrillary acid protein (GFAP,
1:1,000; Dako Cytomation, Denmark), to mouse poly-clo-
nal anti-ionised calcium binding adapter moleculel (Iba-1,
1:500; Wako Chemicals, Germany), and to mouse poly-
clonal anti-interleukin 18 (IL-1f, 1:75; Santa Cruz Bio-
tech, CA). Fluorescent-labeled secondary antibodies
(1:500; Alexa Fluor 488, 568, Molecular Probe; Invitrogen,
Carlsbad, CA) specific to the IgG species used as a primary
antibody were used to locate the specific antigens in each
section. Sections were counterstained with bisbenzimide
(Hoechst 33258; Hoechst, Frankfurt, Germany) and
mounted with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA). Fluorescently labeled
sections were viewed with a fluorescence microscope
(Leica, Wetzlar, Germany) to locate the cells and identify
the brain area.

Immunofluorescence images of four stained sections
were taken for each animal. 12-20 images were analyzed
for each experimental group with Axiovision Rel. 4.6
software (Zeiss, Oberkochen, Germany). For cell counting,
a x20 image of the brain was captured. The number of
profiles positive for each marker were determined within
three boxes measuring 10* um? for each section. Number

quantification of NeuN-ir, GFAP-ir and Iba-1-ir profiles
was performed by an observer blind to the treatment by
using Axion vision rel. 4.6 software. Cell positive profile
quantification was performed on each digitised image, and
the reported data are the means & SE from 25 sections per
group. To avoid cell overcounting, only bisbenzimide-
counterstained cells were considered as positive profiles.

Senescence-associated f-galactosidase assay

Senescence-associated f-galactosidase assay was used to
study neuronal cell suffering. After fixation and cutting
procedure, brain sections were washed with PBS and then
incubated at 37°C for at least 2 h with a staining solution
[citric acid/phosphate buffer (pH6), K4Fe(CN)g, K3Fe(CN)g,
NaCl, MgCl,, X-Gal]. The percentage of senescent suffering
cells was calculated by the number of blue cells (f-galac-
tosidase positive cells) out of at least 500 cells in different
microscope fields.

RNA extraction and RT-PCR

Total RNA was extracted from 5-um tissue sections of
mouse brain containing the injection site using an RNeasy
FFPE kit (Qiagen, Milan, Italy) according to the manu-
facturer’s protocol. The total RNA concentration was
determined by UV spectrophotometer. The mRNA levels
of the genes under analysis were measured by RT-PCR
amplification, as previously reported [22]. Reverse trans-
criptase from avian myeloblastosis virus (AMV-RT;
Promega, Madison, WI) was used. Briefly, for first-strand
cDNA synthesis, 100 ng total RNA, random examers,
dNTPs (Promega), AMV buffer, AMV-RT and recombi-
nant RNasin ribonuclease inhibitor (Promega) were
assembled in diethyl-pyrocarbonate-treated water to a
20-pl final volume and incubated for 10 min at 65°C and
1 h at 42°C. Aliquots of 2 pLL cDNA were transferred into
a 25 pl PCR-reaction mixture containing dNTPs, MgCl,
buffer, specific primers and GoTaq Flexi DNA polymerase
(Promega) and amplification reactions using specific
primers and conditions for mouse IL-1f and IL-10 (human
and mouse) cDNAs and the housekeeping gene glyceral-
dehyde phosphate dehydrogenase (GAPDH) were carried
out. RT minus controls were carried out to check potential
genomic DNA contamination. These RT minus controls
were performed without using the reverse transcriptase
enzyme in the reaction mix. Sequences for the mouse
mRNAs from GeneBank (DNASTAR, Madison, WI) were
used to design primer pairs for RT-PCRs (OLIGO 4.05
software; National Biosciences, Plymouth, MN) (primers
available on request). Each RT-PCR was repeated at least
three times to achieve best reproducibility data. The mean
of the inter-assay variability of each RT-PCR assays was



Mesenchymal stem cells in neuropathic pain

659

0.07. PCR products were resolved into 2.0% agarose gel. A
semiquantitative analysis of mRNA levels was carried out
by the “Gel Doc 2000 UV System” (Bio-Rad, Hercules,
CA). The measured mRNA levels were normalized with
respect to GAPDH, chosen as housekeeping gene. The
GAPDH gene expression did not change in neuropathic
pain experimental conditions [7]. To our knowledge, there
is no molecular evidence for variation in GAPDH mRNA-
levels in SNI neuropathic pain model. The gene expression
values were expressed as arbitrary units &= SEM. Ampli-
fication of genes of interest and GAPDH were performed
simultaneously.

Statistical analysis

Behavioral and molecular data are shown as mean-
s = SEM ANOVA, followed by Student—-Neuman—Keuls
post hoc test, was used to determine the statistical signifi-
cance among groups. Immunocytochemical data are shown

as means = SEM ANOVA, followed by Tukey’s post hoc
test, was used to determine the statistical significance
among groups. P < 0.01 was considered statistically
significant.

Results

Human mesenchymal stem cell transplantation

in neuropathic mice does not affect motor function but
reduces mechanical allodynia and thermal hyperalgesia
in neuropathic mice

Bone marrow-derived human MSCs were transplanted in
the brain lateral ventricle. Stem cell transplantation did not
affect the neurological functions of the neuropathic mice,
once transplanted in the ventricle area (Fig. 1a). Neither
transplantation procedure or stem cells modified motor
coordination. The pain model we used involves a lesion of
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Fig. 1 a Rotarod motor testing results. The effects of human
mesenchymal stem cell injection on motor performance in the rotarod
test is shown. Intra-brain administration of hMSCs in ventricle of
SNI-mice had no effect on motor function compared with vehicle-
treated SNI-mice. Human MSCs were transplanted on day 4 after the
SNI surgery. Results are expressed as the mean = SEM of the latency
(s) (n =5 mice/group). *P < 0.05 vs sham/vehicle. b Effects of
human mesenchymal stem cells on reflex withdrawal responses
(s, mean £ SEM) to thermal noxious stimuli in SNI mice. The onset
of SNI-induced thermal hyperalgesia was evaluated in ipsilateral
sides at 7, 10, 14, 17, and 21 days post-SNI. SNI mice showed a
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prevented the appearance of mechanical allodynia at 7, 10, 14, 17, and
21 days post-SNI (°P < 0.05 vs SNI mice)
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two of the three terminal branches of the sciatic nerve
(tibial and common peroneal nerves, leaving the remaining
sural nerve intact); neuropathic mice are less able to walk
respect to naive mice. In order to exclude any further motor
impairment that would possibly be generated by hMSCs,
we applied the rotarod test to compare SNI/hMSC- with
SNI/vehicle-treated mice. As shown in Fig. la, there is no
difference in the motor coordination outcome for these two
groups of animals.

Neuropathic mice were subjected to stem cell trans-
plantation after 4 days from sciatic nerve injury and were
monitored 7, 10, 14, 17, and 21 days after surgery. We
injected hMSCs when neuropathic pain was already
established (4 days after SNI surgery) to assess their
potential role as therapeutic tool in pain care. Human
MSCs were able to reduce pain-like behaviors, such as
mechanical allodynia and thermal hyperalgesia, once
transplanted in the ventricle (Fig. 1b, c).

Nociceptive responses to thermal and mechanical stim-
uli (paw withdrawal latency, PWL and paw withdrawal
threshold, PWT, respectively) were measured every 30 min
for 3 h before surgery or 7, 10, 14, 17, and 21 days after
sciatic nerve surgery. The mean PWL and PWT was cal-
culated from six consecutive trials (each performed every
30 min) and averaged for each group of mice.

Sham mice treated 4 days after SNI surgery with vehicle
did not show any change in PWL and PWT compared to
the naive mice (data not shown). SNI mice treated with
vehicle developed mechanical allodynia and thermal
hyperalgesia in the ipsilateral side at 7, 10, 14, 17, and
21 days from surgery, compared to sham mice treated with
vehicle (Fig. 1b, c) but not in the contralateral side (data
not shown). Transplantation of hMSCs in the ventricle of
SNI mice significantly reduced mechanical allodynia in the
ipsilateral side (Fig. 1c) without any change in the con-
tralateral side (data not shown) with respect to SNI mice
treated with vehicle. A reduction in thermal hyperalgesia in
the ipsilateral side (but not in contralateral side) of SNI
mice compared with SNI mice treated with vehicle was
also observed when stem cells were transplanted in the
ventricle only 21 days after the sciatic nerve injury
(Fig. 1b).

Fluorescent Dil-labeled hMSCs home neighboring
to the injection site after transplantation

Brains were harvested from transplanted neuropathic mice
at 21 days after SNI injury (17 days after stem cell trans-
plantation) to verify the homing of hMSCs at the injury
site. Fluorescent analysis conducted on the brain cross-
sections at level of injury site revealed a preferential
accumulation of labeled Dil-hMSCs close to the area of
injection (Fig. 2a). No labeled Dil-hMSCs were detectable

in contralateral uninjured hemispheres, thus revealing the
specificity of hMSC engraftment at the injury site (Fig. 2).
However, we did observe a possible stem cell migration
along the corpus callosum (Fig. 2a). We found that Dil-
fluorescent labeling was a successfully staining to follow
stem cell homing or migration once transplanted in mouse
brain. Positive Dil-labeled hMSCs were also CD73 posi-
tive cells (see following paragraph and Fig. 2: al, a2, a3).

Human mesenchymal stem cells are positive
for specific antigens

Transplanted hMSCs were positive for lineage-specific
antigens 17 days after transplantation procedure. The
expression of these antigens is a valid marker recognized as
one of the criteria to identify MSCs [27]. In particular, we
successfully verified by immunocytochemistry that trans-
planted hMSCs expressed the surface antigens CD73
(NTSE, ecto-5'-nucleotidase, ESNT, NTE) (Fig. 2b, ¢). The
mouse anti-human CD73 antibody detects glycosyl phos-
phatidylinositol (GPI)-anchored purine salvage enzyme
expressed on the surface of hMSCs. The antibody does not
cross-react with other human antigens or with other mouse
(host) antigens.

Transplanted human mesenchymal stem cells do not
differentiate in neuronal and glial lineage but they are
able to reduce astroglial and microglial positive profiles

To verify whether the anti-nociceptive effects of hMSCs
seen in our study were due to a cellular differentiation, we
checked for the presence of specific neuronal and glial
markers in transplanted hMSCs.

On day 21, after sciatic nerve surgery (on day 17 after
stem cell treatment) transplanted hMSCs did not express
either the astrocytic glial marker GFAP, or the microglial
marker Iba-1 (Fig. 2d, e), or the neuronal marker NeuN (data
not shown). Moreover, the number of astrocytic cells labeled
using GFAP were found to be significantly reduced
in SNI/hMSC-treated neuropathic mice compared to
SNI/vehicle-treated neuropathic mice (Fig. 3a, al-b, bl—e).

The number of microglial cells labeled using Iba-1 were
also significantly decreased in hMSC-treated neuropathic
mice compared to vehicle-treated neuropathic mice
(Fig. 3c, c1-d, d1-f).

Human mesenchymal stem cells are able to reduce
IL-1p pro-inflammatory gene and protein expression
in neuropathic mice

In our model, transplanted hMSCs did not differentiate in
any neuronal or glial cellular population; however, since
they affected the mouse astrocytes and microglial cells, we



Mesenchymal stem cells in neuropathic pain

661

Fig. 2 Representative cross-section of mouse whole midbrain area
from hMSC-treated 21 days neuropathic mice. a Dil-labeled hMSCs
homed at the injection site after transplantation, with a possible stem
cell migration along the corpus callosum; LV lateral ventricle, CC
corpus callosum. al Human MSCs expressed lineage-specific
antigens at the time of injection in vivo. Representative fluorescent
photomicrograph of hMSCs showing immunocytochemistry for
CD73. CD73-positive hMSCs emitted green fluorescence. a2 Dil-
labeled hMSCs emitted red fluorescence. a3 Pictures with both green

hypothesized an anti-inflammatory action for stem cell
anti-nociceptive mechanism.

Human MSCs were able to decrease the pro-inflamma-
tory interleukin IL-1p positive profiles in the cortex of SNI/
hMSC-treated mice compared to SNI/vehicle mice
(Fig. 4a, b, f). IL-15 positive profiles were found
co-localized with GFAP astrocytic marker positive profiles
(Fig. 4c, d, e), but not with specific microglial or neuronal
markers (data not shown).

The semiquantitative analysis of mRNA levels measured
by RT-PCR amplification, at the same brain area of mor-
phological analysis, showed a decrease in the pro-
inflammatory IL-1/ mouse gene expression (mean + SE of
arbitrary units: 0.12 & 0.04 vs 1.10 £ 0.08 in SNI/hMSC-
treated mice with respect to the SNI/vehicle mice,

and red fluorescence were merged. b Area in white rectangle inset is
shown: CD73 positive hMSCs emitting red fluorescence. ¢ The cell
nuclei were counterstained with Hoechst 33258 (blue fluorescence),
the inset represents x40 magnification of the area in white rectangle
(x20 magnification). d Double labeling of GFAP and CD73 positive
profiles. Arrows indicate no merging between astrocytes and hMSCs.
e Double labeling of Iba-1 and CD73 positive profiles. Arrows
indicate no merging between microglial cells and hMSCs. Scale bars
100 pm (a), 50 um (b—e) and 25 pm (inset in ¢)

respectively) (Fig. 4g, h), but no change in the anti-inflam-
matory IL-10 gene (both human and mouse) was observed
by 21 days sciatic nerve SNI (data not shown). For all genes
and proteins examined, naive and sham animals showed no
differences in the expression levels (data not shown).

Human mesenchymal stem cells reduce ff-galactosidase
over-activation in prelimbic and infralimbic cortex
in neuropathic mice

In our model, transplanted hMSCs did not differentiate in
neurons nor increase neuronal positive profiles, but they
were able to reduce premature senescence-associated neu-
ronal suffering. Indeed, hMSCs were able to decrease the
f-galactosidase over-activation positive profiles in the
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Fig. 3 a GFAP labeling of ventricle and somatosensory forelimb
cortex from vehicle-treated 21 days-neuropathic mice. Notice the
increased staining in the periventricular area, as indicated by the
arrow; LV lateral ventricle. al High magnification of a, showing
GFAP positive astrocytes. b GFAP labeling of ventricle and
somatosensory forelimb cortex from hMSC-treated 21 days-neuro-
pathic mice. Human MSC treatment was able to decrease GFAP
staining in the periventricular area, as indicated by the arrow; LV
lateral ventricle. bl High magnification of b, showing reduced GFAP
positive astrocytes. ¢ Iba-1 labeling of ventricle and somatosensory
forelimb cortex from vehicle treated neuropathic mice; LV lateral
ventricle. ¢l High magnification of ¢, showing Iba-1 positive
microglial cells. d Iba-1 labeling of ventricle and somatosensory
forelimb cortex from hMSC-treated neuropathic mice. Human MSC
treatment was able to decrease Iba-1 staining in the periventricular

cortex of SNI/hMSC-treated mice compared to SNI/vehicle
mice (Fig. 5). The percentage of f-galactosidase positive
staining was calculated on NeuN positive cells.

Discussion
In this study, we demonstrated that a single intra-ventricle

administration of human bone marrow-derived MSCs was
able to decrease neuropathic pain-associated behaviors and
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area; LV lateral ventricle. d1 High magnification of d, showing
reduced Iba-1 positive microglial cells. Scale bars 100 pm (a,b),
50 um (al, b1), 100 pm (c,d), and 50 pm (c1, d1). e The number of
the GFAP positive profiles, indicating a strong reduction in the
number of astrocytes after hMSC transplantation in neuropathic mice
as compared to vehicle treated neuropathic animals. ANOVA
followed by Tukey’s post hoc test, was used to determine the
statistical significance among groups. ***P < 0.05 was considered
statistically significant. f The number of the Iba-1 positive profiles,
indicating a significant reduction in the number of microglial cells
after hMSC transplantation in neuropathic mice as compared to
vehicle treated neuropathic animals. ANOVA followed by Tukey’s
post hoc test, was used to determine the statistical significance among
groups. ***P < 0.01 was considered statistically significant

to trigger molecular and cellular changes. It has previously
been observed that MSCs injected into the ipsilateral L4
dorsal root ganglia resulted in a reduction of neuropathic
pain in animals with a sciatic nerve lesion [28]. This cell
administration induced changes in neuropeptide expression
in primary afferent neurons and prevented the development
of mechanical and thermal allodynia.

We chose the cerebral ventricle as injection site since our
study was focused on further understanding the involvement
of the supraspinal centres (i.e. the circumventricular nuclei)
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Fig. 4 Representative cross-section of mouse whole midbrain area
from hMSC-treated 21 days-neuropathic mice. a IL-1f positive
profiles in the area enclosed by the white perimeter from vehicle
treated 21 days-neuropathic mice. Scale bar 50 um (a,b). b IL-1p
positive profiles in the area enclosed by the white perimeter from
hMSC-treated neuropathic mice, indicating a reduction in IL-1f
profiles after hMSC treatment. ¢ GFAP positive profiles in hMSC-
treated neuropathic mice. d IL-1f positive profiles in hMSC-treated
neuropathic mice. e Double labeling of GFAP and IL-1f positive
profiles. Arrows indicate that the cells expressing IL-15 were
astrocytes. f The number of the IL-1f positive profiles, indicating a
significant reduction in the number of the cells expressing this
interleukin after hMSC transplantation in neuropathic mice as
compared to vehicle treated neuropathic animals. ANOVA followed
by Tukey’s post hoc test, was used to determine the statistical

and the anti-allodynic role and homing of stem cells in
neuropathic pain condition. Indeed, there is evidence that the
lateral ventricle can be a site for neurogenesis, as the cir-
cumventricular nuclei are potential neurogenic sources in
the adult brain after injury [29, 30]. Moreover, transplanted
cells can migrate from the ventricle towards the cortex [31,
32]. Transplantation into the lateral ventricle is the most
effective to treat hypoxic-ischemic damage [33].

How the stem cells work is still controversial. In prin-
ciple, stem cells can act through several possible
mechanisms, i.e. stimulating the plastic response or neural

80 -
60 -
40

20 | *kk

IL-13/GAPDH normalized values

vehicle hMSCs

significance among groups. **P < 0.05 was considered statistically
significant. g IL-1/GAPDH normalized values as obtained by RT-
PCR analysis. Human MSC treatment (on day 4 after SNI surgery)
reduced the mRNA levels of IL-1f gene in 21 days neuropathic mice
(SNI21/hMSCs) respect to vehicle-treated 21 days-neuropathic mice
(SNI21/vehicle). ANOVA, followed by Student—-Neuman—Keuls post
hoc test, was used to determine the statistical significance among
groups. ***P < (0.01 was considered statistically significant. h Rep-
resentative agarose gel blot analysis for IL-1 and housekeeping
GAPDH mouse genes following RT-PCR. The semiquantitative
analysis of mRNA levels was carried out by the “Gel Doc 2000 UV
System” (Bio-Rad, Hercules, CA). Human MSC treatment (on day 4
after SNI surgery) reduced the mRNA levels of IL-1f gene in
21 days-neuropathic mice (SNI21/hMSCs) respect to vehicle-treated
21 days-neuropathic mice (SNI21/vehicle)

activity in the host damaged tissue, secreting survival-
promoting neurotrophic factors, restoring synaptic trans-
mitter release by providing local re-innervations,
integrating into existing neural and synaptic network, and
re-establishing functional afferent and efferent connections
[34]. Exogenously applied MSCs have been shown to
home to injured tissues and repair them by producing
chemokines, differentiating into specific cell types, or
possibly by cell or nuclear fusion with host cells [35].
Recent evidence seems to be opening the way to explain
stem cell-mediated neuroprotective effects. Stem cells
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E

Fig. 5 Representative cross-section of mouse whole prefrontal cortex
area from hMSC-treated 21 days-neuropathic mice. a f-Gal positive
profiles in the pre-limbic and infra-limbic cortex area from vehicle-
treated 21 days-neuropathic mice. b NeuN positive profiles in the
same area from vehicle-treated neuropathic mice (al, bl). A detail
enclosed in the white square of /-Gal and NeuN, respectively; arrows
indicate the f(-Gal positive profiles expressed in the NeuN-labeled
neuronal cells. ¢ f-Gal positive profiles in the pre-limbic and infra-
limbic cortex area from hMSC-treated 21 days-neuropathic mice.
d NeuN positive profiles in the same area from hMSC-treated

could act as biologic “micro-pumps” to chronically deliver
anti-nociceptive molecules close to the pain processing
centres or the sites of injury, rather than their differentia-
tion and replacement processes in pain reduction [36].
However, it could be possible to reconstitute a tissue by
using stem cells. Mesenchymal stem cells have been shown
to participate in the regeneration process that is activated
following different types of injury of the nervous system
[28]. MSCs are able to integrate into the tissue, replace
damaged cells, and reconstruct neural circuitry. Injected
bone marrow stromal cells into the lateral ventricle of
neonatal mice adopt neural cell fates when exposed to the
brain microenvironment and they are capable of producing
differentiated progeny of a different dermal origin after
implantation into neonatal mouse brains [25]. It has been
indicated that hMSCs may facilitate recovery from spinal
cord injury by re-myelinating spared white matter tracts

SNI+vehicle SNI+hMSCs

neuropathic mice (cl, d1). A detail enclosed in the white square of
f-Gal and NeuN, respectively; arrows indicate less f-Gal positive
profiles expressed in the NeuN-labeled neuronal cells. e The number
of the ff-Gal positive profiles, indicating a significant reduction in the
number of suffering, senescent neuronal cells after hMSC transplan-
tation in neuropathic mice as compared to vehicle-treated neuropathic
animals. ANOVA followed by Tukey’s post hoc test, was used to
determine the statistical significance among groups. **P < 0.05 was
considered statistically significant. Scale bar 50 pm

and/or by enhancing axonal growth via differentiating into
oligodendrocytes [37]. Cell replacement theory is based on
the idea that replacement of degenerated neural cells with
alternative functioning cells induces long-lasting clinical
improvement [38]. On the other hand, after transplantation,
only a few percent of MSCs expressed the neuronal, as well
as astrocytic, phenotypes [39, 40]. This fact seems not
enough to explain the improvement in functional outcome.
In addition, these differentiated cells did not seem to
develop functional interconnections with the intrinsic cells
of the recipient animals. In our experimental model,
transplanted hMSCs did not differentiate either in a neu-
ronal or a glial and microglial phenotypes, indicating that
the reconstruction of neural circuitry is not always a pre-
requisite for functional recovery. Our data highlight that it
may be possible that the transplanted cells survive, inte-
grate into the endogenous neural network, and lead to
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functional improvement. Indeed, intravenous administra-
tion of MSCs was able to increase the expression of some
growth factors, such as nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF), in the rat brain
after traumatic brain injury [41]. Similarly, it has been
shown that transplantation of pre-differentiated embryonic
stem (ES) cells into neuronal progenitors is able to prevent
the appearance of chronic pain in an experimental model of
spinal cord injury in mice [42]. These pre-differentiated ES
cells activate both BDNF and IL-6 signaling pathways in
the host tissue leading to activation of cAMP/PKA,
phosporylation of cofilin and synapsin I, and promotion of
regenerative growth and neuronal survival [43]. However,
it is important to consider that, apart from the different
models used in those previous studies, we transplanted
adult mesenchymal stem cells, but not embryonic stem
cells. Also, Matsuda et al. have recently shown that ESs are
responsible of tumor development in a mouse model of
spinal cord injury (SCI), which in fact was blocked by
MSCs. In addition, mice co-transplanted with MSCs did
not show tumor development, and also showed sustained
behavioral improvement [44]. Clinical transfer of cell
transplantation therapy is hindered by legitimate concerns
regarding the in vivo teratoma formation and uncontrolla-
ble cell proliferation of undifferentiated hESs. It has also
been demonstrated that few ESs (in the order of 1 x 10° or
1 x 10* ESs) transplanted in several tissues give rise to
teratoma development [45].

By contrast, adult stem cells could be transplanted
directly without genetic modification or pre-treatments.
They simply eventually differentiate according to cues
from the surrounding tissues and do not give uncontrollable
growth or tumors. MSCs show a high expansion potential,
high genetic stability, and stable phenotype, can be easily
collected and shipped from the laboratory to the bedside,
and are compatible with different delivery methods and
formulations [16, 46].

In addition, MSCs have two other extraordinary char-
acteristics: they are able to migrate to sites of tissue injury
and have strong immunosuppressive properties that can be
exploited for successful autologous as well as heterologous
transplantations [17]. In addition, MSCs are easily isolated
from a small aspirate of bone marrow and expanded with
high efficiency. In clinical application, there is no problem
with immune rejection because the hMSCs can readily be
isolated from the patients requiring transplant. There is also
no tumor-formation on transplantation. And there is no
moral objection involved.

Accordingly, we have verified in this study whether
hMSCs could interfere with some specific physiological
and anatomical changes occurring in neurons of prelimbic
and infralimbic cortical areas in SNI mice [47]. These
cortical areas are involved in chronic pain modulation,

integration and maintenance, and can represent an optimal
site for studying supraspinal neuropathic pain brain modi-
fications, as emerging neuro-imaging analysis has revealed
that pre-frontal cortex may be specifically involved in pain
inhibition in humans [48]. Intriguingly, it has been dem-
onstrated that gray matter density was reduced in bilateral
dorsolateral pre-frontal cortex chronic pain conditions in
humans [8]. To this aim, we performed experiments on
f-galactosidase enzymatic activity for studying neuronal
cell suffering in the prelimbic and infralimbic cortical
areas. This enzyme can be considered as marker of stress-
induced premature senescence, thus reflecting neuronal
suffering condition [49]. We found that SNI was able to
trigger ff-galactosidase enzymatic activation in neurons and
that hMSCs, although not changing the number of neuronal
positive profiles, reduced neural f-galactosidase over-
activation. Since MSCs have the capability to produce a
large array of trophic and growth factors both in vivo and
in vitro [50, 51], a more reasonable explanation for the
functional benefit derived from MSC transplantation is that
these cells are able to produce factors that activate
endogenous restorative mechanisms within injured brain
contributing to recovery of function lost as a result of
lesions. MSCs constitutively secrete interleukins IL-6,
IL-7, IL-8, IL-11, IL-12, IL-14, IL-15, macrophage colony-
stimulating factor, Flt-3 ligand, and stem-cell factor
[52, 53]. According to this approach, the production of
neurotrophic factors provided by transplanted MSCs sup-
ports neuronal cell survival, induces endogenous cell
proliferation, and promotes nerve fibre regeneration at sites
of injury. This fact could be the mechanism underlying the
functional improvement in neuropathic pain seen after
MSC transplantation shown in the present study. The
neuroprotective effects of transplanted stem cells could be
the result from a combination of neurotrophic and anti-
inflammatory factors produced by transplanted stem cells.
In addition, after stem cell treatment, we observed a sig-
nificant decrease in the host pro-inflammatory IL-1§ mouse
gene expression. IL-1f is involved in the modulation of
pain in both the peripheral and central nervous systems. It
has been investigated that SNI triggers an increase in the
expression of IL-1f gene in the brain of neuropathic rats
[54]. The primers we used to perform RT-PCR analysis
were designed to be specifically directed to IL-15 mouse
gene, indicating that transplanted hMSCs could modulate
the mRNA levels of endogenous inflammatory cytokines.
In this way, through blockade of the pro-inflammatory
cytokine cascade, hMSCs could affect functional recovery
of the imbalance cytokine expression pattern due to the
inflammatory processes associated with neuropathic pain
[55, 56]. Noteworthy is the fact that we did not observe any
changes in human IL-10 gene expression, nor in mouse
IL-10 gene expression. We focused our attention on the
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endogenous balance between a pro- (IL-1f) and an anti-
(IL-10) inflammatory mouse gene expression, showing a
decrease in the pro-inflammatory mRNA levels after hMSC
treatment. The mechanisms of action of IL-1p for inducing
allodynia are not yet known, but increased evidences
indicate that IL-1 is involved in the modulation of noci-
ceptive information [57], contributing to the central
sensitization associated with chronic neuropathic pain [58].
Nevertheless, we did not exclude the involvement of sev-
eral other cytokines in the neuropathic pain progression,
given that further molecular studies will be needed to
elucidate the complete patterns of endogenous cytokines
modulated by hMSCs, as well as the secreted cytokines by
stem cells. In addition, further experimentation is needed to
elucidate whether the effects of stem cells are due to cel-
lular or paracrine activities.

Neuropathic pain progression may be mediated by
modifications in glial responses to nociception [3, 59].
Indeed, activated glial cells are a source of central IL-1f
release after peripheral injury [60]. IL-1p is able to induce
the release of “endotoxins” from glial cells [61], influ-
encing neuronal injury. In the pain model used, here we
found that the cells producing the pro-inflammatory IL-1/
were astrocytes (Fig. 4c, d, e). In addition, hMSC treatment
was able to decrease the number of both glial and mi-
croglial cells, indicating that a possible mechanism of
action of stem cells in reducing pain is by affecting the
functionality of these cell types and by influencing the
glial-cytokine—neuronal interactions.

Our results indicate that transplanted Dil-labeled
hMSCs were able to home very close to the injection brain
area. No labeled Dil-hMSCs were detectable in contralat-
eral hemisphere. Stem cells have a strong ability to home to
sites of injury by using chemokine signals [62, 63].
Besides, it has been already proposed that hMSCs homing
at the injury/injection sites could exert a local and/or sys-
temic immunosuppressive action thus limiting the
inflammatory reactions and cell proliferation and migration
[64—66]. In the light of our results demonstrating a strong
decrease in allodynia after stem cell treatment, the cortical
brain area may represent critical substrate in which ana-
lyzing specific biomarkers involved in neuropathic pain
processing [67-70].

The human specificity of the marker we used to phe-
notypically characterize hMSCs allowed us to ensure that
stem cells located in the brain area involved in neuropathic
pain were heterologous transplanted stem cells. However,
we cannot exclude a recruitment of homologous stem cells
in the sites of injection [71].

In our study, day 21 is the starting time point that we can
observe a decreased thermal hyperalgesia after hMSCs
treatment. These data could indicate that hMSCs might
need a longer time to exert their local effectiveness in the

hyperalgesic state associated with neuropathic pain.
A delay in stem cell-resolving thermal hyperalgesia has
been already observed in a different model of neuropathic
pain [72]. We cannot exclude a complete recovery of either
allodynia or even thermal hyperalgesia after stem cell
transplantation in SNI mice if a longer experimentation
time was performed. This raises a critical question
regarding the need of a longer time for stem cell trans-
plantation to hopefully generate a full recovery from
neuropathic pain symptoms. This may suggest that the time
interval considered in this study is far too short to recog-
nize whether: (1) stem cell merely accelerate a sort of
“regeneration” but after sufficient survival time the same
outcome was achieved in the vehicle-treated controls, (2)
treatment can improve the final outcome after regeneration
completion, or (3) both acceleration occurs and final out-
come is improved. However, it is also important to
consider that the SNI model is characterized by stable and
persistent allodynia and thermal hyperalgesia at least for
3 months with no minimal recovery during that time, even
with different vehicles systemically or intracerebrally
administered [73]. Thus, it is unlikely that hMSCs can
accelerate or improve any spontaneous pain resolution
which in fact never happens spontaneously in the SNI
model. Unfortunately, we have not had the possibility to
measure allodynia or thermal hyperalgesia for a longer
time (i.e. 2 or 3 months post-injury), and this was because
the experimentation license for the use of laboratory ani-
mals did not permit the use of suffering animals in this
study for more than 3 weeks.

In conclusion, we show here that human mesenchymal
stem cells are able to reduce mechanical allodynia and to
modify cellular and molecular pain mechanisms, once
transplanted in the mouse cerebral ventricle, without
affecting motor coordination. Our data demonstrated that
hMSC treatment reduced the mRNA levels of the pro-
inflammatory IL-15 mouse gene, as well as astrocytic and
microglial cell activation. We suggested a possible mech-
anism of action of stem cells in reducing pain. Human
MSCs could exert their action through a neuro-restorative
“paracrine” mechanism, involving: (1) regeneration of the
glial-cytokine—neuronal interactions, disrupted in neuro-
pathic pain progression; (2) limitation of the inflammatory
reactions; (3) limitation of glial/microglial cell prolifera-
tion; and (4) partial normalization of prefrontal cortex
neural activity. Due to the limited success of current
available drugs, new molecular strategies are needed for
best approaches to neuropathic pain treatment [12]. Indeed,
this study provides evidence that hMSCs injection may be
a more suitable therapy than “classical” drugs to decrease
neuropathic pain symptoms, supporting a therapeutic
potentiality of hMSCs as anti-allodynic tool in untreatable
neuropathic pain care.
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