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EFFECT OF THERAPEUTIC ULTRASOUND ON FOLLICULOGENESIS,
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TRANSPLANTATION
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Reproductive Imaging at Reproductive Biomedicine Research Center, Royan Institute for Reproductive Biomedicine, ACECR,

Tehran, Iran
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Abstract—One of the challenges in ovarian transplantation is ischemia-reperfusion damage. When transitional
tissue faces an acute and critical condition in terms of blood supply (immediately after organ transplantation),
treatment with low-intensity pulsed ultrasound (LIPUS) seems to be very beneficial. The aim of this study was to
evaluate the effects of ultrasound therapy on heterotopic transplanted mouse ovarian tissue. Adult female Naval
Medical Research Institute mice were divided into three groups. In the experimental groups, the transplanted
ovary was exposed 5 min daily to ultrasound with an intensity of 0.3 W/cm2, frequency of 3 MHz and pulse
mode of 1:4. The grafted ovaries were assessed with the usual histology and immunohistochemistry techniques.
Results indicate that more CD31 angiogenic factor was expressed in irradiated animals than in control animals,
and ultrasound therapy resulted in better follicular preservation, especially after 14 d. In conclusion, therapeu-
tic ultrasound may accelerate and increase re-angiogenesis and can help to promote ovarian follicular growth.
(E-mail: eimanih@royaninstitute.org) � 2014 World Federation for Ultrasound in Medicine & Biology.

Key Words: Angiogenesis, Low-intensity pulsed ultrasound waves, Mouse, Ovarian transplantation.

INTRODUCTION

Improved cancer treatments, including bone marrow
transplantation, chemotherapy and radiotherapy using
ionizing radiation and alkalinizing drugs, increase the
life expectancy of cancer patients. However, these thera-
peutic procedures affect the endocrine and reproductive
functions of young females and may lead to premature
ovarian failure and infertility. Therefore, fertility preser-
vation after recovery is critical in improving quality of
life (Behbahanian et al. 2013; Eimani et al. 2009;
Kagawa et al. 2007).

There has been much research in the area of fertility
preservation in patients who have undergone severe thera-
pies for various diseases. Ovarian tissue cryopreservation

and transplantation are the fertility preservation techniques
commonly studied. Despite advances in different tissue
transplantation methods, these techniques continue to
have a few restrictions. One of the main challenges in
ovarian tissue replacement is ischemia-reperfusion (I/R)
damage. It is important to establish rapid blood flow to
ovarian follicles during transplantation to ensure their sur-
vival. Failure of vascular anastomosis (vascular trans-
plants) after transplantation surgery leads to dysfunction
of transplanted tissue. The transplanted tissue is sensitive
to ischemic injury and lack of blood supply before revascu-
larization. Thus, many follicles can be destroyed at this
stage (Liu et al. 2001).

The term therapeutic angiogenesis refers to the
stimulation of revascularization and subsequent induc-
tion of cellularization for the treatment or prevention of
clinical pathological conditions (Doan et al. 1999;
H€ockel et al. 1993). Angiogenesis accelerates tissue
repair and regeneration (H€ockel et al. 1993). It can also
be used to decrease the adverse effects of local hypoxia
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and necrosis of tissue and to enhance tissue healing
(H€ockel et al. 1993).

Ultrasound waves have recently been found to
improve angiogenesis and vascular rehabilitation through
the thermal and mechanical effects of the sound waves on
biological tissues (Barzelai et al. 2006; Chappell et al.
2005; Young and Dyson 1990a). There is significant
clinical evidence supporting this hypothesis (Folkman
et al. 1998; Harris 1992; Yang et al. 1996). Young and
Dyson (1990a) reported the induction of angiogenesis
by ultrasound radiation at an intensity of 0.1 W/cm2

SATA (frequency either 0.75 or 3.0 MHz). Other
studies have also reported that the therapeutic range of
ultrasound stimulates the synthesis of angiogenic
vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF) and interleukin-8 (Doan
et al. 1999; Ramli et al. 2009). Lu et al. (2008) studied
the effects of low-intensity ultrasound on the healing of
bone-tendon transplantation treatments and reported
that the application of low-intensity ultrasound improves
transplantation conditions by increasing the level of
angiogenesis and expression of genes through the repair
process (Fu et al. 2008; Lu et al. 2008).

Dissen et al. (1994) and Israely et al. (2003) observed
that for immature ovarian tissue transplantation in rats, the
initial stage of re-angiogenesis occurs 48 h after autologous
transplantation. Within 7 d, re-angiogenesis was complete,
and the transplanted tissue started its regenerated activity
(Dissen et al. 1994; Israely et al. 2003). Primary autograft
blood flow was observed 3 d after transplantation in rat
(Nugent et al. 1998). Israely et al. (2004) studied vascular
function and reperfusion in xenograft ovarian tissue of
rats after 7 d using histological methods andmagnetic reso-
nance imaging (MRI) (Israely et al. 2004). Dath et al.
(2010) introduced the onset of reperfusion conditions in
the process of human ovarian tissue xenograft transplanta-
tion in mice 5 d after transplantation. They reported the
occurrence of these events 21 d after transplantation.

In this study, we report for the first time the use of
ultrasound to accelerate the process of angiogenesis in
ovarian tissue transplanted to the back muscles of
mice to reduce I/R damage and to improve inflamma-
tion and healing after the stress of ovarian tissue trans-
plantation. The durations of transplantation (on days 2
and 7) were selected to coincide with the time of the
ischemia-reperfusion process. The aim of this study
was to investigate the effect of ultrasound on the hetero-
topic transplantation of mouse ovaries.

METHODS

Animals and study design
Six-week-old Naval Medical Research Institute

female mice were obtained from the Pasteur Institute

(Tehran, Iran). The animals were transported to the ani-
mal house of Royan Institute (Tehran, Iran) 1 wk before
the experiment to allow time to adapt to the new condi-
tions. They were then kept at an appropriate place at con-
stant temperature on a 12/12-h light/dark cycle with free
access to food and water.

The left ovary was removed from each mouse and
immediately transplanted to the back muscle. The mice
were randomly divided into three groups:

1. Control group (n5 5): This group was not exposed to
ultrasound irradiation during or after the transplanta-
tion procedure.

2. Sham group (n5 5): After ovarian transplantation, the
animals in this group underwent anesthesia daily to
determine the effects of the anesthesia procedure.

3. Experimental groups (n5 20): The transplanted ovary
and surrounding tissues were subjected to ultrasound
radiation immediately after surgery. Experimental
(transplanted, irradiated) groups were divided into
four subgroups on the basis of their exposure to
ultrasound:

EI (n 5 5): Ultrasound irradiation was performed
once daily for 2 d.
EII (n 5 5): Ultrasound irradiation was performed
twice daily at 8-h intervals for 2 d.
EIII (n5 5): Ultrasound irradiation was performed
once daily for 7 d.
EIV (n5 5): Ultrasound irradiation was performed
once daily for 14 d.

Preparation and transplantation of ovaries
All experiments were performed in accordance with

the requirements of the ethics committee of Royan Insti-
tute. Six-week-old female micewere anesthetized with an
intraperitoneal injection of ketamine (50 mg/mL; Rotex-
medica, Trittau, Germany) and xylazine (20 mg, 2%; Al-
fasan, Woerden, The Netherlands). After anesthesia, the
skin over the back muscles and flank was shaved and
aseptically cleaned. A small incision was made through
the skin and posterior abdominal wall, and the left ovary
was removed. The excised ovary was inserted into the
back muscle through a cut along the muscle in the same
mouse. The muscle bundles and opened skin were then
sutured with 5-O non-absorbable thread (W8710, Ethi-
con, Livingston, Scotland). After surgery, animals were
allowed to recover in the laboratory and then transferred
to the animal house for other procedures.

Establishing intensity and duration of ultrasound
exposure

Experiments were conducted to determine the opti-
mum intensity and irradiation time for ultrasound ther-
apy. Thermometry tests were performed using a special
thermocouple fabricated at the Medical Physics Research

1536 Ultrasound in Medicine and Biology Volume 40, Number 7, 2014
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Center of Iran Medical University (Tehran, Iran). An in-
tensity of 0.3 W/cm2, frequency of 3 MHz, pulse mode
at ratio of 1:4 and duration of 5 min were selected for
the actual ultrasound irradiation tests. These conditions
were found to be the most effective with the lowest risk
and rational temperature rise, in the range of international
safety profiles for tissue, to protect the transplanted tissue
from harmful ultrasonic effects (Nasiri et al. 2010; Testart
et al. 1982). The Therasonic 455 device used for the
therapeutic procedure was purchased from EMS Physio
(Oxfordshire, UK).

Therapeutic ultrasound procedure
The female mousewas fixed on the dissection tray in

the prone position, and after being shaved, its body sur-
face was washed with 70% alcohol. Gel (EMS502,
Electro-Medical Supplies [Greenham], Stevenage, UK)
was applied to the shaved skin, which was then exposed
to ultrasound waves for about 5 min (Fig. 1).

Histological studies
After transplantation, all grafted and control ovaries

were fixed in Bouin’s solution, dehydrated in an auto-
matic tissue processor and subsequently embedded in
paraffin wax. The ovaries were serial sectioned to a thick-
ness of 6 mm followed by hematoxylin and eosin staining.
Finally, ovarian sections were evaluated under an optical
microscope to analyze tissue structure and count follicles.

Follicular count
Follicles were classified into four groups on the basis

of Liu and colleagues’ (2002) study: Primordial follicles
contained an oocyte surrounded by a squamous granulosa
cell layer, primary follicles contained an oocyte sur-
rounded by a cuboidal granulosa cell layer, pre-antral fol-
licles contained a growing oocyte with two or more layers
of cuboidal granulosa cells without any antrum and antral
follicles contained multilaminar granulosa cells around
the oocyte and an antral cavity within the granulosa cells.
To prevent re-counting of the same follicles, the numbers

of follicles in pre-antral follicles and antral follicles were
based on observations of the nucleolus (Liu et al. 2002).

Angiogenesis measurement
To evaluate angiogenesis, immunohistochemical

staining was used to observe expression of CD31 marker
on hematopoietic cells and blood vessels. Among tissue
sections provided for histological study, a few smears
from all groups were also selected for immunohistochem-
ical study. Initially, the slides were immersed in xylol so-
lution twice for 10 min each time, to remove paraffin
from tissue sections. Then, the process of water discharge
was performed on the samples using alcohol (100%, 90%,
70%, 50%) and distilled water for 3 min per immersion.
The combined antigen retrieval solution was used at
37�C for 20 min and then placed at room temperature
for the next 10 min to make the retained antigens avail-
able. The samples were washed twice (10 min each)
with phosphate-buffered saline (PBS)-Tween 0.05%
solution and placed in a solution of Triton X-100 0.05%
for 10 min for membrane penetration. To remove joint an-
tigens from both species, goat serum was used as a buffer
blocker for 1 h at 37�C. Samples were then washed twice
for 5 min each time with PBS-Tween solution. The pri-
mary antibody (ab56299, Abcam, Cambridge, MA,
USA) was diluted to a ratio of 1:500 using PBS. After
this antibody was added, the samples were left undis-
turbed for 2 h at 37�C and then washed with PBS-
Tween three times at 15 min per wash. The secondary
antibody (ab6843, Abcam), diluted to 1:1000 with PBS,
was added immediately to the samples in darkness for
1 h at 37�C. Two-phase rinsing was conducted for
7 min (each time), and finally, a solution of 40,6-
diamidino-2-phenylindole (DAPI) for nuclear staining
was used for 1 min. After mounting, the slides were pre-
pared and evaluated by fluorescence microscopy.

Immunohistochemical study of caspase 3
The incidence of apoptosis was determined with an

immunohistochemical staining method, as described

Fig. 1. The applicator is positioned so as to align the area containing the transplanted ovarian tissue with the ultrasound
waves.
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above. Anti-active and pro-caspase 3 antibody (ab47131,
Abcam) were used to study the effect of ultrasound waves
on early apoptosis induction in the ovaries of all groups.

Morphometric assessment of ovarian follicles
To measure oocyte size at different stages in exper-

imental and control groups, intermediate sections of each
ovary with maximum diameters were evaluated under an
ocular graticule lens, and five sections were studied
randomly.

Statistical evaluation
One-way analysis of variance and Tukey tests were

performed using SPSS Version 19 (IBM, Armonk, NY).
Results are expressed as means 6 standard errors of the
mean. p-values, 0.05 were regarded as indicating statis-
tical significance.

RESULTS

Histologic study and follicular counting
In all cases, the transplanted tissue was distinguish-

able from surrounding tissue and was strongly adjoined to
the muscle. There were more blood vessels close to the
grafted ovary, and these blood vessels were thicker than
in other parts of the muscle tissue. A higher density of
blood vessels was also observed in the central part of
transplanted ovaries. There were fewer follicles in grafted
tissues than in non-transplanted ovaries. There were also
more primordial follicles in the superficial areas in deep
areas. A major portion of the central region was
composed of corpora lutea in all experimental groups.
Oocyte diameter was measured at different stages of
development in all experimental and control groups,
and there were no significant differences (Fig. 2).

Morphometric study and follicular density 2 d after
transplantation

Physical features including binding to muscle tis-
sue and vascular connections were compared among

the groups. Two days after transplantation in the con-
trol group, there was no re-anastomosis between
grafted ovary and recipient tissue, but in all experi-
mental groups (particularly EII), the commencement
of this reaction was clearly visible. The mean percent-
age of intact primordial follicles significantly differed
between the control (51.72%) and EI (61.37%) groups.
There was also a significant difference (p , 0.0001) in
the percentage of intact primary follicles between the
EII group (18.69%) and the control and EI groups
(EI: 8.57%, control: 4.63%).

Compared with the opposite, non-transplanted
ovaries, the percentages of primary and pre-antral folli-
cles were significantly reduced in the control, EII and
EI groups, but percentages of intact primordial follicles
did not significantly differ from those in the opposite
ovaries, except in the EI group, for which the percentage
was statistically higher (EI group: 61.36%, non-
transplanted ovaries: 55.61%). In terms of dead follicles,
there was a noticeable reduction in all follicular stages
compared with the control group. There were fewer
dead primordial follicles in the EI and EII groups (EI:
6.96%, EII: 5.20%) than in the control group (19.24%),
but more than in the non-transplanted ovaries (0.02%).
The mean percentage of dead primary follicles was
similar to the primordial follicle which was explained.
Percentages of dead pre-antral follicles in the control
(11.33%), EI (13.40%) and EII (7.53%) groups were
significantly increased compared with that for the non-
transplanted ovaries (0.09%). For the EII group, this
percentage was significantly smaller compared with the
control, but in the EI group, it was comparable to that of
the control group. Finally, percentages of antral follicles
were similar to those of pre-antral follicles (Figs. 3, 4).

Morphometric study and follicular density 7 d after
transplantation

The prominent feature of transplanted ovaries in all
experimental groups was severe fibrosis in the medullary
region with degenerated interstitial cells. In addition, the

Fig. 2. Microscopic images of transplanted mouse ovarian tissue within the back muscle (6-mm incision). Hematoxylin
and eosin stain. (a) 403. (b) 103.

1538 Ultrasound in Medicine and Biology Volume 40, Number 7, 2014
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total number of dead follicles was higher in this group
than in the other groups (Fig. 5).

Figure 6 illustrates the significant difference in the
percentage of intact primordial follicles between the con-
trol group (21.19%) and the EIII group (36.93%).
Furthermore, there was also a significant difference in
the percentage of dead primordial follicles between the
EIII group (4.81%) and control group (8.89%). Impor-
tantly, there were significant differences in the percent-
ages of all types of follicles between transplanted
ovaries and non-transplanted ovaries (Figs. 6, 7).

Morphometric study and follicular density 14 d after
transplantation

Reserves of all types of follicles were higher in all
groups after 14 d of transplantation than at other times
(2 and 7 d). There were significant (p , 0.05) increases
in primordial (control group: 39.62%, EIV group:
59.60%) and primary (control group: 25.95%, EIV group:

16.16%) follicles (Fig. 8). Although the percentage
of pre-antral follicles in the EIV group was non-
significantly increased compared with the percentages in
the other control and sham groups (EIV group: 6.30%,
control group: 3.02%, sham: 1.99%), this percentage was
statistically smaller than that of the non-transplanted
ovaries (15.32%). Alterations in antral follicles were
similar to those in pre-antral follicles.

Figure 9 illustrates that there were no significant
differences in the percentages of dead primordial, pre-
antral and antral follicles between the EIV group and
both control and sham groups. But the percentage of
dead primary follicles was significantly decreased in
the EIV group (4.72%) compared with the control
(18.56%) and sham (13.56%) groups and did not differ
much from that for the non-transplanted ovaries (1.57%)
(Figs. 8, 9).

Immunohistochemistry with CD31
Immunohistochemistry tests indicated that the

CD31 expression level was relatively low in transplanted
ovaries of the control group. The highest levels were
found in the groups subjected to low-intensity pulsed ul-
trasound (LIPUS) and were comparable to that of the con-
trol group (Fig. 10).

Apoptosis
Evaluation of apoptosis in ovarian follicles using the

caspase 3 immunohistochemistry test indicated a higher
incidence of apoptosis in transplanted ovaries than in
non-transplanted ovaries. Moreover, the incidence of
apoptosis was lower in transplanted ovaries treated with
ultrasound (Fig. 11).

DISCUSSION

Rapid establishment of vascular connections is one
of the most important factors in successful transplanta-
tion of ovarian tissue and is essential for follicle survival.
The main reason for the destruction of transplanted tissue
is ischemic damage, before re-angiogenesis. This damage
may destroy 30%–70% of the primordial follicles
(Demeestere et al. 2009; Donnez et al. 2006; Gosden
2008). Therefore, different strategies for reducing
the duration of ischemia and increasing vascular
anastomosis between the transplanted tissue and its site
have been studied. In our study, we observed that
ultrasound therapy, by accelerating angiogenesis, leads
to maintenance of functionality and follicular reserve in
transplanted ovarian tissue.

Park et al. (2010) reported that low-intensity ultra-
sound treatment increases mass transport, which could
protect tissue grafts during the immediate post-implant
period, especially when the blood supply to the

Fig. 3. Mean percentages of intact follicles in the control and
experimental groups 2 d after transplantation. Dis-similar letters
indicate significant differences in each follicular type

(p , 0.05).

Fig. 4. Mean percentages of dead follicles in the control and
experimental groups 2 d after transplantation. Bars represent
standard errors of means. Dis-similar letters indicate significant

differences in each follicular type (p , 0.05).
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implanted tissue is sub-optimal. Ultrasound has been
used for more than 40 y to stimulate healing by
increasing angiogenesis (Fu et al. 2008). Ultrasound
not only reduces the inflammatory phase after surgery,
but also increases the expression of factors involved in
these processes and enhances the different growth factors
associated with angiogenesis. Such factors can lead to
successful transplantation (Lu et al. 2008).

It seems that ultrasound therapy induces preserves
the follicular reserve at levels of the intact ovary (espe-
cially in group EIV) by improving perfusion and
increasing the production of growth factors. Ultrasound-
induced production of growth factors and angiogenesis
and activation of macrophages, as well as proliferation
of T cells and a number of interferons (interleukin [IL]-
6, IL-8, IL-1, IL-2, bFGF, and VEGF), play an important
role in inflammation and the repair process (Leung et al.
2004; Lorena et al. 2002; Park et al. 2010; Unger et al.
1997; Watson 2000).

In a study performed by Young and Dyson (1990b)
on the macrophage response to therapeutic ultrasound,
they described macrophages as a rich source of growth
factors that mediate repair of tissue injuries through ultra-

sonic exposure. On the other hand, in several studies on
ovarian tissue transplantation, mechanical damage
(injury) was found to be an angiogenesis-inducing factor
in the transplantation substrate (Donnez et al. 2006;
Lorena et al. 2002; Oktay et al. 2003). This point is
evidence of a close and direct relationship between
damage repair, production of angiogenesis factors and
application of ultrasound. Thus, applying ultrasound
accelerates angiogenesis and a subsequent increase in
growth factors, resulting in the construction of new
vessels.

Many studies have reported that a significant per-
centage of ovarian follicles are destroyed after trans-
plantation; Baird et al. (1999) and Nisolle (2000)
reported an approximately 50%–65% loss of ovarian fol-
licles, and Aubard et al. (1999), a greater than 95% loss
of follicles (Aubard et al. 1999). Therefore, for preserva-
tion of reproductive potential and maintenance of follic-
ular reserve, after transplantation, it is important to
identify the factors that affect ischemia-reperfusion in-
juries. Prevention or reduction of injuries sustained as
a result of ischemia-reperfusion is considered a thera-
peutic approach. The results of this study indicated a

Fig. 6. Mean percentages of intact follicles in the control and
experimental groups 7 d after transplantation. Bars represent
standard errors of the mean. Dis-similar letters indicate signifi-

cant differences in each follicular type (p , 0.05).

Fig. 5. Microscopic images of mouse ovarian tissue (6-mm incision). Hematoxylin and eosin stain. (a) 403. (b) 103.

Fig. 7. Mean percentages of dead follicles in control and exper-
imental groups 7 d after transplantation. Bars represent standard
errors of the mean. Dis-similar letters indicate significant differ-

ences in each follicular type (p , 0.05).
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significant increase in the percentages of antral and
intact pre-antral follicles, as well as relatively large
numbers of corpora lutea in ovarian tissue. This study
also found an increase in the percentages of primary
and primordial follicles compared with the control
group. The significant percentages of primordial and pri-
mary follicles suggest suitable follicular storage of
ovarian transplanted tissue. In addition, the relatively
large percentages of antral follicles and intact pre-
antral follicles indicate rapid vascular anastomosis, as

well as the existence of stable and appropriate conditions
for the transplanted tissue (the percentage of antral fol-
licles significantly differed from that of the control
group). Furthermore, the presence of corpora lutea and
normal and big yolk cells is evidence of dynamic tissue
function. Thus, all these observations confirm the bene-
ficial effect of ultrasound on angiogenesis in terms of
reduction of ischemia duration and acceleration of
angiogenesis of transplanted ovarian tissue to maintain
its follicular reserve.

Fig. 8. Mean percentages of intact follicles in the control and
experimental groups 14 d after transplantation. Bars represent
standard errors of the mean. Dis-similar letters indicate signifi-

cant differences in each follicular type (p , 0.05).

Fig. 9. Mean percentages of dead follicles in the control and
experimental groups 14 d after transplantation. Bars represent
standard errors of the mean. Dis-similar letters indicate signifi-

cant differences in each follicular type (p , 0.05).

Fig. 10. (a, b) Microscopic images of transplanted ovarian tissue in the control group not subjected to ultrasound treat-
ment: CD31 immunohistochemistry test. (c, d) Microscopic images of transplanted ovarian tissue in the experimental

group treated with ultrasound, 14 d after transplantation: CD31 immunohistochemistry test.

Therapeutic US and ovarian transplantation d N. S. ABTAHI et al. 1541



Author's personal copy

In the EIV group, therapeutic ultrasound exposure
14 d after transplantation decreased the duration of
ischemia and led to better preservation of follicular
reserve. The therapeutic duration was sufficient for
oogenesis, during which follicular growth was estab-
lished. Although ultrasound was able to improve angio-
genesis in EIII group, it seems that the duration was not
sufficient to overcome reperfusion damage such as
oxidative stress.

The follicular reserve of ovarian tissue was not too
adversely affected within 2 d of transplantation (EI and
EII), and was richer compared with that of the EIII group.
Follicular reserves of the EI and EII groups were better
than that of the control group (on the same day); however,
there were no significant differences in intact follicular
reserves between the EI and EII groups.

On the other hand, significant differences in the per-
centages of dead follicles (especially primordial and pri-
mary follicles, which are more susceptible to ischemic
damage) between the control and treatment (EII and EI)
groups suggest the usefulness of ultrasound therapy in
ovarian follicular preservation.

Despite the use of different treatments in many
studies, the lack of rapid and effective revascularization
during the first 48 h after transplantation leads to serious
damage to primordial and primary follicles. Therefore,
ultrasound therapy during the initial 48 h after transplan-
tation may be effective in accelerating angiogenesis and
reducing the ischemic period and could thus result in
better ovarian grafting.

The distribution of apoptotic cells, identified by
immunohistochemical methods using caspase 3

Fig. 11. Microscopic images of mouse ovarian tissue in the different groups. (a) Thymus section from the positive control
group; arrows represent apoptotic cells with dense or fragmented nuclei. (b) Thymus section from the negative control
group; no apoptotic cells were observed. (c) Section from non-transplanted (opposite) ovary; no signs of apoptosis or nu-
clear condensation were observed. (d) Ovarian section from the control group not subjected to ultrasound treatment; ar-
rows indicate caspase-positive apoptotic cells with compact nuclei. (e) Ovarian section from transplanted groups treated
with ultrasound; no apoptotic symptoms were observed in the antral cavity. (f) Another ovarian section from the control

group (403).
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antibodies, indicates that granulosa and stromal cells are
more sensitive to ischemia-reperfusion damage than
ovarian follicles. Primordial follicles have already been
reported to be tolerant of ischemic conditions 4 h after
ovarian tissue transplantation, whereas the surrounding
stromal cells were more vulnerable to these conditions
(Kim 2003; Schmidt et al. 2003). Our results indicate
that the rate of apoptosis of ovarian transplanted
tissue in the control group was higher than that in
experimental groups, whereas comparison of the right
non-transplanted (opposite) ovaries among experimental
groups revealed no difference in the incidence of
apoptosis; neither was there any difference in the inci-
dence of apoptosis in the right ovaries between the con-
trol and experimental groups.

As mentioned in the Introduction, ultrasound re-
sulted in acceleration of angiogenesis and the construc-
tion of new vessels by increasing the production of
growth factors. The presence of these factors and their
role in angiogenesis are measurable using immunohisto-
chemical methods with the CD31 marker (Soleimani
et al. 2008). CD31 is a 130-kDa transverse membranous
glycoprotein belonging to the large family of immuno-
globulins mediating molecular junctions in endothelial
cells forming new vessels. This antibody is also known
as PECAM-1 (platelet endothelial cell adhesion molecule
1) (Pisacane et al. 2007).

The anti-CD31 immunohistochemistry test was also
used in this study to prove angiogenesis and to evaluate
the amount of angiogenesis. According to our data, the
highest and best rate of angiogenesis around the ovarian
tissue was that of the transplanted ovaries treated with
low-intensity ultrasound.

In summary, although several treatments and drugs
have been used to reduce ovarian injury-induced
ischemia, there have been no reports yet on the role of
mechanical treatment, such as ultrasound therapy, in
ovarian tissue transplantation. In this study, we have re-
ported for the first time that ultrasound therapy improves
perfusion of the graft, survival of follicles and restoration
of follicle growth. The evidence suggests that ultrasound
therapy may be very helpful, especially during the first
48 h after transplantation. It seems to be effective in
accelerating angiogenesis by reducing the ischemic
period and may thus lead to better performance of trans-
planted ovarian tissue.

Further studies are required to elucidate the protec-
tive mechanisms on I/R ovarian tissue and to guarantee
their efficacy and tolerability. More investigations are
also required to determine the effect of ultrasound on
the ultrastructure of oocytes in transplanted and non-
transplanted ovarian tissue, the outcomes of in vitro fertil-
ization and embryo transfer of these oocytes and the
possible epigenetic alterations.

CONCLUSIONS

Ultrasound therapy can improve the morphological
structure and function of grafted ovaries. probably through
the acceleration of angiogenesis and enhanced production
of growth factors induced by low intensity pulse ultrasound.
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