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Abstract

Heterotopic and orthotopic ovarian tissue autotransplantation techniques, currently used in
humans, will become promising alternative methods for fertility preservation in domestic and
wild animals. Thus, this study describes for the first time the efficiency of a heterotopic ovar-
ian tissue autotransplantation technique in a large livestock species (i.e., horses) after ovar-
ian fragments were exposed or not to a cooling process (4°C/24 h) and/or VEGF before
grafting. Ovarian fragments were collected in vivo via an ultrasound-guided biopsy pick-up
method and surgically autografted in a subcutaneous site in both sides of the neck in each
mare. The blood flow perfusion at the transplantation site was monitored at days 2, 4, 6, and
7 post-grafting using color-Doppler ultrasonography. Ovarian grafts were recovered 7 days
post-transplantation and subjected to histological analyses. The exposure of the ovarian
fragments to VEGF before grafting was not beneficial to the quality of the tissue; however,
the cooling process of the fragments reduced the acute hyperemia post-grafting. Cooled
grafts compared with non-cooled grafts contained similar values for normal and developing
preantral follicles, vessel density, and stromal cell apoptosis; lower collagen type lll fibers
and follicular density; and higher stromal cell density, AQNOR, and collagen type I fibers. In
conclusion, VEGF exposure before autotransplantation did not improve the quality of grafted
tissues. However, cooling ovarian tissue for at least 24 h before grafting can be beneficial
because satisfactory rates of follicle survival and development, stromal cell survival and pro-
liferation, as well as vessel density, were obtained.

Introduction

Opvarian tissue transplantation (OTT) has been used as a promising technique for the restora-
tion of endocrine function and fertility in humans [1]. In this regard, OTT can be applied (1)
for cancer patients prior to undergoing gonadotoxic therapy [2], (2) to animal models before
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clinical trials in human medicine [3, 4], and (3) as an alternative for preserving endangered
animal breeds and species of high genetic value [5, 6].

The horse has been a suitable model for reproductive studies due to the striking similarities
between women and mares related to follicular waves and hormonal changes [7, 8], anovula-
tory dysfunctions [9], and preantral follicle features [10, 11]. The use of heterotopic autotrans-
plantation and xenotransplantation in livestock may become a powerful tool for (1) treatment
of infertility caused by ovarian abnormalities (e.g., benign tumors and adhesions) and oviduc-
tal and uterine disorders, and (2) making easier the recovery of immature or mature oocytes
from females of high genetic value that need preservation. In the area of preantral follicle
research in horses, several studies have been conducted recently on ovarian tissue storage and
cryopreservation [12-14], in vitro follicle culture [15, 16], and preantral follicle population,
addressing aspects related to aging effect [17], follicular dynamics [11], and spatial follicle dis-
tribution [18].

Ischemia and reperfusion injuries induced by slow tissue revascularization shortly after
grafting [19, 20] may lead to losses in primordial follicles [21] and stromal cells [22], along
with tissue apoptosis and fibrosis [23]. Therefore, various strategies have been applied to accel-
erate graft revascularization and reduce hypoxia in autografted [24-26], allografted [27], and
xenografted [3, 28-30] ovarian fragments.

Vascular endothelial growth factors (VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental
growth factor, PIGF) are members of the superfamily of the platelet-derived growth factors,
which are potent angiogenic factors that regulate neovascularization [31] and can be produced
by the vast majority of cells under hypoxic condition or in tissues under growth and remodel-
ing [32, 33]. The beneficial effects of VEGF on ovarian tissue transplantation have been dem-
onstrated in sheep [34], cattle [4], dogs [35], humans [36, 37], and mice [24]. Furthermore,
VEGEF can accelerate angiogenesis and improve the ovarian cortex viability by limiting ische-
mia in xenografted sheep ovarian cortical pieces [3, 28].

Considering that ovarian sample collection is usually performed far from reproductive cen-
ters, a major obstacle for fertility preservation is the proper conservation and transport of the
ovarian tissue. Several studies have been conducted regarding transportation or storage of
fresh specimens to preserve and further optimize the use of the ovarian reserve [13, 38, 39]. In
this context, induced hypothermia to approximately 4°C has been the most common approach
used for transportation of ovaries to be preserved in horses [13], goats [40], cattle [41], and
humans [42]. Therefore, we hypothesized that the addition of VEGF to a holding medium
would improve ovarian tissue viability after storage at a cooling temperature (4°C) for 24 h
before ovarian fragment autotransplantation. Thus, this study aimed to evaluate the efficiency
of a heterotopic ovarian tissue autotransplantation technique in horses after ovarian fragments
were submitted or not to cooling and/or exposed to VEGF.

Materials and methods
Chemicals

The chemical reagents used in this study were obtained from Sigma Chemical Co. (St. Louis,
MO, USA) unless otherwise indicated.

Animals

The experimental procedure was approved by the Ethics Committee for the Use of Animals of
the State University of Ceara (research protocol #6520796/2015). Eight healthy crossbred
cycling mares 7-22 years old and weighing between 350-400 kg, belonging to the Dr. Esau
Accioly Vasconcelos Experimental Agricultural Farm of the Faculty of Veterinary, State
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University of Ceara, were used for the present study. Animals were kept on pasture, supple-
mented with balanced grain ration, minerals, and water ad libitum in a sheltered area. After
the study, the animals were housed in the same facility and used for further research studies
since the techniques used herein do not affect the reproductive activity of the animals.

Ovarian tissue collection

Ovarian fragments were obtained via the biopsy pick-up (BPU) method (Fig 1A) [10, 15, 43].
Briefly, before each biopsy procedure, analgesia (flunixin meglumine; Banamine, 1.1 mg/kg, i.
v.; Merck Animal Health, New Jersey, USA), rectal relaxation (hyoscine N-butyl bromide; Bus-
copan, 0.2 mg/kg, i.v.; Boehringer Ingelheim; Ingelheim am Rhein, Germany), and sedation
(xylazine; Sedomin, 1 mg/kg, i.v.; K6nig S.A, Argentina) were induced. The BPU device used
was an automated spring-loaded instrument with an inner trocar point plunger containing a
fragment notch (15 mm x 1.6 mm; Fig 1A) surrounded by an outer 16-gauge cutting needle
(US Biopsy, Franklin, IN, USA). The device was introduced through a needle guide mounted
on a probe handle with a 5 to 10 MHz transvaginal ultrasound-guided convex array transducer
(Honda HCV-3710MV), which was used for placement of the biopsy needle within the ovary.

Ovarian tissue handling

Immediately after the BPU procedure, one fragment from each animal was fixed for further
histological analyses, while the remaining fragments were rinsed in MEM-HEPES (minimal
essential medium) supplemented with penicillin (100 pg/ml) and streptomycin (100 pg/ml).
Then, the fragments were transferred to 4-well culture dishes (Fig 1A) containing 1 ml of a-
MEM supplemented with 1.25 mg/ml bovine serum albumin (BSA), 100 ug/ml penicillin,

100 pg/ml streptomycin, 0.047 mM sodium pyruvate, and 2.5 mM HEPES (holding medium).
The fragments were then maintained in the holding medium without or with the addition of
VEGF at 50 ng/ml (V7259; Sigma Aldrich, Saint Louis, USA) either at room temperature for
30 min or cooled at 4°C for 24 h [13, 29].

Surgical procedure of grafting and recovery of ovarian fragments

Ovarian fragments were autografted in both sides of the neck in each animal (Fig 1A). Fresh
and cooled fragments were grafted into the left (day 0) and right (day 1) sides of the neck,
respectively. For the surgical procedure, the mares were sedated (xylazine; Sedomin, 1 mg/kg,
i.v.; Konig S.A, Argentina) and anesthesia (lidocaine hydrochloride, 10 mg/kg, s.c.) was
administered in the cervical-lateral portion of the neck. Then, a single incision (~4 cm) was
made on the skin to engraft the ovarian pieces in a subcutaneous site. Before implantation,
ovarian fragments were stitched using non-absorbable sutures (6/0 Prolene; Ethicon, Diegem,
Belgium). After 7 days (days 7 and 8 for the left and right sides of the neck, respectively), the
animals were anesthetized, and the recovered grafts (Fig 1C-1H) were classified macroscop-
ically by a single operator using a semi-quantitative scoring system (S1 Table). Briefly, the cri-
teria used for the end points were as follows: morphology [1 = necrotic (totally dark graft),

2 = some points of necrosis, 3 = intact and similar to the original graft, 4 = intact and slightly
swollen, and 5 = intact and swollen with increased volume]; adhesion of the graft to the host
tissue [1 = poor (easy to remove), 2 = slightly inserted, 3 = moderately inserted, 4 = strong
(well inserted, with some difficulty in removing), and 5 = intense (very difficult to remove)];
and extent of bleeding at the time of graft removal [1 = absent bleeding, 2 = in up to two areas
around the fragment, 3 = in half of the fragment, 4 = in two-thirds of the fragment, and

5 = around the whole fragment].
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Fig 1. Illustration of experimental procedures performed to assess the effects of cooling and VEGF on heterotopic ovarian tissue
autotransplantation in mares. (A) Collection of ovarian fragments by ultrasound-guided transvaginal biopsy pick-up method; biopsy needle notch
without and with a harvested ovarian fragment; fragments with surgical thread ready to be transplanted; and two transplanted fragments. (B)
Experimental design, treatments, and end points. (C-H) Representative images of ovarian grafts (white dashed circles) during the harvesting process at
day 7. (C-E) and (F-H) Images obtained from two different animals. (E and H) Magnified images of recovered grafts. (F) Ovarian fragment embedded
and covered with subcutaneous tissue. (C, D, G) Exposed grafts at the surgical site. (C, D, F, G) Bars = 3 mm, and (E, H) bars = 1 mm. (I-L)
Representative images of morphologically (I-K) normal and (L) abnormal preantral follicles in grafted ovarian tissue previously cooled. (I, L)
Primordial, (J) primary, and (K) secondary follicles. Magnification = 400x; bars = 20 pm.

https://doi.org/10.1371/journal.pone.0241442.9001
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Experimental design

In this study, ovarian biopsy fragments (n = 7) from each animal were randomly distributed
among the seven treatments (Fig 1B). One ovarian fragment was immediately fixed in 4%
paraformaldehyde (Fresh control treatment), while the remaining six fragments (i.e., one frag-
ment for each treatment) were maintained in the holding medium without or with VEGF at
4°C (n =4) or 25°C (n = 2), being half of the fragments incubated for each temperature with
VEGEF. The fragments maintained at 4°C were immediately fixed after 24 h of cooling (Non-
transplant treatments without or with VEGF) or autografted and retained in the transplant site
for 7 days (Transplant 4°C treatments without or with VEGF). Fragments maintained at 25°C
were incubated for 30 min and, thereafter, immediately autografted and maintained in the
transplant site for 7 days (Transplanted 25°C treatments without or with VEGF). The rationale
for harvesting grafted tissues 7 days post-OTT is that profound ischemic injuries and neoan-
giogenesis occur during the initial phase (i.e., 2-7 days) post-OTT [21, 22]. After incubation or
grafting, ovarian fragments from all treatments were fixed for histological analysis. However,
only ovarian fragments from the Fresh control and transplanted groups were considered for
the immunohistochemistry analyses. Eight replicates of each treatment were performed. Each
replicate was composed of one animal that participated in all treatments.

Blood flow evaluation at the graft site

After the ovarian grafting procedure, blood flow perfusion near the grafted fragments was eval-
uated using color-Doppler ultrasonography. Ultrasonographic video clips were obtained in
four regions (R) surrounding the grafts on the left and right sides of the neck (i.e., R1, R2, R3,
and R4) and on the sites of transplantation (R5 left side, Transplant 4°C + VEGF treatment;
R5 right side, Transplant 25°C + VEGF treatment; R6 left side, Transplant 4°C treatment; R6
right side, Transplant 25°C treatment). The examinations were performed on days 2, 4, 6, and
7 post-grafting using a portable duplex color-Doppler ultrasound machine (CTS-8800V, SIUI,
Jiangsu, China) connected to a microconvex probe (6.5 MHz) (Fig 2A). The distance between
regions R1-R3 and R2-R4 was approximately 5 cm. The grafted fragments were located about
2 cm from the scanned areas R1, R2, R3, and R4. During each scanning, three different images
with maximum color-Doppler signals of blood flow were obtained from each region and pro-
cessed for the extraction and quantification of the number of colored pixels as described previ-
ously [44]. Then, the Image]‘iﬁ) software (National Institutes of Health, Millersville, USA),
previously calibrated (1 cm = 33 pixels), was used for quantification of the area (cm?) of color
pixels from each image.

Histological analysis

All ovarian fragments were fixed in 4% paraformaldehyde for 2 h and then dehydrated in 70%
ethanol. After standard histological preparation, the samples were cut into serial sections of

7 um [45]. Every section was mounted and stained with Periodic Acid-Schiff (PAS) and coun-
terstained with hematoxylin.

Follicular morphology and development

For follicle morphological evaluation, the histological sections were analyzed using light
microscopy (Nikon E200; Tokyo, Japan) at 400x magnification coupled to an image capture
system (Nikon, Coolpix 4500). The follicles were classified morphologically as normal (when
oocyte nucleus and surrounding granulosa cells are structurally intact) or degenerated (folli-
cles with a retracted cytoplasm, disorganized granulosa cell layers detached from the basement
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Fig 2. (A) Schematic design of the transplant sites with the different regions (R1, R2, R3, R4, R5, and R6) used to evaluate the local blood flow
in each neck side [i.e., left side = non-cooled (25°C) transplant treatments, and right side = cooled (4°C) transplant treatments]. Implanted
ovarian tissues, associated or not to previous exposure to VEGF, are shown in red. (B-C) Mean (+ SEM; n = 8 animals) blood flow area
comparison between non-cooled and cooled fragments (VEGF-/+ combined treatments) at (B) the different regions of the transplant site in
each neck side, and (C) different days post-grafting. **Within each region, different letters indicate differences between non-cooled and
cooled treatments. *Indicates the first significant increase or decrease for each treatment, and a difference between treatments within a day.
The probabilities for a treatment effect, day effect, and treatment-by-day interaction are shown. (D-K) Representative color-Doppler
ultrasonograms indicating the presence of different degrees of blood perfusion ("hyperemia") in a specific region of the transplant site at days
2,4, 6, and 7 post-grafting using (D, F, H, J) non-cooled and (E, G, I, K) cooled ovarian tissues. Color signals indicate blood flow in each
ultrasonogram.

https://doi.org/10.1371/journal.pone.0241442.9002

membrane and oocyte with a pyknotic, fragmented, or shrunken nucleus), as previously
described [11]. Moreover, the follicles were classified according to the development stage as
primordial, oocyte surrounded by a single layer of flattened granulosa cells; developing follicles
such as transitional, a single layer of both flattened and cuboidal granulosa cells around the
oocyte; primary, a single layer of cuboidal granulosa cells around the oocyte; and secondary,
oocyte with zona pellucida surrounded by two or more layers of cuboidal granulosa cells [10].
Follicle development (i.e., quiescent primordial follicles potentially activated and developed to
transitional, primary, and secondary-stage follicles) was calculated by considering the number
of normal developing follicles divided by the total number of normal preantral follicles
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multiplied by 100). All histological sections were examined by the same operator who was
unaware of mare identity and treatment. To avoid double counting, only preantral follicles
containing oocytes with a visible nucleus were analyzed.

Follicular and stromal cell densities

Intracellular interactions between follicles and stromal cell factors are required to regulate fol-
licle growth and oocyte maturation [46]. Therefore, in this study, the follicular and stromal cell
densities were investigated in all treatments. The follicular density was determined as previ-
ously reported [45]. Briefly, 10% of all histological sections of each treatment were delimited
using image editing software (Image]), and the area was recorded after scale calibration.
Thereafter, the follicular density was calculated by dividing the number of normal preantral
follicles by the area of the ovarian section (cm?). For evaluation of the ovarian stromal cell den-
sity, a total of 10% of all histological sections of each treatment were analyzed as described by
Alves et al. [17]. Four random fields (50 x 50 um = 2,500 um?) per selected section were
recorded to calculate the mean stromal cell density per ovarian fragment.

New vessel density (CD31) and stromal cell apoptosis (caspase-3)

Immunolocalizations of cluster of differentiation 31 (CD31) and caspase-3 were performed to
evaluate the presence of new blood vessels [47] and stromal cell apoptosis (adapted from [48]),
respectively. The ovarian fragment sections were mounted as for classical histology and serially
sectioned into 5-um thickness in positively charged slides. Subsequently, after the epitopes
were activated by incubation at 98°C for 5 min in low PH buffer (DM831, DAKO, Carpinteria,
CA, USA), the blocking endogenous peroxidase activity was performed with 3% H202 diluted
in methanol. After that, the sections were incubated for 30 min in a humid chamber at room
temperature with rabbit polyclonal to CD31 (1:100; AB28364, Abcam, Cambridge, UK) and
rabbit polyclonal to caspase-3 (1:100; AB4051, ABCAM) primary antibody, and subsequently
for 30 min with the biotinylated goat anti-rabbit IgG secondary antibody (1:200; AB97049,
ABCAM). Then, the slides were incubated for 30 min with avidin-biotin (Vector Laboratories,
Burlingame, CA, USA), and the immunoreaction was visualized through the use of diamino-
benzidine (DAB, ACB030; ScyTek Laboratories Inc., West Logan, USA). Finally, the sections
were counterstained with hematoxylin and Scott’s solution. Negative controls were performed
by not using the primary antibody. Healthy and intoxicated kidney tissue sections were used
as positive controls for CD31 and caspase-3, respectively. To calculate the density of new ves-
sels, the CD31-stained vessels were counted in two different sections in each tissue sample,
and the average of the number of stained blood vessels per cm* was determined. The caspase-3
was used to detect stromal cell apoptosis by counting positive cells in random areas

(100 x 100 um = 10,000 um?). Immunostaining was evaluated based on images obtained at
high magnification (400x) and analyzed using Image] software.

AgNOR staining

To investigate the stromal cell proliferation index, AgNOR staining was used to quantify the
number of argyrophilic nucleolar organizing regions (NOR) that have silver (Ag) affinity for
the stromal cell nucleus. For this purpose, ovarian tissue fragments from the control and auto-
transplanted treatments were histologically processed, as described earlier. Thereafter, NOR
labeling was performed and interpreted using an adapted protocol previously reported [49].
Briefly, after reduction with potassium iodide 1%, slides containing ovarian tissue sections of
5 um (5 sections per ovary/per treatment) were stained with 50% silver nitrate solution in a
colloid solution (2:1) in a darkroom and counterstained with 0.1% safranin. To quantify the
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NORs, five sections in each slide were examined under x100 oil immersion objective, and
three random fields (50 x 50 um = 2,500 um?) per selected section were recorded. NORs of all
the nuclei of visible stromal cells were counted.

Collagen types I and III fibers in ovarian tissue

Several physiological events, such as revascularization, fibrosis, repair to damages, and cell
death have been associated with collagen fibers type I and III [50]. To evaluate the collagen
density in selected treatments, relative areas of fibrosis (rich collagen deposits) were evaluated
[23]. Briefly, four histological sections of each ovarian fragment per treatment were processed
for classical histology and stained using standard protocol by the Picrosirius red stain (0.1%)
(#365548-5G, Sigma-Aldrich, Switzerland) with saturated Picric acid solution (1.2%) for 1 h at
room temperature. Polarizing microscopy (Nikon E200; Tokyo, Japan) at x400 magnification
coupled to an image capture system (Nikon, Coolpix 4500) was used. The total collagen fiber
content in the connective tissue and the different types of collagen fibers based on polarizing
colors (i.e., collagen type I fibers stained yellow with orange birefringence and collagen type III
fibers stained with green birefringence) were analyzed as previously described [51]. Images
were analyzed by red, green, and blue threshold measurement to obtain the percentage of red
and green colors (expressed in pixels) and 3D data representation of the pixels for each image
using Image] software [44]. The blue color representing all the other cellular types was
omitted.

Statistical analyses

The statistical analyses were performed using Sigma Plot version 11.0 (Systat Software Inc.,
USA). The normality (Shapiro-Wilk test) and homogeneity of variance (Levene’s test) were
initially evaluated. One-way ANOVA, followed by post-hoc test, was used to detect differences
between the Fresh control and the other treatments. Two-way ANOVA was used for compari-
sons between the non-transplant and transplant treatments and to test for the main effects of
treatment under similar or different temperatures (4°C or 25°C) and VEGF (-or +) exposure.
The area of colored pixels (blood-flow) was compared between the left and right sides within
the same region and days after grafting using the Mann-Whitney test. Moreover, blood flow
area comparison was evaluated within the same treatment at different days by repeated-mea-
sures ANOVA on ranks. The Spearman correlation test was used to verify the association
between the parameters analyzed. Data are presented as mean (+ SEM). Differences were con-
sidered significant at P < 0.05 (two-sided), and values > 0.05 and < 0.1 indicate that a differ-
ence approached significance.

Results
Ovarian graft appearance and blood flow at the graft site

The ovarian tissue transplantation and harvesting procedures took, on average, 11 + 0.5 min
(range, 8-16 min) and 24 + 0.9 min (range, 17-29 min) to perform, respectively. All grafted
ovarian fragments were successfully recovered after transplantation. Overall, the macroscopic
appearance of the grafted fragments immediately after harvesting (Fig 1E-1H), according to
morphology, adherence, and bleeding, was similar among treatments (S1 Table). Despite the
region of the neck (Fig 2A), the overall blood flow between days 2 and 7 post-grafting was
lower (P < 0.001) on the right side of the neck where fresh cooled fragments (i.e., Transplant
4°C and Transplant 4°C + VEGF treatments combined) were used for grafting (Fig 2B). The
cooling process of the fragments reduced the acute hyperemia (i.e., blood flow at the graft site)
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during the first 4 days post-grafting (Fig 2C); thereafter, the blood flow tissue perfusion was
similarly reduced to minimum levels in both cooled and non-cooled transplanted treatments.
Representative color-Doppler ultrasonograms with color pixels indicating blood flow in the
left (Fig 2D, 2F, 2H and 2J) and right (Fig 2E, 2G, 2I and 2K) sides of the neck on days 2, 4, 6,

and 7 are shown.

Follicular morphology and development

A total of 442 preantral follicles were recorded in 15,965 histological sections analyzed from 56
biopsy tissue samples (i.e., seven fragments x eight mares). The percentage of normal preantral
follicles did not differ between the Fresh control and the other treatments (range, 73.5 + 4.1 to
83.8 + 6.2 normal follicles; one-way ANOVA; Fig 3A). Using a two-way ANOVA to compare
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Fig 3. Mean (+ SEM; n = 8 animals) percentages of (A-E) morphologically normal preantral follicles (i.e., primordial to secondary-stage
follicles) and (F-J) developing follicles (i.e., normal developing follicles divided by the total number of normal preantral follicles
multiplied by 100) after 7 days of heterotopic ovarian tissue autotransplantation in mares. (A and F) Comparisons of Fresh control with
other treatments (one-way ANOVA) and (A-J) between non-transplant and transplant treatments (two-way ANOVA) were made. The effects
of (B and G) procedure (non-transplant vs. transplant) using cooled tissue, (C and H) cooling/temperature (transplants at 4°C vs. 25°C)
regardless of VEGF, (D and I) VEGF on transplant regardless of temperature, and (E and J) VEGF on cooled ovarian tissue were evaluated after
grafting. *Indicates a difference (P < 0.05) between the Fresh control and another group. **Within any effect analyzed, different letters indicate
differences between treatments. P-values for the main analyses are shown.

https://doi.org/10.1371/journal.pone.0241442.9003
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the treated groups, the percentage of normal follicles in cooled fragments was not influenced
by the transplant procedure (i.e., Non-transplant vs. Transplant 4°C treatments; Fig 3B), the
temperature of treated fragments (Transplant 4°C vs. Transplant 25°C; Fig 3C), the VEGF on
transplant treatments (Fig 3D), or the VEGF on cooled fragments (Fig 3E). The percentages of
developing follicles were similar between the Fresh control and transplant treatments (Fig 3F).
However, the percentage of developing follicles was lower (P < 0.05) in the Non-transplant

+ VEGEF treatment than in the Fresh control group and the Non-transplant treatment. Finally,
although the percentage of developing follicles was not influenced by the effect of transplant
(Fig 3G), the temperature on transplant treatments (Fig 3H), or by the VEGF on transplant
treatments (Fig 31), a reduction (P < 0.05) of developing follicles was observed in cooled frag-
ments exposed to VEGF (Fig 3]).

Follicular and stromal cell densities

The follicular density/2,500 um? in the Fresh control group was higher (P < 0.05) than in all
other treated groups (Fig 4A). In the Non-transplant treatments, fragments exposed to VEGF
had a lower (P < 0.05) follicular density. Moreover, when comparing transplant treatments
exposed to VEGF, cooled fragments had lower (P < 0.05) follicular density than fragments
kept at room temperature. Although the follicular density in cooled fragments was not influ-
enced by the effect of the transplant (Fig 4B), the follicular density in room-temperature-trans-
planted fragments was higher (P < 0.05) than in cooled fragments (Fig 4C). When transplant
treatments at different temperatures were combined (Fig 4D), ovarian fragments exposed to
VEGEF had a lower (P < 0.05) follicular density. Likewise, cooled fragments exposed to VEGF
(Non-transplant and Transplant treatments combined) had lower (P < 0.05) follicular density
than the fragments nonexposed to VEGF (Fig 4E).

The stromal cell density/2500 um” did not differ between the Fresh control and the Non-
transplant cooled treatment (Fig 4F). However, lower (P < 0.05) stromal cell density was
observed in the Non-transplant + VEGF cooled treatment and all the transplant treatments
compared with the Fresh control. In the Non-transplant treatments, fragments exposed to
VEGF had a lower (P < 0.05) stromal cell density. However, regardless of the exposure to
VEGEF, cooled fragments submitted to a grafting procedure (Transplant 4°C treatments) had a
lower (P < 0.05) stromal cell density than the Non-transplant cooled treatments (Fig 4F and
4G). In contrast, the exposure to VEGF resulted in a higher (P < 0.05) stromal cell density in
cool-transplanted fragments (Transplant 4°C + VEGF treatment) compared to fragments kept
at room temperature before grafting (Transplant 25°C + VEGF treatment). Thus, when treat-
ments were combined, the overall stromal cell density after grafting was higher (P < 0.05) in
cooled than in non-cooled fragments (Fig 4H), whereas it was not affected by exposure to
VEGEF (Fig 4I). In contrast, cooled fragments exposed to VEGF (Non-transplant and Trans-
plant treatments combined) had lower (P < 0.05) stromal cell density than the fragments non-
exposed to VEGF (Fig 4]).

New vessel density (CD31), stromal cell apoptosis (caspase-3) and
proliferation index (AgNOR)

The density of new vessels increased (P < 0.05) in the transplant treatments compared with
the Fresh control treatment (Fig 5A). In cooled fragments, the vessel density tended (P = 0.06)
to be lower in fragments exposed to VEGF (Transplant 4°C + VEGF treatment). Although the
vessel density was not affected by the temperature at which the fragments were maintained
before grafting (Fig 5B), when fragments were exposed to VEGF, a lower (P = 0.06) vessel
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Fig 4. Mean (+ SEM; n = 8 animals) percentage of (A-E) follicular density and (F-J) stromal cell density after 7 days of heterotopic ovarian
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non-transplant and transplant treatments (two-way ANOVA) were made. The effects of (B and G) procedure (non-transplant vs. transplant)
using cooled tissue, (C and H) cooling/temperature (transplants at 4°C vs. 25°C) regardless of VEGF, (D and I) VEGF on transplant regardless
of temperature, and (E and J) VEGF on cooled ovarian tissue were evaluated after grafting. *Indicates a difference (P < 0.05) between the Fresh
control and another group. **Within any effect analyzed, different letters indicate differences between treatments. P-values for the main analyses

are shown.

https://doi.org/10.1371/journal.pone.0241442.9004

density was observed (Fig 5C). The presence of vessels in representative histological slides is
shown for the Fresh control and transplant treatments (Fig 5D).
The presence of stromal cell apoptosis, evaluated by immunolocalization of the caspase-3
protein (Fig 5H), was higher (P < 0.05) in all transplant treatments compared to the Fresh
control treatment (Fig 5E). The percentage of stromal cell apoptosis was not affected by either

the temperature (Fig 5F) or the exposure of the fragments to VEGF before grafting (Fig 5G).
When the stromal cell proliferation index was estimated by using AgNOR, the number of
NORs per stromal cell nucleus (Fig 5L) was lower (P < 0.05) in the Transplant 25°C treatment
when compared with the Fresh control and the other transplant treatments, except for the
Transplant 4°C + VEGF treatment (Fig 5I). The number of NORs was higher (P < 0.05) in
cooled treatments (Fig 5]) and tended (P = 0.06) to be higher in treatments exposed to VEGF

(Fig 5K).
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Fig 5. Mean (+ SEM; n = 8 animals) (A-C) new vessel density, (E-G) percentage of stromal cells labeled with
caspase 3, and (I-K) percentage of nucleolus organizer regions (NORs) per nucleus of stromal cells after 7 days of
heterotopic ovarian tissue autotransplantation in mares. (A, E, I) Comparisons of Fresh control with other
treatments (one-way ANOVA) and between transplant treatments within different conditions (two-way ANOVA)
were made. The effects of (B, F, ]) cooling/temperature (transplants at 4°C vs. 25°C) regardless of VEGF, and (C, G, K)
VEGF on transplant regardless of temperature were evaluated after grafting. *Indicates a difference (P < 0.05) between
the Fresh control and another group. “*Within any effect analyzed, different letters indicate differences between
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treatments. P-values for the main analyses are shown. Representative histological images with (D) the presence of
CD31-stained new vessels, (H) stromal cells labeled with caspase 3, and (L) NORs in stromal cell nucleus are shown
(arrowheads) for the Fresh control and transplant treatments. (D and H) Magnification = 400x, scale bars = 20 pum;
and (L) Magnification = 1000x, scale bar = 10 um.

https://doi.org/10.1371/journal.pone.0241442.g005

Quantification of fibrosis (collagen types I and III fibers)

The percentage of pixels regarding collagen type I and III fibers evaluated in ovarian tissue
fragments (Fig 6A-6F) and representative histological and 3D images (Fig 6G-6Z) are shown.
The percentage of collagen type I was lower (P < 0.05) in transplanted treatments compared
with the Fresh control treatment, except for the Transplant 4°C treatment (Fig 6A). The per-
centage of collagen type I fiber tended (P = 0.06-0.07) to be higher in cooled treatments

(Fig 6B) and lower in treatments exposed to VEGF (Fig 6C). In contrast to what was observed
for collagen type I, the percentage of collagen type IIT was higher (P < 0.05) in transplanted
treatments compared with the Fresh control treatment, except for the Transplant 4°C
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Fig 6. Mean (+ SEM; n = 8 animals) collagen type (A-C) I and (D-F) III fibers after 7 days of heterotopic ovarian tissue autotransplantation
in mares. (A and D) Comparisons of Fresh control with other treatments (one-way ANOVA) and between transplant treatments within different
conditions (two-way ANOVA) were made. The effects of (B and E) cooling/temperature (transplants at 4°C vs. 25°C) regardless of VEGF, and (C
and F) VEGF on transplant regardless of temperature were evaluated after grafting. *Indicates a difference (P < 0.05) between the Fresh control
and another group. *Within any effect analyzed, different letters indicate differences between treatments. P-values for the main analyses are
shown. Representative histological images of ovarian tissue stained with Picrosirius red stain showing collagen type (G, K, O, S, W) I and (H, L, P,
T, X) III fibers, and (I, M, Q, U, Y) merged images are depicted for the Fresh control and transplant treatments. (J, N, R, V, Z) 3D images illustrate
the spatial distribution of the two types of collagen in each group. Image magnification = 400x; scale bars = 20 um.

https://doi.org/10.1371/journal.pone.0241442.9006
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treatment (Fig 6D). Furthermore, cooled fragments nonexposed to VEGF had a lower

(P < 0.05) percentage of collagen type III in the Transplant 25°C than in the Transplant 4°C
treatment. The percentage of collagen type III fibers was lower (P < 0.05) in cooled treatments
(Fig 6E) and higher (P < 0.05) in fragments exposed to VEGF (Fig 6F).

Correlations between end points

Correlation analyses between several studied end points are shown (S1 Fig). A negative corre-
lation (P < 0.05) was observed between normal follicles and caspase 3 (S1D Fig). Statistical
tendencies (P = 0.07-0.09) for a difference were observed for positive correlations between
developing follicles and blood flow, collagen type III and blood flow, follicular density and ves-
sel density (S1A, S1B and S1E Fig), and for negative correlations between AgNOR and caspase
3, and collagen type I and AgNOR (S1C and S1F Fig).

Discussion

This is the first study on ovarian tissue transplantation/grafting in horses. Herein we investi-
gated the efficiency of a heterotopic ovarian tissue autotransplantation technique by testing the
effects of hypothermia (i.e., cooling at 4°C vs. room temperature at 25°C) and exposure to
VEGEF (-/+) on ovarian biopsy fragments before grafting.

The site of the transplant (neck) and the subcutaneous implantation of the ovarian frag-
ments chosen for this study were well accepted by the animals and preserved the integrity of
the surgical wound until graft recovery. The surgical procedures of transplant and harvesting
were relatively simple and quickly performed but did require a well-trained operator. The sub-
cutaneous site has been used previously for grafting of ovarian tissue in several species (mice
[52, 53], goats [44], non-human primates [23], and humans [54, 55]). A temporary inflamma-
tory reaction is usually expected to occur at the transplantation site during the first days post-
grafting. In the present study, after 7 days of grafting, the macroscopic appearance of the
implanted fragments immediately after harvesting seemed to be normal and was similar
among treatments. Our macroscopic findings for the grafted tissue (i.e., morphology, adher-
ence, and bleeding) were also similar to those previously reported for human tissue after 7
days post-grafting in a subcutaneous site [23, 44]. In this regard, our research group has
recently reported lesser tissue hemorrhage after harvesting grafted ovarian fragments from a
subcutaneous than from an intramuscular site in goats [44].

To further support the efficiency of the grafting procedure, the data of the present study
demonstrate that, even 7 days after transplant, the percentage of normal and developing prean-
tral follicles in cooled or room-temperature-exposed fragments was similar to that of the Fresh
control treatment. On the other hand, in the present study, when compared with the Fresh
control, the transplanted fragments had lower follicular and stromal cell densities and collagen
type I fibers but higher vessel density, apoptotic stromal cells, and collagen type III fibers.
Some studies suggest that after OTT, an increase in growing follicles occurs concurrently with
a significant depletion in primordial follicles [56]. This follicle loss (i.e., depletion in primor-
dial follicle density) during the first week post-transplant could be explained by a potential
increased follicle activation [56], damage due to cryopreservation, or stress-induced factors
[57-59]. A profound ovarian stromal cell loss has been reported to occur after grafting in sev-
eral species (mouse [60], rat [61], monkey [62], goat [47], and human [29]) as well as after in
vitro culture (goat [63]) and ovarian tissue storage/transport (mare [13]). Although satisfactory
results have been shown after OTT in women [1], the mechanisms involved in ovarian graft
viability are not well understood. The OTT technique usually leads to marked follicle losses
[64], decreased stromal cell numbers [22] and tissue viability [56], and increased tissue
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apoptosis and fibrosis [23]; these outcomes are usually caused by ischemic injuries, hormonal
and molecular interactions, cryodamage [25], prolonged hypoxia [65] and oxidative stress
[66].

Other remarkable findings in this study were a negative correlation between the percentage
of morphologically normal follicles and apoptotic stromal cells labeled with caspase 3, in addi-
tion to higher and lower percentages of collagen type I and III fibers, respectively, in cooled
fragments. In soft tissues, collagen type I and III fibers are the main structural components
(70% type I and 20% type III [50]). Collagen type I fibers are important in in vitro and in vivo
angiogenesis [67] because, in association with fibrin, they modulate collagen-fibrin microtis-
sues to promote vessel formation [68]. Contrarily, collagen type III fibers increase the deposi-
tion of extracellular matrix remodeling for wound repair and fibrosis [69]. Therefore, the data
of the present study supported the idea that the collagen matrix composition was altered by
potentially activating the mechanisms controlling tissue development, remodeling, and regen-
eration in response to stress induced by the engrafting surgical procedure. The findings herein
described may contribute to a greater understanding of tissue regeneration and remodeling
after a grafting process.

In non-transplanted cooled ovarian tissue, even though the percentage of follicle survival
(normal follicles) was not affected by VEGF exposure, the percentages of developing follicles
and follicular and stromal cell densities were negatively affected by exposure to VEGF. Regard-
ing grafted ovarian tissue, VEGF exposure had a negative effect on follicular and vessel densi-
ties and reduced the collagen type I fibers. Nonetheless, grafted ovarian tissue pre-exposed to
VEGEF had a higher proportion of collagen type III fibers and a greater number of NORs. Sev-
eral in vitro and in vivo studies have shown that the effects of VEGF on cell survival and prolif-
eration have produced contradictory results [4, 37, 70]. In this regard, in vivo studies in mice
and sheep have shown that the use of VEGF induced new blood vessel formation and pre-
vented follicular loss after ovarian tissue transplantation [26, 28]. Moreover, the direct admin-
istration of VEGF into the rat ovary increased vascularization [71] and the number of primary,
secondary and antral follicles [72], and reduced apoptosis [73]. In contrast, higher doses of
VEGEF (500 ng/ml) administered in rats decreased neuronal cell survival and mRNA expres-
sion of the anti-apoptotic protein Bcl-2 and increased the apoptotic protein caspase 3 [74]. In
the present study, the deleterious effect of VEGF on developing follicles, follicular and stromal
cell and vessel densities, and collagen type I was more likely to be due to the prolonged expo-
sure time (24 h) to VEGF. This assumption is supported by the following findings: (i) the expo-
sure of fragments to VEGF at room temperature for a short period (30 min) did not affect the
studied end points, except for a higher number of AgNORs, and (ii) the dose of VEGF herein
used has not revealed any toxic effect in studies in vitro (goats [70] and cattle [75]) and in vivo
(mice [72], rats [72], rabbits [29], cattle [76], and humans [37]). In regard to angiogenesis, an
improper balance between stimulators and inhibitors can lead to excessive angiogenic signal-
ing and later pathological processes, including intense endothelial permeability that leads to
vasogenic edema, inflammatory process, apoptosis, and cell death [77-80]. In the present
study, the cooling process seemed to minimize the acute inflammatory (hyperemia) response
post-grafting. Also, the cooling process for 24 h without VEGF did not jeopardize the quality
of the ovarian fragments before grafting. With this in mind, it is worth testing the effect of
VEGEF exposure during shorter incubation times but keeping the ovarian tissue cooled for sim-
ilar/longer periods (i.e., 12-24 h). This approach would make practical in the future the trans-
portation of ovarian biopsied fragments to specialized reproductive centers and the spread of
the OTT technique to species of genetic and economic interest [13, 81, 82].

Lower temperatures have been shown to be advantageous for transportation of ovarian
fragments to be used for several purposes in different species [40, 57, 83, 84]. The present work
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shows that even after a 24 h cooling process before grafting, the percentages of normal and
developing follicles, the vessel density/cm?® (CD-31), and the proportion of apoptotic stromal
cells labeled with caspase 3 were similar to those of transplanted fragments previously kept at
room temperature for 30 min. Moreover, after transplantation, cooled fragments had a higher
stromal cell density and proliferation (AgNOR) as well as a greater amount of collagen type I
fibers. However, cooled ovarian fragments had lower blood flow at the grafting site as well as a
smaller proportion of collagen type III fibers and follicular density post-grafting. Herein, the
use of color-Doppler ultrasonography was used as a novel non-invasive technique for monitor-
ing the local vascular perfusion on superficial grafting sites in horses. A similar approach has
been used recently by our team to monitor local blood flow on superficial ovarian grafts in
goats [44]. Although lower blood flow at the transplant site was observed for 4 days after
cooled ovarian fragments were grafted, local blood flow decreased to basal levels 6 days after
grafting, becoming similar to that of fragments kept at room temperature. The higher blood
flow observed at the grafting site in all transplanted groups in the first 4 days was potentially
due to a transient local inflammatory response, as previously discussed [85]. In the present
study, the lower follicular density observed in cooled fragments post-grafting was potentially
due to the ischemia that occurs immediately after transplantation. Studies have demonstrated
that ischemia-reperfusion and hypoxia play a major role in follicle depletion during the first
days (approximately 1 week) after transplantation [44, 47, 86]. Altogether, the results of the
present study showed that the efficiency of the cooling procedure in preserving follicular and
stromal cell quality was comparable to that of fragments maintained for a short period at room
temperature before transplantation. These results are in agreement with the concept that ovar-
ian tissue subjected to hypothermic storage (4°C) has a decreased cellular metabolism and oxy-
gen requirement [87, 88], which prevents mitochondrial enzymatic activity [87], thus avoiding
a potential follicular activation and tissue autolysis [42]. Hence, the cooling procedure has
been widely used during the transportation of ovarian tissue and has produced satisfactory
rates of follicle survival in different species (for review, see [89]).

In conclusion, this is a novel study on ovarian tissue transplantation in a large livestock spe-
cies (i.e., horses). Overall, the heterotopic ovarian tissue autotransplantation technique herein
used, under our experimental conditions, did not lead to improved results when VEGF was
added to the holding medium before grafting. The cooling procedure of ovarian fragments
before grafting did reduce the blood flow transiently at the site of transplantation. Despite that
result, this study shows that the cooling procedure of at least 24 h can be successfully used for
the preservation of ovarian tissue quality before grafting since it was able to maintain satisfac-
tory rates of follicle survival and development, stromal cell survival and proliferation, and ves-
sel density. Therefore, cooling ovarian fragments before grafting can be a useful approach for
optimizing the quality of ovarian tissue specimens during transportation to specialized repro-
ductive centers. This approach could, therefore, facilitate the transport of ovarian specimens,
making the OTT technique more feasible for use in preserving/improving the fertility of mares
and enhancing its potential for application to other profitable livestock and endangered
species.

Supporting information

S1 Table. Mean (+ SEM; n = 8 animals) macroscopic end points of grafts evaluated 7 days
after heterotopic autotransplantation.
(DOCX)

S1 Fig. Spearman correlation (r) analyses between end points after 7 days of heterotopic
autotransplantation in mares. (A) Developing follicles and (B) collagen type III fibers versus
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blood flow area; (C) number of AgNORs and (C) percentage of morphologically normal folli-
cles versus caspase 3; (E) follicular density versus vascular density; and (F) collagen type I fibers
versus the number of AgNORs. Each circle on the chart represents an ovarian fragment evalu-
ated.

(PDF)

Acknowledgments

The authors are grateful to the Dr. Esat Accioly Vasconcelos Experimental Agricultural Farm
at State University of Ceara (UECE) for helping with housing, animal care, and logistics of this
study, to Dr. Leda Maria Costa Pereira for technical support, and to Dr. Ant6nio Carlos de
Albuquerque Teles Filho for the loan of some animals used in this study.

Author Contributions

Conceptualization: Samara S. Souza, Benner G. Alves, Kele A. Alves, Darcio L. A. Teixeira,
Eduardo L. Gastal.

Data curation: Samara S. Souza, Benner G. Alves, Kele A. Alves, Fabiana A. S. Brandio,
Danielle C. C. Brito, Melba O. Gastal, Darcio I. A. Teixeira, Eduardo L. Gastal.

Formal analysis: Samara S. Souza, Benner G. Alves, Kele A. Alves, Melba O. Gastal, Eduardo
L. Gastal.

Funding acquisition: Ana P. R. Rodrigues, José R. Figueireod, Darcio I. A. Teixeira, Eduardo
L. Gastal.

Investigation: Samara S. Souza, Benner G. Alves, Kele A. Alves, Fabiana A. S. Brandao,
Danielle C. C. Brito, Eduardo L. Gastal.

Methodology: Samara S. Souza, Benner G. Alves, Kele A. Alves, Eduardo L. Gastal.

Project administration: Samara S. Souza, Dércio I. A. Teixeira, Eduardo L. Gastal.
Resources: Ana P. R. Rodrigues, José R. Figueireod, Darcio I. A. Teixeira, Eduardo L. Gastal.
Supervision: Darcio I. A. Teixeira, Eduardo L. Gastal.

Writing - original draft: Samara S. Souza, Benner G. Alves, Kele A. Alves, Eduardo L. Gastal.

Writing - review & editing: Samara S. Souza, Benner G. Alves, Kele A. Alves, José R. Figueir-
eod, Darcio I. A. Teixeira, Eduardo L. Gastal.

References
1. Donnez J, Dolmans MM. Fertility preservation in women. N Engl J Med 2018; 378:400-401.

2. Bastings L, Beerendonk CC, Westphal JR, Massuger LF, Kaal SE, van Leeuwen FE, et al. Autotrans-
plantation of cryopreserved ovarian tissue in cancer survivors and the risk of reintroducing malignancy:
a systematic review. Hum Reprod Update 2013; 19:483-506. https://doi.org/10.1093/humupd/dmt020
PMID: 23817363

3. Henryl, Labied S, Fransolet M, Kirschvink N, Blacher S, Noel A, et al. Isoform 165 of vascular endothe-
lial growth factor in collagen matrix improves ovine cryopreserved ovarian tissue revascularisation after
xenotransplantation in mice. Reprod Biol Endocrinol 2015; 13:1-12.

4. Langbeen A, Van Ginneken C, Fransen E, Bosmans E, Leroy JLMR, Bols PEJ. Morphometrical analy-
sis of preantral follicular survival of VEGF-treated bovine ovarian cortex tissue following xenotransplan-
tation in an immune deficient mouse model. Anim Reprod Sci 2016; 168:73-85. https://doi.org/10.
1016/j.anireprosci.2016.02.029 PMID: 26949139

PLOS ONE | https://doi.org/10.1371/journal.pone.0241442  November 4, 2020 17/22


https://doi.org/10.1093/humupd/dmt020
http://www.ncbi.nlm.nih.gov/pubmed/23817363
https://doi.org/10.1016/j.anireprosci.2016.02.029
https://doi.org/10.1016/j.anireprosci.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/26949139
https://doi.org/10.1371/journal.pone.0241442

PLOS ONE

Heterotopic ovarian tissue autotransplantation

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Kikuchi K, Nakai M, Kashiwazaki N, Kaneko H. Xenografting of gonadal tissues into mice as a possible
method for conservation and utilization of porcine genetic resources. Anim Sci J 2011; 82:495-503.
https://doi.org/10.1111/j.1740-0929.2011.00919.x PMID: 21794005

Luyckx V, Scalercio S, Jadoul P, Amorim CA, Soares M, Donnez J, et al. Evaluation of cryopreserved
ovarian tissue from prepubertal patients after long term xenografting and exogenous stimulation. Fertil
Steril 2013; 100:1350-1357. https://doi.org/10.1016/j.fertnstert.2013.07.202 PMID: 23953325

Ginther OJ, Gastal EL, Gastal MO, Bergfelt DR, Baerwald AR, Pierson RA. Comparative study of the
dynamics of follicular waves in mares and women. Biol Reprod 2004; 71:1195-1201. https://doi.org/10.
1095/biolreprod.104.031054 PMID: 15189824

Ginther OJ. The mare: a 1000-pound guinea pig for study of the ovulatory follicular wave in women.
Theriogenology 2012; 77:818-828. https://doi.org/10.1016/j.theriogenology.2011.09.025 PMID:
22115815

Bashir ST, Gastal MO, Tazawa SP, Tarso SG, Hales DB, Cuervo-Arango J, et al. The mare as a model
for luteinized unruptured follicle syndrome: intrafollicular endocrine milieu. Reproduction 2016;
151:271-283. https://doi.org/10.1530/REP-15-0457 PMID: 26647418

Haag KT, Magalhaes-Padilha DM, Fonseca GR, Wischral A, Gastal MO, King SS, et al. Quantification,
morphology, and viability of equine preantral follicles obtained via the Biopsy Pick-Up method. Therio-
genology 2013; 79:599-609. https://doi.org/10.1016/j.theriogenology.2012.11.012 PMID: 23260865

Alves KA, Alves BG, Gastal GD, de Tarso SG, Gastal MO, Figueiredo JR, et al. The mare model to
study the effects of ovarian dynamics on preantral follicle features. PLoS ONE 2016; 11:e0149693.
https://doi.org/10.1371/journal.pone.0149693 PMID: 26900687

Gomes R, Andrade E, Lisboa L, Ciquini A, Barreiros T, Fonseca N, et al. Effect of holding medium, tem-
perature and time on structural integrity of equine ovarian follicles during the nonbreeding season. Ther-
iogenology 2012; 78:731-736. https://doi.org/10.1016/j.theriogenology.2012.03.019 PMID: 22626777

Gastal GDA, Alves BG, Alves KA, Souza MEM, Vieira AD, Varela AS Jr, et al. Ovarian fragment sizes
affect viability and morphology of preantral follicles during storage at 4°C. Reproduction 2017;
153:577-587. https://doi.org/10.1530/REP-16-0621 PMID: 28246309

Gastal GDA, Alves BG, Alves KA, Paiva SO, de Tarso SGS, Ishak GM, et al. Effects of cryoprotectant
agents on equine ovarian biopsy fragments in preparation for cryopreservation. J Equine Vet Sci 2017;
53:86-93.

Haag KT, Magalhaes-Padilha DM, Fonseca GR, Wischral A, Gastal MO, King SS, et al. /n vitro culture
of equine preantral follicles obtained via the Biopsy Pick-Up method. Theriogenology 2013; 79:911—
917. https://doi.org/10.1016/j.theriogenology.2013.01.001 PMID: 23434205

Aguiar FLN, Lunardi FO, Lima LF, Bruno JB, Alves BG, Magalhaes-Padilha DM, et al. Role of EGF on
in situ culture of equine preantral follicles and metabolomics profile. Res Vet Sci 2017; 115:155-164.
https://doi.org/10.1016/j.rvsc.2017.04.001 PMID: 28414979

Alves KA, Alves BG, Gastal GD, Haag KT, Gastal MO, Figueiredo JR, et al. Preantral follicle density in
ovarian biopsy fragments and effects of mare age. Reprod Fertil Dev 2016; 29:867—875.

Alves BG, Alves KA, Gastal GDA, Gastal MO, Figueiredo JR, Gastal EL. Spatial distribution of preantral
follicles in the equine ovary. PLoS ONE 2018; 13:e0198108. https://doi.org/10.1371/journal.pone.
0198108 PMID: 29897931

Hernandez-Fonseca HJ, Bosch P, Miller DM, Wininger JD, Massey JB, et al. Time course of follicular
development after bovine ovarian tissue transplantation in male non-obese diabetic severe combined
immunodeficient mice. Fertil Steril 2005; 83:1180—1187. https://doi.org/10.1016/j.fertnstert.2004.07.
985 PMID: 15831291

Aerts JMJ, De Clercq JBP, Andries S, Leroy JLMR, Van Aelst S, Bols PEJ. Follicle survival and growth
to antral stages in short-term murine ovarian cortical transplants after cryologic solid surface vitrification
or slow-rate freezing. Cryobiology 2008; 57:163—169. https://doi.org/10.1016/j.cryobiol.2008.07.011
PMID: 18725217

Yang H, Lee HH, Lee HC, Ko DS, Kim SS. Assessment of vascular endothelial growth factor expression
and apoptosis in the ovarian graft: can exogenous gonadotropin promote angiogenesis after transplan-
tation? Fertil Steril 2008; 90:1550—-1558. https://doi.org/10.1016/j.fertnstert.2007.08.086 PMID:
18291375

Dath C, Van Eyck AS, Dolmans MM, Romeu L, Delle Vigne L, Donnez J, et al. Xenotransplantation of
human ovarian tissue to nude mice: comparison between four grafting sites. Hum Reprod 2010;
25:1734-1743. https://doi.org/10.1093/humrep/deq131 PMID: 20511300

Scalercio SR, Amorim CA, Brito DC, Percario S, Oskam IC, Domingue SFS, et al. Trolox enhances fol-
licular survival after ovarian tissue autograft in squirrel monkey (Saimiri collinsi). Reprod Fertil Dev
2015; 28:1854-1864.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241442  November 4, 2020 18/22


https://doi.org/10.1111/j.1740-0929.2011.00919.x
http://www.ncbi.nlm.nih.gov/pubmed/21794005
https://doi.org/10.1016/j.fertnstert.2013.07.202
http://www.ncbi.nlm.nih.gov/pubmed/23953325
https://doi.org/10.1095/biolreprod.104.031054
https://doi.org/10.1095/biolreprod.104.031054
http://www.ncbi.nlm.nih.gov/pubmed/15189824
https://doi.org/10.1016/j.theriogenology.2011.09.025
http://www.ncbi.nlm.nih.gov/pubmed/22115815
https://doi.org/10.1530/REP-15-0457
http://www.ncbi.nlm.nih.gov/pubmed/26647418
https://doi.org/10.1016/j.theriogenology.2012.11.012
http://www.ncbi.nlm.nih.gov/pubmed/23260865
https://doi.org/10.1371/journal.pone.0149693
http://www.ncbi.nlm.nih.gov/pubmed/26900687
https://doi.org/10.1016/j.theriogenology.2012.03.019
http://www.ncbi.nlm.nih.gov/pubmed/22626777
https://doi.org/10.1530/REP-16-0621
http://www.ncbi.nlm.nih.gov/pubmed/28246309
https://doi.org/10.1016/j.theriogenology.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23434205
https://doi.org/10.1016/j.rvsc.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28414979
https://doi.org/10.1371/journal.pone.0198108
https://doi.org/10.1371/journal.pone.0198108
http://www.ncbi.nlm.nih.gov/pubmed/29897931
https://doi.org/10.1016/j.fertnstert.2004.07.985
https://doi.org/10.1016/j.fertnstert.2004.07.985
http://www.ncbi.nlm.nih.gov/pubmed/15831291
https://doi.org/10.1016/j.cryobiol.2008.07.011
http://www.ncbi.nlm.nih.gov/pubmed/18725217
https://doi.org/10.1016/j.fertnstert.2007.08.086
http://www.ncbi.nlm.nih.gov/pubmed/18291375
https://doi.org/10.1093/humrep/deq131
http://www.ncbi.nlm.nih.gov/pubmed/20511300
https://doi.org/10.1371/journal.pone.0241442

PLOS ONE

Heterotopic ovarian tissue autotransplantation

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

Shikanov A, Zhang Z, Xu M, Smith RM, Rajan A, Woodruff TK, et al. Fibrin encapsulation and vascular
endothelial growth factor delivery promotes ovarian graft survival in mice. Tissue Eng Part A 2011;
17:3095-3104. https://doi.org/10.1089/ten. TEA.2011.0204 PMID: 21740332

Li SH, Hwu YM, Lu CH, Chan HH, Hsieh CE, Lee RK. VEGF and FGF2 improve revascularization, sur-
vival, and oocyte quality of cryopreserved, subcutaneously transplanted mouse ovarian tissues. Int J
Mol Sci2016; 17:1237.

Zand-vakili M, Eimani H, Golkar-Nareniji A, Eftekhari-Yazdi P, Shahverdi A, Mozdziak PE. Histological
evaluation of the effect of VEGF on auto-transplanted mouse ovaries. Int J Mol Sci 2016; 17:1237. Anim
Cells Syst 2016; 20:260-266.

Gao JM, Huang Y, Li M, Zhao H, Zhao Y, Li R, et al. Effect of local basic fibroblast growth factor and
vascular endothelial growth factor on subcutaneously allotransplanted ovarian tissue in ovariectomized
mice. PLoS One 2015; 10:e0134035. https://doi.org/10.1371/journal.pone.0134035 PMID: 26208097

Labied S, Delforge Y, Munant C, Blacher S, Colige A, Delcombel R, et al. Isoform 111 of vascular endo-
thelial growth factor (VEGF 111) improves angiogenesis of ovarian tissue xenotransplantation. Trans-
plantation 2013; 95:426—433. https://doi.org/10.1097/TP.0b013e318279965¢c PMID: 23380862

WangL, Ying YF, Ouyang YL, Wang JF, Xu J. VEGF and bFGF increase survival of xenografted
human ovarian tissue in an experimental rabbit model. J Assist Reprod Genet 2013; 30:1301-1311.
https://doi.org/10.1007/s10815-013-0043-9 PMID: 24062194

Kang BJ, Wang Y, Zhang L, Xiao Z, Li SW. FGF and VEGF improve the quality of vitrified thawed
human ovarian tissues after xenotransplantation to SCID mice. J Assist Reprod Genet 2016; 33:281—
289. https://doi.org/10.1007/s10815-015-0628-6 PMID: 26712576

Bates DO. Vascular endothelial growth factors and vascular permeability. Cardiovasc Res 2010;
87:262—271. PMID: 20400620

Caires KC, Avila JM, Cupp AS, McLean DJ. VEGFA Family isoforms regulate spermatogonial stem cell
homeostasis in vivo. Endocrinology 2012; 153:887-900. https://doi.org/10.1210/en.2011-1323 PMID:
22147017

Guo BQ, Lu WQ. The prognostic significance of high/positive expression of tissue VEGF in ovarian can-
cer. Oncotarget 2018; 9:30552—-30560. https://doi.org/10.18632/oncotarget.25702 PMID: 30093968

Mineur P, Colige AC, Deroanne CF, Dubail J, Kesteloot F, Habraken Y, et al. Newly identified biologi-
cally active and proteolysis-resistant VEGF-A isoform VEGF111 is induced by genotoxic agents. J Cell
Biol 2007; 179:1261-1273. https://doi.org/10.1083/jcb.200703052 PMID: 18086921

Commin L, Buff S, Rosset E, Galet C, Allard A, Bruyere P, et al. Follicle development in cryopreserved
bitch ovarian tissue grafted to immunodeficient mouse. Reprod Fertil Dev 2012; 24:461-471. https:/
doi.org/10.1071/RD11166 PMID: 22401278

Abir R, Ao A, Zhang XY, Garor R, Nitke S, Fisch B. Vascular endothelial growth factor A and its two
receptors in human preantral follicles from fetuses, girls, and women. Fertil Steril 2010; 93:2337—2347.
https://doi.org/10.1016/j.fertnstert.2009.01.111 PMID: 19409555

Friedman O, Orvieto R, Fisch B, Felz C, Freud E, Ben-Haroush A, et al. Possible improvements in
human ovarian grafting by various host and graft treatments. Hum Reprod 2012; 27:474—-482. https://
doi.org/10.1093/humrep/der385 PMID: 22114111

Isachenko V, Todorov P, Isachenko E, Rahimi G, Tchorbanov A, Mihaylova N, et al. Long-time cooling
before cryopreservation decreased translocation of phosphatidylserine (Ptd-L-Ser) in human ovarian
tissue. PLoS ONE 2015; 14:e212961.

Duncan FE, Zelinski M, Gunn AH, Pahnke JE, O’Neill CL, Songsasen N, et al. Ovarian tissue transport
to expand access to fertility preservation: from animals to clinical practice. Reproduction 2016; 152:
R201-R210. https://doi.org/10.1530/REP-15-0598 PMID: 27492079

Chaves RN, Martins FS, Saraiva MVA, Celestino JJH, Lopes CAP, Correia JC, et al. Chilling ovarian
fragments during transportation improves viability and growth of goat preantral follicles cultured in vitro.
Reprod Fertil Dev 2008; 20:640-647. https://doi.org/10.1071/rd07195 PMID: 18577361

Celestino JJ, dos Santos RR, Lopes CA, Martins FS, Matos MH, Melo MA, et al. Preservation of bovine
preantral follicle viability and ultra-structure after cooling and freezing of ovarian tissue. Anim Reprod
Sci 2008; 108:309-318. https://doi.org/10.1016/j.anireprosci.2007.08.016 PMID: 17945440

Isachenko V, Lapidus |, Isachenko E, Krivokharchenko A, Kreienberg R, Woriedh M, et al. Human ovarian
tissue vitrification versus conventional freezing: morphological, endocrinological, and molecular biological
evaluation. Reproduction 2009; 138:319-327. https://doi.org/10.1530/REP-09-0039 PMID: 19439559

Haag KT, Magalhaes-Padilha DM, Fonseca GR, Wischral A, Gastal MO, King SS, et al. Equine prean-
tral follicles obtained via the Biopsy Pick-Up method: histological evaluation and validation of a mechan-
ical isolation technique. Theriogenology 2013; 79:735-743. https://doi.org/10.1016/j.theriogenology.
2012.10.023 PMID: 23352704

PLOS ONE | https://doi.org/10.1371/journal.pone.0241442  November 4, 2020 19/22


https://doi.org/10.1089/ten.TEA.2011.0204
http://www.ncbi.nlm.nih.gov/pubmed/21740332
https://doi.org/10.1371/journal.pone.0134035
http://www.ncbi.nlm.nih.gov/pubmed/26208097
https://doi.org/10.1097/TP.0b013e318279965c
http://www.ncbi.nlm.nih.gov/pubmed/23380862
https://doi.org/10.1007/s10815-013-0043-9
http://www.ncbi.nlm.nih.gov/pubmed/24062194
https://doi.org/10.1007/s10815-015-0628-6
http://www.ncbi.nlm.nih.gov/pubmed/26712576
http://www.ncbi.nlm.nih.gov/pubmed/20400620
https://doi.org/10.1210/en.2011-1323
http://www.ncbi.nlm.nih.gov/pubmed/22147017
https://doi.org/10.18632/oncotarget.25702
http://www.ncbi.nlm.nih.gov/pubmed/30093968
https://doi.org/10.1083/jcb.200703052
http://www.ncbi.nlm.nih.gov/pubmed/18086921
https://doi.org/10.1071/RD11166
https://doi.org/10.1071/RD11166
http://www.ncbi.nlm.nih.gov/pubmed/22401278
https://doi.org/10.1016/j.fertnstert.2009.01.111
http://www.ncbi.nlm.nih.gov/pubmed/19409555
https://doi.org/10.1093/humrep/der385
https://doi.org/10.1093/humrep/der385
http://www.ncbi.nlm.nih.gov/pubmed/22114111
https://doi.org/10.1530/REP-15-0598
http://www.ncbi.nlm.nih.gov/pubmed/27492079
https://doi.org/10.1071/rd07195
http://www.ncbi.nlm.nih.gov/pubmed/18577361
https://doi.org/10.1016/j.anireprosci.2007.08.016
http://www.ncbi.nlm.nih.gov/pubmed/17945440
https://doi.org/10.1530/REP-09-0039
http://www.ncbi.nlm.nih.gov/pubmed/19439559
https://doi.org/10.1016/j.theriogenology.2012.10.023
https://doi.org/10.1016/j.theriogenology.2012.10.023
http://www.ncbi.nlm.nih.gov/pubmed/23352704
https://doi.org/10.1371/journal.pone.0241442

PLOS ONE

Heterotopic ovarian tissue autotransplantation

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Pinto Y, Alves KA, Alves BG, Souza SS, Brandao FAS, Lima LF, et al. Heterotopic ovarian allotrans-
plantation in goats: Preantral follicle viability and tissue remodeling. Anim Reprod Sci 2020;
215:106310. https://doi.org/10.1016/j.anireprosci.2020.106310 PMID: 32216933

Alves KA, Alves BG, Rocha CD, Visonna M, Mohallem RF, Gastal MO, et al. Number and density of
equine preantral follicles in different ovarian histological section thicknesses. Theriogenology 2015;
83:1048-1055. https://doi.org/10.1016/j.theriogenology.2014.12.004 PMID: 25628263

Woodruff TK, Shea LD. The role of the extracellular matrix in ovarian follicle development. Reprod Sci
2007; 14:6-10. https://doi.org/10.1177/1933719107309818 PMID: 18089604

Donfack NJ, Alves KA, Alves BG, Rocha RMP, Bruno JB, Lima LF, et al. In vivo and in vitro strategies to
support caprine preantral follicle development after ovarian tissue vitrification. Reprod Fertil Dev 2018;
30:1055-1065. https://doi.org/10.1071/RD17315 PMID: 29332622

Damous LL, Silva SM, Carbonel AA, Simdes MJ, Baract EC, Montero EF. Progressive evaluation of
apoptosis, proliferation, and angiogenesis in fresh rat ovarian autografts under remote ischemic precon-
ditioning. Reprod Sci 2016; 23:803-811. https://doi.org/10.1177/1933719115620493 PMID: 26674322

Chacur MGM, Ibrahim DB, Arrebola TAH, Sanches OC, Giuffrida R, Oba E, et al. Avaliagéo da técnica
de coloragdo AgNOR em testiculos de ovinos. Arq Bras Med Vet Zootec 2015; 67:447—454.

Asgari M, Latifi N, Heris HK, Vali H, Mongeau L. In vitrofibrillogenesis of tropocollagen type Ill in colla-
gen type | affects its relative fibrillar topology and mechanics. Sci Rep 2017; 7:1-10.

Junqueira LCU, Cossermelli W, Brentani R. Differential staining of collagens type I, Il and Ill by Sirius
red and polarization microscopy. Arch Histol Jpn 1978; 41:267—-274. https://doi.org/10.1679/aohc1950.
41.267 PMID: 82432

Youm HW, Lee JR, Lee J, Jee BC, Suh SC, Kim SH. Transplantation of mouse ovarian tissue: Compari-
son of the transplantation sites. Theriogenology 2015; 83:854—-861. https://doi.org/10.1016/].
theriogenology.2014.11.026 PMID: 25533928

Yang HY, Cox SL, Jenkin G, Findlay J, Trounson A, Shaw J. Graft site and gonadotrophin stimulation
influences the number and quality of oocytes from murine ovarian tissue grafts. Reproduction 2006;
131:851-859. https://doi.org/10.1530/rep.1.00916 PMID: 16672350

Demeestere |, Simon P, Emiliani S, Delbaere A, Englert Y. Orthotopic and heterotopic ovarian tissue
transplantation. Hum Reprod Update 2009; 15:649—665. https://doi.org/10.1093/humupd/dmp021
PMID: 19474206

Oktay K, Turkguoglu |, Rodriguez-Wallberg KA. Four spontaneous pregnancies and three live births fol-
lowing subcutaneous transplantation of frozen banked ovarian tissue: what is the explanation? Fertil
Steril 2011; 95:7-10. https://doi.org/10.1016/j.fertnstert.2010.07.1072 PMID: 20801441

Gavish Z, Spector |, Peer G, Schlatt S, Wistuba J, Roness H, et al. Follicle activation is a significant and
immediate cause of follicle loss after ovarian tissue transplantation. J Assist Reprod Genet 2018;
35:61-69. https://doi.org/10.1007/s10815-017-1079-z PMID: 29098533

Barberino RS, Gongalves RJS, Menezes VG, Barros VRP, Lins TLB, Gouveia BB, et al. Influence of the
ovarian fragmentation before storage at 4°C on the apoptosis rates and in vitro development of ovine
preantral follicles. Anim Reprod 2016; 13:28-35.

Campbell BK, Hernandez-Medrano J, Onions V, Pincott-Allen C, Aljaser F, Fisher J, et al. Restoration
of ovarian function and natural fertility following the cryopreservation and autotransplantation of whole
adult sheep ovaries. Hum Reprod 2014; 29:1749-1763. https://doi.org/10.1093/humrep/deui44 PMID:
24939954

Ma IT, Gray RJ, Wasif N, Butler KA, Cornella JL, Magrina JF, et al. Outcomes of concurrent breast and
gynecologic risk reduction surgery. Ann Surg Oncol 2017; 24:77-83. https://doi.org/10.1245/s10434-
016-5479-6 PMID: 27581610

GaoJM, Yan J, LiR, LiM, Yan LY, Wang TR, et al. Improvement in the quality of heterotopic allotrans-
planted mouse ovarian tissues with basic fibroblast growth factor and fibrin hydrogel. Hum Reprod
2013; 28:2784-27983. https://doi.org/10.1093/humrep/det296 PMID: 23892320

Ding Y, Shao JL, Li JW, Zhang Y, Hong KH, Hua KQ, et al. Successful fertility following optimized perfu-
sion and cryopreservation of whole ovary and allotransplantation in a premature ovarian insufficiency
rat model. J Ovarian Res 2018; 11:35-45. https://doi.org/10.1186/s13048-018-0401-4 PMID:
29716634

Amorim CA, Moya CF, Donnez J, Dolmans MM. Morphometric characteristics of preantral and antral
follicles and expression of factors involved in folliculogenesis in ovaries of adult baboons (Papio anubis).
J Assist Reprod Genet 2016; 33:617-626. https://doi.org/10.1007/s10815-016-0681-9 PMID:
26945754

Donfack NJ, Alves KA, Alves BG, Rocha RMP, Bruno JB, Bertolini M, et al. Stroma cell-derived factor 1
and connexins (37 and 43) are preserved after vitrification and in vitro culture of goat ovarian cortex.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241442  November 4, 2020 20/22


https://doi.org/10.1016/j.anireprosci.2020.106310
http://www.ncbi.nlm.nih.gov/pubmed/32216933
https://doi.org/10.1016/j.theriogenology.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25628263
https://doi.org/10.1177/1933719107309818
http://www.ncbi.nlm.nih.gov/pubmed/18089604
https://doi.org/10.1071/RD17315
http://www.ncbi.nlm.nih.gov/pubmed/29332622
https://doi.org/10.1177/1933719115620493
http://www.ncbi.nlm.nih.gov/pubmed/26674322
https://doi.org/10.1679/aohc1950.41.267
https://doi.org/10.1679/aohc1950.41.267
http://www.ncbi.nlm.nih.gov/pubmed/82432
https://doi.org/10.1016/j.theriogenology.2014.11.026
https://doi.org/10.1016/j.theriogenology.2014.11.026
http://www.ncbi.nlm.nih.gov/pubmed/25533928
https://doi.org/10.1530/rep.1.00916
http://www.ncbi.nlm.nih.gov/pubmed/16672350
https://doi.org/10.1093/humupd/dmp021
http://www.ncbi.nlm.nih.gov/pubmed/19474206
https://doi.org/10.1016/j.fertnstert.2010.07.1072
http://www.ncbi.nlm.nih.gov/pubmed/20801441
https://doi.org/10.1007/s10815-017-1079-z
http://www.ncbi.nlm.nih.gov/pubmed/29098533
https://doi.org/10.1093/humrep/deu144
http://www.ncbi.nlm.nih.gov/pubmed/24939954
https://doi.org/10.1245/s10434-016-5479-6
https://doi.org/10.1245/s10434-016-5479-6
http://www.ncbi.nlm.nih.gov/pubmed/27581610
https://doi.org/10.1093/humrep/det296
http://www.ncbi.nlm.nih.gov/pubmed/23892320
https://doi.org/10.1186/s13048-018-0401-4
http://www.ncbi.nlm.nih.gov/pubmed/29716634
https://doi.org/10.1007/s10815-016-0681-9
http://www.ncbi.nlm.nih.gov/pubmed/26945754
https://doi.org/10.1371/journal.pone.0241442

PLOS ONE

Heterotopic ovarian tissue autotransplantation

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Theriogenology 2018; 116:83-88. https://doi.org/10.1016/j.theriogenology.2018.05.001 PMID:
29783047

Liu J, Van der Elst J, Van den Broecke R, Dhont M. Live offspring by in vitro fertilization of oocytes from
cryopreserved primordial mouse follicles after sequential in vivo transplantation and in vitro maturation.
Biol of Reprod 2001; 64:171-178. hitps://doi.org/10.1095/biolreprod64.1.171 PMID: 11133672

Damous LL, Nakamuta JS, Saturi de Carvalho AE. Scaffold-based delivery of adipose tissue-derived
stem cells in rat frozen-thawed ovarian autografts: preliminary studies in a rat model. J Assist Reprod
Genet 2015; 328:1285-1294. https://doi.org/10.1007/s10815-015-0527-x PMID: 26206456

Nugent D, Newton H, Gallivan L, Gosden RG. Protective effect of vitamin E on ischaemia-reperfusion
injury in ovarian grafts. J Reprod Fertil 1998; 144:341-346. https://doi.org/10.1530/jrf.0.1140341
PMID: 10070363

Twardowski T, Fertala A, Orgel JP, San Antonio JD. Type | collagen and collagen mimetics as angio-
genesis promoting superpolymers. Curr Pharm Des 2007; 13:3608-3621. https://doi.org/10.2174/
138161207782794176 PMID: 18220798

Peterson AW, Caldwella DJ, Riojaa AY, Raoa RR, Putnama AJ, et al. Vasculogenesis and angiogene-
sis in modular collagen-fibrin microtissues. Biomater Sci 2014; 2:1497-1508. https://doi.org/10.1039/
C4BMO00141A PMID: 25177487

Volk SW, Wang Y, Mauldin EA, Liechty KW, Adams SL. Diminished type Il collagen promotes myofi-
broblast differentiation and increases scar deposition in cutaneous wound healing. Cells Tissues
Organs 2011; 194:25-37. https://doi.org/10.1159/000322399 PMID: 21252470

Bruno JBD, Celestin JJH, Lima-Verde IB, Lima LF, Matos MMT, Araujo VR, et al. Expression of vascu-
lar endothelial growth factor (VEGF) receptor in goat ovaries and improvement of in vitro caprine prean-
tral follicle survival and growth with VEGF. Reprod Fertil Dev 2009; 21:679-687. https://doi.org/10.
1071/RD08181 PMID: 19486605

Shimizu T. Promotion of ovarian follicular development by injecting vascular endothelial growth factor
(VEGF) and growth differentiation factor 9 (GDF-9) genes. J Reprod Dev 2006; 52:23-32. https://doi.
org/10.1262/jrd.17072 PMID: 16538032

Danforth DR, Arbogast LK, Ghosh S, Dickerman A, Rofagha E, Friedman CI. Vascular endothelial
growth factor stimulates preantral follicle growth in the rat ovary. Biol Reprod 2003; 68:1736—1741.
https://doi.org/10.1095/biolreprod.101.000679 PMID: 12606430

Quintana R, Kopcow L, Sueldo C, Marconi G, Rueda NG, Baranao RI. Direct injection of vascular endo-
thelial growth factor into the ovary of mice promotes follicular development. Fertil Steril 2004; 82:1101—
1105. https://doi.org/10.1016/j.fertnstert.2004.03.036 PMID: 15474081

Sanchez A, Tripathy D, Luo J, Yin X, Martinez J, Grammas P. Neurovascular unit and the effects of dos-
age in VEGF toxicity: Role for oxidative stress and thrombin. J Alzheimers Dis 2013; 34:281-291.
https://doi.org/10.3233/JAD-121636 PMID: 23202441

Yang MY, Fortune JE. Vascular endothelial growth factor stimulates the primary to secondary follicle
transition in bovine in vitro. Mol Reprod Dev 2007; 74:1095—-1104. https://doi.org/10.1002/mrd.20633
PMID: 17290425

Kong HS, Lee J, Youm HW, Kim SK, Lee JR, Suh CS, et al. Effect of treatment with angiopoietin-2 and
vascular endothelial growth factor on the quality of xenografted bovine ovarian tissue in mice. PLos
ONE 2017; 12:€0184546. https://doi.org/10.1371/journal.pone.0184546 PMID: 28915249

Carmeliet P. Angiogenesis in life, disease and medicine. Nature 2005; 438:932-936. https://doi.org/10.
1038/nature04478 PMID: 16355210

Bergers G, Benjamin LE. Angiogenesis in life, disease and medicine. Nat Ver Cancer 2003; 3:401—
410.

Ushio-Fukai M, Alexander RW. Reactive oxygen species as mediators of angiogenesis signaling: role
of NAD(P)H oxidase. Mol Cell Biochem 2004; 264:85-97. https://doi.org/10.1023/b:mcbi.0000044378.
09409.b5 PMID: 15544038

Ushio-Fukai M. Redox signaling in angiogenesis: role of NADPH oxidase. Cardiovasc Res 2006;
71:226-235. https://doi.org/10.1016/j.cardiores.2006.04.015 PMID: 16781692

Lan C, Xiao W, Xiao-Hui D, Chun-Yan H, Hong-Ling Y. Tissue culture before transplantation of frozen-
thawed human fetal ovarian tissue into immunodeficient mice. Fertil Steril 2010; 93:913-919. https:/
doi.org/10.1016/j.fertnstert.2008.10.020 PMID: 19108826

Comizzoli P, Wildt DE. Mammalian fertility preservation through cryobiology: value of classical compar-
ative studies and the need for new preservation options. Reprod Fertil Dev 2013; 26:91-98. https://doi.
org/10.1071/RD13259 PMID: 24305181

Tellado MN, Alvarez GM, Dalvit GC, Cetica PD. The conditions of ovary storage affect the quality of por-
cine oocytes. Adv Reprod Sci 2014; 2:57-67.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241442  November 4, 2020 21/22


https://doi.org/10.1016/j.theriogenology.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29783047
https://doi.org/10.1095/biolreprod64.1.171
http://www.ncbi.nlm.nih.gov/pubmed/11133672
https://doi.org/10.1007/s10815-015-0527-x
http://www.ncbi.nlm.nih.gov/pubmed/26206456
https://doi.org/10.1530/jrf.0.1140341
http://www.ncbi.nlm.nih.gov/pubmed/10070363
https://doi.org/10.2174/138161207782794176
https://doi.org/10.2174/138161207782794176
http://www.ncbi.nlm.nih.gov/pubmed/18220798
https://doi.org/10.1039/C4BM00141A
https://doi.org/10.1039/C4BM00141A
http://www.ncbi.nlm.nih.gov/pubmed/25177487
https://doi.org/10.1159/000322399
http://www.ncbi.nlm.nih.gov/pubmed/21252470
https://doi.org/10.1071/RD08181
https://doi.org/10.1071/RD08181
http://www.ncbi.nlm.nih.gov/pubmed/19486605
https://doi.org/10.1262/jrd.17072
https://doi.org/10.1262/jrd.17072
http://www.ncbi.nlm.nih.gov/pubmed/16538032
https://doi.org/10.1095/biolreprod.101.000679
http://www.ncbi.nlm.nih.gov/pubmed/12606430
https://doi.org/10.1016/j.fertnstert.2004.03.036
http://www.ncbi.nlm.nih.gov/pubmed/15474081
https://doi.org/10.3233/JAD-121636
http://www.ncbi.nlm.nih.gov/pubmed/23202441
https://doi.org/10.1002/mrd.20633
http://www.ncbi.nlm.nih.gov/pubmed/17290425
https://doi.org/10.1371/journal.pone.0184546
http://www.ncbi.nlm.nih.gov/pubmed/28915249
https://doi.org/10.1038/nature04478
https://doi.org/10.1038/nature04478
http://www.ncbi.nlm.nih.gov/pubmed/16355210
https://doi.org/10.1023/b%3Amcbi.0000044378.09409.b5
https://doi.org/10.1023/b%3Amcbi.0000044378.09409.b5
http://www.ncbi.nlm.nih.gov/pubmed/15544038
https://doi.org/10.1016/j.cardiores.2006.04.015
http://www.ncbi.nlm.nih.gov/pubmed/16781692
https://doi.org/10.1016/j.fertnstert.2008.10.020
https://doi.org/10.1016/j.fertnstert.2008.10.020
http://www.ncbi.nlm.nih.gov/pubmed/19108826
https://doi.org/10.1071/RD13259
https://doi.org/10.1071/RD13259
http://www.ncbi.nlm.nih.gov/pubmed/24305181
https://doi.org/10.1371/journal.pone.0241442

PLOS ONE

Heterotopic ovarian tissue autotransplantation

84.

85.

86.

87.

88.

89.

Petrenko A, Carnevale M, Somov A, Osorio J, Rodriguez J, Guibert E, et al. Organ preservation into the
2020s: The era of dynamic intervention. Transfus Med Hemother 2019; 46:151-172. https://doi.org/10.
1159/000499610 PMID: 31244584

Israely T, Harmelin A, Neeman M, Tsafriri A. Reducing ischaemic damage in rodent ovarian xenografts
transplanted into granulation tissue. Hum Reprod 2006; 21:1368—1379. https://doi.org/10.1093/
humrep/del010 PMID: 16459346

Soleimani R, Heytens E, Oktay K. Enhancement of neoangiogenesis and follicle survival by sphingo-
sine-1-phosphate in human ovarian tissue xenotransplants. PLoS One 2011; 6:e19475. https://doi.org/
10.1371/journal.pone.0019475 PMID: 21559342

Guibert EE, Petrenko AY, Balaban CL, Somov AY, Rodriguez JV, Fuller BJ. Organ preservation: cur-
rent concepts and new strategies for the next decade. Transfus Med and Hemother 2011; 38:125-142.
https://doi.org/10.1159/000327033 PMID: 21566713

Piras AR, Burrai GP, Ariu F, Falchi L, Zedda MT, Pau S, et al. Struture of preantral follicles, oxidative
status and developmental competence of in vitro matured oocytes after ovary storage at 4°C in the
domestic cat model. Reprod Biol Endocrinol 2018; 16:76. https://doi.org/10.1186/s12958-018-0395-1
PMID: 30097048

Barberino RS, Silva JRV, Figueiredo JR, Matos MHT. Transport of domestic and wild animal ovaries: a
review of the effects of medium, temperature, and periods of storage on follicular viability. Biopreserv
Biobank 2019; 17:84-90. https://doi.org/10.1089/bi0.2018.0057 PMID: 30418038

PLOS ONE | https://doi.org/10.1371/journal.pone.0241442  November 4, 2020 22/22


https://doi.org/10.1159/000499610
https://doi.org/10.1159/000499610
http://www.ncbi.nlm.nih.gov/pubmed/31244584
https://doi.org/10.1093/humrep/del010
https://doi.org/10.1093/humrep/del010
http://www.ncbi.nlm.nih.gov/pubmed/16459346
https://doi.org/10.1371/journal.pone.0019475
https://doi.org/10.1371/journal.pone.0019475
http://www.ncbi.nlm.nih.gov/pubmed/21559342
https://doi.org/10.1159/000327033
http://www.ncbi.nlm.nih.gov/pubmed/21566713
https://doi.org/10.1186/s12958-018-0395-1
http://www.ncbi.nlm.nih.gov/pubmed/30097048
https://doi.org/10.1089/bio.2018.0057
http://www.ncbi.nlm.nih.gov/pubmed/30418038
https://doi.org/10.1371/journal.pone.0241442

