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ARTICLE INFO ABSTRACT

Received November 23, 2020 This study aimed to explore the effects of brain-derived neurotrophic factor (BDNF), produced by
Revised November 30, 2020 engineered immortalized mesenchymal stem cells imMSC), on lower urinary tract symptoms (LUTS)
Accepted  December 1, 2020 in a rat model with neurogenic bladder (NB). Forty—eight Sprague-Dawley (SD) rats were randomly
divided into the following groups: Sham control, LUTS, LUTS+mMSC (treated with immortalized
MSC), and LUTS+BDNF-eMSC (treated with BDNF-expressing MSC) groups. LUTS was induced by
a crush injury to the major pelvic ganglion (MPG). Bladder function was tested under anesthesia, and
bladder tissue strips were collected thereafter for contractility test and western blot analysis.
Western blot results showed that the expression of both Angiopoietin 1 (Ang 1) and platelet-derived
Key words growth factor (PDGF) increased with MSC injection. The effect of treatment with BDNF-eMSC on
Bladder function LUTS was also evaluated, and the results were found to be better than those with imMSC (A< 0.05).
Brain-derived neurotrophic factor BDNF-eMSC prevented fibrosis in the bladder tissue and significantly reduced caspase-3 levels. In
Lower urinary tract symptoms conclusion, high expression of BDNF /n vivoresulted in recovery of bladder function and contractility,
along with the inhibition of apoptosis in a rat model.
Copyright © 2020 The Korean Society for Clinical Laboratory Science. All rights reserved.

INTRODUCTION neurogenic bladder (NB), such symptoms have been

shown to be caused by diabetes, cerebrovascular

Lower urinary tract symptoms (LUTS), including accidents, brain injury, or spinal cord injury [1, 2].
urinary tract damage, urinary tract infection, storage Regenerative medicine, or stem cell therapy, which
symptoms, voiding symptoms, and renal failure, may be involves tissue formation and repair to restore the
related to nervous system injury. In a rat model of functionality of damaged organs or tissues, have often

been employed for tissue regeneration [3-5].
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self-renewal, multiple functions, and multidirectional
differentiation. In the field of medicine, stem cell
therapy has achieved satisfactory results in recent days
[8, 9]. Our previous study had shown MSC treatment to
accelerate the recovery of damaged nerves and tissues
[10]. Therefore, this treatment was reasonably con-
sidered to be effective in treating NB as well. In order to
improve the proliferation ability and anti-aging ability
of stem cells, several researchers have been using
immortalized mesenchymal stem cells imMSCs), which
are stabler than MSCs [10, 11]. In recent past, che-
mokines had been reported to act as strong chemoat-
tractants for stem cells, and brain-derived neurotrophic
factor (BDNF), in particular, has received much
attention in tissue engineering research for nerve cell
regeneration [12-14].

Following injury, stem cells recruited from the bone
marrow navigate to the site of injury, and remain there
long enough to participate in nerve tissue repair [4].
Some researchers have found the stable expression of
BDNF in progenitor cells to effectively repair damaged
nerve tissues [9]. BDNF has also been shown to signi-
ficantly increase the cross-sectional area of the muscle
innervated by the corresponding nerve [12, 14, 15].

In this study, we used a rat model of NB with pelvic
ganglion injury and investigated the effects of
treatment with engineered MSCs. We hypothesized that
when the expression of BDNF in MSCs is increased, the
repair of bladder function would improve, thereby

improving LUTS in rats with neurogenic bladder.

MATERIALS AND METHODS

1. Cell preparation

Primary bone marrow mesenchymal stem cells
(BM-MSCs) were cultured in low glucose-containing
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
US) supplemented with 20% fetal bovine serum (FBS,
Gibco, US) and 5 ng/mL basis fibroblast growth factor
(bFGF; Cell Signaling Technology, Danvers, US) at 37°C
at 5% CO, but engineered BM-MSCs were cultured with
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10% FBS. To generate engineered BM-MSCs, c-myc,
hTERT and tetracycline transactivator (tTA) and BDNF
genes were synthesized and transfected with pBD

lentiviral vector (SL Bigen, Seongnam, Korea).

2. Experimental animal and study design

Fifty 8-week-old male Sprague-Dawley rats weighing
about 270~300 g were purchased from a Korean
company (Orient Bio, Seongnam, Korea). All animal
experiments in this study were approved by the
Institutional Animal Care and Use Committee of the
Catholic University of Korea (CUMC-2016-0218-01).
Bilateral pelvic nerve (PN) of all rats were identified
under anesthesia. And then rats in 4 experimental
groups were administered by a pelvic nerve crash. Rats
in normal group were administered by sham surgery.
After surgery, rats were housed individually with freely

available food and water.

3. MSCs treatment

One weeks after NB model established, rats in
LUTSHmMMSCs group and LUTS+BDNF-eMSCs group
were treated with imMSCs or BDNF-eMSCs, through
intra-bladder wall injection under anesthesia (1 x 10°
MSCs diluted in phosphate-buffered saline). And rats in
NB and control group were injected to equal saline. To
track the location of engrafted stem cells, we labeled
them with a fluorescent dye (Cell Tracker CM-Dil;
Molecular Probes, Fugene, OR) before injection according

to the manufacturer’s protocol.

4. Cystometry

Cystometry experiments were performed in all rats at
4th week after treatment as previously described. In
brief, rats were anesthetized using a subcutaneous
injection of 1.2 mg/kg of urethane. A suprapubic
midline laparotomy was made to expose the bladder,
and a 25-gauge needle connected to polyethylene
tubing was inserted into the bladder through the
bladder dome. The tubing was connected to a pressure

transducer and a Harvard syringe pump via a 3-way



stopcock to record intravesical pressure and to infuse
saline into the bladder. After emptying the bladder,
cystometry was performed using a saline infusion at a
rate of 0.04 mL/min. The contraction interval and
contraction pressure (maximum bladder pressure
during voiding) were recorded using a polygraph (Grass
7D; Grass Instruments, Quincy, MA, US). Nonvoiding
contractions (NVCs) was determined during the 4 to 2
minutes before each voiding contraction, and NVCs
were defined as contractions of >4 cm H,O from the
baseline pressure during bladder filling. After cysto-
metry, the major pelvic ganglion (MPG), pelvic nerve
and bladder were collected for immunofluorescence

staining and western blot.

5. Contractility test

For the contractility test, the animals were sacrificed
at 4 weeks after the periurethral injection of the porous
beads (with or without growth factors), and the
proximal urethra, which included the injected porous
beads, was dissected, trimmed, weighed, and detubu-
larized in a spiral fashion to produce a 1x10 mm®
tissue strip. One end of the strip was connected with a
3-0 silk suture to a glass hook, and the other end was
tied to an isometric force transducer (FT03; Grass
Instruments). The strip was suspended in a 20 mL
organ bath containing Tyrode's solution (116 mM
NaCl, 5 mM KCI, 5 mM HEPES, 1 mM MgClz, 24 mM
NaHCOs, 2 mM CaClp, and 11.5 mM glucose) bubbled
with a mixture of 95% O, and 5% CO, at 37°C. Before the
electrical field stimulation, the strip was equilibrated at
1 g initial tension for 30 min in the organ bath. Then,
the strip was stimulated at 32 Hz with 1 ms pulses at 80
volts using an $48 stimulator (Grass Instruments) for 30
s. Contractions of the strip caused by the electrical field
stimulation were measured through the isometric force
transducer and were recorded on a personal computer
by the use of a commercial data acquisition system
(PowerLab; AD Instruments). A contractile response,
which is expressed by tension per unit weight of strip,

was also obtained from the contraction results.
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6. Leak point pressure (LPP) measurement

At 4 weeks after the periurethral injection of the
porous beads (with or without the growth factors), the
LPP to evaluate the physical urethral sphincteric
function was measured using a vertical tilt/intravesical
pressure clamp model. Before the LPP testing, the
spinal cord was transected at the T9 level to avoid
spontaneous bladder responses by the increasing
intravesical pressures, whereas the rats were under
anesthesia of rats. This treatment does not interfere
with the spinal continence reflexes of the bladder neck
and urethra. The feces in the distal colon and rectum
were evacuated by gentle massage via a midline
abdominal incision, and a loose suture was secured
around the proximal end of the distal colon to prevent
any further migration of feces which can affect the LPP.
Thereafter, a PE-90 transvesical catheter was inserted
into the dome of the bladder and secured with a ligature
for bladder filling. The muscle and skin incision was
closed with sutures. The rat was then mounted on a tilt
table and placed in a vertical position. Intravesical
pressure was controlled by the height adjustment of a
saline reservoir attached on a metered vertical pole.
The reservoir outlet was connected with the transvesical
catheter via a 2-way stopcock. The intravesical pressure
was increased in 1~3 cm H;O steps until the visual
identification of leakage, and the leak point was
determined as the LPP. To guarantee the reliability of
the results, all measurements were processed in

triplicate.

7. Western blot

The collected tissue was homogenized using ice-cold
RIPA buffer (Cell Signaling Technology, Danvers, MA)
containing ethylene diamine tetra acetic acid-free
protease inhibitor cocktail and phosphatase inhibitor
cocktail (Roche Diagnostics GmbH) and particulate
mass was removed by centrifugation (15,000 g) for 15
min at 4°C. And supernatants were analyzed by
SDS-PAGE. Primary antibodies used included Caspase-3
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(diluted 1:300; Cell Signaling Technology, Danvers, US),
PDGF (platelet-derived growth factor diluted 1:200; Cell
Signaling Technology, Danvers, US), Angl (Angiopoietin
1 diluted 1:200; Cell Signaling Technology, Danvers,
US), neuronal nitric oxide synthase (eNOS, diluted
1:100; Cell Signaling Technology, Danvers, US) and B-
actin (diluted 1:1000; Abcam, Cambridge, UK).

8. Statistical analysis

All data are presented as mean=standard error (SD)
and were analyzed by SPSS version 22.0 software (IBM,
Armonk, NY). Student’s t-test and one-way ANOVA as
appropriate were used to evaluate whether differences
among groups were significant. £<0.05 was considered

statistically significant.

RESULTS

1. BDNF-eMSCs improved bladder function

As we can see from Figure 1, the results of cystometry
in LUTS+BDNF-eMSC group was apparently better than
other groups. The Figure 2 and 3 showed voiding
frequency and contractility in each group, compared
with Injury group, the bladders of LUTS+BDNF-eMSC
group had better results (P<0.01), meanwhile LUTS+
BDNF-eMSC group was better than LUTS+imMSCs
group (P<0.05). Results from Figures 1~3 proved that
imMSCs treatment efficiently improves NB, especially

in a high BDNF environment.

2. Ang1 and PDGF expressed in an overexpressed
BDNF microenvironment

When we researched the bladder recovery, we found
that after stem cells injection Angl and PDGF in the
increased. Figure 4A shows engrafted stem cells
increased Angl and PDGF expression in bladder. In the
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Figure 1. Figure 1. (A) Representative
images of cystometry in each group.
(B) Mean pressure of the voiding
contractions intervals and intermicturition
interval compared in during continuous
infusion cystometry each group. Each
bar shows the mean values (standard
deviation). *£<0.01 compared with the
Lower Urinary Tract Symptoms (LUTS)

07:00 08:00 03:00 10:00

& group. *P<0.05 compared with the

Lower Urinary Tract Symptoms (LUTS)
+ imMSC (immortalized MSCs) group.
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Figure 2. (A) Representative images of
voiding frequency of each group. (B)
Mean results of voiding frequency.
Each bar shows the mean values
(standard deviation). *£<0.01 compared
with the Lower Urinary Tract Symptoms
(LUTS) group. *P<0.05 compared with
the Lower Urinary Tract Symptoms
(LUTS)+imMSC  (immortalized MSCs)
group.

Figure 3. (A) Representative images of
contractile response to electrical sti—
mulation each group. (B) Mean results
of contractility. Each bar shows the
mean values (standard deviation). *P<
0.01 compared with the Lower Urinary
Tract Symptoms (LUTS) group. *P<
0.05 compared with the Lower Urinary
Tract Symptoms (LUTS)+imMSC (im-
mortalized MSCs) group.
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quantitative analysis (Figure 4C, D), we found Angl and
PDGF expression in the LUTS+BDNF-eMSC group is
more than in the LUTS group (£<0.01). And Angl and
PDGF expression in LUTS+BDNF-eMSC group is higher
than in the LUTS+HmMSC group (£<0.05). In a high
BDNF Surrounding, cells need more growth factor like
Angl and PDGF to support it.

3. BDNF-eMSCs decreased apoptosis in pelvic nerve

At last, we detected the apoptosis of pelvic nerve
tissue by Caspase-3 western blot for each group to find
if the MSCs treatment would reduce the apoptosis in the
injured tissue. The results of Figure 4B showed that
without treatment the apoptosis in the damaged pelvic
nerve was still higher than others (2<0.01). But after
stem cells treatment the apoptosis was decreased
apparently. And more importantly, the apoptosis in the
LUTS+BDNF-eMSC group is higher than in the LUTS+
imMSC group, which reveals that in a high BDNF
Microenvironment apoptosis is improved and damaged

tissue becomes easier to recover.
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Figure 4. (A) All groups were compared
0.8 for Caspase—3, PDGF, Ang 1, and eNOS

in pelvic nerve by western blot. (B)

0.6 Quantity analysis of western blot, in—
*# cluding Caspase-3/p-actin, PDGF/B-

0.4, actin, Ang 1/B-actin, and eNOS/B-
actin. Each bar shows the mean values

0.2 (standard deviation). ¥£<0.01 compared
with the Lower Urinary Tract Symptoms

00 (LUTS) group. *P<0.05 compared with
& \.;\" \Q@é’ Qﬂeﬁx&""o the Lower Urinary Tract Symptoms
VN ;o“* (LUTS)+mMSC  (immortalized MSCs)

group.

DISCUSSION

With the development of surgical techniques,
postoperative survival rate of patients with pelvic
tumors has improved [16]. The number of pelvic
surgeries, including radical prostatectomy, rectal surgery,
and hysterectomy, has been increasing annually. Many
of these patients could be injured in MPG, resulting in
NB, and hence a compromised quality of life [17], with
functional, psychological, and socioeconomic disorders,
such as urinary tract infections (UTI) and pressure
ulcers [18]. Although there are many ways to alleviate
the complications caused by NB, the latter needs to be
treated directly to repair the bladder tissue and recover
its functionality.

In this study, rat models of NB were established first,
followed by injection of engineered stem cells into the
rats for treatment. MSCs are known to repair tissue
function by clustering around the damaged tissues. We
used a gene transfer technique that allowed the
engineered imMSCs to express more BDNF than in
normal imMSCs. We found that after injection of
imMSCs, the average bladder pressure of the NB rats



was significant. In addition, both bladder muscle tissue
and apoptosis reduction were significant.

Stem cells are known to improve proliferation and
angiogenesis by expressing Angl in vivo [19]. Moreover,
PDGF is a biological factor that stimulates the recovery
of injured tissue [15]. In this study, we demonstrated
that engrafted stem cells improved the bladder wall and
restored bladder function in the NB rat. Furthermore,
we detected the expression of Angl and PDGF in the
bladder wall.

Western blot results showed expression of both Angl
and PDGF to be increased upon stem cell injection.
Expression of eNOS was also found to be upregulated,
further validating improvement of the injured bladder
[201.

Taken together, our results showed engrafted stem
cells to accelerate the rebuilding of bladder tissue by
upregulating Angl and PDGF expression. High eNOS
expression due to the stem cells also improved the
restoration of damaged bladder, thereby contributing
to functional improvement of the bladder [20-22].

We had previously observed the functional efficacy
of SDF-1-overexpressing MSCs in an NB rat model [10];
there was a significant improvement in contraction
interval, voiding contractions, voided volume, and
voiding frequency. Our current findings regarding the
effect of BDNF-expressing MSC therapy on LUTS in an
NB rat model mainly indicated an increase in con-
traction pressure, besides the significant improvement
in both contraction interval and bladder contractile
function. These changes might be attributed to reduced
fibrosis and apoptosis. Overall, our results suggested
that impaired bladder contractility could be related to
nerve injury, as was seen in a previous study [10] that
evaluated denervated bladder contractility after MPG
electrocauterization.

In this study, we investigated the changes in bladder
function with acetylcholine as an autonomic transmitter.
Although cholinergic neurotransmitters play a major
role in controlling voiding, several reports have

addressed the potential action of non-adrenergic
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non-cholinergic neurotransmitters as well. We evaluated
the efficacy and safety of BDNF-expressing MSC
therapy for LUTS in an NB rat model, and found imMSCs
to have definite effects on nerve tissue repair; they
caused functional recovery and tissue repair in the rat
model. The findings suggested that treatment with
BDNF-expressing MSCs may be a therapeutic strategy

to improve bladder function in patients with LUTS.

O OfF

i

o] A= ARG g 7 RdloflA E7A4| 20| ofsh
H R IURMIAP T R & S/l w|A = FF= A
o1t 4801219 Sprague-Dawley FE B4t SHEAES
&, SPE8 2 HmMMSCH E sHE =3 HBDNF-eMSC
TO 2 FAQ] A7FsIolct. SR 2SR A S E &
3ol ofslf Fr= o™ W 7587 = v stoll AAIsH
1, 5/ AL AT E A4S f1e W 221 AAst
At HFEAE FIA EE SIS A X =7 5]
230 mAl= Y= B7F= o AR dFIA T
d Mz B 229 ARskE Al
Caspase-3 WA A2AIFH. A 0R, HRAAEIY
A SHHAE7 M= SRR =54 7] TdloflA] A3z A
FoJ Aot oA W] 715 E 549 I ES 7P

Acknowledgements: None

Conflict of interest: None

Author’s information (Position): Jeon SH', M.T.; Park
MY?, Professor.

REFERENCES

1. Eveno C, Lamblin A, Mariette C, Pocard M. Sexual and urinary
dysfunction after proctectomy for rectal cancer. J Visc Surg.
2010:147:€21-30. https://doi.org/10.1016/;.jviscsurg. 2010.02.001

2. Hamid R, Averbeck MA, Chiang H, Garcia A, Al Mousa RT, Oh §],
et al. Epidemiology and pathophysiology of neurogenic bladder
after spinal cord injury. World J Urol. 2018:36:1517-1527.
https://doi.org/10.1007/s00345-018-2301-z

3. Atala A Reconstitution of experimental neurogenic bladder dys-
function using skeletal musde-derived multipotent stemcells. J Urol.
2011;185:353. https://doi.org/10.1016/50022-5347(11)60069-4

4. Fandel TM, Albersen M, Lin G, Qiu X, Ning H, Banie L, et al.
Recruitment of intracavernously injected adipose-derived stem

www.kjcls.org



424 Seung Hwan Jeon and Mi-Young Park. Brain-Derived Neurotrophic Factor-Expressing Mesenchymal Stem Cells Improve Lower Urinary Tract Symptoms

10.

11

12.

13.

cells to the major pelvic ganglion improves erectile function in a
rat model of cavernous nerve injury. Eur Urol. 2012;61:201-210.
https://doi.org/10.1016/j.eururo.2011.07.061

. Gong M, BiY, Jiang W, Zhang Y, Chen L, Hou N, et al. Immortal-

ized mesenchymal stem cells: an alternative to primary mesen-
chymal stem cells in neuronal differentiation and neurorege-
neration associated studies. ] Biomed Sci. 2011;18:87. https://
doi.org/10.1186/1423-0127-18-87

. Jeon SH, Shrestha KR, KimRY, Jung AR, Park YH, Kwon O, et al.

Combination therapy using human adipose-derived stem cells on
the cavernous nerve and low-energy shockwaves on the corpus
cavernosum in a rat model of post-prostatectomy erectile
dysfunction. Urology. 2016:88:226.e1-9. https://doi.org/10.1016/
j.urology.2015.10.021

. Jeon SH, Zhu GQ, Bae W], Choi SW, Jeong HC, Cho HJ, et al.

Engineered mesenchymal stem cells expressing stromal cell-de-
rived factor-1 improve erectile dysfunction in streptozotocin-in-
duced diabetic rats. Int ] Mol Sci. 2018:19. https://doi.org/
10.3390/1jms19123730

. Matthes SM, Reimers K, Janssen I, Liebsch C, Kocsis JD, Vogt PM,

et al. Intravenous transplantation of mesenchymal stromal cells
to enhance peripheral nerve regeneration. Biomed Res Int. 2013;
2013:573169. https://doi.org/10.1155/2013/573169

. Rafii S, Iyden D. Therapeutic stem and progenitor cell trans-

plantation for organ vascularization and regeneration. Nat Med.
2003;9:702-712. https://doi.org/10.1038/nm0G03-702

Zhu GQ, Jeon SH, Lee KW, Cho HJ, Ha US, Hong SH, et al.
Engineered stem cells improve neurogenic bladder by over-
expressing SDF-1 in a pelvic nerve injury rat model. Cell
Transplant. 2020;29:963689720902466. https://doi.org/10.1177/
0963689720902466

Liu TM, Ng WM, Tan HS, Vinitha D, Yang Z, Fan JB, et al
Molecular basis of immortalization of human mesenchymal stem
cells by combination of p53 knockdown and human telomerase
reverse transcriptase overexpression. Stem Cells Dev. 2013;22:
268-278. https://doi.org/10.1089/scd.2012.0222

Kim DH, Zhao X. BDNF protects neurons following injury by
modulation of caspase activity. Neurocrit Care. 2005;3:71-76.
https://doi.org/10.1385/NCC:3:1:071

Nelson KR, Stevens SM, McLoon LK. Prolongation of relaxation
time in extraocular muscles with brain derived neurotrophic fac-
tor in adult rabbit. Invest Ophthalmol Vis Sci. 2016:57:5834~
5842. https://doi.org/10.1167/iovs. 16-19679

www.kjcls.org

14.

15.

16.

17.

18.

19.

20.

21.

22.

Willoughby CL, Heuriet J, Walton MM, Mustari MJ, McLoon LK.
Adaptation of slow myofibers: the effect of sustained BDNF treat-
ment of extraocular muscles in infant nonhuman primates. Invest
Ophthalmol Vis Sci. 2015:56:3467-3483. https://doi.org/10.1167/
iovs.15-16852

Pelegri NG, Gorrie CA, Santos J. Rat hippocampal neural stem
cell modulation using PDGF, VEGF, PDGF/VEGF, and BDNF.
Stem Cells Int. 2019:2019:4978917. https://doi.org/10.1155/
2019/4978917

Yiou R, Hamidou L, Birebent B, Bitari D, Lecorvoisier P,
Contremoulins I, et al. Safety of intracavernous bone mar-
row-mononuclear cells for postradical prostatectomy erectile
dysfunction: An open dose-escalation pilot study. Eur Urol.
2016:69:988-991. https://doi.org/10.1016/j.eururo.2015.09.026
Hoen L, Ecclestone H, Blok BFM, Karsenty G, Phe V, Bossier R, et
al. Long-term effectiveness and complication rates of bladder
augmentation in patients with neurogenic bladder dysfunction: a
systematic review. Neurourol Urodyn. 2017;36:1685-1702. https://
doi.org/10.1002/nau.23205

Wein AJ. Long-term effectiveness and complication rates of blad-
der augmentation in patients with neurogenic bladder dysfunc-
tion: A systematic review. ] Urol. 2019;201:38-39. https://doi.org/
10.1097/01.5u.0000550215.07396.8¢e

Rabie MA, Abd El Fattah MA, Nassar NN, El-Abhar HS, Abdallah
DM Angiotensin 1-7 ameliorates 6-hydroxydopamine lesions in
hemiparkinsonian rats through activation of MAS receptor/
PI3K/Akt/BDNF pathway and inhibition of angiotensin II type-1
receptor/NF-kappaB axis. Biochem Pharmacol. 2018;151:126-
134. https://doi.org/10.1016/5.bcp.2018.01.047

Kutlu O, Yalcinkaya M, Kutlu S, Elpek GO, Koksal IT, Kukul E.
Effect of doxazosin on expression of eNOS in rat kidney in the
presence of partial bladder outlet obstruction. ] Nephrol. 2012;
25:750-754. https://doi.org/10.5301/jn.5000055

Kim SO, Song SH, Hwang EC, Park KS, Kwon DD, Ahn KY, et al.
The expression of AQP1 and eNOS in menopausal rat urinary
bladder. Int Neurourol J. 2010:14:78-85. https://doi.org/10.
5213/inj.2010.14.2.78

Leiria LO, Sollon C, Bau FR, Monica FZ, D'Ancona CL, De Nucci
G, et al. Insulin relaxes bladder via PI3K/AKT/eNOS pathway ac-
tivation in mucosa: unfolded protein response-dependent insulin
resistance as a cause of obesity-associated overactive bladder. J
Physiol. 2013;591:2259-2273. https://doi.org/10.1113/jphysiol.
2013.251843



