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ABSTRACT

In vitro ovarian follicle cultures may provide fertility-
preserving options to women facing premature infertility due
to cancer therapies. An encapsulated three-dimensional (3-D)
culture system utilizing biomaterials to maintain cell-cell
communication and support follicle development to produce a
mature oocyte has been developed for the mouse. We tested
whether this encapsulated 3-D system would also support
development of nonhuman primate preantral follicles, for which
in vitro growth has not been reported. Three questions were
investigated: Does the cycle stage at which the follicles are
isolated affect follicle development? Does the rigidity of the
hydrogel influence follicle survival and growth? Do follicles
require luteinizing hormone (LH), in addition to follicle-
stimulating hormone (FSH), for steroidogenesis? Secondary
follicles were isolated from adult rhesus monkeys, encapsulated
within alginate hydrogels, and cultured individually for �30
days. Follicles isolated from the follicular phase of the menstrual
cycle had a higher survival rate (P , 0.05) than those isolated
from the luteal phase; however, this difference may also be
attributed to differing sizes of follicles isolated during the
different stages. Follicles survived and grew in two hydrogel
conditions (0.5% and 0.25% alginate). Follicle diameters
increased to a greater extent (P , 0.05) in the presence of
FSH alone than in FSH plus LH. Regardless of gonadotropin
treatment, follicles produced estradiol, androstenedione, and
progesterone by 14–30 days in vitro. Thus, an alginate hydrogel
maintains the 3-D structure of individual secondary macaque
follicles, permits follicle growth, and supports steroidogenesis

for �30 days in vitro. This study documents the first use of the
alginate system to maintain primate tissue architecture, and
findings suggest that encapsulated 3-D culture will be successful
in supporting the in vitro development of human follicles.

follicle, follicle-stimulating hormone, follicular development,
luteinizing hormone, menstrual cycle

INTRODUCTION

Improvements in cancer therapies have increased the
survivorship of young patients [1]; therefore, quality-of-life
issues are increasingly important at the time of cancer
diagnosis. Many life-saving cancer treatments, including
radiation and chemotherapy, can lead to premature infertility
in women of reproductive age [2]. Thus, women are
increasingly interested in taking steps to preserve fertility
before cancer treatment [3]. Women have few options for
fertility preservation. Traditional in vitro fertilization (IVF) that
is followed by embryo cryopreservation is the only highly
successful approach to preserve fertility. However, this
approach requires a delay in cancer treatment to complete the
IVF cycle, as well as an acceptable sperm donor, and is not
appropriate for children. Several alternative approaches to
fertility preservation are under development, including mature
oocyte cryopreservation and ovarian tissue banking. While
oocyte cryopreservation eliminates the need for a sperm donor,
a delay in cancer treatment for hormonal stimulation is
required. This approach has shown recent promise [4–8], but
the success rate is still low [9–11].

Ovarian tissue cryobanking is a promising approach to
fertility preservation that precludes the need for an immediate
sperm donor or a delay in treatment for hormonal stimulation.
Two approaches have been taken to support the maturation of
these cryopreserved immature follicles: cortical strip transplan-
tation and in vitro follicle growth, the latter of which describes
the process of in vitro follicle culture that is followed by in
vitro maturation of oocytes within follicles [12]. Transplanta-
tion of cryopreserved ovarian cortical strips has been
performed in several patients and has shown success in
producing viable offspring in monkeys (from fresh tissue) and
humans (from cryopreserved tissue) [13–15]. While this
approach has promise, it carries the risk of introducing cancer
cells back into the patient following treatment [16, 17]. An

1Supported by the Oncofertility Consortium (NIH UL1 RRDE019587,
5RL1-HD058294, and 1PL1-EB008542) as part of the NIH Roadmap
Interdisciplinary Research Consortia; NIH U54-HD18185, NIH U54-
HD41857, and NCRR RR00163. M.X., R.L.S., L.D.S., T.K.W., and
M.B.Z. are members of the Oncofertility Consortium.
2Correspondence: Mary B. Zelinski, Division of Reproductive Sciences,
Oregon National Primate Research Center, Oregon Health & Science
University, Beaverton, OR 97116. FAX: 503 690 5563;
e-mail: zelinski@ohsu.edu
3These authors contributed equally to this work.

Received: 13 November 2008.
First decision: 26 November 2008.
Accepted: 13 May 2009.
� 2009 by the Society for the Study of Reproduction, Inc.
eISSN: 1259-7268 http://www.biolreprod.org
ISSN: 0006-3363

587

D
ow

nloaded from
 w

w
w

.biolreprod.org. 



alternative approach that does not carry the risk of reintroduc-
ing cancer cells is in vitro ovarian follicle culture that is
followed by IVF of mature oocytes and embryo transfer. This
approach has successfully produced live offspring in mice [18–
20].

Roy and Treacy [21] were the first to demonstrate the
potential application of the in vitro follicle culture approach to
humans; however, success has been limited in several
subsequent studies [22–25]. Abir and colleagues [22]
successfully grew individual human preantral and early antral
follicles for �4 wk of culture; however, estradiol (E

2
)

production decreased after 3 wk, and sectioning revealed that
few follicles contained oocytes. Studies [23, 24] on isolated
primordial and primary follicles demonstrated growth within
the first 24 h of culture, but no further growth was observed.
Recently, Telfer and associates [25] obtained late preantral
and early antral follicles when starting with primordial and
primary follicles. They reported a two-step serum-free culture
system, which included 6 days of ovarian cortical strip
culture, followed by 4 days of isolated follicle culture in the
presence of activin. Although oocyte and follicle development
was achieved in their study, the culture time was very short (a
total of only 10 days), and no further culture was attempted to
explore follicle developmental competence. Additional stud-
ies [26–31] documented growth of primordial follicles within
fresh and cryopreserved ovarian cortical strips. This approach
produced secondary follicles but resulted in high levels of
atresia. Based on these studies, further refinements of in vitro
follicle culture approaches are needed to support human
follicle development in vitro and ultimately to mature oocytes
for fertility therapy.

Since Roy and Greenwald [32] pioneered isolation of
ovarian follicles in the hamster, two general approaches to in
vitro follicle growth have been pursued: a nonintact attached
follicle approach, wherein follicles from rodents [18, 33–37]
and domestic animals [38–43] are permitted to attach to the
culture plate, and an unattached follicle approach, in which
follicles from mice [19, 44–53] and human [22–24] maintain
an intact three-dimensional (3-D) structure and remain
unattached or free in medium. While both approaches have
successfully yielded mature oocytes and live offspring in mice
[18–20, 33, 46], the intact 3-D approach maintains the cell-cell
and cell-matrix connections that are important in regulating
follicle development in vivo [53]. In fact, human preantral
follicles encapsulated in agar grew to the very early antral stage
and produced steroids over 5 days in culture [21], but follicle
survival and diameter were not assessed. Encapsulated 3-D
approaches may also be beneficial in overcoming the difficulty
of maintaining follicle architecture during culture for larger
species [54, 55]. Xu and colleagues [19] recently reported the
development of an encapsulated 3-D follicle culture system
that utilizes alginate hydrogels to create a matrix for follicle
development. Alginate hydrogels are widely used in tissue
engineering applications [56], and the alginate follicle culture
system has yielded mature oocytes that fertilized (when
inseminated in vitro) and produced (following embryo transfer)
live mouse offspring [19].

While the alginate culture system has proven successful in
the mouse, further studies are required to translate the system to
the human. For practical and ethical reasons, nonhuman
primate ovarian tissue may be useful in identifying the optimal
conditions for primate follicle culture before application to
humans. Nonhuman primate follicles provide the opportunity
to address issues relevant and specific to primate follicle
development. For example, (1) primate follicles and oocytes
differ in their hormonal and metabolic requirements relative to

mouse follicles, (2) primate follicles grow to much larger sizes
than mouse follicles [57, 58], and (3) the time from a preantral
follicle to a preovulatory follicle in vivo is longer for primate
follicles relative to mouse follicles [59]. While a mature mouse
follicle is approximately 500 lm in diameter in vivo [60] and
can reach this size in encapsulated 3-D culture in 14 days,
mature rhesus monkey follicles reach 5 mm in diameter [58],
and a mature human follicle reaches diameters .20 mm [57].
Gougeon [59] estimated it takes 90 days for a preantral follicle
that has entered the growing pool to become a preovulatory
follicle in women. Therefore, to successfully translate the
system to the primate, many factors must be considered,
including the isolation techniques used, the cycle stage during
which follicles are collected, the physical properties of the
matrix, and the contents of the culture media. An additional
issue for consideration is selection of the dominant follicle and
the health of the remaining growing follicles in the presence or
absence of a dominant follicle or corpus luteum [61, 62]. In the
early follicular phase, many growing and healthy antral
follicles are present in the ovary [63]. After selection of the
dominant follicle, only atretic small antral follicles are evident,
with few antral follicles observed during the luteal phase [57].

In this article, we describe investigations of the survival and
growth of nonhuman primate follicles in vitro using an
encapsulated 3-D culture system. We examined the effects of
the ovarian cycle stage at the time of follicle isolation, the
physical properties of the culture matrix, and the effects of
follicle-stimulating hormone (FSH) with or without luteinizing
hormone (LH) on early secondary follicle development.

MATERIALS AND METHODS

Animals and Ovary Collection

The general care and housing of rhesus monkeys were provided by the
Division of Animal Resources at the Oregon National Primate Research Center.
Animals were pair caged in a temperature-controlled (228C) 12L:12D room.
Diet consisted of Purina monkey chow (Ralston-Purina, Richmond, IN)
provided twice a day, supplemented with fresh fruit or vegetables once a day,
and water ad libitum. Animals were treated in accord with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, and
protocols were approved by the Oregon National Primate Research Center
Institutional Animal Care and Use Committee.

Adult female rhesus monkeys (n ¼ 12 [8–9 yr of age]) exhibiting normal
menstrual cycles of approximately 28 days were evaluated daily for
menstruation (first day of menses is Day 1). Ovaries were collected from
anesthetized monkeys by laparoscopy as previously described [64]. At the time
of ovariectomy, eight animals were in the follicular phase (mean 6 SEM, Day
5 6 1) of the menstrual cycle, and four animals were in the luteal phase (mean
6 SEM, Day 20 6 4 [characterized by the presence of a corpus luteum in one
of the ovaries]). A blood sample was obtained by venipuncture at the time of
ovariectomy. The mean 6 SEM serum E

2
level in animals during the follicular

phase was 105 6 41 pg/ml, with a progesterone (P
4
) level of 0.47 6 0.35 ng/

ml. The mean 6 SEM serum E
2

and P
4

levels in animals during the luteal
phase were 72 6 30 pg/ml and 2.0 6 1.1 ng/ml, respectively. Ovaries were
immediately transported to the laboratory in dissection media containing
Liebovitz L15 media supplemented with 1% fetal bovine serum, 100 U/ml
penicillin, and 100 lg/ml streptomycin (all from Invitrogen, Carlsbad, CA).

Alginate Hydrogel Preparation

Sodium alginate (55%–65% guluronic acid) was generously provided by
FMC BioPolymers (Philadelphia, PA). Alginate was dissolved in deionized
water at a concentration of 1% (w/v) and then mixed with activated charcoal
(0.5 g of charcoal per gram of alginate) to remove organic impurities and
improve alginate purity. The alginate solution was then sterilized by filtration
through 0.22-lm filters (Millipore, Billerica, MA), lyophilized in Steriflip
conical tubes (Millipore), and aliquoted. Before each encapsulation, alginate
aliquots were reconstituted by mixing on a racking platform at room
temperature overnight with sterile 13 PBS (137 mM NaCl, 10 mM phosphate,
and 2.7 mM KCl; Invitrogen) to concentrations of 0.5% or 0.25% (w/v).
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Ovary Processing, Follicle Isolation, Encapsulation,
and Culture

Following collection, ovaries were cut in half and the medulla removed.
Using scalpels and curved scissors, the cortex was cut into 2 3 2 3 1-mm
cortical strips and transferred to holding media composed of alpha minimum
essential medium (Invitrogen) supplemented with 1% fetal bovine serum, 100
U/ml penicillin, and 100 lg/ml streptomycin. The cortical strips were placed in
an incubator at 378C and 5% CO

2
in air and were individually removed for

follicle isolation. Individual cortical strips were transferred to dissection media
(as already described), and secondary follicles (100–300 lm) were mechan-
ically isolated using 25-gauge needles. Isolated follicles were transferred to
holding media (as already described) and placed in an incubator at 378C and
5% CO

2
for 2–8 h to allow for processing of all cortical strips. Only

multilayered secondary follicles (containing at least three layers of granulosa
cells) that displayed the following characteristics were selected for encapsu-
lation: 1) no clear antral cavity, 2) an intact basement membrane with attached
stroma, and 3) a visible oocyte that was round and centrally located within the
follicle.

Follicles were encapsulated in beads composed of 0.5% and 0.25% alginate
as previously described [51]. Briefly, single follicles were transferred inside
individual droplets of alginate (;5 ll) on a polypropylene mesh (0.1-mm
opening; McMaster-Carr, Atlanta, GA). The mesh was then inverted over a
cross-linking solution (50 mM CaCl

2
and 140 mM NaCl) and gently tapped,

causing the droplets to fall into the solution. Following cross-linking for 2 min,
alginate beads were removed and rinsed in holding media. They were then
transferred to individual wells of a 48-well plate containing 300 ll of alpha
minimum essential medium culture media supplemented with 3 mg/ml bovine
serum albumin, 1 mg/ml bovine fetuin (Sigma-Aldrich, St. Louis, MO), 5 lg/
ml insulin, 5 lg/ml transferrin, and 5 ng/ml sodium selenite. Throughout
isolation, encapsulation, and plating, follicles were maintained at 378C and at
pH 7.2–7.4. Encapsulated follicles were cultured in the presence of 500 mIU/ml
(138 ng/ml) FSH (NV Organon, Oss, the Netherlands) with or without 10 mIU/
ml (1.6 ng/ml) LH (Ares Serono, Randolph, MA) at 378C in 5% CO

2
in air

atmosphere for �30 days. Every 2 days, half of the culture media (150 ll) was
exchanged and stored at�208C for subsequent hormonal measurements. Fresh
culture media were prepared weekly.

Follicle Growth and Survival

Follicle survival and diameter were assessed using an Olympus (Tokyo,
Japan) CK40 inverted microscope with transmitted light and phase objectives
with an attached Olympus DP11 digital camera. Photographs of each follicle
were collected, as well as photographs of a micrometer (1 mm with 0.01-mm
divisions, Fisher Micromaster; Fisher Scientific, Fair Lawn, NJ) for calibration
purposes. For measurement, photographs were imported into ImageJ 1.33U
(National Institutes of Health, Bethesda, MD). The diameter of each follicle
was measured in units of pixels and converted to micrometers based on the
conversion determined by measuring the image of the calibrated micrometer.
Follicles were measured from the outer layer of cells as previously described
[51], and measurements included a measurement at the widest diameter of the
follicle and a second measurement perpendicular to the first. The mean of these

values was then calculated and reported as the follicle diameter. Follicles were
considered to be degenerating if either the oocyte was no longer surrounded by
a layer of granulosa cells, the oocyte was dark, the granulosa cells had become
dark and fragmented, or the diameter of the follicle decreased.

Hormone Assays

Serum concentrations of E
2

and P
4

were determined by the Endocrine
Technology and Support Core at the Oregon National Primate Research Center
(http://www.ohsu.edu/xd/research/centers-institutes/onprc/research-services/
research-support/endocrine-technology.cfm) using an Immulite 2000, a chemi-
luminescence-based automatic clinical platform (Siemens Healthcare Diagnos-
tics, Deerfield, IL). The E

2
and P

4
levels in rhesus monkey serum were

validated using a direct comparison of samples analyzed coordinately by the
Immulite 2000 and a Roche Elecsys 2010 analyzer (also a chemiluminescence-
based clinical platform; F. Hoffmann-La Roche Ltd., Basel, Switzerland),
which was previously validated for macaque steroid measurements [65]. The
comparison involved 105 macaque samples with E

2
levels ranging from 10 to

400 pg/ml; the coefficient of correlation between the two platforms was 0.9303.
The P

4
values in 62 macaque samples ranged from 0.2 to 9 ng/ml; the

coefficient of correlation between the two platforms was 0.9467. The sensitivity
of E

2
assays by the Immulite 2000 is 20 pg/ml and 0.2 ng/ml for P

4
. The

intraassay and interassay coefficients of variation with the Immulite 2000 are
,15% for both the E

2
and P

4
assays. Each steroid assay also includes quality

control samples provided by the company (Siemens Healthcare Diagnostics).
Steroid concentrations were measured in media collected on Culture Days

7, 14, and 30 in the Endocrine Services Laboratory at the Oregon National
Primate Research Center. Culture medium was subjected to column
chromatography to separate androstenedione (A

4
), E

2
, and P

4
[66]. In brief,

75 ll of each media sample was extracted with 5 ml of fresh or redistilled
diethyl ether, and the concentrated extract was dissolved in ethanol. The
samples were dried under an air stream and chromatographed on 1.0-g
Sephadex LH-20 microcolumns (Sigma-Aldrich) to isolate a neutral fraction
and E

2
. The neutral fraction was dried, concentrated, and chromatographed on

2.0-g Sephadex LH-20 microcolumns, and the P
4

and A
4

fractions were
collected. All three steroids were reconstituted in 200 ll of ethanol and
analyzed in multiple doses (equivalent to 7.5 ll and 56 ll for E

2
by

radioimmunoassay; 1.5 ll, 7.5 ll, and 45 ll for P
4
; and 7.5 ll and 56 ll for A

4
)

as already described. Values reported were corrected for culture medium blanks
(,5 pg in the E

2
and A

4
assays and ,30 pg in the P

4
assay) and for extraction

and chromatography losses (trace recoveries for E
2
, P

4
, and A

4
after extraction

and chromatography were 89.9%, 72.5%, and 52.4%, respectively). The
sensitivities for the E

2
, P

4
, and A

4
assays were ,5 pg, ,20 pg, and ,5 pg,

respectively. The intraassay coefficient of variation did not exceed 15% for any
of the assays.

Statistical Analysis

Statistical calculations were performed using JMP 4.0.4 software (SAS
Institute, Cary, NC). Statistical significance for follicle size measurements and
steroid measurements was analyzed using two-way ANOVA with repeated-
measures or one-way ANOVA, followed by Tukey honestly significant

TABLE 1. Comparison of follicle survival and growth follicle isolation during the follicular phase (FP) vs. luteal phase (LP): Day 14 of culture.*

Cycle
stage

Animals
(N)

Starting follicles
(N)

Surviving follicles
(%)

Day 0 follicle
diameter (lm)

Day 14 follicle
diameter (lm)

Size increase
(%)

FP 6 110 78a 270 6 20a 474 6 53 78 6 20
LP 4 53 42b 191 6 16b 336 6 72 59 6 22

* All follicles were cultured with FSH alone in 0.5% alginate; values are the mean 6 SEM.
a,b Different superscript letters within each column indicate statistically significant differences (P , 0.05).

TABLE 2. Comparison of follicle survival and growth when cultured in 0.25% and 0.5% alginate for 14 days.*

Alginate
concentration (w/v)

Animals
(N)

Starting follicles
(N)

Surviving follicles
(%)

Day 0 follicle
diameter (lm)

Day 14 follicle
diameter (lm)

Size increase
(%)

0.25% 2 60 60a 250 6 8 300 6 13a 20 6 4a

0.50% 6 110 78b 270 6 20 474 6 53b 78 6 20b

* All follicles were isolated during the follicular phase and cultured with FSH alone; values are the mean 6 SEM.
a,b Different superscript letters within each column indicate statistically significant differences (P , 0.05).
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difference test for single time points. Categorical data were analyzed by chi-

square analysis. Differences were considered significant at P , 0.05.

RESULTS

Effect of Menstrual Cycle on Follicle Survival and Growth

A total of 300 secondary follicles were distributed into
several culture conditions. To determine the effect of stage of
the menstrual cycle on follicle parameters, 110 follicles isolated
during the follicular phase and 53 follicles isolated during the
luteal phase were compared (Table 1). The sizes of collected
secondary follicles varied between the ovarian stages; the
isolated follicle pool was, on average, larger during the
follicular phase (P , 0.05), resulting in different starting sizes
at Day 0 in the two experimental groups. Following 14 days of

culture in 0.5% alginate, follicles isolated during the follicular
phase had a 78% survival rate, which was greater (P , 0.05)
than the 42% survival rate of follicles isolated during the luteal
phase of the cycle. In addition, follicle diameters increased in
surviving follicles in both stages of the cycle (Table 1). At the
time of isolation (Fig. 1, A and C), follicles from each ovarian
stage have (1) a spherical and centrally located oocyte with an
obvious zona pellucida, (2) an intact basement membrane with
up to three layers of granulosa cells, and (3) areas of attached
stromal cells. Follicles isolated during the follicular phase grew
(as judged by their increasing diameter) in culture (Fig. 1B),
and the oocyte remained spherical within the expanding
granulosa cell layers. In contrast, more follicles isolated during
the luteal phase did not grow and became atretic as
demonstrated by size, dark granulosa cell layers, and a partially
denuded oocyte (Fig. 1D).

Effect of Alginate Rigidity on Follicle Survival and Growth

Follicles from the follicular phase were cultured in either
0.25% or 0.5% (w/v) alginate gels to determine which physical
properties of the matrix best support primate follicle survival
and growth. As summarized in Table 2, 60 follicles were
cultured in 0.25% alginate, and 110 follicles were cultured in
0.5% alginate. Follicles used for each condition were from
different animals. By 14 days of culture, follicles cultured in
0.5% alginate had a higher survival rate (78%) relative to
follicles cultured in 0.25% alginate (60%) (P , 0.05). Follicles
in 0.5% alginate also reached a larger size (P , 0.05), with

FIG. 1. Follicle growth over 14 days of culture. Follicles from both the
follicular phase (A) and the luteal phase (C) begin as secondary follicles
with an intact basement membrane, spherical and centrally located
oocyte, and attached stromal cells. After 2 wk, the follicles have either
increased in size, while maintaining a spherical and centrally located
oocyte (B), or have become atretic with dark granulosa cells and a
partially denuded oocyte (D). GC, granulosa cells; OO, oocyte; SC,
stromal cells; bar¼ 50 lm.

FIG. 2. Follicle survival (A), growth (B), and percentage increase (C) in diameter at Day 30 relative to Day 0 with or without exposure to 10 mIU/ml LH.
All follicles were isolated during the follicular phase and cultured in 0.5% alginate. Statistically significant differences over time (B) with FSH alone
(uppercase letters) or with FSH plus LH (lowercase letters) and between groups (FSH vs. FSH plus LH) (C) are indicated by different letters (P , 0.05). Data
are given as the mean 6 SEM from follicles isolated from five monkeys.

FIG. 3. Growth of a preantral follicle isolated during the follicular phase
(Day 1 [left panel]) to the small antral stage by Day 30 (right panel) of
culture with FSH. Follicle diameters are shown in the upper right corner of
each panel. Bar ¼ 100 lm.
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follicles increasing 78% in diameter relative to a 20% increase
in diameter in 0.25% alginate.

Effect of Gonadotropins on Follicle Growth
and Steroidogenesis

Finally, follicles from the follicular phase were cultured in
the presence of FSH alone (n¼ 95) or in combination with LH
(n¼ 77). Follicles from single animals were divided for culture
in the two conditions. After 30 days of culture, follicles
cultured in the presence of FSH alone demonstrated a mean 6
SEM survival rate (55% 6 15%) similar to that of follicles
cultured with LH (43% 6 13%), as shown in Figure 2A.
Follicles exposed to either FSH alone or FSH plus LH
demonstrated continuous growth (Fig. 2B). In addition,
follicles cultured with FSH alone had a greater increase in
diameter on Day 30 compared with those cultured with FSH
plus LH (Fig. 2C). Preantral follicles isolated from the
follicular phase could reach diameters typical of the small
antral stage (�1 mm) in rhesus monkeys by Day 30 of culture
(Fig. 3).

Production of A
4
, E

2
, and P

4
significantly increased between

Days 7 and 30 of culture (P , 0.05) in the presence of FSH
alone or FSH plus LH (Fig. 4). The A

4
levels in conditioned

media were not different on Day 30 between treatment groups
(Fig. 4A). In the presence of FSH plus LH, E

2
levels tended to

be greater by Day 30 vs. in FSH alone; however, the increase
was not statistically significant (P¼ 0.07) (Fig. 4B). However,
P

4
levels were lower in the presence of FSH plus LH (P ,

0.05) after 30 days of culture (Fig. 4C). Notably, P
4

levels in
conditioned media were an order of magnitude larger than
levels of A

4
and E

2
.

DISCUSSION

This study represents the first encapsulated 3-D culture of
nonhuman primate follicles in vitro. Follicles were cultured in
an encapsulated 3-D culture system, were able to survive and
grow, and were functional for �30 days in culture based on
increased steroidogenesis. Initial efforts to characterize and
optimize the system examined culture of follicles from the
follicular and luteal phases, the role of the physical properties
of the 3-D matrix, and the role of LH in in vitro follicle
development.

We began this study by examining the effect of the stage of
the ovarian cycle during which follicles were isolated on in
vitro follicle development and found that follicles from the
follicular phase had greater survival rates than follicles from
the luteal phase. The sizes of follicles isolated during the
different phases differed significantly, with follicles from the
luteal-phase tissue tending to be smaller (Table 1). We tried to
ensure that all possible secondary follicles were isolated from
the total number of ovarian pieces; therefore, isolated follicles
should be representative of the secondary follicle pool at each
ovarian stage, indicating that large secondary follicles may not
be present in large numbers during the luteal stage. Due to this
difference in starting size, however, the differences in survival
and growth may be attributed to follicle size rather than
follicular phase at isolation. Alternatively, the hormonal and
local milieu around follicles in follicular vs. luteal phase may
have differentially affected follicle potential. The dominant
structures of the follicular and luteal phases differ, and
paracrine-acting factors (both steroids and peptide hormones)
influence the developing follicle cohort. In vivo follicle
turnover is dictated by local factors and by FSH. Decreased
FSH levels after selection of the dominant follicle and the

presence of the corpus luteum and/or atretic follicles may alter
the factors presented to adjacent preantral follicles and put
them at a disadvantage at the time of isolation [58, 67].
Therefore, isolated follicles may already be progressing down
an atretic pathway, resulting in their reduced survival. Little
information is available regarding the effect of cycle phase on

FIG. 4. Steroid levels in media from secondary follicles cultured in 0.5%
alginate over 30 days of culture. All steroid levels increased significantly
from Day 14 to Day 30. A and B) No differences were observed between
FSH vs. FSH plus LH groups for A

4
and E

2
. C) At Day 30 of culture, the P

4
concentration was significantly lower in follicles cultured in the presence
of LH compared with those cultured without LH. Data are given as the
mean 6 SEM (n¼ 18). Statistically significant differences between groups
are indicated by different letters (P , 0.05).
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the health and persistence of preantral follicles in primates, and
there is a need for more studies on follicle population dynamics
in nonhuman primate ovaries.

The physical properties of the encapsulating matrix
modulate mouse follicle development in encapsulated 3-D
culture. Two concentrations of alginate, 0.25% and 0.5%, were
shown to promote follicle growth, antrum formation, and
oocyte quality [51, 68]. While 0.25% and 0.5% alginate
cultures supported similar survival rates and both produced
mature oocytes, only those follicles cultured in 0.25% alginate
produced embryos that reached the blastocyst stage of
development; hence, 0.25% alginate may be optimal for mouse
follicle culture [53, 70]. Monkey follicles survived and grew in
0.5% alginate and 0.25% alginate; however, the survival and
diameter increase (�1 mm) of follicles were greater in 0.5%
alginate relative to in 0.25% alginate. The ovarian stroma in the
monkey and human is much more rigid than the mouse stroma;
therefore, 0.5% alginate may better mimic the stromal
biophysical environment in primates. However, further exper-
iments are needed to optimize follicle isolation comparing
mechanical vs. enzymatic methods, and matrix conditions may
need to be modified depending on the isolation method.

The role of FSH and LH in preantral follicle development is
not fully understood and is important in developing preantral
follicle culture systems, specifically in the early culture period
before follicles grow to reach the antral stage. Preantral
follicles are generally thought to be gonadotropin responsive
rather than gonadotropin dependent [59, 69–71]. While
follicles in culture respond to FSH with increased oocyte
quality, follicle growth, and follicle survival [45, 72], FSH and
LH are generally considered not requisite until follicles reach
the antral stage in vivo [73, 74]. Nonhuman ovaries exposed to
a gonadotropin-deficient milieu for an interval (90 days)
approximating the early growth phase were able to produce
antral follicles upon stimulation with FSH or FSH plus LH
[75], indicating that preantral follicles were able to grow under
low circulating FSH and LH levels and maintained the ability
to respond to FSH plus LH to produce antral follicles.
Therefore, the precise role of FSH and LH, the doses required
for follicle development, and the growth interval during which
primate follicles must be exposed to these gonadotropins
remain to be determined.

Follicle-stimulating hormone alone supported monkey
preantral follicle survival and increases in diameter. In contrast,
addition of LH during culture with FSH was detrimental to
follicle survival and growth. To date, most research investi-
gating the role of LH on follicle development has focused on
LH action in late-stage follicles in the periovulatory period, and
the role of LH in preantral follicle development has not been
well characterized. However, it has been suggested that low LH
supplementation during primary and secondary follicle culture
enables follicles to respond to later LH-dependent growth [76].
In previous studies [22, 37] of follicle culture, LH supplemen-
tation did not affect follicle survival but enhanced follicle
growth and antrum formation in the mouse and human, as well
as the rate of oocyte maturation to the metaphase II stage in
mouse. In our encapsulated 3-D mouse culture, however,
addition of LH at the beginning of secondary follicle culture
resulted in decreased follicle survival (Xu et al., unpublished
results). The decreased follicle growth and survival in the
presence of FSH plus LH in the present study may be due to
the immature nature of the follicles in culture. Exposure to LH
before reaching an appropriate stage of development may
disrupt signaling in the follicle, thereby preventing proper
follicle maturation. Whether preantral follicles benefit from LH

supplementation later in development remains to be deter-
mined.

Surprisingly, in the presence of FSH alone, the encapsulated
3-D culture system enabled growing preantral follicles to
produce appreciable levels of A

4
, E

2
, and P

4
over 30 days.

Steroid levels were not significantly different between Days 7
and 14 of culture, with or without LH exposure. By Day 30 of
culture, however, follicles cultured in the presence of LH
produced less P

4
and tended to produce more E

2
. The E

2
production may be attributed to increased theca cell presence,
as LH has been shown to induce theca cell development during
in vitro culture [37]. Theca cells are responsible for the LH-
stimulated conversion of P

4
to A

4
, which is then converted to

E
2

in the granulosa cells [77–79]. Thus, decreased levels of P
4

in cultures containing FSH plus LH may also be due to an
increased presence of theca cells, as more P

4
is converted

through A
4

to E
2
. The extent to which theca-stroma cells

remain attached to primate follicles isolated from ovaries or
grow during 30 days of culture remains to be determined. The
increasing levels of P

4
in cultures with FSH alone may indicate

its importance as a precursor for A
4

and hence E
2

production.
Alternatively, elevated P

4
could be due to spontaneous

granulosa and/or theca cell luteinization [80] or may be a
negative indicator of oocyte health.

In conclusion, this study demonstrates for the first time (to
our knowledge) the feasibility of growing secondary primate
follicles in vitro in a 3-D matrix. Follicles survived and
continued to grow and produce increasing levels of steroid
hormones for 30 days in the 3-D alginate-based culture system.
The ovarian stage of follicle isolation appears to affect follicle
survival and growth and should therefore be monitored and
considered in future human and nonhuman primate studies.
Follicle development was also regulated by the physical
properties of the culture matrix, and mechanically isolated
follicles cultured in 0.5% alginate had higher survival and
growth rates relative to follicles cultured in 0.25% alginate,
demonstrating that primate follicles may need more physical
support during development relative to mouse follicles. The
addition of LH to FSH was detrimental to follicle survival and
reduced P

4
production. Further studies are needed to optimize

culture conditions for secondary follicle growth and function,
with the ultimate goal of producing mature oocytes capable of
fertilization and development to live offspring in primates.
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