Original Article

Cell Transplantation
Volume 32: |11

VEGF-Expressing Mesenchymal Stem Cell © The Author(s) 2023

Article reuse guidelines:

Therapy for Safe an:i Effective Treatment sagepub comfournal permisions
M M M M journals.sagepub.com/home/cll
of Pain in Parkinson’s Disease SSAGE

Man Li', Ji Li', Hong Chen', and Mingxin Zhu?

Abstract

Vascular endothelial growth factor (VEGF) is a pro-angiogenic factor that mediates the differentiation and function of
vascular endothelial cells. VEGF has been implicated in modulating various pains. However, the effects of VEGF in Parkinson’s
disease (PD)-related pain have not been studied. The goal of this study was to understand the effects of VEGF-expressing
mesenchymal stem cells (MSCs) on PD-related pain and the involved mechanisms. We used two types of MSCs: hAMSC-
Vector-GFP and hAMSC-VEGF189-GFP in PD mice. Then, the expression of VEGF and the viability have been compared
between two types of MSCs. To demonstrate the therapeutic effect of hAAMSC-VEGF89-GFP, we transplanted each cell line
in a PD mouse model. Head mechanical withdrawal thresholds were examined. hAMSC-VEGF|89-GFP was associated with
significantly increased VEGF expression and slightly increased viability, compared with hAMSC-Vector-GFP. The transplanted
hAMSC-VEGF189-GFP significantly improved mechanical allodynia and inhibited transient receptor potential vanilloid |
(TRPV1) expression in site. And such pain relief effects could be partially blocked by TRPV I agonist. However, we did not
observe tumor generation or neuron degeneration in hAMSC-VEGF189-GFP-transplanted animals. Taken together, our data
suggest that hAMSC-VEGF189-GFP is safely therapeutically appropriate for treating PD-related pain. VEGF inhibits TRPVI
expression, which may contribute to its analgesic properties.

Keywords
vascular endothelial growth factor, mesenchymal stem cells, transient receptor potential vanilloid |, pain, Parkinson’s disease

Introduction employed as neurotrophic release machines to restore neuro-
genesis in Alzheimer’s disease. We have used human adi-

gauli' 1S Ehz. most ;)Btheri(?n}lle. nogl?zto; syrﬁlptom of pose-derived MSCs (hAMSCs) as a delivery vehicle for the
arkinson’s disease (PD), which is ranked after three motor 4o ont of PD and glioma in our previous studies'>!*.

] 1 1 0, — 0, . . . . .
symptoms’. It is estimated that around 40%-85% of PD However, there are some limitations in such therapy, includ-

Ic)lgtlents suffer frgngalg ’ .an(.i tf;err.evaéence 1ncr§ase§ W%tﬁ ing a low survival rate of transplanted cells and difficulty in
1sease progression™’. Pain 1n 1s often associated wit finding an efficient trophic factor.

. o4 g s S e g
d1seas§ ,Sevge rity”, disease duratlon. ’ depresspn » anxiety’, Vascular endothelial growth factor A (VEGF-A) is a cru-
gnd sqlclde . Eor the.se reasons, various therap}es hgve been regulator in angiogenesis that exerts a wide effect on
investigated, including analgesics, neurosurgical interven-
tions, and stem cell therapy. However, pharmacotherapy and
neurosurgical lesioning have disappointing efficacy and ' Department of Anesthesiology, Tongji Hospital, Tongji Medical College,
undesirable risk-benefit ratio for 10ng_term therapy. Huazhong University of Science and Technology, Wuhan, People’s
Recently, several studies have examined the therapeutic ZRePUbI'C of China . _ L

. Department of Neurosurgery, Tongji Hospital, Tongji Medical College,
effect of stem cells on pain. Mesenchymal stem cells (MSCs) Huazhong University of Science and Technology, Wuhan, People’s
are suggested to be a promising candidate for biological Republic of China
delivery vehicles for the folloyvmg theories: (1) MS(.:S can b.e Submitted: September 14, 2022. Revised: December 9, 2022. Accepted:
transplanted safely and effectively; (2) MSCs can differenti- December 17, 2022.
ate into multiple cell lineages; and (3) MSCs have a trophic

. . 9

factor releasing par?crl.ne effech - Some res.earCh \.JVO.I'kS Mingxin Zhu, Department of Neurosurgery, Tongji Hospital, Tongji
revealed that MSCs significantly improved angiogenesis in a Medical College, Huazhong University of Science and Technology, Wuhan,
variety of diseases in a paracrine manner'®'!. Then, Bahlakeh  Hubei, People’s Republic of China.
et al.'”? demonstrated that adipose-derived MSCs can be  Email: mxzhu@tjh.tjmu.edu.cn

Corresponding Author:

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-

NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and
distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages
(https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/cll
mailto:mxzhu@tjh.tjmu.edu.cn

Cell Transplantation

the nerve system!'>!7. It has been shown to improve cell
survival'8, increase peripheral nerve density'®, and amelio-
rate pain?’. Targeting VEGF can decrease pain behaviors in
a variety of animal models?!*2, Meanwhile, some studies
have reported on the therapeutic possibility of using VEGF-
expressing stem cell for treatment of pain?»**. Thus, we
investigated whether VEGF-expressing hAMSCs (hAMSC-
VEGF) are effective for the treatment of hyperalgesia and a
higher survival rate of MSCs in the PD mice model. We
aimed to search for an effective strategy and gain further
understanding of the pathological mechanics of pain in PD.

Materials and Methods
Cell-Based Delivery System

Following approval by the Huazhong Science and
Technology University Institutional Review Board, early
passaged primary hAMSCs (hAMSC 173) were obtained
from patients undergoing neurosurgical procedures as
described in our previous studies'*?. The primary hAM-
SCs were isolated using the collagenase digestion method
(collagenase-A; Thermo Fisher, Carlsbad, CA, USA) as
described before'®. The cells were cultured in MSC com-
plete media [MesenPRO RS basal media with one vial of
MesenPRO RS growth supplement (Gibco), 1% Glutamax
(Gibco), and 1% penicillin/streptomycin (Gibco)] and incu-
bated at 37°C in a humidified atmosphere containing
5% CO,. Lentiviral vector—driven expression of VEGF
(LV-VEGF-GFP) (Viraltherapy Technologies) was used to
transduce the hAMSCs. VEGF expression was assessed by
Western blot. All lentiviral (LV) constructs were packaged
as LV vector in HEK 293 cells. After collection, the
hAMSCs (hAMSC-Vector-GFP, hAMSC-Vector-GFP/Fluc,
hAMSC-VEGF189-GFP, hAMSC-VEGF189-GFP/Fluc)
were sorted by a Moflo cytometer (Beckman Coulter,
Indianapolis, IN, USA).

MTT Assay

For the measurement of viability, passages 4-6 of 4 X 103
cells were seeded on 24-well plates. After 48 h, 20 ul of
DMEM/F12 containing 10% 3-(4,5-dimenthylthiazol-2-yl)-
2,5-diphenylterazolium bromide solution (5 mg/ml; Sigma)
was added into each well for 5 h. After incubation, media
was removed and formazan crystals were dissolved in
dimethyl sulfoxide (Sigma). The absorbance of dissolved
samples was measured at 570 nm.

Western Immunoblotting

The Western blot analysis was performed as described
recently?®. The hAMSCs were lysed in a radioimmunopre-
cipitation assay buffer (Sigma) with phenylmethylsulfonyl
fluoride (PMSF) and the trigeminal subnucleus caudalis

(Vc) area was lysed in a solubilization buffer [SO mM Tris
HCI, pH 8.0, 150 mM NaCl, 1 mM ethylenediaminetet-
raacetic acid, 1% NP-40, 0.5% deoxycholic acid, 0.1%
sodium dodecyl sulfate (SDS), 1 mM Na,VO,, 1 U/ml
aprotinin, 20 pg/ml leupetin, 20 pg/ml pepstatin Al].
Protein samples were resolved by SDS-PAGE (polyacryl-
amide gel electrophoresis) and transferred to a nitrocellu-
lose membrane. The following primary antibodies and
dilutions were used: rabbit anti-VEGF (1:200, Abcam,
ab46154), guinea pig anti-transient receptor potential
vanilloid 1 (TRPV1) (1:1,000, Alomone labs, AGP-118),
and mouse monoclonal anti-beta-actin (1:5,000, Abcam).
The following secondary antibodies and dilutions were
used: goat anti-rabbit horseradish peroxidase (HRP)
[1:5,000, Thermo Fisher Scientific (TFS), 62-6120], goat
anti-guinea pig HRP (1:10,000, TFS, A18769), and anti-
mouse HRP (1:5,000, TFS, 62-6520). Densitometric anal-
ysis was performed using Image J software (National
Institute of Health, USA).

Immunostaining

After treatment, the mice were anesthetized with 4% chlo-
ral hydrate and perfused with saline and 4% paraformalde-
hyde. Brains including Vc and trigeminal ganglia (TG)
were removed and post-fixed overnight in 4% paraformal-
dehyde at 4°C. Transverse sections (20 pm) cut with a
cryostat were incubated in 3% normal goat serum, fol-
lowed by incubation with relevant primary antibodies:
striatum (STR) and substantia nigra (SN) with rabbit anti-
TH (tyrosine hydroxylase) antibody (1:1,000, abcam,
abl112), Vc with guinea pig anti-TRPV1 (1:500, Alomone
labs, AGP-118), mouse monoclonal anti-VEGF (1:50,
Santa Cruz Biotechnology, SC-7269), rabbit anti-Vimentin
(1:200, Sigma, SAB1305096), and mouse anti-Sm actin
(1:100, Abcam, ab5694) overnight at 4°C. The sections
were then incubated with species-specific secondary anti-
bodies: goat anti-rabbit Alexa488 (1:1,000, Abcam,
ab150077), goat anti-mouse Alexa488 (1:1,000, Abcam,
ab150113), and goat anti—guinea pig Alexa594 secondary
antibody (1:1,000, Abcam, ab150188) with 4',6-diamid-
ino-2-phenylindole (DAPI) nuclear counterstain (Vector
Laboratories, China). Stained slides were examined with a
bright-field microscope (Olympus). For TH" neuron anal-
ysis, three sections randomly chosen from four mice per
group were analyzed (12 pictures/group). The survival
graft volume was measured with GFP/Fluc-stained sec-
tions, and the extent was noted by tracing the outlines of
each section throughout the anteroposterior axis of the
graft on those stained sections. The volume was calculated
according to the Cavalieri principle using the following
formula: volume = the sum of areas X the inverse of the
sampling fraction X the section thickness. Macros were
custom-developed in Image] to quantify dopaminergic
neuron and graft volume.
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In Vivo Bioluminescence Imaging of Transfected
hAMSCs

To identify the safety of hAMSC-VEGF189 in the normal
brain, 2 X 10° hAMSC-VEGF189-GFP/Fluc were stereotac-
tically injected into the right Vc. Following injection, these
animals were imaged using an in vivo imaging system (IVIS)
for small animal (Perkin Elmer) at different time periods (1,
2, 3,4, 5, and 6 weeks after injection). Then the mice brains
were perfused and fully cryo-sectioned at a 20-um thickness.
The hAMSC-GFP/DAPIl/a-smooth muscle actin (Sm-actin)
and hAMSC-GFP/DAPI/Vimentin were used to stain and
measure the effect in normal brain.

Animals

Male C57BL/6J mice (8-9 weeks of age) were used in accor-
dance with the ethical guidelines set by Huazhong Science
and Technology University Institutional Animal Care and
Use Committees. Mice were grouped and kept under condi-
tions of a 12-h light/dark cycle at an ambient temperature of
22°C. Food and water were available ad libitum.

Stereotaxic Surgery

Stereotaxic surgery was performed under anesthesia with 5%
chloral hydrate (350 mg/kg, intraperitoneally) as described
previously?’. Using coordinates relative to the Bregma, ste-
reotaxic injection of 6-hydroxidopamine (6-OHDA) [left
STR; 1 plat A/P +0.3 mm, M/L +2.2 mm, and D/V —3.0 mm
and 1 plat A/P +1.1 mm, M/L +1.7 mm, and D/V —2.9 mm;
3 pg/pl in saline containing 0.02% ascorbic acid; Sigma],
hAMSC-VEGF (right Vc; A/P—7.8 mm, M/R +1.6 mm, D/V
—4.5 mm; 2 X 10% in phosphate-buffered saline; 0.5 ul), and
respective control was done according to the atlas of Paxinos
and Watson, the TRPV1 agonist capsaicin (right Vc; A/P—7.8
mm, M/R +1.6 mm, D/V —4.5 mm; 1 uM; 0.5 pl).

Behavior Test

Our previous study demonstrated that 6-OHDA-induced
semi PD mice model displayed thermal and mechanical pain
hypersensitivity but not spontaneous pain®®. So, we chose
mechanical allodynia to demonstrate the effects of hRAMSC-
VEGF. Mice were allowed to acclimate for approximately 30
min before all behavior tests. p-Amphetamine (5 mg/kg,
intraperitoneally) was used to monitor ipsilateral rotations
which were counted for 1 h at 1 and 2 weeks post 6-OHDA,
and 2 or 4 weeks post hAMSC-VEGF. The mechanical
hyperalgesia was measured with a series of calibrated von
Frey filaments. The von Frey filaments were applied to the
skin near the center of the vibrissa pad. The mechanical pain
threshold was quantified as EF50, the von Frey filament
force (g) that produced a 50% frequency of the withdrawal
responses of the head.

Statistical Analysis

All data are expressed as mean = standard error of the mean.
Data within the two groups were assessed by unpaired
Student’s ¢ test using the Instat 3.05 software package
(GraphPad Software, San Diego, CA, USA). Animal behav-
ior data were analyzed with two-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test. Statistical
significance was defined as P < 0.05.

Results

VEGF Expression and Cell Viability

We measured VEGF expression level of hAMSC-Vector-
GFP and hAMSC-VEGF189-GFP using immunocytochemi-
cal staining (Fig. 1A) and Western blotting (Fig. 1B, C). The
expression of intracellular and extracellular VEGF levels
was significantly elevated in hAMSC-VEGF189-GFP com-
pared with hAMSC-Vector-GFP. To examine the viability of
each cell line, we performed the MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. The
viability of hAMSC-VEGF189-GFP was increased in com-
parison with hAMSC-Vector-GFP (Fig. 1D). It has been
reported before that VEGF improves the cell proliferation
and migration effects in vitro**. To investigate the effects in
vivo, IVIS was carried out after hAMSC transplantation from
1 week to 6 weeks. The survival of transplanted hAMSCs
remained at 6 weeks post-transplantation assessed by IVIS.
There was no significant difference in grafted cell survival
between hAMSC-VEGF189-GFP and hAMSC-Vector-GFP
(Fig. 2A-D). Moreover, the expression of VEGF in hAMSC-
VEGF189-GFP-transplanted mice is robustly increased
when compared with that in hAMSC-Vector-GFP-trans-
planted mice (Fig. 2E-G).

Improvement of Mechanical Allodynia by VEGF

In this study, a unilateral 6-OHDA administration protocol
was applied to generate semi PD mice model. We confirmed
this PD model by degeneration of dopaminergic neuron seen
in left SN (Fig. 3A). To confirm mechanical allodynia, we
carried out the Von Frey test and measured the threshold
force in unilateral 6-OHDA-lesioned mice (Fig. 3B).
Consistent with our previous report?’, unilateral 6-OHDA-
lesioned mice display contralateral mechanical pain hyper-
sensitivity. In the hAMSC-VEGF189-GFP transplant group,
the threshold force was 1.791 £ 0.506 g before 6-OHDA
injection, 0.792 * 0.225 g after injection, 1.278 = 0.371 g 1
week after hAMSC-VEGF189-GFP transplantation, and
1.523 = 0.424 g 6 weeks after transplantation. This group
showed a fast improvement in mechanical allodynia and
returned to an almost normal threshold at 6 weeks post-
transplant. However, in the hAMSC-Vector-GFP transplant
group, the EF50s of the mice were 0.746 = 0.200 g one week
after transplantation and 0.847 * 0.217 g 6 weeks after
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Figure |. VEGFI89 expression and cell viability of engineered hAMSCs. (A) Immunofluorescence staining was used to determine
the VEGF expression in hAMSC-VEGF 189 and hAMSC-Vector. Scale bar, 100 um. (B) Schema showing the collection of the MSC-
conditioned media (MSC-CM). (C) Western blots were performed to test the VEGF expression of hAMSC-VEGF |89 and hAMSC-

Vector. Cell lysate from the hAMSC-Vector served as a negative control. VEGF level in hAMSC-VEGF 189 is significantly higher than in
hAMSC-Vector. (D) MTT was performed to test the viability of hAMSC-VEGF189 and hAMSC-Vector. hRAMSCs: human adipose-derived
mesenchymal stem cells; VEGF: vascular endothelial growth factor; MSC: mesenchymal stem cell; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide. *P < 0.05, significantly different from hAMSC-Vector. Unpaired t test analysis.

transplantation. Mechanical allodynia of this group slowly
improved as 6 weeks post-transplant and the difference was
not significant.

Effects of hAMSC-VEGF on Dopamine Neurons

To evaluate the effects of hAMSC-VEGF189-GFP on dopa-
mine neurons in 6-OHDA-lesioned animals, we imaged SN
sections of PD mice with treatment of hAMSC-VEGF189-GFP
at 6 weeks after transplantation. Both in hAMSC-VEGF189-
GFP and in hAMSC-Vector-GFP transplant groups, very few
dopamine neurons exhibited TH expression in impaired lateral
compared with unimpaired lateral (Fig. 3C). Meanwhile, there
was no significant difference in the expression of TH in dopa-
mine neurons between hAMSC-VEGF189-GFP and hAMSC-
Vector-GFP transplant groups (Fig. 3D). Ipsilateral rotation was
not relieved by either hAMSC-VEGF189-GFP or hAMSC-
Vector-GFP transplantation (Fig. 3E).

Effects of hRAMSC-VEGF on TRPV|

Modulation of TRPV1 function and/or expression is funda-
mental to the development of hyperalgesia3®3!. Central termi-
nal sensitization influencing pain was evaluated by staining
of TRPV1 at Vc (Fig. 4A, B). Strikingly, in the hAMSC-
VEGF189-GFP transplant group, enhanced expression of
TRPV1 in Vc was slightly reduced when compared with the
hAMSC-Vector-GFP injected group (Fig. 4A, B). This effect
was also confirmed by Western blotting (Fig. 4C, D). To
determine the effect of TRPV1 in hAMSC-VEGF189-GFP-
mediated pain relief, we microinject the TRPV1 agonist
(capsaicin) with transplanted cells in V¢ and perform Von
Frey test 1 week after transplantation. Administration of
locally applied hAMSC-VEGF189-GFP to Vc attenuated
mechanical allodynia, which was partially blocked by coad-
ministration of capsaicin (Fig. 4E). We then determined
whether TRPV1 expression in sensory neurons was affected.
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Figure 2. The survival of engineered hAMSCs after transplantation. (A) Bioluminescence for the hAMSC-Vector-bearing mice was
checked on weeks |, 2, 3, 4, 5, and 6. (B) Bioluminescence radiance was maintained between week | and week 6 for hAAMSC-Vector,
whereas there was an obvious decrease in week 6. (C) Bioluminescence for the hAMSC-VEGF189-bearing mice was checked on weeks
I, 2,3,4,5,and 6. (D) Bioluminescence radiance was maintained between week | and week 6 for hAAMSC-VEGF 189, whereas there was
an obvious decrease in week 6. (E) Immunofluorescence staining was used to determine the VEGF expression after transplantation. Scale
bar, 100 um. (F) Number of hRAMSC-VEGF 189 and hAMSC-Vector in Vc at 2 weeks after transplantation. (G) Number of VEGF* MSCs
in Vc at 2 weeks after transplantation. n = 6 in each group. Data are presented as mean = SEM. Unpaired t test and two-way analysis of
variance with Tukey’s multiple comparisons test. RAMSCs: human adipose-derived mesenchymal stem cells; VEGF: vascular endothelial
growth factor; MSCs: mesenchymal stem cells; SEM: standard error of the mean; DAPI: 4',6-diamidino-2-phenylindole; Vc: subnucleus
caudalis. *P < 0.05, significantly different from hAMSC-Vector.

Treatment with hAMSC-VEGF189-GFP in Vc also slightly TRPV1 sensitization in central terminal and peripheral sensory
reduced TRPV1 expression in TG neurons (Fig. 4F). These neurons. Pharmacological activation of TRPV1 eliminated
results indicate that hAMSC-VEGF189-GFP can reduce hAMSC-VEGF189-GFP-mediated pain relief, indicating that
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Figure 3. hAMSC-VEGFI89 alleviates hyperalgesia in 6-OHDA-lesioned mice without affecting dopaminergic neuron. (A) Visualization
of loss of dopaminergic neuron in ipsilateral SN stained with TH after treatment with 6-OHDA. Scale bar, 200 um. (B) The effects

of hAMSC-VEGF 189 on mechanical hyperalgesia induced by 6-OHDA at the orofacial region. *P < 0.05, significantly different from
6-OHDA without MSC. (C) Visualization of loss of dopaminergic neuron in ipsilateral SN stained with TH of 6-OHDA-lesioned mice
after hRAMSC-VEGF 189 transplantation. Scale bar, 200 um. (D) Number of TH* neurons in the SN pars compacta. NS = P > 0.05,
compared with hAMSC-Vector. (E) Ipsilateral rotations compared between hAMSC-VEGF 189 and hAMSC-Vector groups. NS = P >
0.05, compared with hAMSC-Vector. n = 6 in each group. B, n = 6 in each group. Data are presented as mean * standard error of
the mean. Unpaired t test and two-way analysis of variance with Tukey’s multiple comparisons test. hAAMSCs: human adipose-derived
mesenchymal stem cells; SN: substantia nigra; TH: tyrosine hydroxylase; MSC: mesenchymal stem cell; hMSC: human mesenchymal stem
cell; NS: not significant; 6-OHDA: 6-hydroxidopamine.
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Figure 4. hAMSC-VEGF 89 alleviates hyperalgesia in 6-OHDA-lesioned mice. (A) Vc slices from mice 6 weeks after MSC-Vector
microinjection were stained with anti-TRPV| (red) antibodies. Scale bar, 500 um. (B) Visualization of downregulation of TRPVI in Vc of
6-OHDA-lesioned mice after hMSC-VEGF 189 microinjection in Vc. Scale bar, 500 um. (C and D) A representative Western blot image
using anti-TRPV I antibody. *P < 0.05, significantly different from 6-OHDA with MSC-Vector. (E) The effects of capsaicin on mechanical
hyperalgesia induced by 6-OHDA at the orofacial region. *P < 0.05, significantly different from 6-OHDA without MSC and capsaicin.
NS = P > 0.05, compared with 6-OHDA with MSC, but without capsaicin. (F) TG slices from mice 6 weeks after MSC-Vector or
hMSC-VEGF 189 microinjection were stained with anti-TRPV| (green) antibodies. Scale bar, 50 um. D, n = 3 in each group. E, n = 6 in
each group. Data are presented as mean = standard error of the mean. Unpaired t test and two-way analysis of variance with Tukey’s
multiple comparisons test. hAAMSCs: human adipose-derived mesenchymal stem cells; MSC: mesenchymal stem cell; TRPVI: transient

receptor potential vanilloid |; NS: not significant; TG: trigeminal ganglia; VEGF: vascular endothelial growth factor; Vc: subnucleus

caudalis; hMSC: human mesenchymal stem cell.

the mechanism of action of hAMSC-VEGF189-GFP involves,
at least in part, downregulation of TRPV1.

Tumor Formation by hAMSC-VEGF
Transplantation

The tumor generation effect of VEGF*? or MSCs* has been
studied in some research works. To demonstrate the therapeu-
tic effect of hAMSC-VEGF189-GFP on PD-related pain, we
used transplanted cells in this study. So the tumor generation
effect of hAMSC-VEGF189-GFP has to be investigated in
this study. The immunofluorescence staining of vimentin
and Sm-actin significantly decreased at 6 weeks after trans-
plantation when compared with that at 2 weeks after trans-
plantation, in both hAMSC-Vector-GFP (Fig. 5A, B) and
hAMSC-VEGF189-GFP groups (Fig. 5C, D). The vimentin
and Sm-actin always appear in fibroblastic cells, which have
been used by a developing cancer®*. The decrease in vimentin
and Sm-actin is inconsistent with the character of developing
cancer. Graft survival in both groups at 2 and 6 weeks after
transplantation was calculated. Stereological measurement
showed an average survival volume of 0.050 * 0.005 mm? at

2 weeks and 0.017 = 0.001 mm?® at 6 weeks after transplanta-
tion in the hAMSC-Vector-GFP group (Fig. 5E). Compared
with the hAMSC-Vector-GFP group, hAMSC-VEGF189-
GFP had a slightly larger volume of surviving grafts, but the
difference is not significant (0.061 = 0.007 mm? vs 0.050 +
0.005 mm? at 2 weeks; 0.019 = 0.001 mm? vs 0.017 = 0.001
mm? at 6 weeks; P > 0.05) (Fig. 5F).

Discussion

Several recent studies have shown that VEGF A plays an
important role in pain modulation. Some of them revealed
that VEGF A participates in peripheral sensitization via acti-
vation of TRPVI in the dorsal root ganglion?®. However,
there are no relevant reports concerning whether VEGF A
modulates PD-related pain and the central terminal sensiti-
zation of TRPV1 in the dorsal horn. In this study, we dem-
onstrated that intra-Vc injection of VEGF189-expressing
MSCs (hAMSC-VEGF189) could significantly relieve
mechanical allodynia in PD mice (P = 0.012) at 6 weeks
after transplantation, and the mechanism involves down-
regulation of TRPV1 in the dorsal horn. Notably, our current



8 Cell Transplantation

A DAPI /| GFP/ Vlmentln DAPI /| GFP / Vimentin
| | .
o S
f; :
= = \
) *
[¥) O| DAPI/GFP/Sm-actin
n ) -
= =
< <
e L
C
g 2
- -
L
) 0}
w 1]
> >
) ®| DAPL/GFP/Sm-actin
O 8 Merge
n
2 2
g <
E _o0s F _0.08;
o™ (3]
£ 0.06 E 0,06/
GE’ 0.04 g 0.04-
= % = *
2 0.021 © 0.021
> >
0.00- 0.00-
& ¥ ¥
&~ & & &
Vv © 3 ©

Figure 5. hAMSC-VEGF does not generate tumor in PD mice. (A and B) Visualization of Vimentin and Sm-actin expression at 2 weeks
and 6 weeks after hRAMSC-Vector microinjection in 6-OHDA-lesioned mice. Vimentin and Sm-actin expression significantly decreased
at 6 weeks, compared with that at 2 weeks post-transplantation. Scale bar, 50 um. (C and D) Visualization of Vimentin and Sm-actin
expression at 2 and 6 weeks after hAMSC-VEGF 189 microinjection in 6-OHDA-lesioned mice. Vimentin and Sm-actin expression
significantly decreased at 6 weeks, compared with that at 2 weeks post-transplantation. Scale bar, 50 um. (E) The graft volume was
analyzed in the hAMSC-Vector microinjection group. *P < 0.05, significantly different from 2 weeks. (F) The graft volume was analyzed
in the hAMSC-VEGF189 microinjection group. *P < 0.05, significantly different from 2 weeks. Data are presented as mean * standard
error of the mean. Unpaired t test analysis. hRAMSCs: human adipose-derived mesenchymal stem cells; PD: Parkinson’s disease; DAPI: 4/,
6-diamidino-2-phenylindole; 6-OHDA: 6-hydroxidopamine.

study excluded the possibility that MSC itself may also In this study, we used two types of stable human MSCs:
block TRPV1, thereby partially contributing to the allevia- hAMSC-VEGF189-GFP and hAMSC-Vector-GFP. We com-
tion of PD-related pain. pared and analyzed intracellular and extracellular expression
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of VEGF189, cell proliferation, and cell migration. In the
hAMSC-VEGF189-GFP group, extracellular VEGF189
expression and proliferation were higher than in the hAMSC-
Vector-GFP group. The migration of hAMSC-VEGF189-
GFP was not significantly different compared with the other
ones. Such properties were similar with the VEGF-expressing
neuron stem cells as reported®*. The long-term fate of MSCs
in the Vc of PD mice was investigated after intracellular
injection of Fluc-labeled MSCs, which is a live imaging
method that does not affect the characteristics or viability of
the MSCs™®. The fluorescent signals from naive MSCs were
observed for 6 weeks. Our retention period was longer than
that reported in the study after intra-arterial injection (2
weeks)® and was shorter than that reported in the study after
intra-articular injection (10 weeks)®. The fluorescent signals
of the hAMSC-VEGF189-GFP were observed until 6 weeks
after injection. This result is consistent with previous studies
using engineered MSC implantation for therapy?’.

When we transplanted these stable MSC lines in a mouse
model, hAAMSC-VEGF189-GFP was shown to have the most
impressive therapeutic effect, yielding improvement in pain
reduction. Mechanical allodynia improvement was consis-
tent at 6 weeks post-transplantation. Some researchers found
that VEGF gene therapy has therapeutic possibility on neuro-
pathic pain®***0, Others also demonstrated that transplanta-
tion with VEGF-expressing neural stem cells aids pain
reduction in a sciatic nerve injury model?*** and a spinal
cord injury model*!. Despite already knowing that MSCs
have therapeutic effect in various types of pain, we could not
confirm the therapeutic effect of MSCs in PD-related pain
in this study*’.

Although the mechanism of PD-related pain remains
unclear, several studies have examined TRPV1 activation in
a neuropathic pain model>'**** and even in a PD-related pain
model®. The essential role of TRPV1 in the development of
mechanical hyperalgesia is medicated by a direct sensitiza-
tion of peripheral terminals and central terminals®!. The con-
trol of TRPV1 may be crucial to VEGF-mediated pain relief.
It is reported that VEGF189 can bind the receptor tyrosine
kinases VEGFR1 and VEGFR2, and noncatalytic receptor
neuropilin 1 (NRP1)*. Then the colocalization of VEGFR2
and TRPV1 has been found in DRG neurons®®. Meanwhile,
another study demonstrated that VEGF can block increases
in TRPV 1-evoked calcium responses in DRG neurons?®. Our
study also reports TRPV1 suppression by VEGF expression
in Ve. All these findings agree on a crosstalk between VEGF
and TRPV1 throughout the central terminal. Therefore,
VEGF-expressing system prevents the development of
mechanical hyperalgesia.

We did not induce dopaminergic neuron regeneration in
this study, which is inconsistent with some research works.
Some researchers reported that VEGF signaling may result
in neuroprotective effects to enhance dopaminergic neuron
survival directly in the striatum*®*8, However, the effects of
VEGEF in Ve are not studied in PD models recently. Moreover,

the studies investigate that the effects of MSCs in various
disorders did not find migration of MSC in vivo after local
injection by IVIS and immunostaining®**’. So the transplan-
tation of hAMSC-VEGF189-GFP in Ve may not affect dopa-
minergic neuron in PD models.

Previously, several researchers attempted to use stem cell
therapy to alleviate various pains. However, stem cell thera-
pies often come with limitations, particularly low efficiency.
In this research, we improved the efficiency of transplanted
stem cells via induction of VEGF. We indeed demonstrated
the therapeutic effect of VEGF-expressing MSCs in
PD-related pain. And we found that downregulation of
TRPV1 may participate in the VEGF-expressing MSC-
mediated pain relief. However, our research has several limi-
tations. First, the neuronal sensitization and microglial
activation in the spinal dorsal horn have not been detected.
Second, although we did not find that a signal dose of
hAMSC-VEGF189 increased the risk of tumor formation at
the site of gene delivery in PD mice, we did not confirm the
presence or absence of tumor formation longer than 6 weeks.

Conclusion

MSCs cannot be used to treat PD-related pain solely. However,
VEGF189 gene transfection may potentiate the therapeutic
efficacy of MSCs for PD-related pain. In PD mice, hAMSC-
VEGF189 showed better pain relief and TRPV1 suppression
in Ve than conventional naive MSCs. We conclude that
VEGF189 gene transfection potentiates the therapeutic effi-
cacy of MSCs for PD-related pain. Downregulation of TRPV1
in Ve may be involved in the mechanisms.
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