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Abstract
In vitro follicle growth in alginate hydrogels is a unique and versatile method for studying ovarian
and follicle biology that may also have implications for fertility preservation. Current culture
systems support the development of isolated mouse follicles from the secondary stage onward.
However, it has been a challenge to grow smaller follicles in vitro due to the dissociation of the
oocyte from companion somatic cells. Recent work has demonstrated that coculturing primary
follicles with mouse embryonic fibroblasts or ovarian stromal cells supports follicle survival and
growth. In this study, we demonstrate that follicles themselves can exert a beneficial coculture
effect. When primary follicles were cultured in groups of five or ten (multiple follicle culture),
there was increased growth and survival. The multiple follicle culture approach maintained follicle
integrity and resulted in the formation of antral stage follicles containing meiotically competent
gametes. The growth and survival of primary follicles were highly number dependent, with the
most significant enhancement observed when the largest number of follicles was grown together.
Our data suggest that the follicle unit is necessary to produce the secreted factors responsible for
the supportive effects of multiple follicle culture, as neither denuded oocytes, oocyte-secreted
factors, nor granulosa cells alone were sufficient to support early follicle growth in vitro.
Therefore, there may be signaling from both the oocyte and the follicle that enhances growth but
requires both components in a feedback mechanism. This work is consistent with current in vivo
models for follicle growth and thus advances the movement to recapitulate the ovarian
environment in vitro.

Introduction
In vitro growth of isolated human ovarian follicles is an emerging technology with the aim
of expanding the fertility options of young cancer patients (Jeruss & Woodruff 2009, Xu et
al. 2009a, Schmidt et al. 2010). Although the clinical application of in vitro follicle growth
(IVFG) is still investigational, in a laboratory setting, it is a robust method to study the basic
biology of the ovary and the follicle in a controlled yet modifiable environment. Multiple
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culture systems have been developed that support the development of isolated mouse
preantral follicles from the secondary stage onward (Eppig & Schroeder 1989, Roy &
Treacy 1993, Spears et al. 1994, Cortvrindt et al. 1996, Eppig & O’Brien 1996, Abir et al.
1997, 1999, 2001, 2006, Hovatta et al. 1997, Newton et al. 1999, Wright et al. 1999,
Gutierrez et al. 2000, Telfer et al. 2000, 2008, Wu et al. 2001, O’brien et al. 2003, Picton et
al. 2003, Scott et al. 2004, Kreeger et al. 2006, Xu et al. 2006a, Thomas et al. 2007,
Amorim et al. 2009, West-Farrell et al. 2007a,b, 2009,Romero & Smitz 2010,Dunning et al.
2011). Each of these culture conditions has its own advantages and provides useful ways to
understand follicle function.

We have elected to engineer and use hydrogel-based follicle culture systems in which the
oocyte and its companion granulosa cells interact with each other and with the environment
reciprocally with the same geometry, connectivity, and dimensionality as they would in the
ovary. Alginate-based hydrogels in particular have not only supported the in vitro growth
and development of mouse preantral follicles but they also have been translated successfully
to several large mammalian species including the domestic dog, baboon, rhesus monkey,
and human (Jeruss & Woodruff 2009, Xu et al. 2009a, 2009b, 2010, 2011, Schmidt et al.
2010, Smitz et al. 2010, Songsasen et al. 2011, Ting et al. 2011). Importantly, follicles
cultured in this system have resulted in stage IV oocytes (human), meiosis II (MII)-arrested
eggs (baboon), and fertilized two-cell embryos (rhesus macaque), and this development has
not been achieved in other systems.

Supporting the growth and survival of primordial and primary follicles, however, has been a
significant challenge to the field. Typically, isolated primordial and primary follicles
degenerate rapidly when cultured due to a loss of critical connections between the oocyte
and the granulosa cells (Eppig & Schroeder 1989, Roy & Treacy 1993, Spears et al. 1994,
Cortvrindt et al. 1996, Eppig & O’Brien 1996, Abir et al. 1997, 1999, 2001, 2006, Hovatta
et al. 1997, Newton et al. 1999, Wright et al. 1999, Gutierrez et al. 2000, Telfer et al. 2000,
2008, Wu et al. 2001, O’brien et al. 2003, Picton et al. 2003, 2008, Scott et al. 2004,
Kreeger et al. 2006, Xu et al. 2006a, Thomas et al. 2007, Amorim et al. 2009, West-Farrell
et al. 2009, Romero & Smitz 2010, Dunning et al. 2011, Hornick et al. 2012). Thus,
growing these immature follicles in vitro has primarily relied on in situ culture methods
(Eppig & O’Brien 1996, Wandji et al. 1996, 1997, Hovatta et al. 1999, Telfer et al. 2008,
Jin et al. 2009). The ability to culture isolated follicles, however, has important implications
for understanding early follicle development and has clinical relevance for the field of
fertility preservation. Accordingly, there is a need to develop culture systems that support
these early stages of follicle development.

Early follicle growth is thought to be largely gonadotropin independent and instead under
the control of paracrine and autocrine signals from several sources in the ovary, including
stromal cells, macrophages, and other follicles (Peters et al. 1975). Several recent studies
suggest that these factors also play a central role in vitro in supporting the growth of isolated
primary follicles. For example, isolated primary follicles are able to survive and grow when
cultured in the presence of purified ovarian stroma composed of theca–interstitial cells and
macrophages (Tingen et al. 2011). A similar phenomenon is observed when isolated primary
follicles are cultured in the presence of mouse embryonic fibroblasts (MEFs) as a feeder cell
layer. Coculture with MEFs results in increased follicle survival, growth, and differentiation
(Tagler et al. 2012). Antral follicles derived from this system contain meiotically competent
oocytes capable of reaching metaphase II in response to hormone stimulation (Tagler et al.
2012). These studies suggest that individual primary follicles require factors beyond the
standard culture media additives, which include insulin, transferrin, selenium, fetuin, BSA,
and FSH (Xu et al. 2006a). Although these factors can be supplied in vitro by coculture with
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stromal cells or MEFs, we hypothesized that follicles themselves may also have a
stimulatory effect on IVFG based on in vivo observations.

In the mammalian ovary, there is a distinct architecture and follicle distribution that may
influence follicle development. Primordial and primary follicles are found in vivo close to
the rigid, collagen-dense ovarian cortex, whereas larger growing follicles are found in the
interior medulla, which is less rigid (Woodruff & Shea 2010, Hornick et al. 2012). In a
recent study examining the spatial relationship of follicles within ovaries, it was noted that
growing follicles have a stimulatory effect on other follicles (Da Silva-Buttkus et al. 2009).
That is, a follicle is more likely to be growing itself if surrounded by other growing follicles.
The presumptive morphogen signal is likely to be a secreted paracrine factor based on the
range of the stimulatory affect, either an agonist or an antagonist. While primordial follicle
activation is likely achieved with paracrine signaling as well, the factors regulating
activation may differ from follicle growth. Therefore, we elected to start with primary
follicles. We investigated whether culturing primary follicles in groups (multiple follicle
culture) was able to enhance their growth, survival, and ability to produce mature gametes.
We determined that multiple follicle culture enhanced follicle integrity by means of a
diffusible signal from the follicles, thus phenocopying what occurs in vivo.

Results
Multiple follicle culture improves primary follicle growth and survival in vitro

To determine whether growing follicles in groups can improve the outcome of IVFG of
early preantral follicles, we isolated primary follicles corresponding to type 3b and 4
according to the established classification system (Pedersen & Peters 1968).
Morphologically, the type 3b follicles were characterized by a single layer of cuboidal
granulosa cells, representing ~21–60 granulosa cells in the largest cross section, which we
confirmed by immunocytochemistry (Fig. 1A and B). Type 3b follicles typically had
diameters between 85 and 100 µm with an average follicle diameter of 94±4 µm and oocytes
with an average diameter of 54±4 µm. The type 4 follicles had started to form a second layer
of granulosa cells, representing ~61–100 granulosa cells in the largest cross section (Fig. 1C
and D). Type 4 follicles typically had diameters between 100 and 115 µm with an average
follicle diameter of 107±4 µm and oocytes with an average diameter of 59±3 µm. For each
of these follicle classes, follicles were grown individually (x1) or in groups of five (x5) or
ten (x10) in alginate hydrogels for up to 13 days, and their survival and growth were
monitored.

As has been observed previously, although type 3b and 4 follicles have already been
activated to grow, standard culture in alginate hydrogels does not support their continued
development in vitro (Picton et al. 2008). We observed that the survival of individually
cultured follicles was only 12.5 and 28.6% for type 3b and type 4 respectively. However,
when these same follicle classes were cultured in groups, survival increased significantly
(Fig. 2B and D). For example, the survival of the type 3b follicles increased to over 80% in
both the x5 and the x10 conditions (Fig. 2B). This trend was also reflected in the type 4
follicles where survival was 100 and 96.3% in the x5 and x10 conditions respectively (Fig.
2D).

In addition to improving follicle survival, multiple follicle culture also promoted follicle
growth. When cultured individually, these classes of ovarian follicles did not grow (Figs 2
and 3A and D). In the type 3b, the average initial follicle diameter was 92.2±4.9 µm, and of
those follicles that survived, their diameter on day 8 was 82.0±4.8 µm (Fig. 2A). In the type
4, the initial diameter was 107.7±5.5 µm, and on day 8, it was 99.2±4.2 µm (Fig. 2C). This
decrease in average diameter was due to granulosa cell death (pyknotic, dark) and/or
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decrease in oocyte diameter due to poor oocyte health (dark, shriveled). In contrast, follicles
cultured in groups of x5 or x10 showed improved growth over those cultured individually
(Figs 2, 3 and 4). Type 3b follicles in the x5 culture grew to an average diameter of
110.5±15.7 µm by day 8, an average increase of 16.7 mm (Fig. 2A). Type 3b follicles in the
x10 culture grew to an average diameter of 119.3±24.6 µm, an average increase of 25.5 µm
(Fig. 2A). Type 4 follicles in the x5 culture grew to an average diameter of 146.6 ±32.8 µm
at day 8, an average increase of 40.6 µm (Fig. 2C). Type 4 follicles in the x10 culture grew
to an average diameter of 190.9±51.6 µm at day 8, an average increase of 83.2 µm (Fig. 2C).
Follicle growth in the x10 condition was significantly greater by day 6 of culture compared
with the growth in the x5 or individual conditions for both follicle classes (Fig. 2A and C).
Overall, multiple follicle culture promoted increased growth and survival of late primary and
early secondary follicles.

Multiple follicle culture supports the production of oocytes that are meiotically competent
To determine whether those follicles that survived and grew following multiple follicle
culture were capable of producing meiotically competent oocytes, we performed in vitro
maturation of follicles grown in the x10 conditions. We found that follicles from both
classes produced oocytes capable of reaching MII following hormonal stimulation as
evidenced by extrusion of the first polar body (Fig. 5). Of the type 3b follicles, 41% of
oocytes from in vitro cultured follicles matured to MII compared with 57% of early
secondary follicles (Fig. 5B). This maturation rate is lower than previously reported for
multilayer secondary follicles but consistent with that reported for primary follicles (Xu et
al. 2006b, Tagler et al. 2012). These data suggest that multiple follicle culture is sufficient to
stimulate the growth of isolated primary follicles to the point that they can produce a mature
gamete.

Multiple follicle culture rescues loss of follicle integrity in in vitro culture
To determine the mechanism by which multiple follicle culture enhances primary follicle
growth and development in vitro, we performed a more detailed analysis of follicle integrity,
or the morphological structure of the oocyte relative to the surrounding somatic cells. As
was described earlier, primary follicles grown individually exhibited low survival in culture
(Fig. 2). This low survival was most often due to an early loss of follicle integrity visualized
by an oocyte that was no longer surrounded by granulosa cells (Figs 3D and 4A, day 6).
Once denuded, the oocytes often became dark and/or shriveled and did not survive long-
term culture. For type 3b and type 4 follicles cultured individually, the extrusion of the
oocyte from the follicle occurred in 87.5 and 71.4% of the cases respectively (Fig. 6A).
However, the multiple follicle culture was able to partially prevent loss of follicle integrity
and oocyte extrusion (Fig. 6A and C). In the type 3b follicles, multiple follicle culture
reduced loss of follicle integrity to only 20.3 and 29.3% in the x5 and x10 culture conditions
respectively. In the type 4 follicles, this improvement was even more robust with the oocyte
extrusion phenotype occurring in 12.8 and 1.9% of the cases in the x5 and x10 cultures
respectively (Fig. 6A).

Although follicle integrity was significantly improved with multiple follicle culture, there
was still a fraction of these follicles that exhibited extrusion of the oocyte from the follicle.
Interestingly, however, the majority of these follicles cultured in the x5 and x10 culture
conditions were actually able to reform a normal follicular structure shortly after oocyte
extrusion (Fig. 6B). In the x5 and x10 cultures, 53.8 and 76.5% of the type 3b follicles that
had an extruded oocyte were able to reform normal follicle structure respectively. In the type
4 follicle class, 100% of the follicles that had an extruded oocyte were able to reform (Fig.
6B). Reformed follicles had two distinctive features. First, when the oocyte was partially
extruded, it never turned dark or shriveled (Fig. 6C, day 6, arrow). Secondly, the granulosa
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cells began growing around the oocyte again (Fig. 6C, day 8) until a complete follicle was
reformed. Before reformation, there was no evidence of uncontrolled granulosa cell growth
and the oocytes were healthy, characterized by uniform cytoplasm, an intact germinal
vesicle (GV), and a zona pellucida. Of note, such reformation was never observed in
individual follicle culture where the connections between the oocyte and the granulosa cells
were irreversibly lost (Fig. 6B). The reformed follicular structure is likely to have been
formed by a combination of reorganization as well as an increase in proliferation of the
remaining granulosa cells. These data indicate that the multiple follicle culture improves
follicle integrity by both decreasing the chances of oocyte extrusion and also increasing the
rate of follicle reformation.

Rescue of follicle integrity is associated with increase in transzonal projections
To understand the cellular basis by which multiple follicle culture improves follicle
integrity, we examined the physical connections, or transzonal projections (TZPs), between
the oocyte and the granulosa cells. TZPs are cytoskeleton-enriched structures that emanate
from the granulosa cells and extend through the zona pellucida into the oocyte (Anderson &
Albertini 1976). Previous work has demonstrated that the oocyte and surrounding granulosa
cells communicate through Cx37-mediated gap junctions formed at the base of the TZPs
(Anderson & Albertini 1976, Carabatsos et al. 1998, Kidder & Mhawi 2002, Barrett et al.
2010). TZPs are first observed in vivo in primary follicles and are essential for continued
follicle development and oocyte health (Carabatsos et al. 2000). In this study, we assessed
the number of actin-based TZPs in follicles grown individually or in the x10 condition by
line scan analysis at day 2 of culture (Fig. 7). Day 2 was selected because there are not
appreciable differences in growth characteristics between the two groups at this time point,
and it immediately precedes the time when high levels of oocyte extrusion are observed.
Thus, we reasoned that day 2 measurements may be predictive of future loss of follicle
integrity. In fact, we observed that follicles cultured individually had significantly fewer
TZPs than those cultured in the x10 conditions (Fig. 7). This difference was quantified by
line scan analysis which showed that follicles cultured individually had an average of
4.2±1.0 TZPs/10 µm, whereas those cultured in groups of ten had 8.1±1.4 TZPs/10 µm (Fig.
7C, P<0.05). The number of TZPs between follicles grown under x1 and x10 conditions
were not due to differences in oocyte growth, as the oocyte diameter was similar between
the two groups (Fig. 7D). Additionally, the difference in the number of TZPs cannot be
attributed to differences in granulosa cell number, as there was no significant difference in
granulosa cells (Fig. 7E). These data demonstrate that there are more connections between
the oocyte and the granulosa cell when follicles are cultured in the presence of other
follicles.

Multiple follicle culture rescues follicle survival by secreted factors
Multiple follicle culture may improve follicle outcomes through paracrine signaling from
one follicle to another. In secondary and later stage follicles, oocytes regulate the growth
and differentiation of the granulosa cells through soluble, secreted growth factors (reviewed
in Gilchrist et al. (2004)). Previous work has shown that isolated oocytes or oocyte-secreted
factors (OSFs), including GDF9, BMP15, and FGF8, can regulate the function of mural
granulosa and cumulus cells (Gilchrist et al. 2001, 2003, 2004, 2006, Sugiura et al. 2007).
Moreover, it has been suggested that the oocyte orchestrates the rate of follicle development
(Su et al. 2009). To determine whether oocyte-specific factors were responsible for the
observed enhancement of follicle development during multiple follicle culture, two
approaches were taken. First, individual follicles were cultured in the continuous presence of
denuded oocytes (Fig. 8A), and secondly, they were cultured in the presence of a previously
characterized cocktail of OSFs (Sugiura et al. 2007). In these experiments, we did not
observe a difference in the growth and survival of follicles cultured in the presence of
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denuded oocytes or OSFs when compared with individual follicles cultured alone (Fig. 8B).
Conversely, previous work has demonstrated that somatic cells alone can support small
follicle growth (Tingen et al. 2011, Tagler et al. 2012). However, the somatic cells used in
those studies were mixed populations of ovarian cells, not granulosa cells. To test whether
granulosa cells alone, but in the context of the follicle rather than dissociated and plated, can
support the growth of primary follicles, we devised a system of removing the oocyte from
primary follicles while leaving the granulosa cells intact using the XYClone laser system
(termed laser-assisted oocytectomy, LAX). The laser is a 300 mW infrared solid-state diode
laser attached to a microscope objective that allows for targeted delivery of a laser pulse to a
precise location on a sample. The specific damage to the oocyte was confirmed using a live/
dead assay. Control follicles were largely positive for calcein AM with a small number of
granulosa cells positive for ethidium homodimer, indicating cell death (Fig. 9A). LAX
follicles were also largely positive for calcein AM; however, the oocyte was strongly
positive for ethidium homodimer, indicating that the oocyte was dead (Fig. 9B). To assay
whether granulosa cells alone, in the form of LAX follicles, can support the growth and
survival of primary follicles, LAX follicles were encapsulated in alginate hydrogel in groups
of ten and cultured in the presence of an individually encapsulated primary follicle (LAX
coculture). However, LAX coculture follicles grew at the same rate as control primary
follicles and had comparable rates of oocyte extrusion (Fig. 9E and data not shown).
Additionally, survival between the groups was comparable, with 47 and 50% for the LAX
coculture and control respectively. We verified that the LAX follicles were still alive after
the culture period by repeating the live/dead assay. At day 8, control follicles are primarily
positive for calcein AM and have a normal follicular structure with an oocyte surrounded by
granulosa cells (Fig. 9C). The LAX follicles were also positive for calcein AM, indicating
that the granulosa cells were indeed still alive but lacked any evidence of an oocyte (Fig.
9D). These data suggest that granulosa cells alone cannot support primary follicle growth in
the same manner as the group follicle culture.

To instead determine whether the necessary factors that promote growth and survival of the
primary follicles were intrinsic to intact follicles, we cultured encapsulated individual
follicles in the same well as a bead containing ten follicles (x1+x10, Fig. 10), mimicking the
LAX cultures. In this manner, we can demonstrate that the supportive growth effect seen in
the group culture is indeed due to secreted, paracrine factors from the intact follicles, rather
than a single follicle cell type or general growth factors produced by adjacent cells. In fact,
we observed that individual follicles could survive and grow to the antral stage when
cultured adjacent to a bead containing ten follicles, recapitulating the phenotype seen in
follicles grown in groups (Fig. 10). Compared with follicles grown individually, those
follicles grown in the x1+x10 condition reached significantly larger terminal diameters by
day 10 (Fig. 10A). Interestingly, the supportive growth effect was delayed in the x1+x10
culture compared with the x10 culture, with growth becoming significantly different on day
10 vs day 6 respectively (Figs 3C and 10A). These data taken together suggest that there is a
secreted factor from growing follicles that supports the development of other growing
follicles.

Discussion
In this study, we demonstrate that isolated primary ovarian follicles can survive and grow
when cultured in the presence of other follicles in a size- and number-dependent manner
(Fig. 11). We show that follicles grown in groups have more TZPs than those grown
individually. This increase in cellular connections is likely the mechanism preventing the
dissociation of the oocyte and granulosa cells, a phenotype commonly observed when
primary follicles are grown individually in vitro. Follicles grown together secrete a factor or
combination of factors that, through paracrine signaling, promote the growth and survival of
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neighboring follicles. These factors are derived from the intact follicles themselves as
follicle integrity was not maintained by coculture with denuded oocytes alone or OSFs.
Because the multiple follicle culture approach maintains follicle integrity and promotes
follicle growth and development, we were able to obtain antral stage follicles beginning
from the late primary stage. These antral follicles are capable of producing meiotically
competent gametes.

These results present a significant advantage over recent advances in the improvement of
IVFG for the earliest stages of follicle development. Compared with coculture of primary
follicles with MEFs, the multiple follicle culture system is free from introduction of a
foreign cell type. Additionally, it improves upon coculture with ovarian thecal–interstitial
cells because there is minimal processing of ovarian tissue beyond isolation of the follicles,
it is more physiologically relevant than dissociated ovarian cells, and it is a more well-
defined population of cells. Moreover, when translating IVFG to the clinical setting of
fertility preservation, follicles will need to be isolated from slow frozen or vitrified–thawed
ovarian tissue. In such situations, the stroma may not be suitable for further processing.

In the mouse ovary, it appears that growing follicles may produce a signal that stimulates
local growth of other follicles (Da Silva-Buttkus et al. 2009). In the predictive model
proposed by Da Silva-Buttkus et al., the likelihood that a follicle was growing was increased
relative to the number of growing follicles in the vicinity. In our multiple follicle culture
system, the growth and survival of late primary and early secondary follicles were highly
dependent on the number of follicles cultured together with the most significant
enhancement observed with the highest number of follicles. These results imply that
mechanisms governing follicle growth and development in vivo are also conserved in vitro.
We thus have developed a robust model system to isolate the molecular nature of the signal.
Current studies are focused on elucidating the factor or factors responsible for promoting
growth and survival of neighboring follicles by determining the metabolic, lipid, and protein
profiles of the media secreted in the multiple follicle culture system. Interestingly, although
the follicle density in the human ovary is much less than in the mouse, we have observed
that growing follicles tend to be found in clusters in the human ovarian cortex (our
unpublished observations). This suggests that a similar phenomenon may also occur in
humans. However, humans are mono-ovulatory, in contrast to mice, which are poly-
ovulatory, so potentially only the early stages of follicle development in the human will
benefit from multiple follicle culture.

A main benefit of multiple follicle culture appears to be the maintenance of follicle integrity
during IVFG. Oocyte extrusion from the rest of the follicular structure is significantly
decreased when small follicles are cultured in groups (Fig. 11). Our data suggest that this is
due to higher numbers of TZPs in follicles grown in a group compared with follicles
cultured individually. While oocyte extrusion is probably not a physiological phenotype,
primarily due to the arrangement of follicles within the ovary and the structure of the ovary
itself, the insufficient formation of TZPs within poorly growing small follicles may be.
Several factors have been identified that regulate the formation of TZPs in growing follicles,
including FSH and an oocyte-specific protein, GDF9 (Carabatsos et al. 1998, Combelles et
al. 2004). Oocytes begin secreting GDF9 when the follicle enters the growing pool and
deletion of GDF9 results in failure to progress through follicle development (Carabatsos et
al. 2000). Based on the observations that oocyte-specific factors regulate TZP formation and
on classic studies that suggest that the oocyte orchestrates the rate of follicle development
through regulation of granulosa cell function, it was logical to speculate that oocytes
themselves could support the growth of individual follicles (Eppig et al. 1997, Eppig 2001,
Gilchrist et al. 2001, 2006, Su et al. 2009). Our data, however, suggest that oocytes alone or
OSFs are not sufficient to support early follicle growth in vitro.
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In contrast to oocyte-specific factors, the growth and development of an individual follicle
can be supported by a bead containing multiple follicles (Fig. 11). This demonstrates that the
follicle as a unit is necessary to produce the secreted factors responsible for the supportive
effects of multiple follicle culture. Although we cannot rule out a contribution from the
oocyte, the somatic granulosa cells seem to be required. The LAX experiments suggest,
however, that the granulosa cells alone are not sufficient to support the growth of other
follicles. Thus, there may be signaling from both the oocyte and the follicle that enhances
growth but requires both components in a feedback mechanism. A strength of the alginate
hydrogel system is that follicle architecture is maintained, allowing for the physiological
functioning of the follicle (Xu et al. 2006a, 2006b, West-Farrell et al. 2009). Using this
culture system should allow significant progress in understanding the dialog between the
oocyte and the granulosa cells.

This study, in addition to improving IVFG and providing insight into how small follicles
may be interacting together during normal follicle development, also has implications for
understanding age-related fertility decline. According to mainstream thinking in the field,
the physiological ovarian reserve is fixed and nonrenewable (Woodruff 2008, Oatley &
Hunt 2012, Vogel 2012). As a female ages, there is a steady decline in both follicle number
and quality. In our in vitro system, we observe that follicle quality – based on ability to
survive, grow, and produce mature gametes – is diminished with decreasing follicle number,
potentially mimicking what occurs during natural aging. Interestingly, we have previously
demonstrated that follicles isolated from aging females and grown in vitro are significantly
compromised compared with those isolated from younger counterparts (Hirshfeld-Cytron et
al. 2011). Thus, multiple follicle culture provides a tractable system to improve IVFG
outcomes that may be related to age-related fertility decline. This culture system thus
recapitulates the native environment of the follicle within the ovary by surrounding it with
neighbors, furthering the movement toward recapitulating the ovary in vitro.

Materials and Methods
Follicle isolation and encapsulation

Ovaries were harvested from 12-day-old CD1 female mice. All animal experiments were
approved by the Institutional Animal Use and Care Committee and were consistent with
National Institutes of Health guidelines. A temperature-, humidity-, and light- (12 h light:12
h darkness) controlled barrier facility within Northwestern University’s Center of
Comparative Medicine was used to house and breed the mice. Mice were provided with food
and water ad libitum. The mice were fed Teklad Global irradiated chow (2919 or 2916) that
does not contain soybean or alfalfa meal and does contain minimal phytoestrogens. Follicles
were mechanically isolated using insulin gauge needles in L15 media (Invitrogen)
containing 1% fetal bovine serum (FBS, Invitrogen). Individual follicles were maintained in
minimal essential medium (αMEM Glutamax, Invitrogen) containing 1% FBS (αMEM/
FBS) at 37 °C, 5% CO2 in air for up to 2 h before encapsulation. Only follicles that were
85–115 µm in diameter and displayed an intact morphology were selected for encapsulation
and culture. Follicles were then encapsulated individually (x1) or in groups of five (x5) or
ten (x10) in 0.5% (w/v) alginate (NovaMatrix, Philadelphia, PA, USA) as described
previously with the following modifications (Xu et al. 2006b, Supplementary Figure 1, see
section on supplementary data given at the end of this article). Follicles were placed in the
center of a 5 µl alginate drop made on a polypropylene mesh (0.1 mm opening; McMaster-
Carr, Atlanta, GA, USA). The mesh was immediately inverted and immersed in 50 mM
CaCl2 and 140 mM NaCl for 2 min to allow for cross-linking to occur. The alginate beads
were carefully removed from mesh and placed in αMEM/FBS to recover for up to 2 h.
Alginate beads were placed in 96-well plates, with each well containing 100 µl growth
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media (GM: αMEM Glutamax supplemented with 3 mg/ml BSA, 10 mIU/ml recombinant
FSH (A.F. Parlow, National Hormone and Pituitary Program, National Institute of Diabetes
and Digestive and Kidney Diseases, USA), 1 mg/ml bovine fetuin, 5 µg/ml insulin, 5 µg/ml
transferrin, and 5 ng/ml selenium (Sigma–Aldrich)). For all experiments, a single bead was
placed in each well, except for the x1+x10 condition in which a bead with a single follicle
was placed in the same well as a bead with ten follicles.

Follicle culture, growth, and survival
Follicles were cultured at 37 °C in 5% CO2 for up to 13 days. Half of the culture media was
exchanged with fresh GM every other day. Follicles were imaged at the time of media
changes with a Leica DM IRB inverted microscope using 4x, 10x, or 20x objective (Leica
Microsystems, Heidelberg, Germany). In the x5 and x10 beads, individual follicles could be
tracked by monitoring relative positions. Follicle growth curves were obtained by plotting
the average follicle diameter measurements obtained from the images throughout culture.
Follicle diameters were calculated by averaging two perpendicular measurements taken
from basement membrane to basement membrane using ImageJ software (National Institutes
of Health). Growth and survival data were reported until day 8, by which time several
follicles grown in the x5 and x10 conditions had fused making accurate measurements
difficult. Follicle survival was classified morphologically. Follicles were considered dead if
they had unhealthy appearing oocytes and/or granulosa cells or if the integrity between the
oocyte and the somatic cells was irreversibly compromised.

Immunocytochemistry
Follicles were fixed in 3.8% paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA) containing 0.1% Triton X-100 (Sigma–Aldrich) for 1 h at room temperature
(RT). After fixation, follicles were blocked in PBS containing 0.3% BSA and 0.01% Tween
20 (blocking solution) and then incubated in anti-laminin B (1:50) (Sigma–Aldrich) for 16–
18 h at 4 °C. The primary antibody was detected using Alexa Fluor 488-conjugated Donkey
anti-rabbit secondary antibody (Invitrogen) for 1 h at RT (1:100, Invitrogen). Simultaneous
staining for F-actin was performed using Rhodamine- or Alexa Fluor 633-phalloidin (1:50,
Invitrogen). Follicles were washed in blocking solution following antibody incubations and
mounted in Vectashield containing DAPI to detect DNA (Vector Laboratories, Burlingame,
CA, USA). Follicles were imaged with a Leica SP5 inverted laser-scanning confocal
microscope with either a 40x or 63x objective (Leica Microsystems).

TZP analysis
Follicles encapsulated as x1 or x10 were cultured for 2 days and then removed from the
alginate by incubating in a 10 IU/ml solution of alginate lyase (Sigma–Aldrich) for 10 min.
For TZP imaging, follicles were fixed and stained for F-actin and DNA as described earlier,
and a single confocal image was taken through the widest cross section of the oocyte. Line
scan quantification and oocyte diameter measurements were performed as previously
(Barrett et al. 2010). Briefly, using Leica analysis software, four-pixel lines, 10 µm in
length, were drawn throughout the zona pellucida around the oocyte in the image and an
intensity profile was created for each line. The frequency of TZPs was determined by
quantifying the number of peaks above the background threshold in the intensity profile.
The background threshold was determined independently for each follicle by measuring the
intensity at a region lacking staining for F-actin. Quantification of granulosa cells was done
by counting the number of granulosa cell nuclei in the same cross section used for the line
scan analysis.
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In vitro oocyte maturation
In vitro maturation was performed after 9 or 13 days of culture, as described previously (Xu
et al. 2006a, Shikanov et al. 2009). Briefly, follicles were removed from the alginate
following a 10-min incubation in a 10 IU/ml solution of alginate lyase (Sigma–Aldrich) and
transferred to in vitro maturation media (αMEM Glutamax containing 5 ng/ml epidermal
growth factor, 0.2 IU/ml FSH and 1.5 IU/ml hCG) for 14–16 h at 37 °C in 5% CO2 in air.
Following in vitro maturation, cumulus cells were removed by treatment with 0.3%
hyaluronidase and their morphology was assessed by light microscopy, as previously (Eppig
& O’Brien 1996). Oocytes that did not resume meiosis and instead remained arrested in
prophase of meiosis I as evidenced by an intact GV were classified as GV-intact oocytes.
Oocytes that resumed meiosis and reached metaphase of MII as evidenced by polar body
extrusion were classified as MII-arrested oocytes. Those oocytes that resumed meiosis but
did not reach MII, as evidenced by lack of both a GV and a polar body, were referred to as
oocytes that had undergone GV breakdown. Finally, degenerate oocytes were also
documented.

Oocyte coculture and oocyte-secreted protein culture
Immature oocytes from preantral follicles were collected from postnatal day 12 animals, as
previously (Pan et al. 2005). Animals used were from the same litters as those used for the
corresponding follicle isolation. Individual follicles encapsulated in 0.5% alginate (as above)
were cultured in the presence of 75 immature oocytes in 96-well culture plates. Oocytes
were removed and replaced every 24 h at the same time as a half media change was done.
Follicles and oocytes were imaged daily. For oocyte-secreted protein (OSP) culture,
individual follicles encapsulated in 0.5% alginate were cultured in GM as previously
(Hussein et al.2005) with the following modifications: 500 ng/ml GDF9 (R&D Systems,
Minneapolis, MN, USA), 500 ng/ml BMP15 (R&D Systems), and 100 ng/ml FGF8 (R&D
Systems).

LAX culture
Oocytectomized follicles, or follicles without an oocyte, were produced by LAX. Follicles
with a diameter of ~100 mm were isolated from PND 12 CD1 animals as above and held in
aMEM/FBS at 37 °C, 5% CO2 in air for up to 2 h during oocytectomy, and before
encapsulation. A standard micro-injection setup equipped with a XYClone laser objective
system (Hamilton-Thorne, Beverly, MA, USA) was used to laser ablate oocytes enclosed
within small ovarian follicles. Follicles were placed on the microscope stage in a drop of
L15 media (Invitrogen) containing 0.1% PVP (Sigma–Aldrich) under mineral oil. The laser
was focused on the GV of the oocyte and the oocyte was subjected to a 1 s laser pulse
(100% power, 200 pulses/s, 370 µs pulse width). Oocytes, which had a visibly damaged GV
but intact granulosa cells, were designated LAX follicles. The specific damage to the oocyte
was confirmed using Live/Dead Cell Viability assay (Invitrogen) 1 h post-laser treatment.
Briefly, control follicles and LAX follicles were incubated in the presence of 1 mm calcein
AM and 2 µm ethidium homodimer in αMEM/FBS at 37 °C, 5% CO2 in air for 1 h. Follicles
were washed through media and imaged on a Nikon Ti Eclipse inverted microscope
equipped with a fluorescent light source and the appropriate filters (Nikon Instruments, Inc.,
Melville, NY, USA). For culture, LAX follicles were encapsulated in groups of 10 and
placed in a culture well with an individually encapsulated follicle, as for the x1+x10
cultures. The individual follicle was imaged to track growth and media was changed every
other day.
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Statistical analysis
Plotting of results and statistical analysis was done using GraphPad Prism (La Jolla, CA,
USA). Growth data were analyzed using two-way ANOVA followed by Bonferroni posttest
for single time point comparisons. A P value of <0.05 was considered statistically
significant. TZP quantification, oocyte diameter, and granulosa cell number data were each
analyzed using an unpaired t-test. A P value of <0.05 was considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Morphology of small secondary and large primary follicles. A follicle representative of type
3b (diameter 85–100 µm) showing a single layer of granulosa cells (A and B). A follicle
representative of type 4 (diameter 100–115 µm) showing a partial second layer of granulosa
cells (C and D). Scale bars, 25 µm.

Hornick et al. Page 16

Reproduction. Author manuscript; available in PMC 2014 January 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Multiple follicle culture is necessary for late primary and early secondary follicles to survive
and grow in vitro. Follicles grown in groups reach statistically larger terminal diameters than
those cultured individually (A and C). For type 3b follicles, starting diameter 85–100 µm
(A), differences in growth achieve significance by day 6 of culture in the x10 group (a: x5 vs
x10, P<0.01; b: x1 vs x10, P<0.001) and day 8 of culture in the x5 group (c: x1 vs x5,
P<0.01). Type 4 follicles, starting diameter 100–115 µm (C), also see significant difference
in growth by day 6 of culture in the x10 group (a: x5 vs x10, P<0.001; b: x1 vs x10,
P<0.001) and day 8 of culture in the x5 group (c: x1 vs x5, P<0.001). Follicles encapsulated
and grown in groups have increased survival during culture compared with those cultured
individually (B and D). Follicle survival is also dependent on the initial follicle diameter.
Data is reported for the first 8 days of culture when measurements are the most accurate.
Data are from two independent experiments and more than 45 follicles were analyzed for
each group.
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Figure 3.
Multiple follicle culture enhances growth and survival in a number-dependent manner.
Representative images of beads containing one, five, and ten follicles at day 0 (A, B and C)
and day 8 (D, E and F). A large fraction of follicles (starting size 85–115 µm in diameter)
encapsulated individually lose integrity by 8 days of culture as evidenced by the oocyte
having dissociated from the granulosa cells (A and D). In contrast, follicles encapsulated in
groups of five (B and E) or ten (C and F) maintain their integrity and grow significantly.
Scale bars, 200 µm. *specific follicle magnified.
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Figure 4.
Encapsulated follicles tracked throughout culture. Follicles cultured individually (A), in
groups of five (B, inset-whole bead), or groups of ten (C, inset-whole bead) were tracked
over culture period. Follicles grown in groups show improved growth and survival (B and
C) when compared with individually (A). Follicles in x10 group form antrum by day 8 of
culture (C, day 8). Scale bars, 100 µm.
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Figure 5.
Multiple follicle culture allows small preantral follicles to produce maturation-competent
oocytes. Representative image of a pool of oocytes after in vitro maturation, showing mature
eggs arrested at meiosis II (MII) with an extruded polar body and oocytes that remain
germinal vesicle intact (A). Oocytes from follicle–follicle coculture resume meiosis and
arrest at MII at a rate 41 and 57% from the smaller and larger cohort respectively (B). There
was no significant difference between the maturation rate of the two groups. Data are from
two independent experiments and more than 30 oocytes were analyzed from each group.
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Figure 6.
Multiple follicle culture rescues loss of follicle integrity. Primary follicles cultured
individually demonstrate characteristic oocyte pop-out phenotype. Follicles cultured in
groups of five or ten have oocyte pop-out less frequently than when cultured individually
(A). Follicles that have oocyte pop-out reform when they are cultured in groups of five or
ten (B). Representative image of reformation phenotype (C). Oocyte begins to extrude from
granulosa cells (C, arrow) but then reforms a follicular structure with further culture (C, day
8).
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Figure 7.
Transzonal projections (TZPs) are significantly increased in follicles cultured in groups. On
day 2 of culture, follicles grown in groups had significantly more TZPs compared with those
grown individually (A, B and C). TZPs were detected by immunocytochemistry for actin (A
and B, insets) and quantified by line scan analysis of confocal sections (C, *P<0.03). No
differences were observed in oocyte diameter (D) or in number of granulosa cells (E).
Oocyte diameter measurements and granulosa cell counts were done in same optical sections
as those used for line scan analysis. Data are from two independent experiments.
Representative images are shown. Scale bar, 25 µm.
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Figure 8.
Oocytes alone or oocyte-secreted factors (OSFs) do not rescue primary follicles in culture.
Representative image of follicle (arrow) in alginate hydrogel bead in culture well with
denuded oocytes (A, inset). A primary follicle grown in the presence of denuded oocytes or
supplemented with OSFs does not grow significantly larger than control follicles (B). Data
are from two independent experiments and more than 25 follicles were analyzed from each
group. NS, not significant.
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Figure 9.
Granulosa cells alone do not support primary follicles in culture. The oocytes were removed
from primary follicles by laser-assisted oocytectomy (LAX) in order to create granulosa
cells without an oocyte in the context of a follicle. Representative follicle showing the
specific damage to the oocyte (A), compared with a control follicle (B). After 8 days of
culture, the viability of the LAX follicles and the lack of an oocyte can be seen (C),
compared with a control follicle after 8 days of culture (D). A primary follicle cultured in
the same well as ten LAX follicles (X10 LAX +x1) grows at the same rate as an individual
primary follicle (x1, E). Data are from two independent experiments and more than 35
follicles were analyzed from each group. Scale bar, 100 µm.
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Figure 10.
Follicles in alginate secrete a diffusible, supportive signal that promotes follicle growth. A
follicle grown adjacent to a bead containing ten follicles (x1+x10) grows significantly larger
than a follicle grown individually (A, *P<0.05, **P<0.001). Measurements shown are only
from the individual follicles and not the follicles in the x10 alginate bead. Data are from two
independent experiments and more than 25 follicles were analyzed from each group.
Representative individual follicle with x10 bead (B, day 0 and inset) grown at day 14 (B).
Scale bar, 100 µm.
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Figure 11.
Summary of results. The outcomes of the various culture methods, described pictorially with
a corresponding schematic, are tabulated. If the phenotype was present in a significant
portion of the follicles, it was considered to be representative of the culture method. ND, not
determined.
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