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Abstract

Introduction and hypothesis New treatments are needed for pelvic floor disorders. ReGeneraTing Agent® (RGTA®) is a
promising regenerative therapy. Therefore, the objective of this study was to compare regenerative abilities of mesenchymal
stem cells (MSCs) and RGTA® on regeneration after simulated childbirth injury in rats.

Methods Rats underwent pudendal nerve crush and vaginal distension (PNC+VD) or sham injury. Rats that underwent
PNC+VD were treated intravenously with vehicle, MSCs or RGTA® 1 h, 7 days, and 14 days after surgery. Sham rats
received 1 ml vehicle at all time points. After 21 days, urethral function and pudendal nerve function were tested. Vaginal
tissues were harvested for biomechanical testing and histology. Biaxial testing was performed to measure tissue stiffness.
Results PNC+VD decreased urethral and pudendal nerve function compared with sham. Vaginal wall stiffness was sig-
nificantly decreased in longitudinal and transverse tissue axes after PNC+VD compared with sham. MSC or RGTA® did
not restore urethral or pudendal nerve function. However, MSC treatment resolved loss in vaginal wall stiffness in both
tissue axes and improved collagen content within the vaginal wall. RGTA® treatment increased vaginal wall anisotropy by
increasing relative stiffness in the longitudinal direction. PNC+VD (with vehicle or MSCs) enhanced elastogenesis, which
was not observed after RGTA® treatment.

Conclusions Treatment with MSCs facilitated recovery of vaginal wall biomechanical properties and connective tissue
composition after PNC4+VD, whereas treatment with RGTA® resulted in anisotropic biomechanical changes. This indicates
that MSCs and RGTA® promote different aspects of vaginal tissue regeneration after simulated childbirth injury.

Keywords MSCs - RGTA® - Biomechanical properties - Animal model - SUI

Introduction

Part of the data in this manuscript were presented at the [UGA
2016 Annual Meeting in Cape Town, South Africa, as an oral
presentation on 6 August 2016

Vaginal childbirth can result in pelvic floor disorders (PFD),
including stress urinary incontinence (SUI) and pelvic organ
prolapse (POP) [1]. Insufficient regeneration after damage to
connective tissue, nerves, and muscles during vaginal child-
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birth can lead to PFD development [2].

Current treatment options for PFD are mainly surgical,
but high recurrence rates and complications due to the use
of vaginal mesh indicate that there is a need for the devel-
opment of novel treatment options for PFD [1, 3].

Various animal models have been used to mimic PFD
in humans. Simulated childbirth injury causes SUI in rats
[4] and has also been shown to negatively affect uniaxial
biomechanical properties and nanoscale tissue stiffness of
the vaginal wall [5, 6].

Prior studies have shown that administration of mesen-
chymal stem cells (MSCs) prevents development of SUT in
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animal models of PFD. In these studies, MSC administration
enhanced connective tissue repair and vascular density [7,
8]. Because of potential safety issues with stem cell-based
regenerative treatments [9], cell-free regenerative treatments
have been developed. One of these strategies is to promote
tissue regeneration by substituting heparan sulfates (HS) in
damaged tissues. ReGeneraTing Agents® (RGTA®) have
been engineered to produce a nano-polysaccharide that
mimics HS [10]. Systemic RGTA® treatment demonstrated
enhanced tissue repair for vascular and diabetic ulcers,
showing decreased time of wound healing, increased col-
lagen content, and improved biomechanical strength of the
ulcer [11]. Likewise, local injection of RGTA® improved
the lesion size of acute superficial digital flexor tendoni-
tis in racing horses and tendon repair in animal studies.
The RGTA®-treated horses won significantly more races
than the placebo-treated horses [12]. In addition, RGTA®
enhanced healing of corneal ulcers in humans [13]. RGTA®
is considered a safe product, as there is no evidence of toxic-
ity and it is well tolerated clinically [10].

We hypothesized that simulated childbirth injury in rats,
consisting of pudendal nerve crush and vaginal distention
(PNC+VD), alters vaginal biomechanical properties and
connective tissue composition. Administration of MSCs or
RGTA® is hypothesized to promote tissue regeneration and
restore urethral and pudendal nerve function, vaginal bio-
mechanical properties, and vaginal wall connective tissue
composition. Therefore, we

1. Determined the effect of simulated childbirth injury on
vaginal biomechanical properties and connective tissue
composition

2. Evaluated the effects of a cellular and noncellular treat-
ment on urethral and pudendal nerve function, and on
the biomechanical properties and connective tissue com-
position of the vaginal wall

Materials and methods
Treatments

Bone marrow-derived MSCs of Sprague—Dawley rats were
purchased (Life Technologies, Gibco® Sprague-Dawley
MSC:s, cryopreserved) and cultured according to the man-
ufacturer's instructions, as was done before in our labora-
tory [14]. We administered 2x10° MSCs (passage 4-8)
in 1 ml of phosphate buffered saline (PBS) intravenously
(IV), a dose based on prior research [11]. For treatment
with RGTA® OTR4131 (OTR3 Inc., Paris, France) 0.25
mg was diluted in 1 ml PBS and administered as a dose of
1 mg/kg body weight IV. This dose was based on results
from previous studies [15].
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Animals

Experiments were performed in accordance with Dutch
regulations and approved by the Experimental Animal Com-
mittee of the University Medical Center Utrecht (license
number 2014.111.08.077). Age-matched virgin female
Sprague—Dawley rats (Charles River, Maastricht, the Neth-
erlands), aged 6-10 weeks (240-270 g), were housed in
random groups with access to food and water ad libitum.

Rats were randomly allocated to four different experi-
mental groups. Rats were anesthetized by mechanical ven-
tilation with 2% isoflurane in air/oxygen (2:1) and received
buprenorphine analgesia, 0.5 mg/kg subcutaneously.

Sham and PNC+VD surgery was performed as described
previously [4, 7]. In short, the pudendal nerve was approached
dorsally in the ischiorectal fossa and crushed bilaterally by
compressing it twice for 30 s. VD was performed by vaginal
accommodation of bougie a boule urethral dilators (24—-32
Fr) followed by inflation of a modified 10-Fr Foley balloon
catheter with 3 mL water, which was kept intravaginally for 4
h. Sham injury was performed by making a dorsal skin inci-
sion and using the urethral dilators with insertion and fixation
of the catheter without balloon inflation. Before waking up
and 1 and 2 days after surgery, rats received subcutaneous
Carprofen analgesia in a subcutaneous dose of 5 mg/kg.

Rats that underwent sham surgery were treated with 1 ml
vehicle (saline, 0.9% NaCl) via lateral tail vein injection 1 h,
7 days, and 14 days after surgery. At these time points, rats
that underwent PNC+VD were treated with vehicle, MSCs,
or RGTA®. All intravenous injections took place under 2%
isoflurane ventilation anesthesia.

Twenty-one days after (sham) injury, rats were anesthe-
tized with 2% isoflurane in air/oxygen (2:1) and received an
intraperitoneal injection of urethane (1.2 g/kg). The isoflu-
rane anesthesia was discontinued, as it impacts urethral and
nerve function [7]. Urethral and pudendal nerve functional
testing was performed as described previously [4]. Functional
testing was performed within a time span of 30—45 min for
each animal, under continuous monitoring of respiratory rate
and muscle tension to assess quality of anesthesia. Following
functional testing, rats were euthanized with an overdose of
intracardiac Euthasol® (sodium pentobarbital, 200 mg/ml)
injection and the urethra and vagina were harvested. Tissues
were wrapped in saline-soaked gauze and stored at —20°C.
Additional rats were anesthetized and euthanized, without
undergoing urethral function testing in order to maintain ana-
tomical integrity for histological analyses.

Urethral function testing
All functional tests were performed in a blinded manner as

described previously [7]. A suprapubic catheter (PES0) was
inserted into the bladder and connected to a syringe pump
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and a pressure transducer. The bladder was filled with saline
at a rate of 5 ml/h. After exposure of the urethra, bipolar
parallel electrodes were placed to record EUS electromyo-
graphy (EMG) and connected to an amplifier with bandpass
frequencies of 3 Hz to 3 kHz and an electrophysiological
recording system with a 10-kHz sampling rate (PowerLab
8/35, ADInstruments, Colorado Springs, CO, USA).

Leak point pressure with simultaneous recordings of
EUS EMG were used to assess urethral function [7]. At
approximately half bladder capacity, bladder pressure
was slowly increased manually. This external pressure
was removed as soon as leakage was observed at the ure-
thral meatus. This was done 3—6 times in each animal.
Thereafter, the left sensory branch of the pudendal nerve
was exposed and hooked onto a bent bipolar electrode
(31-gauge blunt needles, 0.8 mm apart). The skin of the
genital area was brushed with a gauze and electroneuro-
grams (ENG) were recorded approximately 5-10 times at
rest and during brushing [7].

Biomechanical testing

All biomechanical tests were performed in a blinded man-
ner. Tissues were thawed at room temperature. The vagina
was cut open along the urethra (Appendix 1c), and a square
piece of tissue was obtained from the inner part, by using
the cutting block (Appendix 1b) in two perpendicular direc-
tions. Prior to testing, the tissue thickness was measured
using a 90° tilted microscope (Keyence® VHX-500F; Key-
ence Corp, Osaka, Japan; magnification x50). Tissues were
fixated with BioRakes® (5 tines, tine diameter 300 pm, tine
space 1.0 mm, puncture length 2.0 mm, Appendix la, d,
e), for which the system was calibrated. Samples were sub-
merged in the PBS-filled water bath at 37°C. All samples
were prepared, fixed, and tested in the same orientation.

Simultaneous tests using the same tension in longitudinal
(x-axis) and transverse (y-axis) directions were performed
using the BioTester® system and LabJoy® software after
a preload of 0.1 N until the displacement was normalized.
Cyclic loading was performed to levels of 4.6%, 10%, 15.7%,
and 21.6% strain, with 10 cycles per strain level at a strain
rate of 100% strain/min [16]. Stress was measured with 5N
load cells. Data were sampled at 30 Hz. For each strain level,
the last 3 out of 10 cycles were extracted and averaged.

Vaginal wall anatomy

Vaginal wall and urethral complexes were fixed (formal-
dehyde 40%), embedded in OCT, and frozen and stored at
—80°C. Cryosections (10 pm) were cut along the transverse
direction and near sections were strained with Elastin von
Gieson stain for elastin and Masson’s Trichome stain for
collagen and muscle/cytoplasm.

Data analysis

Leak point pressure as well as EUS EMG and ENG firing
rate and amplitude were calculated as was done previ-
ously [4]. LPP is the difference between baseline bladder
pressure and peak pressure at which urine leaks out of
the urethral meatus. One-second segments of EUS EMG
at baseline and peak pressure were used to determine fir-
ing rate and amplitude (MATLAB®, MathWorks Version
8.5, R2015a). Likewise, 1-s ENG segments during rest
and brushing of the genital skin were selected and used
to calculate firing rate and amplitude. Outcomes were
calculated as the difference in firing rate and amplitude
between baseline and stimulated segments: peak pressure
of LPP testing for LPP and EUS EMG and clitoral brush-
ing for ENG. Mean values per animal were utilized to
create group means for statistical comparisons.

For analysis of biomechanical data, the first-order polyno-
mial polyfit MATLAB® function was used to determine the
slope along the loading and unloading data, and subsequently
averaged to obtain a mean slope representing tissue stiffness.
This was done for both the longitudinal and the transverse
axes by application of a custom-made MATLAB script
(MathWorks Version 8.5, R2015a). For each strain level, the
last 3 out of 10 cycles were extracted and averaged. Tangent
modulus was determined by calculating the slope over the
last 1% strain interval of the curve, which is the slope over
the linear region of the curve. To assess anisotropy of vaginal
biomechanics, we defined the Anisotropy Index (Al) as the
mean longitudinal tangent modulus divided by mean trans-
verse tangent modulus for each specimen tested.

Tangent moduli were used as our primary outcome for
vaginal biomechanical properties. Based on previous studies
in other species [17, 18], a mean difference of vaginal wall
stiffness of 30% between injured and sham injured animals
was used to calculate sample size. In order to demonstrate
this difference at a significance level of 0.05 and power of
0.9, a minimum of seven animals were required in each group.

Statistical analysis was performed using Prism® version
8.1 (GraphPad Software Inc., La Jolla, CA, USA) and results
are shown as mean + standard error of the mean (SEM).
Urethral function data were analyzed using a Kruskal-Wal-
lis test with a Dunn’s multiple comparison post hoc test.
Two-way repeated measures ANOVA with Bonferroni cor-
rection were used to evaluate differences in tangent moduli.
Mixed-model analysis with Bonferroni correction was used
to assess vaginal wall anisotropy between treatment groups.
p<0.05 was considered to indicate a statistically significant
difference between groups in all cases.

Histology was assessed qualitatively by a blinded investi-
gator. The density, length, thickness, location, organization,
and orientation of the elastin fibers within the vaginal wall
were evaluated on the Elastin van Gieson slides. Masson’s
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Trichome slides were evaluated for collagen content and col-
lagen fiber direction within the vaginal wall.

Results

Nineteen rats underwent sham injury. Mortality occurred in
3 rats in this group due to the initial anesthesia. Functional
outcome data were available for all rats except for one rat in
the MSC group, because of mortality after urethane injection
prior to LPP testing. Thirty-two rats underwent PNC+VD,
of which 15 rats received vehicle treatment, 9 rats MSC
treatment, and 8 rats RGTA® treatment. An additional 12
rats (n=3 per experimental group) underwent (sham) injury
and received either vehicle, MSC, or RGTA® treatment and
were used for histological outcome testing.

Urethral function

Leak point pressure was significantly reduced 21 days after
PNC+VD compared with sham injury (Fig. 1A; p=0.013).
Injection of either 2x10° MSCs or 1 mg/kg RGTA® 1 h,
7, and 14 days after PNC+VD did not significantly change
LPP 21 days after surgery. Urethral function as measured
with EUS EMG firing rate and amplitude decreased signifi-
cantly after PNC+VD compared with sham injury (Fig. 1B,
p=0.033, and Fig. 1C, p=0.011). MSC or RGTA® treat-
ment did not significantly improve EUS EMG. Pudendal
nerve function as measured with ENG of the pudendal
nerve during brushing of the genital skin was decreased
after PNC+VD compared with sham (Fig. 1D, p=0.0030,
and Fig. 1E; p=0.0042). MSC or RGTA® treatment did not
prevent this loss of function. In this study, with the doses
tested, MSC or RGTA® were not able to restore impaired
urethral function after childbirth injury.

Biomechanical properties of the vaginal wall

Seven rats in the sham injury group and 8 in the PNC+VD
and vehicle treatment group were used to optimize the
biaxial testing protocol and thus data could not be used for
further analyses (e.g., the use of different load cells resulted
in deviating, nonrepeatable measures). Biomechanical data
were available for the following numbers of animals: sham
injury—n=12, PNC+VD and vehicle treatment—n=7,
PNC+VD and MSC treatment—n=9, and PNC+VD and
RGTA® treatment—n="7. Data from one injured rat treated
with RGTA® had to be excluded owing to insufficient Bio-
Rake® fixation, which resulted in strongly deviating biome-
chanical behavior.

All measured samples demonstrated a nonlinear
stress—strain curve, starting with a toe region followed by a
small linear elastic region from which the tangent modulus
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was derived. Ten cycles were sufficient for the viscoelas-
tic tissue to exhibit steady-state mechanics. Therefore, the
last three cycles were used for further analysis. Appendix
2 shows a representative example of a stress—strain curve.

The PNC+VD animals had lower mean tangent mod-
uli in both longitudinal and transverse directions 21 days
after injury, compared with sham-injured animals (Fig. 2),
although this was significantly different only at 15.7% strain
in the transverse direction (Fig. 2, p=0.046). These findings
indicate that biaxial biomechanical properties of the vaginal
wall were impacted by PNC+VD, resulting in reduced stiff-
ness of the vaginal wall.

Injection of MSCs increased mean tangent modulus com-
pared with vehicle treatment after PNC+VD in the longi-
tudinal (p=0.026) and transverse (p=0.020) directions at
21.6% strain (Fig. 2). RGTA® treatment did not significantly
improve tissue stiffness compared with vehicle treatment
after PNC+VD.

As we tested biaxial biomechanical properties, we were
able to explore the anisotropic behavior for all experimental
groups. By calculating anisotropy indices (Als), we compared
mean tangent moduli between longitudinal and transverse tis-
sue axes. Treatment with RGTA® increased vaginal wall ani-
sotropy compared with vehicle treatment at 10% (p=0.049),
15.7% (p=0.003), and 21.6% (p=0.0014) strain levels (Fig. 3).
Also, treatment with RGTA® increased vaginal wall ani-
sotropy compared with MSC treatment at 10% (p=0.021)
and 15.7% (p=0.039) strain levels (Fig. 3). At 10% strain,
RGTA® treatment significantly increased vaginal wall anisot-
ropy compared with the sham-injured vaginal wall (p=0.049,
Fig. 3). This indicates increased vaginal wall anisotropy with
increased stiffness in the longitudinal direction compared with
the transverse direction after RGTA® treatment.

Vaginal wall histology

In all Elastin van Gieson-stained sections, the most promi-
nent location of elastin fibers was found within the attach-
ment between the urethra and vaginal wall and along the
vaginal wall smooth muscle. PNC+VD resulted in increased
density of elastin fibers compared with sham injury, indi-
cating increased vaginal wall elastogenesis after childbirth
injury (Fig. 4A, B). Likewise, the density of elastin fib-
ers increased after MSC treatment compared with sham
(Fig. 4C). In contrast, RGTA® treatment resulted in sparse
elastin fibers, comparable with the sham group (Fig. 4D).
Elastin location, thickness, length, and organization were
heterogeneous and did not differ between groups.
Microscopic analysis of Masson’s Trichome-stained
slides revealed a remarkably higher collagen content
in the PNC+VD group and the RGTA®-treated groups
consistently (Fig. 5B, D), compared with sham animals
and animals treated with MSCs (Fig. 5A, C). Likewise,
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Fig. 1 Functional outcomes.
Bar charts represent urethral
and pudendal nerve function

Leak Point Pressure

0

outcome data after (sham) E E Em Sham + VEH
pudendal nerve crush and S 5 =3 PNC+VD + VEH
vaginal distension (PNC+VD) L =3 PNC+VD + MSC
and treatment with vehicle _fg: -107 X3 PNC+VD + RGTA
(VEH), mesenchymal stem % 154 -
cells (MSCs), or ReGeneraTing 6 J_
Agent® (RGTA). Black bars < -20
indicate the sham injury and g *
vehicle-treated group (Sham -25 T T T T
+ YEH, n=16), white bars AQ,Q‘ AQ}?‘ égc’ 0&7’
indicate the pudendal nerve * * x &

. . . 0& K\ R\ Q
crush and vaginal distension Y é(," o o,ﬁ
(PNC+VD) injury, and the vehi- < & S

cle-treated group (PNC+VD

+ VEH, n=15), striped bars
indicate the MSC-treated group
(PNC+VD + MSC, n=9),

and checked bars indicate the

w

External Urethral Sphincter EMG

C

External Urethral Sphincter EMG
*

—~ 1001 < 301 o |
RGTA-treated group (PNC+VD 3 — 2
+ RGTA n=8). A Leak point o 80- o
. . (%]
pressure data are displayed in < 2 204
c¢m H,0 as mean difference E 60+ g
(SEM) compared with the 5 £ _
mean of the sham injury group. o 40 T T . P I L ]m-
: ® < 10
External urethral sphincter elec- = E
tromyography (EMG) data are 2 20 =
displayed as difference in B fir- s o4 E o-
ing rate (Hz, ) and C amplitude & ~2l~ M N > ~2I~ o -
(uV) between baseline and leak x\\Q’ x~\<" x@‘b Qg:} x4<" xAQ’ ° Q_C:}
point pressure testing. Pudendal & ’(40 O on & XAO 40" N
nerve electroneurography & Y ‘\0" & 2N Y é(:x O’S
are displs as R ] N Q Q S
(ENG) data are displayed as R 3
difference in D firing rate (Hz)
and E amplitude (pV) between D E
baseline and brushing of the Pudendal N ENG Pudendal N ENG
clitoral skin. Each bar repre- u**en al Nerve udendal Nerve
sents the mean =+ standard error 1000~ — 4-
of the mean of data from 8 to 19 N — 3 —
imals. *p<0.05: **p<0.01 = g *%
animals. *p<0.05; **p<0.0 g 800 ; ** . 8 3 I .
< c
S 6004 g
% 600 % 2
o T
(] 4004 %
s ERE
> 200- g '_-l-_I é
= od < o- T T @-
X X O s
A@‘?‘ 4@‘2‘ @60 é?’ xA@ xAQ/ , @"9 qs’
x x x <& & S Q x
Q x 2 o) N O
\\"& c,"A L N 2 éox w\(’x c:"A
& % % < Q <
S & ©® <
in the samples of PNC+VD animals, we found localized Discussion

increased density of collagen in the subepithelium, which
we did not observe in the sham-injured animals (Fig. 5A,
B). these foci were less pronounced after MSC treatment
(Fig. 5C), but RGTA® treatment lead to a clear increase
in collagen density in the subepithelium (Fig. 5D). the
collagen fiber direction was heterogeneous and similar
throughout the samples.

We hypothesized that simulating birth injury in rats, with
PNC+VD might cause alterations in the biomechanical
properties of the vaginal wall. Additionally, we evaluated
the effects of two experimental regenerative therapies,
one cellular and one noncellular. We found that simu-
lated childbirth injury causes a decrease in vaginal wall
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Fig.2 Mean tangent moduli per strain level. Bar charts represent
tangent moduli in MPa as a result of biaxial biomechanical testing
of the rat vaginal wall after (sham) pudendal nerve crush and vagi-
nal distension (PNC+VD) and treatment with vehicle (VEH), mesen-
chymal stem cells (MSC), or ReGeneraTing Agent® (RGTA). Black
bars indicate the sham injury and vehicle-treated group (Sham +
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Fig. 3 Anisotropy indices per strain level. Boxplots represent anisot-
ropy indices (Als), which were calculated by dividing tangent moduli
in the longitudinal direction by tangent moduli in the transverse direc-
tion of the rat vaginal wall after (sham) pudendal nerve crush and
vaginal distension (PNC+VD) and treatment with vehicle, mesen-
chymal stem cells (MSCs), or ReGeneraTing Agent® (RGTA). Black
bars indicate the sham injury and vehicle (VEH)-treated group (Sham
+ VEH, n=12), white bars indicate the injury and vehicle-treated
group (PNC+VD + VEH, n=7), striped bars indicate the MSC-
treated group (PNC+VD MSC, n=9), and checked bars indicate the
RGTA-treated group (PNC+VD + RGTA, n=7). Each box repre-
sents the median =+ interquartile ranges of data from 8 to 19 animals.
Asterisks indicate statistical significant differences between treatment
groups within each strain level. *p<0.05, **p<0.01

stiffness. MSC treatment improves vaginal wall stiffness
in both longitudinal and transverse directions. In con-
trast, treatment with RGTA® increased vaginal tissue
anisotropy, with higher stiffness in the longitudinal direc-
tion compared with the transverse direction. Thus, MSC
treatment restores the vaginal biomechanical properties
after childbirth injury, whereas RGTA® treatment only
increases vaginal wall anisotropy. Histological evaluation
suggests that MSC treatment might restore the collagen
content, resulting in biomechanical properties similar to
sham-injured animals. This effect is not seen after RGTA
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VEH, n=12), white bars indicate the injury and vehicle-treated group
(PNC+VD + VEH, n=7), striped bars indicate the MSC-treated
group (PNC+VD + MSC, n=9), and checked bars indicate the
RGTA-treated group (PNC+VD + RGTA, n=7). Each bar represents
the mean + standard error of the mean of data from 8 to 19 animals.
*p<0.05

treatment. In addition, we observed increased elastogene-
sis compared with sham after PNC+VD and either vehicle
or MSC treatment. In the RGTA® treatment group we did
not observe this increase in elastogenesis.

Our results show that simulated childbirth injury with
PNC+VD causes impairment in vaginal biomechanical
properties. The observed decreased stiffness of the vaginal
wall after injury is in line with the results of other childbirth
injury animal studies [18, 19]. However, others did not show
sustained injury in rats, as vaginal biomechanical proper-
ties are comparable with virgin values 4 weeks postpartum
[19]. It should be noted that these studies were performed
in pregnant animals and adaptations during pregnancy may
protect against damage to the pelvic floor during delivery
[18]. Additionally, rat pup delivery provides less of an injury
than vaginal balloon distension, which is meant to mimic the
greater damage occurring in human vaginal delivery.

We used biaxial testing instead of uniaxial testing to mimic
the complex tissue behavior in vivo, which better represents
the biomechanical characteristics of soft tissues [20]. Biaxial
testing protocols have previously been used to study aniso-
tropic behavior of the vaginal wall [21]. Recently Huntington
et al. have shown, using biaxial biomechanical testing, that
the rat vaginal wall was significantly anisotropic [21]. Similar
to our study, this only became apparent at higher strain levels,
above 20% strain. In contrast to our study, the vaginal wall
was stiffer in the circumferential diameter than the longitu-
dinal diameter [21]. An explanation for different findings is
the use of different biaxial testing methods, different strains,
and different methods of tissue preparation.

To assess the collagen content within the vaginal wall, we
used Masson’s Trichome stain, which is a common method
estimating collagen content in tissues [22], and found
increased collagen content after PNC+VD, compared with
sham. Similar results were observed in vivo by Knight et al.,
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Fig.4 Elastin fibers within the vaginal wall. Images display repre-
sentative histological examples of transverse sectioned vaginal walls
(epithelium indicated by the white star and urethral sphincter com-
plex by the white triangle), stained with Elastin von Gieson stain. B
Pudendal nerve crush and vaginal distension (PNC+VD) resulted
in increased density of elastin fibers (yellow arrows) compared with
A sham injury, indicating increased vaginal wall elastogenesis after
childbirth injury. Likewise, the density of elastin fibers increased
after C mesenchymal stem cells (MSC) treatment compared with
sham. D ReGeneraTing Agent® (RGTA®) treatment resulted in
sparse elastin fibers, comparable with the sham group. white triangles
indicate the urethral sphincter complex. Black bars are scale bars,
indicating 50 pm

they showed that parous ewes had a greater amount of colla-
gen content within the vaginal wall than nulliparous animals
[17]. Moreover, we found localized foci of increased colla-
gen density after PNC+VD. Disrupted collagen remodeling
after injury, when collagen deposition exceeds degradation,
indicates fibrosis [23]. This is likely the result of VD injury
to the vaginal wall, as local parenchymal cell destruction
leads to an inflammatory response and remodeling of the
connective tissue, which initiates local fibrosis [23].

Our data show a statistically significant negative impact
of PNC+VD on urethral and pudendal nerve function, as
measured with LPP, EUS EMG, and pudendal nerve ENG.
However, we did not observe a statistically significant
improvement of any of these measurements after treatment
with MSCs. In contrast, previous studies have shown a sig-
nificant improvement of urethral function after treatment
with either one or multiple doses of MSCs [7, 8, 24]. Fac-
tors that may contribute to these findings are use of differ-
ent MSCs, multiple (four groups) group comparison, and
increased variability in outcomes observed in this study.
However, when assessing absolute data, effect size of MSC
treatment on LPP is similar to that of a previous study [24].

We found that MSCs improved the biomechanical prop-
erties of the vaginal wall. Our histological analyses suggest
that this might be due to improved connective tissue com-
position. Collagen and elastin are important extracellular
matrix (ECM) components contributing to the biomechani-
cal behavior of soft tissues [25]. Collagen within pelvic floor
tissues provides the tissues with tensile strength, whereas
elastin impacts tissue compliance [25]. After injury, a cas-
cade of structural changes in the ECM occur [10]. Fibro-
blasts are crucial for maintaining the tissues’ mechanical
properties, as these are the cells responsible for repair and
remodeling of the ECM after tissue injury. They secrete
ECM proteins and remodel their environment adapting to
chemical and mechanical influences [26]. MSCs can dif-
ferentiate into healthy fibroblasts that adhere and synthesize
ECM components in order to repair damaged ECM after
injury [27]. Moreover, MSCs have the ability to secrete
growth and immunomodulatory factors that enhance tissue
healing by stimulation of cell migration, proliferation, neo-
vascularization, and regulate collagen and elastin deposition
[28]. Finally, MSCs can increase elastic fiber density in the
urethra after PNC+VD [7, 24]. These capacities of MSCs
may explain our findings of improved collagen composi-
tion of the vaginal wall after MSC treatment, compared with
vehicle treatment.

Because our previous studies showed that systemically
administered MSCs promote tissue regeneration after simu-
lated birth injury [24], we used systemic administration of
MSC:s in this study. Others have shown that arterial systemic
injection of stem cells is more effective after birth injury
than local injection [29]. Further research is needed to opti-
mize routes of administration, also taking into account side
effects or complications of the systemic injection of MSCs.

With regard to the clinical application of (bone mar-
row-derived) MSCs, there are still important limitations
due to safety issues and determining optimal timing, treat-
ment, and sources of stem cells [9]. Therefore, we tested
RGTA®, which is readily available and safe in humans
[11, 13]. Unfortunately, this regenerating treatment was not
effective for vaginal regeneration. We found that RGTA®
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Fig.5 Collagen and muscle content of the vaginal wall. Images dis-
play representative examples of histological slides stained with Mas-
son’s Trichome. Blue indicates collagen and red indicates cytoplasm
and nuclei. The vaginal epithelium is indicated by a yellow star and
the urethral sphincter complex by a yellow triangle. B Pudendal nerve
crush and vaginal distension (PNC+VD) resulted in higher collagen
content within the vaginal wall, compared with A the sham group.
C After mesenchymal stem cells (MSC) treatment, collagen con-
tent was comparable with sham. D The RGTA®-treated group con-
sistently showed increased collagen content, which was comparable

only increased vaginal wall anisotropy, indicating that the
vagina becomes stiffer in the longitudinal direction than in
the transverse direction. Besides, we found increased colla-
gen content and density in the subepithelium and decreased
elastin density after RGTA® treatment. Others showed that
RGTA® increases collagen I and III production in the short
and long term after skin burns [30]. Tong et al. studied the
effects of the systemic treatment of RGTA® diabetic skin
ulcers and found decreased ulceration, an increase in colla-
gen I production, and increased biomechanical ulcer strength
[11]. It can be postulated that RGTA® improves biomechan-
ical properties only in one direction because it enhances col-
lagen I fiber production. Also, the observed increased col-
lagen fiber density within the subepithelium may play a role
in these alterations. We did not show significant differences
in collagen fiber direction; however, others have shown that
healthy vaginal wall demonstrates greater collagen align-
ment in the longitudinal direction compared with the injured
vaginal wall, which is associated with increased vaginal wall
stiffness in the direction of the applied force.

Although we found increased anisotropy after RGTA®
treatment, we did not find a statistically significant treatment
effect for either urethral or pudendal nerve function or vagi-
nal wall stiffness in the transverse direction. An explanation

@ Springer

with PNC+VD. Likewise, after PNC+VD (B), we found foci with
increased density of collagen (yellow arrows) directly under the vag-
inal epithelium, which we did not observe in the sham-injured ani-
mals (A). These foci were less pronounced after MSC treatment (C),
but ReGeneraTing Agent® (RGTA®) treatment (D) lead to a clear
increase in collagen density in the subepithelium. These findings indi-
cated collagen deposition within the vaginal wall. The collagen fiber
direction was heterogenous and similar throughout the samples. Black
bars are scale bars, indicating 200 pm

for the partial effect on biomechanical properties after
RGTA® could be explained by inadequate HS dose opti-
mization [13]. The number of HS binding sites in ECM is
limited and excess RGTA® can remove growth factors from
the ECM, which may cause limited availability of growth
factors needed for tissue regeneration [13].

A limitation of this study is the lack of molecular out-
comes to help explain the biomechanical results. With the
histological analysis of the vaginal wall microstructure, we
provided a starting point to explain the changes in biome-
chanical findings, but the underlying mechanisms (collagen/
elastin crosslinking, types of collagen, fiber direction) are
more complex and need to be further investigated [17, 20].
Furthermore, we used an animal model for vaginal wall
damage and tested the effects of regenerative treatments on
vaginal wall function, measured with vaginal biomechanical
properties. It is unknown how this correlates with the devel-
opment of pelvic floor dysfunction in the long term. Another
limitation is that we were not able to repeat prior results
showing regeneration with MSCs of urethral function in this
model, perhaps because we used the purchased rat MSCs
in this study, in contrast to prior studies, which used rat
bone marrow-derived MSCs harvested in the laboratory [7,
24]. We did not perform additional characterization of the
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purchased batches of MSCs, as these cells had been used by
colleagues in the same laboratory before, showing adequate
MSC characterization and promising regenerative capacities
[14]. Finally, we did not research whether RGTA® or MSCs
reached the vagina or if their mechanisms of action are based
on systemic paracrine effects.

In summary, simulated childbirth injury decreases vagi-
nal wall stiffness and our results suggest that treatment with
MSCs might facilitate biomechanical and connective tissue
recovery of the vaginal wall 3 weeks after simulated birth
injury, whereas treatment with RGTA® only resulted in ani-
sotropic changes.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00192-022-05439-4.
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