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Abstract
Purpose To improve human primordial follicle culture.
Methods Thin or thick ovarian slices were cultured on alginate
scaffolds or in PEG-fibrinogen hydrogels with or without bpV
(pic), which prevents the conversion of phosphatidylinositol-
trisphosphate (PIP3) to phosphatidylinositol-bisphosphate
(PIP2) or 740Y-P which converts PIP2 to PIP3. Follicular
growth was evaluated by follicular counts, Ki67 immunohis-
tochemistry, and 17β-estradiol (E2) levels.

Results BpV (pic) had a destructive effect on cultured folli-
cles. Thawed-uncultured samples had more primordial folli-
cles than samples cultured in basic medium and fewer de-
veloping follicles than samples cultured in PEG-fibrinogen
hydrogels with 740Y-P. There were more atretic follicles in
samples cultured on alginate scaffolds than in PEG-
fibrinogen hydrogels, and in samples cultured in PEG-
fibrinogen hydrogels with 740Y-P than in PEG-fibrinogen
hydrogels with basic medium. Ki67 staining was higher in
PEG-fibrinogen hydrogels than on alginate scaffolds. E2

levels were higher in thick than in thin slices.
Conclusions PEG-fibrinogen hydrogels appear to have an
advantage over alginate scaffolds for culturing human pri-
mordial follicles. Folliculogenesis is not increased in the
presence of substances that enhance PIP3 production or with
thin rather than thick sectioning.

Keywords Alginate scaffolds . 17β-estradiol (E2) . Human
primordial follicles . Ki67 . Polyethylene glycol (PEG)-
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Introduction

With the increase in cancer survival rates among young
women of reproductive age, problems of radiation- and
chemotherapy-related ovarian failure have come to the fore-
front [1]. The options for fertility preservation in this setting
are currently limited. Cryopreservation of ovarian cortical
tissue containing immature primordial follicles followed by
autotransplantation [1, 2] has so far resulted in livebirths [2,
3], but it carries a risk of reintroducing the malignancy [1, 4,
5]. This risk could be potentially eliminated by embryo
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transfer after in vitro fertilization of oocytes from primordial
follicles matured in culture [4, 6–9]. Culturing primordial
follicles in whole ovarian tissue slices (organ culture) would
retain the interactions of the follicles with the surrounding
stroma cells. Indeed, studies using this method promoted
mammalian (including human) activation of primordial fol-
licles to secondary stages [4, 7–9]. Its main draw-back,
however, is that the follicles cannot be monitored during
growth. Moreover, thin, flat slices (as opposed to thick ones)
were shown to accelerate follicular maturation [6], and the
signals that prompt the initial activation of the primordial
follicles are still uncertain [4].

The PTEN gene, encodes a negative regulator-lipid phospha-
tase enzyme that converts phosphatidylinositol-triphosphate
(PIP3) to phosphatidylinositol-biphosphate (PIP2) [10, 11].
PTEN regulates the primary oocyte effector, forkhead transcrip-
tion factor (Foxo) 3 [12]. The balance between PTEN and
phosphatidylinositide 3 (PI3) kinase influences PIP3 levels and
thereby apparently affects oocyte growth and maintenance [12].
Therefore, in attempts to develop a better culture system, re-
searches have incubated mouse and human primordial follicles
with the PTEN inhibitors bpV (pic), bpV (HOpic), and 740Y-P,
the Akt-activating phosphopeptide, in order to increase PIP3
levels. The results in terms of primordial follicular activation are
promising [10, 13]. At the same time advances in biomaterials
have made it possible to develop culturing systems that mimic
the physiological environment and generate an extracellular
matrix-like milieu adjacent to the tissue [14, 15]. Soluble fibrin-
ogen can be combined with polyethylene glycol (PEG), a highly
hydrophilic, easily functionalized, non-toxic, biologically inert
compound, useful for modifying proteins/glycoproteins [16].
The PEG-fibrinogen hydrogel network provides successful
structural control to various cultured cell types, and prevents
material biodegradation [17].

The alginate scaffold is also biocompatible, mechanically
stable, and hydrophilic, and has been applied successfully
for efficient culture transport [9]. We previously showed that
organ culture for human ovarian primordial follicles yielded
better results on alginate scaffolds than on Matrigel [9].

The aim of the present study was to compare the
effectivenss of PEG-fibrinogen hydrogel [17] with alginate
scaffold [9] using thin-flat [6] and thick [8, 9] ovarian slices
for the culture of human primordial follicles. In addition, we
sought to determine if adding substances that enhance PIP3
production in the ovarian slices increases follicular activa-
tion and development [10, 13]. As the availability of human
tissue for research is scarce, we conducted a multifactorial
analysis on the same samples. To improve the assessment of
follicular development in organ culture, we applied both
morphological and endocrinological methods.

Materials and methods

Sample sources and retrieval

The study was performed on samples of frozen-thawed ovar-
ian tissue obtained from 15 girls and women aged 5–27 years
(mean±SD=17±7 years) who underwent gynecological lap-
aroscopy for ovarian cryopreservation before chemotherapy
[9] or for removal of ovarian cysts (Table 1). The Ethics
Committee of Rabin Medical Center approved the study
protocol, and informed consent was received from every
adult patient or parents of minors.

All samples were handled in our laboratory within 1 h of
surgery [9]. One slice measuring 1–2 mm from each patient
was fixed in Bouin’s solution (components purchased from
BDH Chemicals Ltd., Poole, England, and Sigma, St. Louis,
MO, USA) immediately after ovarian dissection (fresh-
uncultured sample), and the remaining ovarian tissue was
frozen.

Cryopreservation and thawing of ovarian tissue

Before freezing, the samples were kept on ice with
dimethylsulfoxide (DMSO) solution (Sigma). Tissue slices
were frozen slowly and gradually with a 1.5 M DMSO in a
programmable freezer (Kryo 10; series 10/20, Planer
Biomed, Sunbury on Thames, UK), and immediately placed
in liquid nitrogen [7–9].

The slices were thawed by washouts with decreasing
concentration gradients of DMSO (1.0 M, 0.5 M) and phos-
phate buffered saline (Biological Industries, Beit Ha’emek,
Israel) followed by incubation at 37 °C. One slice of every
thawed ovarian sample, similar in size to the fresh-
uncultured slices, was fixed in Bouin's solution immediately
after thawing (thawed-uncultured sample).

Preparation of PEG-fibrinogen solutions and hydrogels

Concentrated PEG solutions (at least 10mg/ml) were prepared
according to routine procedures and frozen [17]. The solutions
were thawed at room temperature, followed by centrifugation
for 5 min at 2500 rpm. They were then diluted to 9.9 mg/ml
with 0.1 % W/v Irgacure™2959 (Ciba Specialty Chemicals
Inc., Basel, Switzerland) and phosphate buffered saline (Bio-
logical Industries) to a volume of 1 ml. It is noteworthy that
the photo-initiator, Irgacure™2959, is non-toxic to various
cell types [18], and at this low concentration creates sufficient
photo-polymerization.

Molds for hydrogel formation were prepared from plastic
tubes 0.5 cm in diameter (Avni and Sons, Haifa, Israel) and
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cut at lengths of 0.5 cm. The tubes were placed on micro-
scope slides (StarFrost, Braunschweig, Germany) smeared
with high- vacuum grease (Dow Corning, Wiesbaden, USA)
(Fig. 1a) and sterilized under ultraviolet (UV) light in a
biological hood for 1 h. The sterile molds were filled with
diluted PEG-fibrinogen solution. One or two ovarian slices
were placed in each PEG-fibrinogen-containing-mold and
the solution was stirred gently with a sterile 21G needle
(Shanghai Kindly Enterprise Development Group, Shang-
hai, China). The mold-containing solutions with the ovarian
slices were then photo-polymerized by exposure to UVA
light (365 nm, 5 mW/cm2) for 5 min in order to form cross
links [17]. Studies have shown that cell survival and viability
is not affected by exposure to UVA light for periods of up to
10 min at wavelengths required for hydrogel photo-
polymerization [19, 20]. The PEG-fibrinogen hydrogels with
the encapsulated ovarian slices (Fig. 1b) were released from
the molds by gently pipetting culture medium and transferred
into 24-well plates (CELLSTAR, Greiner Bio-One, GmbH,
Freickenhausen, Germany) containing 1 ml of culture medi-
um (see Culturing methods).

Alginate scaffold preparation

Alginate scaffolds (Fig. 1c) were prepared from alginate with
a high gluconic acid concentration (NovaMatrix FMC Bio-
polymers, Drammen, Norway) using a freeze-dry technique
[9]. The scaffolds were sterilized by exposure to UV light in a
biological hood for 1 h.

Culturing methods

Only frozen-thawed samples were used for incubation [7–9],
so follicular density could be studied histologically from the
fresh-uncultured sample (see “Histological preparation”). This
practice eliminated the risk of utilizing poorly populated ovar-
ian tissue. It was supported by earlier studies showing no
differences in morphology or in in vitro development between
fresh and frozen-thawed human follicles [7–9, 21]. Because
the ultimate fertility preservation and restoration technique for
cancer patients will require the use of frozen-thawed follicles
[4], studies using frozen-thawed ovaries are crucial.

Samples from the same 7 patients were used to obtain both
thin slices (width <1 mm) and thick slices (width 1–2 mm,
twice the size of the thin slices) (Table 1). In addition, samples
from four of the remaining patients were only used for thin
slicing, and from the other 4, only for thick slicing (total, 15
samples from 15 patients) (Table 1). Half the samples were
placed in PEG-fibrinogen hydrogels in 24-well culture plates
(CELLSTAR, Greiner Bio-One) (Fig. 1b) and half were
placed on alginate scaffolds (Fig. 1c) in 48-well culture plates
(CELLSTAR, Greiner Bio-One). The wells were then filled
with one of three culture-medium combinations:

(1) Basic culture medium: alpha minimal essential medium
(αMEM) (Biological Industries), human recombinant
follicle stimulating hormone (1 IU/ml) (Gonal-F,
Serono, Aubonne, Switzerland), 10 % human serum
albumin (Irvine Scientific, Santa Ana, CA, USA), in-
sulin, transferrin, and selenium (Sigma) [8].

Table 1 Description of the pa-
tients and the allocation to thick
and thin slices

Patient Age Disease Thin/thick slices

1 5 Neuroblastoma Thin

2 6 Brain tumor Thick

3 10 Brain tumor Thick

4 13 Brain tumor Thick

5 13 Ewing sarcoma Thin + thick

6 13 Ewing sarcoma Thin

7 16 Hodgkin lymphoma Thin

8 17 Hodgkin lymphoma Thick

9 19 Ewing sarcoma Thin + thick

10 20 Ewing sarcoma Thin + thick

11 22 Acute lymphoblastic leukemia Thin + thick

12 22 Osteosarcoma Thin + thick

13 23 Ovarian cyst Thin

14 24 Hodgkin lymphoma Thin + thick

15 28 Ovarian cyst Thin + thick
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(2) Basic culture medium supplemented with bpV (pic)
(100 μM) [10] (Santa Cruz Biotechnology, Santa Cruz,
CA, USA, catalogue number sc-221379).

(3) Basic culture medium supplemented with 740Y-P
(500 μg/ml) [10] (Tocris Bioscience, Ellsville, Mo,
USA, catalogue number 1983) [10].

Because a normal cellular PIP3/PIP2 balance is essential
for many other cellular signals [22], culture medium combi-
nations 2 and 3 were rinsed after 24 h [10, 13] and 48 h,
respectively [10], and the samples were further incubated
with the basic culture medium.

In the initial studies, samples from seven patients were
incubated for 6 and 12 days. More atretic follicles were iden-
tified in the secondweek than the first week (data not included),
as noted also in previous studies [6, 9]. Samples from the 8
remaining patients were cultured for only 6 days [6].

Culturing was performed in a standard incubator (95 %
air, 5 % CO2) [8]. The culture media were changed every
second day, starting (in groups 2 and 3) after the initial bpV
(pic) or 740Y-P rinse. Once in 6 days, one slice was removed
from culture and fixed immediately in Bouin’s solution
(BDH Chemicals, East Yorkshirt, UK, and Sigma), and the
spent medium samples were collected for 17β-estradiol (E2)
measurement [8, 9].

Histological preparation

All fixed specimens were prepared for paraffin embedding,
sectioning, and staining with hematoxylin and eosin [7, 8].
The number of follicles in the uncultured and cultured sam-
ples was counted in two different section-levels per sample
(50 μm between sections, to avoid counting the same follicle
twice), The follicles were classified according to Gougeon
[23]: primordial (with a single flat layer of granulosa cells
surrounding the oocyte), primary (with a single cuboidal
granulosa cell layer surrounding the oocyte) or secondary
(with at least two granulosa cell layers and a theca layer
surrounding the oocyte). Developing follicles were defined
as primary or secondary [7, 8]; atretic follicles were charac-
terized by pyknotic cells, eosinophilia of the ooplasm, and
clumping of the chromatin material [23]. Three independent
investigators assessed the histological sections (G.L.-S, N.S.,
R.A.). Unstained sections were placed on OptiPlus positive
charged microscope slides (BioGenex Laboratories, San
Ramon, CA, USA) for immunohistochemistry assay.

Immunohistochemistry for the proliferating marker Ki67

Ki67 is a cell-cycle-associated nucleoprotein antigen that serves
as a proliferationmarker during the active cell-cycle phases (G1,
S, G2 and mitosis) [24–29]. An increase in Ki67 staining has
been reported to correlate directly with activation to cuboidal
granulosa cells as well as with follicular growth [26–28].

Ki67 immunohistochemical staining was conducted essen-
tially as described previously for proliferating cell nuclear anti-
gen [7–9]. The sections were incubated for 1 h with a rabbit
polyclonal anti-Ki67 antibody (1: 10 and 1: 30, Santa Cruz
Biotechnology, Santa Cruz, CA,USA, sc-15402). Sections were
incubated with a negative control solution that replaced the
primary antibody: a normal rabbit IgG antibody (Santa Cruz
Biotechnology, sc-2027) diluted to the same concentration as the
primary antibody. Thereafter, the samples were incubated with
horseradish peroxidase polymer conjugate against mouse and
rabbit primary antibodies (SuperPicture HRP, Zymed Laborato-
ries Inc., San Francisco, CA, USA; catalogue number: 879363).
Red-brown 3-amino-9-ethylcarbazole staining (Zymed Labora-
tories) indicated Ki67 expression. We defined a follicle as being
positively stained if at least one of its granulosa cells expressed
Ki67 [7–9].

Fig. 1 Photographs of the culture systems. aMolds for PEG-fibrinogen
hydrogel formation. b Ovarian slice encapsulated in a PEG-fibrinogen
hydrogel. c Human ovarian slice on alginate scaffold
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E2 accumulation in the culture medium

E2 concentrations were measured by a double antibody ra-
dioimmunoassay kit (Diagnostic Products Corp., Los
Angeles, CA, USA) [7–9].

Statistical analysis

Data were analyzed by analysis of variance, chi-square test
and Fisher’s exact test, as required. P values less than 0.05
were considered statistically significant.

Results

Follicular counts and classification

The distribution of follicles (after 6 days in culture) by type
of treatment is presented in Table 2. As our previous expe-
rience showed no difference in the growing potential of
follicles from adults and girls [8, 9, Abir et al., unpublished
data], the results were not differentiated by patient age. For

the present analysis, we combined the results for thin and
thick samples because a relatively low number of follicles
were identified in the thin slices. Figure 2 presents a graphic
illustration of the main findings in Table 1. Figure 3 shows
histological sections containing follicles at various stages of
the experiment.

Several statistically significant findings were noted:

& Thawed uncultured samples had more primordial folli-
cles than samples cultured with bpV (pic) or with basic
medium alone regardless of the culture matrix (alginate
scaffold or PEG-fibrinogen hydrogel) (P<0.05). In ad-
dition, Thawed uncultured samples had more developing
follicles than samples cultured with bpV (pic) regardless
of the culture matrix (P<0.04, respectively).

& Samples cultured with basic medium alone or with 740Y-
P had higher E2 levels than samples cultured with
bpV(pic) (P<0.03 and P<0.05, respectively), regardless
of the matrix.

& Samples cultured on alginate scaffold had a higher atretic
follicle count than samples cultured in PEG-fibrinogen
hydrogel (P<0.04), regardless of the treatment.

Table 2 Follicular counts in samples and E2 secretion after 1 week

Study condition Treatment Primordial follicles Developing follicles Atretic follicles Total E2 (pg/ml) (mean±SD)

Thawed – 161a (74 %)* 48b (22 %) 8 (4 %) 217 –

12±3** 4±1 1±0.2 17±5

Matrix

Basic medium 94 (51 %) 55 (30 %) 35 (19 %) 184 251±89c

5±1 3±1 2±0.4 9±2

Alginate Scaffoldd +bpV (pic) 0 3 (15 %) 17e (85 %) 20 0.5±0.4
1±0.3 3±2 4±2

+740Y-P 147 (38 %) 218 (57 %) 19 (5 %) 384 318±134c

12±4 18±5 2±0.5 32±9

Basic medium 92 (33 %) 197 (68 %) 2 (1 %) 291 174±70c

7±2 14±4 0.14±0.04 21±6

PEG-Fibrinogen +bpV (pic) 1 (33 %) 0 2 (67 %) 3 36±35
0.3±0.2 1±0.4 1±1

+740Y-P 83 (55 %) 56f (37 %) 11g (7 %) 150 149±38c

14±6 9±4 2±1 25±10

*Sum of follicles per treatment group. Percents were calculated from the total number of follicles in the treatment group

**Mean±SD per sample
a Significantly higher primordial follicle count in thawed-untreated samples than after culture with bpV (pic) or basic medium alone, regardless of the
matrix (P<0.05)
b Significantly higher developing follicle count in thawed-untreated samples than after culture with bpV (pic), regardless of the matrix (P<0.04)
c Significantly higher E2 level after culture with basic medium alone (P<0.03) or with 740Y-P (P<0.05) than with bpV (pic), regardless of the matrix
d Significantly higher atretic follicle count on alginate scaffolds than atretic follicles in PEG-fibrinogen hydrogels, regardless of treatment (P<0.04)
e Significantly higher atretic follicle count on alginate scaffolds with bpV (pic) than atretic follicles in thawed samples (P<0.05) and in PEG-
fibrinogen hydrogels, regardless of treatment (P<0.04)
f Significantly higher developing follicles count in PEG-fibrinogen with 740Y-P than developing follicles in PEG-fibrinogen hydrogels with bpV
(pic) (P<0.05) and in thawed samples (P<0.03)
g Significantly higher atretic follicle count in PEG-fibrinogen with 740Y-P than atretic follicles in PEG-fibrinogen hydrogels with basic medium
(P<0.02)
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& Samples cultured on alginate scaffolds with bpV (pic) had
more atretic follicles than thawed uncultured samples
(P<0.05) and samples cultured in PEG-fibrinogen hydro-
gel (P<0.04), regardless of the treatment.

& Samples cultured in PEG-fibrinogen hydrogel with 740Y-
P had higher developing follicle counts than samples
cultured in PEG-fibrinogen hydrogel with bpV (pic)
(P<0.05) and thawed uncultured samples (P<0.03).

a b

c d

e f

g h

i j
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& Samples cultured in PEG-fibrinogen hydrogel with
740Y-P had a significantly higher atretic follicle count
than samples cultured in PEG-fibrinogen hydrogel with
basic medium (P<0.02).

Ki67 staining

The results for Ki67 staining are shown in Figs. 2e and 3b, c.
In most cases, Ki67 staining was identified in a portion of the
granulosa cells from primordial-primary and secondary fol-
licles, and it was generally weak. More stained follicles were
found in samples cultured on alginate scaffold and in PEG-
fibrinogen hydrogel with basic medium and with 740Y-P
than in thawed uncultured samples (P<0.0001); in samples
cultured in PEG-fibrinogen hydrogel with basic medium
alone than on alginate scaffolds with basic medium alone
(P<0.0001); and in samples cultured on alginate scaffold
with 740Y-P than on alginate scaffold with basic medium
alone (P<0.0001).

E2 secretion

E2 production was calculated per slice [7–9]. Secretion from
the thick and thin slices was adjusted by dividing the values
for every thick slice by 2 (Table 2). E2 production was
significantly higher with basic medium alone (P<0.03) and
with 740Y-P (P<0.05) than with bpV (pic), regardless of the

matrix. There was significantly more E2 production in thick
slices than thin slices, regardless of the treatment or the
matrix (250±59 pg/ml and 49±14 pg/ml, respectively,
P<0.0004) and on alginate scaffold than in PEG-fibrinogen
hydrogel, regardless of the treatment (267±87 pg/ml and
52±18 pg/ml, respectively, P<0.04).

Discussion

The morphology-based results of the present study suggest
that PEG-fibrinogen hydrogels have an advantage over algi-
nate scaffolds for growing human primordial follicles in
organ culture. More developing follicles were identified in
PEG-fibrinogen hydrogel (with 740Y-P or with basic medi-
um alone); more Ki67-stained follicles seemed to be detected
in PEG-fibrinogen hydrogels; and there were more atretic
follicles on alginate scaffolds. The addition of PIP3-inducing
agents did not improve follicular development; Indeed bpV
(pic) caused follicular deterioration. Use of thin-flat slices
did not improve follicular development over thick slices, as
indicted by the higher E2 levels in the thin slices.

As different tissue slices were evaluated during organ
culture and we could not monitor the same follicle [7–9],
we applied several methods of evaluation to ensure accuracy.
Presumably because each method was designed to examine a
different tissue level, rather than obtaining a direct correla-
tion of the results among the methods, we found that each
method provided information on a different aspect of follic-
ular development. The stained sections were used to deter-
mine the number and classification (primordial, primary and
secondary) of the follicles, reflecting the growth and survival
of follicles in culture [4], and the cultured vs. uncultured
control samples were used to count the follicles periodically
throughout culture and compare the findings among the
follicular classes. Thus, a decrease in the number of primor-
dial follicles and a corresponding increase in the number of
growing follicles, from primary stages onwards, would sig-
nify follicular growth. We used uniform-size samples, and
the follicles were counted throughout the field (magnifica-
tion X100) in 2 to 3 levels per specimen (with at least 50 μm
between levels to avoid counting the same follicle twice).
Increase in follicular atresia were due to the destructive effect
of bpV (pic). There were also more atretic follicles on algi-
nate scaffolds than in PEG-fibrinogen hydrogels.

Various immunocytochemical methods have been devel-
oped to evaluate DNA division or granulosa cell prolifera-
tion [4, 7–9]. In the present study, Ki67 staining was used to
identify granulosa cell activation [24–29]. We detected only
weak Ki67 immunostaining, similar to previous studies [8,
9]. It is possible that staining intensity could be increased by
substituting the 1 h incubation with the primary antibody

Fig. 2 Graphs representing main and significant results from Table 1. I.
Activation in culture by follicular counts. a Results are in percent of
primordial follicles. Primordial follicle count is significantly higher in
thawed-untreated samples than after culture with basic medium alone,
regardless of the matrix (P<0.05). b Results are in percent of develop-
ing follicles. Developing follicle count is higher in samples cultured
with basic medium alone than in thawed-untreated samples, regardless
of the matrix (NS). II. PEG-fibrinogen hydrogels versus alginate scaf-
folds. c Results are in percent of atretic follicles. Atretic follicle count is
significantly higher on alginate scaffolds than atretic follicles in PEG-
fibrinogen hydrogels, regardless of treatment (P<0.04). d Results are in
percents of developing follicles. Developing follicle count is higher in
samples cultured in PEG-fibrinogen hydrogels than in thawed-untreated
samples (NS). e Results are in percent of Ki67 positively stained
follicles. The proportion of stained follicles is significantly higher on
alginate scaffolds or in PEG-fibrinogen hydrogels with basic medium
than in thawed-uncultured samples (P<0.0001). III. Destructive effects
of bpV (pic). Results are in percent of primordial follicles. f Primordial
follicle count is significantly higher in thawed-untreated samples than
in samples cultured with bpV (pic), regardless of the matrix (P<0.05).
(G) Developing follicles count is significantly higher in samples cul-
tured in PEG-fibrinogen hydrogel with 740Y-P than in PEG-fibrinogen
hydrogel with bpV (pic) (P<0.05). h E2 level is significantly higher in
samples cultured with 740Y-P (P<0.05) or with basic medium alone
(P<0.03) than with bpV (pic), regardless of the matrix. IV. Thick versus
thin samples. Results are in pg/ml. Values represent mean±standard
deviation. i E2 level is significantly higher after culture of thick slices
than thin slices (P<0.0004), regardless of the matrix. j E2 level is
significantly higher after culture of thick slices than thin slices on
alginate scaffolds (P<0.04)

�
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with overnight incubation at 4 °C, as described by David
et al. [30].

In addition to these morphological tests, the spent media
samples can be assessed for hormones such as E2. As E2 is
not secreted from unilaminar follicles [4, 7–9], its production
indicates the presence [4, 7–9].

As noted above, in the present study, findings of differ-
ences in E2 levels supported the destructive effect of
bpV(pic) and the lack of advantage in using thin versus thick
slicing.

The optimal matrix for culturing whole slices of human
ovarian tissue containing primordial follicles is still unknown.
Although others reportedly developed primordial follicles in
organ culture without a supportingmatrix [6], this methodwas
unsuccessful in our laboratory. Matrigel, a supporting extra-
cellular protein-rich-preparation, was found to increase the
survival of human primordial follicles [7–9, 21], but it is
produced from a mouse sarcoma cell line [31], making its
clinical application doubtful. Moreover, alginate scaffolds
appear to have a greater stimulatory effect on follicular devel-
opment than Matrigel scaffolds [9]. The present study sug-
gests that PEG-fibrinogen hydrogels are better than alginate
scaffolds for culturing human primordial follicles. We specu-
late that PEG-fibrinogen provides better mechanical support
of the tissue [17], PEG-fibrinogen hydrogels are also advan-
tageous in that growth factors that activate primordial follicles
[4, 7, 8] can be supplemented not only to the culture medium
[7, 8] but to the PEG-fibrinogen solution before hydrogel
formation [32].

So far, hydrogels have been used for culturing isolated
preantral follicles from various mammalian species [33],
including humans [14]. Although the follicles were success-
fully cultured to antral stages in alginate hydrogel beads
formed under mild conditions, the interpenetrating hydrogel
network was improved by combining calcium-dependent

Fig. 3 Histological and Ki67 immunostaining of uncultured and cul-
tured ovarian samples. a Thawed-uncultured ovarian section from a 22-
year-old woman. Note the primordial follicles. Hematoxylin and Eosin
staining, original magnification X400. b Section of ovarian sample with
Ki67 immunohistochemical staining from a 13-year-old girl cultured in
PEG-fibrinogen hydrogel for 1 week. Note the small secondary follicle,
with the light red-brown staining indicating Ki67 expression in a
portion of the granulosa cells (arrow). Original magnification X400. c
Section of ovarian sample with Ki67 immunohistochemical staining
from the same patient as in panel (A) cultured in PEG-fibrinogen
hydrogel for 1 week. Note the primary and primordial follicles, with
the red-brown staining indicating Ki67 expression in a portion of the
granulosa cells (arrows). Original magnification X400. d Section of
ovarian sample from a 10-year-old girl cultured on alginate scaffold
with 740Y-P for 1 week. Note the two primordial-primary follicles
(arrow) and the three atretic follicles (arrow heads). Hematoxylin and
Eosin staining, original magnification X400. e Section of ovarian sam-
ple from the same patient as in panel (B) cultured on alginate scaffold
for 1 week with bpV (pic). Note the atretic follicles (arrows). Hema-
toxylin and Eosin staining, original magnification X400

�
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alginate with calcium-dependent fibrin [34]. Alginate in-
creases hydrogel-bead density, provides additional? mechan-
ical support and becomes more rigid with follicular expan-
sion [9]. Fibrin is a natural fibrinogen biopolymer; it entraps
growth factors and furnishes the hydrogel with mechanical
dynamic properties. Its cell-secreted-protease degradation is
balanced by the non-degradable alginate. Indeed, fibrin-
alginate hydrogel beads were found to enhance the growth
of encapsulated mouse follicles and to improve oocyte mei-
otic competence [33, 34]. Accordingly, it is possible that
various compounds may be combined to enhance the encap-
sulating matrix for ovarian slices.

Our evaluation of the possible role of PIP3-enhancing
substances in in vitro follicular development was prompted
by previous studies [10, 13] wherein bpV (pic) (mouse and
human), bpV (HOpic) (mouse), or 740Y-P (mouse) supple-
mentation of the culture medium promoted primordial folli-
cle activation. Subsequent implantation of these ovaries into
murine hosts resulted in follicular growth to the preovulatory
stages (mice and human), production of mature oocytes
(mice), successful oocyte fertilization, and birth of healthy
pups [10, 13]. Moreover, mice with oocyte-specific deletions
in PTEN or Foxo3 showed enhanced primordial follicle
activation [10, 12, 35].

However, the present results contradict these findings, de-
spite our use of both bpV (pic) and 740Y-P at the same low
concentrations and for the same short-term culture periods as
Li et al. [10]. Although higher concentrations of these sub-
stances might induce more follicular activation, they could
also damage other intracellular pathways [22, 35]. Indeed, in
our study, bpV (pic) apparently heightened follicular destruc-
tion. The discrepancy between our study and that of Li et al.
[10] might be due to our purchasing the compound bpV (pic)
from another manufacturer, as Calbiochem no longer pro-
duces it. In a follow-up study, Adhikari et al. [13] added
another PTEN inhibitor, bpV(HOpic), to the culture medium
of murine primordial follicles, without testing PIP3 level.
Therefore, it seemed unnecessary to test PIP3 levels in the
culture medium in the present study. Our results might be
improved by cultivating ovarian slices with bpV (HOpic) at
the same low concentration (1 μm) used by Adhikari et al.
[13], (100-fold lower than the bpV (pic) concentration used
previously [10]). Regarding 740Y-P, the positive results re-
ported by Li et al. [10] pertained to murine primordial folli-
cles, whereas we tested human primordial follicles. Although
we carefully rinsed off bpV (pic) and 740Y-P, by increasing
PIP3 levels in vitro we may have interfered with other impor-
tant cellular processes in which the PI3K-Akt intracellular
signaling pathway is normally involved [22]. At the same
time it is conceivable that in the process of ovarian tissue
transplantation after the short-term culture period used in the
previous studies [10, 13], the in vivo environment corrected or
bypassed damage to the PI3K-Akt pathway. This was

impossible in our in vitro system. Nonetheless, it is highly
unlikely that mature oocytes obtained in mice engrafted with
ovarian tissue will be used for clinical fertility restoration in
women.

By contrast to Telfer et al. [6] we found that thick ovarian
slices promoted better follicular development than thin
slices. This difference can be explained by our cutting slices
from frozen-thawed rather than fresh specimens. In addition,
it is possible that despite numerous attempts, we failed to
produce samples that were thin and flat enough or that some
tissue-damage occurred during slicing. Results with thin
slices might be improved by the use of special tissue-
chopper devices [3, 36] rather than manual cutting. It is
noteworthy that to the best of our knowledge, no further
evidence of benefits of culturing thin slices [6] has been
reported to date.

In summary, this study suggests an advantage for PEG-
fibrinogen hydrogel for the short-term culture of human
primordial follicles. A two-step culturing system might be
the optimal strategy [6–9]; i.e., short-term culture of ovarian
slices encapsulated in PEG-fibrinogen hydrogels to obtain
large secondary follicles, which are then isolated and cul-
tured [6, 37, 38]. So far, however, in vitro follicular growth
from primordial stages to mature oocytes has been achieved
only in mice [37, 38] with the birth of live pups [38]. Further
studies are needed to investigate additional culture matrices
and improvements in the culture medium for the growth of
human primordial follicles [6, 8, 9].
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