Biology of Reproduction, 2023, 108(1), 5-22
https://doi.org/10.1093/biolre/ioac176
Advance access publication date 22 September 2022

Invited Review Article

OXFORD

Recapitulating folliculogenesis and oogenesis outside
the body: encapsulated in vitro follicle growth?

Aubrey Converse', Emily J. Zaniker', Farners Amargant and Francesca E. Duncan®
Department of Obstetrics and Gynecology, Feinberg School of Medicine, Northwestern University, Chicago, llinois, USA

*Correspondence: Department of Obstetrics and Gynecology, Feinberg School of Medicine, Northwestern University, Chicago, IL 60611,
USA. Tel: 312-503-2172; E-mail: f-duncan@northwestern.edu

T Grant Support: This work was supported by the Eunice Kennedy Shriver National Institute of Child Health and Human Development (ROTHD103384) and the Bill
& Melinda Gates Foundation (INV-003385). Under the grant conditions of the Foundation, a Creative Commons Attribution 4.0 Generic License has already been
assigned to the Author Accepted Manuscript version that might arise from this submission.

#These authors contributed equally to this work.

Abstract

Folliculogenesis is a tightly coordinated process essential for generating a fertilization-competent gamete while also producing gonadal hormones
that sustain endocrine function. In vitro follicle growth systems have been critical to our understanding of key events in folliculogenesis, such as
gonadotropin-independent and dependent growth, steroid hormone production, and oocyte growth and maturation (cytoplasmic and meiotic).
Although there are several successful follicle culture strategies, the following protocol details an encapsulated in vitro follicle growth (elVFG)
system for use with mouse ovarian follicles. Encapsulated IVFG is performed with alginate hydrogels, which are biologically inert, maintains
cell-to-cell interactions between granulosa cells and the oocyte, and preserves follicle architecture as found in the ovary. The system supports
follicle growth, development, and differentiation from the early primary follicle to the antral follicle stage. Moreover, post-folliculogenesis events
including meiotic maturation, ovulation, and luteinization are also supported. Importantly, the culture of secondary follicles has successfully
resulted in viable pups after blastocyst transfer. This alginate-based elVFG system is versatile and has broad applications as a tool for interrogating
the fundamental biology of the ovarian follicle in a controlled manner, a screening platform for toxicity and bioactivity, and a potential fertility

preservation method for endangered species as well as humans.

Summary Sentence

This is a detailed protocol for culture of mouse ovarian follicles utilizing an alginate hydrogel-based encapsulated in vitro growth system.

Keywords: Folliculogenesis, Alginate, Oogenesis, Ovulation

Introduction

The development of in vitro follicle growth systems has
allowed for the controlled investigation of events vital to
folliculogenesis and has thus increased our understanding of
the fundamental biology of the developing follicle. Various
successful follicle growth systems have been developed over
the last four decades, and selecting one is highly dependent
on the species being used and the experimental goal [1]. This
protocol describes an alginate hydrogel-based encapsulated
in vitro follicle growth (eIVFG) system originally developed
by the research groups of Teresa K. Woodruff and Lonnie D.
Shea [2-34]. Alginate is a polysaccharide derived from brown
algae that has been extensively utilized in tissue support and
growth systems due to several properties, including its ability
to undergo physiological gelation to form dilute hydrogels
that are nonadhesive and nondegradable [35, 36].
Alginate-based eIVFG systems allow for follicle growth
and development in a manner that maintains proper spatial
oocyte—somatic cell interactions and is able to recapitulate
critical components of folliculogenesis such as follicle growth
and cellular differentiation, steroid production, meiotic matu-
ration, and ovulation [3]. Importantly, gametes derived from
eIVFG in a mouse model are fertilization-competent, can
support preimplantation embryo development, and can give

rise to live offspring [6]. For these reasons, this method has
been widely applied to multiple mammalian models including
mouse [2-9, 11, 12, 14-22, 24, 25, 27, 29-32, 37, 38], rat
[39], dog [40], goat [26, 41, 42], nonhuman primate [9, 13,
23, 34], and human [10, 28, 33]. Encapsulated IVFG has also
been utilized in the context of fertility preservation [8, 10,
43, 44], screening compounds for reproductive toxicity and
bioactivity [27, 31, 45, 46], and as a means for nonhormonal
contraceptive discovery [38]. The following protocol focuses
on standard eIVFG methods, but various modifications in
culture conditions, alginate composition, and uses for elVFG
are well documented in the literature [2-34, 38, 46-49].
Therefore, this protocol should be used as a starting point for
development and application to fit specific research needs.

Key experimental design considerations need to be assessed
prior to the utilization of eIVFG, including:

e Follicle stage: The developmental stage of the follicles
used is highly dependent upon the study question, with
the potential to utilize primary, transitioning primary to
secondary, two-layer secondary, and multilayer secondary
follicles. Considerations include what stage(s) of folliculo-
genesis or oogenesis are of interest. Multilayer secondary
follicles only require 6-8 days of culture before ovulation
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can be induced but will not allow the assessment of early
folliculogenesis events. Transitioning and two-layer early
secondary follicles require 10-14 days [18] before ovula-
tion induction but better encompass both gonadotropin-
independent and dependent stages. Primary follicles have
been used to a lesser extent in elVFG and require addi-
tional support systems such as co-culture with other fol-
licles [18], stromal cell populations [14], or embryonic
fibroblasts [17] to sustain survival and growth. The fol-
licle stage will dictate if individual or multiple follicle
encapsulation is required. Multilayer secondary follicles
are suitable for individual culture. However, murine pri-
mary and early two-layer secondary follicles must be
cultured in cohorts of 10 (multiple follicle culture) because
secreted paracrine factors are required for their survival
and growth [18].

Mouse strain and age: Regarding animal age, prepubertal
mice are most commonly used for eIlVFG due to the
high yield of primary and secondary follicles that can
be collected [50], but it is important to note that these
follicles would not normally have contributed to physi-
ologic fertility. Follicles can also be isolated from adult
mice and used for eIVFG, but the total yield of follicles
significantly decreases with age [16]. Mouse strain will
also dictate the quantity of follicles that can be obtained.
CD-1 [2, 14, 16-22, 24, 25, 27, 29-32, 38], F1 hybrids
C57BL/6jxCBA/Ca [3-8, 11,12, 15, 48], and CB6F1 [37]
have been previously utilized for eIVFG, with the follicle
size of specific developmental stages and growth dynamics
differing between strains. For this protocol, all represen-
tative images are taken from CD-1 mice. The number of
follicles from CD-1 mice with suitable morphology for
culture is approximately 5-10 per adult mouse or 10-
20 per prepubertal mouse with mechanical isolation. The
yield will be approximately 10-20 follicles per mouse
when using enzymatic digestion for follicle isolation.
Alginate concentration and supplements: Alginate con-
centrations of 0.25-2% have been examined for their
effect on various folliculogenesis and endpoint param-
eters [7, 20]. Alginate is used as a scaffold for follicle
growth and can be adjusted to mimic different ovar-
ian microenvironments, such as the cortex and medulla,
which have higher and lower rigidness, respectively [34].
Furthermore, alginate concentrations can be adjusted to
mimic various ovarian phenotypes such as the aging ovary
and polycystic ovarian syndrome. The current protocol
utilizes 0.5% alginate, but different concentrations and
modifications have been recently reviewed [51, 52]. Alter-
natively, blended alginate hydrogels such as fibrin-alginate
interpenetrating networks [48], alginate enriched with a
synthetic arginine-glycine-aspartic acid (RGD) adhesion
peptide [4], and non-alginate hydrogels such as polyethy-
lene glycol [49] can also be utilized for eIVFG.
Endpoints: Encapsulated IVFG allows for various end-
point analyses and post-culture assays. Follicle growth
and survival are the most commonly tracked parame-
ters, but others include follicle histology, hormone and
secreted factor analysis in conditioned media, ovulation
and luteinization, meiotic progression, gamete morphol-
ogy, and fertilization and preimplantation embryo devel-
opment potential.
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Methods

The use of animals to develop this method was conducted

in accordance with protocols approved by the Institutional

Animal Care and Use Committee of Northwestern University.
The major components covered in this protocol include:

1. Media preparation: All media should be prepared before
initiating eIVFG. Preparation instructions and compo-
nents are listed in Table 1.

2. Set up for isolation: Media is warmed and equilibrated to
the environment of the incubator if needed, and a pipette
for follicle manipulation is prepared (Stripper or mouth
pipette. Check with institutional safety and/or biohazard
committees to determine if mouth pipetting is allowed
for manipulating of murine samples. If not, handheld
pipettes (Stripper) can be utilized for micromanipula-
tion.)

3. Ovarian tissue dissection: Ovaries are removed from the
mouse and released from the bursa.

4. Follicle isolation: Follicles are isolated from the ovary
mechanically or enzymatically.

5. First recovery incubation: Isolated follicles are allowed
to recover in the incubator for 1 h.

6. Follicle selection: Follicles of high quality that are healthy
enough to undergo long-term culture are selected.

7. Alginate encapsulation: High-quality follicles are encap-
sulated in an alginate bead that they will grow in
throughout the duration of culture.

8. Second recovery incubation: Encapsulated follicles are
allowed to recover for 45 min in the incubator.

9. Plating: Encapsulated follicles are placed into growth
media (GM) within a 96-well plate and imaged.

10. Culture: Follicles are cultured at 37 °C, 5% CO,. Media
is refreshed and follicles are imaged every other day until
the desired culture endpoint.

An overview of the protocol’s steps listed above and possi-
ble endpoints including follicle growth and survival tracking,
ovulation, meiotic stage analysis, and histology are presented
schematically in Figure 1.

Media preparation

All media should be prepared in a sterilized, Class II biological
safety cabinet. Preparation instructions and suppliers of com-
ponents for all media, solutions, growth factors, and enzymes
are presented in Table 1. Preparation instructions and supplier
information for fetuin are listed in Table 2.

The follicle isolation protocol utilizes three types of media,
dissection media (DM; L15-based, buffered for ambient air
exchange), maintenance media (MM; a-MEM-based, sodium
bicarbonate buffered for air exchange at 5% CO3), and
enzymatic media (EM; L15-based). Follicles should be kept
in DM when manipulated outside the incubator for extended
periods of time, and in MM while in the incubator. When
using enzymatic media, ensure follicles are in ambient air
conditions since it is L15-based. GM is a-MEM-based and
used for the extended culture of follicles within an incubator.
Critical for a successful in vitro follicle growth is the addition
of fetal bovine fetuin to the GM. Fetuin is a glycoprotein
present in fetal blood and in the follicle fluid. Follicles are
grown in serum-free medium, which induces hardening of
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Figure 1. Schematic of elVFG procedure and examples of endpoint analyses. Dissected ovaries are broken down mechanically or enzymatically to isolate
follicles. These follicles then undergo a recovery incubation prior to the selection of high-quality follicles. Follicles are encapsulated in alginate beads
individually (multilayer secondary follicles) or in cohorts of 10 (two-layer early secondary follicles) and then undergo another recovery incubation.
Alginate-encapsulated follicles are then plated in a 96-well plate and cultured. Imaging and media changes take place every other day throughout the
duration of the culture, and various endpoint parameters can be assessed.

Table 2. Instructions for the preparation of fetuin aliquots

Materials Catalog no. Supplier Final concentration
Sterile MilliQ H,O Base

Fetal bovine fetuin F-3385 Sigma 10 mg/mL

BCA protein assay reagent kit 23227 FisherScientific

Spectra/Pro regenerated cellulose MWCO 8000 Spectra/Pro

Dialysis membranes 1231166 Repligen

Procedure:

e Dissolve fetuin to a 15-20 mg/mL concentration in MilliQ H,O

o Dialyze the fetuin solution at 4 °C overnight in MilliQ H,O in a 1:50 to 1:100 ratio. Stir gently during all the process. Next day, replace with
fresh MilliQ H, O, and dialyze 1-2 more times. Dialysis is important to increase the purity of the fetuin concentrate.

o Measure the fetuin concentration using a BCA protein Assay Reagent Kit or Nanodrop

o Dilute fetuin solution to 10 mg/mL with MilliQ H,O

o Aliquot fetuin into 1.5 mL microcentrifuge tubes (1 mL/tube)

o Close all the tubes, and puncture a hole in the lid of each tube

o Freeze until completely solid (several days at —20 °C, overnight at —80 °C or 10 min in liquid nitrogen)

e Lyophilize the fetuin to dryness at —80 °C. It will take approximately 1 day

o Seal the holes of the lids with stickers to keep the fetuin dry

o Fetuin can be stored for long term at —80 °C or at —20 °C for short term use
We usually prepare 25 g of fetuin to have stock for 3—4 years, but this will depend on how often follicle culture will be performed in your
laboratory
Lyophilization at — 80 °C is a complex process and you need a special equipment
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Table 3. Materials, consumables, and equipment used for elVFG

Recapitulating folliculogenesis and oogenesis, 2023, Vol. 108, No. 1

Equipment

Example

Class II biosafety cabinet

Baker SterilGARD® IIT Advance Safety Cabinets SKU: 8038-30-1044

CO; incubator

Dissection microscope

Heat stage

Laminar flow hood

IVF cabinet (Encompasses dissecting scope, heated stage, and
laminar flow hood)

Inverted imaging platform for culture plates

Heracell VIOS 160i CO, Incubator, Thermo Scientific VWR # 76459-168
Leica; MZ9.5, S9 series

Tokai-Hit; Thermoplate TPI series heated glass stage

Cole-Parmer; Vertical Laminar Flow Cabinet #UX-78902-40

IVFtech; Classica workstation

EVOS; ThermoFisher Scientific, AMF5000

Material Source Catalog no
Watch glass (45 mm) Electron Microscopy Sciences 7054345
28 1/2 G insulin syringe Exelint International, Co. 26027
Nunc IVF dish ThermoScientific 150260

35 mm Petri dish Corning 351008
Disposable scalpel Fisher Scientific 12-460-453
Low retention pipette tips MIDSCI PR-10RK-NS
Stripper/mouth pipette Origio/homemade MXL3-STR
Stripper tips (125 pm) Origio MXL3-125
Stripper tips (150 um) Origio MXL3-150
96-well culture plates Corning 3595

the zona pellucida. The addition of fetuin during the oocyte
growing and maturation steps is important because it prevents
the hardening of the zona pellucida, and therefore increases
fertilization and embryo development rates [53-57].

Note: Media should not be warmed multiple times. Warm
only the volume that is needed and dispose of any extra which
has been warmed.

Set-up for follicle isolation

All supplies, consumables, and equipment needed for the
protocol are listed in Table 3. An overview of the tools, dishes,
and media needed for each step is listed in Table 4. Aseptic
technique should be used throughout the protocol. Follicle
handling should be performed in a laminar flow hood and
preferably on a heated stage. Setting up for this protocol
involves the preparation of a series of dishes and plates
that will be used throughout the protocol. Follicles will be
manipulated outside of the incubator in DM, while they will
recover in the incubator in MM. Dishes containing MM are
prepared at the onset of the protocol because they need to
equilibrate in the incubator before use.

Note: All tubes and culture plates used for follicles must be
polystyrene as other materials such as polypropylene can be
toxic to oocytes.

2.1 Warm DM to 37 °C in heated beads or on a heating stage
for 15-30 min. To prevent contamination, do not use a
water bath.

2.2 Clean the workspace that will be used for follicle isola-
tion with 70% ethanol.

2.3 Add 1 mL of MM to the center well of an in vitro
fertilization (IVF) dish and 3 mL to the outer well.
Place in a humidified incubator (37 °C, 5% CO) to
equilibrate for at least 1 h. This dish will be used to hold
follicles during a recovery incubation, described later in
the protocol (Section 5).

2.4 Add 3 mL of MM to a 35 mm dish and place into the
incubator to equilibrate for at least 1 h. This dish will be
used to hold alginate beads during a recovery incubation,
described later in the protocol (Section 8).

2.5 Prepare mouth pipette or stripper for follicle microma-
nipulation.

Note: Either a pulled glass pipette or stripper tips can be
used. Ensure that the opening diameter is sufficient for the
selected follicle class. Stripper tips of particular sizes can be
purchased and used (i.e., 125 pm for early secondary, 150 um
for multilayer secondary) to aid in size selection.

Dissection of ovarian tissue

Note: Start with processing only one mouse (two ovaries) at a
time. This number can be increased with experience as long as
the isolation does not exceed a total of 45 min. If you need to
isolate a large number of follicles, you can conduct isolations
sequentially or have multiple people isolating follicles at the
same time. Figure 2 shows the anatomy surrounding the ovary
in a prepubertal CD-1 mouse. Video 1 shows the dissection of
a prepubertal mouse ovary from the bursa.

3.1 Prepare a 35 mm Petri dish with 3 mL of warmed DM.
This will be used to remove the ovaries from the bursa
under a dissecting scope. One dish can be used for all of
the ovaries.

3.2 Euthanize a female mouse according to approved insti-
tutional regulations.

3.3 Dissect the mouse. The mouse is placed in dorsal recum-
bency, and the abdomen is lightly spayed with 70%
ethanol to reduce fur getting into the dissection field. The
abdomen cavity is opened with sharp scissors through
the skin and body wall to expose the viscera. Move the
viscera to the side to visualize the reproductive tract.

3.4 Locate the ovaries by finding the kidney and identifying
two tube like structures connected to it: the thinner
and more medial structure is the ureter and the wider
and more lateral structure is one half of the uterus. For
adults, follow the uterus up to just below the kidney
and identify the ovary which is a small oval structure
at the end connected to the uterus, the oviduct, and a
small pad of fat. Remove ovaries from the bursa and
place them in DM. For prepubertal mice, the ovary is not
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Table 4. List of tools, dishes, and media needed for each step of elVFG

"

Step Materials Timing
Ovary dissection 35 mm Petri dish with DM ~5-10 min
Fine tweezers or insulin needles
Isolation Stripper or mouth pipette with stripper tips <45 min
Mechanical isolation 45 mm watch glass with DM
2 insulin syringes
Or IVF dish with DM
Enzymatic isolation Scalpel
35 mm Petri dish with EM
IVF dish with DM
Heated shaker
Recovery incubation IVF dish with MM (equilibrated) 1h
Selection Stripper or mouth pipette with stripper tips 1h
IVF dish with DM
Encapsulation Stripper or mouth pipette with stripper tips 15-45 min

Curved forceps

35 mm Petri dish lid

10 L displacement pipette
P10 low retention pipette tips

Drop method

Or 35 mm Petri dish with calcium solution

35 mm Petri dish with DM
35 mm Petri dish lid
Parafilm cut into 0.5-1 cm? squares

Parafilm method

35 mm Petri dish with calcium solution

35 mm Petri dish with DM

Depends on number of follicles

Recovery incubation

35 mm Petri dish with MM (equilibrated)

45 min

Plating
Curved forceps

Flat bottom 96-well plate with GM (equilibrated)

<15 min

distinguishable by eye so a portion of the oviduct, uterus,
and adipose tissues surrounding the ovaries are removed
to avoid damaging the ovaries (Figure 2).

3.5 Under a dissection scope, remove any attached oviduct,
uterus, and adipose tissue using fine forceps or insulin
needles (Video 1).

Note: All following steps should be performed on a heated
surface (37 °C) unless otherwise stated.

Follicle isolation

Follicle isolation can be performed either mechanically by
breaking down the structural components of the ovary
directly with insulin syringes or enzymatically by using several
enzymes to degrade extracellular matrix components to assist
in mechanical breakdown with a pipette. Mechanical isolation
is more labor-intensive but preserves the basement membrane
and some theca and stromal cells. Enzymatic isolation is less
labor-intensive and typically results in higher yield, but the
basement membrane is digested and follicles initially have
decreased steroidogenic activity. In this protocol, enzymatic
isolation is conducted using a combination of DNAse I and
Liberase, though other enzymes such as collagenase have
been used to successfully isolate follicles. The choice of
isolation method should be carefully considered, but both
methods work for most experimental designs. Isolation must
be completed within 45 min to reduce the amount of time
that follicles spend outside of the incubator. Though spending
more than 45 min on isolation may allow for isolation of a
larger number of follicles, the quality of follicles will suffer.
Follicles become sticky and degenerate the longer they are kept
outside of the incubator, so it is very important to complete

Region of
Ovary/oviduct/bursa

Uterine horn Fat Pad

Figure 2. Identification of structures within the abdominal cavity of
prepubertal mice aids in localization of the ovary due to its small size.
When removing ovaries from prepubertal mice, it is often easier to
dissect the ovary along with the fat pad, oviduct, and proximal part of the
uterus as one unit and remove unnecessary tissue under a dissecting
scope as a second step.

isolation steps quickly to have the highest quality follicles
for culture. As such, all follicles of the desired developmental
stage should be collected initially without being selective for
quality. Follicle stage can be determined by identifying the
number of granulosa cell layers surrounding the oocyte and
approximating follicle diameter with the end of a stripper tip
(Figure 3). This will enable maximum yield while minimizing
the time that follicles spend outside of the incubator. Selection
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Figure 3. Follicle size and morphology can be used to stage follicles during isolation. Size can be approximated using an eyepiece reticule attachment on
the dissection microscope or by comparing the follicle diameter to the width of the opening of a stripper tip.

for quality will take place after isolated follicles have been
placed in the incubator to recover.

Note: After isolation, follicles are manipulated with stripper
tips (or a pulled glass pipette) attached to a stripper or mouth
pipette.

Mechanical isolation

Note: The method of mechanical isolation differs between
ovaries from prepubertal mice and adult mice due to the
difference in the amount of stromal tissue between these ages.
Prepubertal ovaries have less stroma, resulting in softer, easier
to disrupt ovaries, whereas the stroma is more prominent
in adult ovaries. Furthermore, ovaries become fibrotic with
advanced reproductive age [58). Techniques for mechanical
isolation of ovaries from different aged mice can be seen in
Video 2.

4.2 Clean a 45 mm watch glass with 70% ethanol, dry
completely with a Kimwipe, and add 2-3 mL of warm
DM. Add the dissected ovaries to the dish.

Prepubertal mice

4.2.1 Tsolate follicles from the ovaries using two 28 % G
insulin syringes. In your nondominant hand, use one
syringe to pin an ovary down and use the second
syringe in your dominant hand to repeatedly “flick”
the needle of the first syringe above the air-media
interface (Video 2). This motion leads to vibrations

Figure 4. Ovarian tissue broken down after mechanical follicle isolation.
(A) Prepubertal ovaries [4] broken down by the flicking method. (B) Adult
ovaries [6] broken down by the poking method.

in the ovary that expel intact follicles. Should the
ovary become dislodged, re-stabilize it with the syringe
and continue this process until the ovarian tissue is
broken down into small fragments (Figure 4A). For
two ovaries, this process should take ~20-30 min.

Adult mice

4.2.2 TIsolate follicles from the ovaries using two 28 % G
insulin syringes. In your nondominant hand, use one
syringe to pin an ovary down and use the other insulin
syringe (dominant hand) to puncture, or “poke”,
the ovary repeatedly (Video 2). Follicular fluid and
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granulosa cells will be released, making the media
cloudy. This process also releases various stages of
follicles, oocytes, and cumulus oocyte complexes
(COCs). Continue until poking fails to release
material and the ovary is broken up into small pieces
(Figure 4B). For two ovaries, this process should take
~10-20 min.

4.2.3 Follicles can either be collected after mechanical iso-
lation or throughout the isolation process. Follicles of
the correct size are moved to an IVF dish with warm
DM. It is important to work quickly as follicles will
become sticky and reaggregate.

Note: Cloudy DM can be moved to a larger Petri dish,
diluted with fresh DM, and scanned for follicles. In addition,
insulin needles can be used to tease apart the reaggregated
tissue pieces.

4.2.4 Stop processing tissue at or before 45 min have
elapsed. This is sufficient time to perform mechanical
isolation by either method. With experience, more
ovaries can be processed in this time. If the ovaries
are not sufficiently processed (very few follicles
isolated), the process needs to be stopped at 45 min,
and additional mice should be used to obtain more
follicles.

Enzymatic isolation
4.3.1 Prepare enzymatic media (EM) in a 35 mm Petri dish
as outlined in Table 1 by adding 2.5 mL warmed L135,
25 uL Pen-Strep, 25 uL Liberase (working concen-
tration 25 pg/mL), and 25 uL DNAse I (working
concentration 200 pug/mL).

Note: Each dish of EM can be used to digest up to four
ovaries, so plan for one dish for every two mice.

4.3.2 Place up to four ovaries in each dish of EM and
use a scalpel or insulin syringes to cut each ovary
into quarters. Use forceps to stabilize the ovary while
pressing down with the scalpel to cut (Video 3).

4.3.3 Place the dish on a heated plate shaker at 37 °C for
15-20 min. Since this media is L-15 based, it should
be incubated in an environment that is equivalent to
ambient air.

4.3.4 Remove the dish from the shaker and quench the
enzymatic reaction with 250 uL fetal bovine serum
(FBS). Pipette up and down using a p1000 pipette
set to 300-500 pL to mechanically break down the
tissue until large pieces of ovaries are dispersed and
individual follicles are released (50-100 times per
plate) (Video 3).

Note: Be careful not to produce bubbles during this step as
it will make selection more difficult.

4.3.5 After pipetting, collect follicles of the appropriate
stage and transfer them to the center well of an IVF
dish containing warm DM.

13

4.3.6 Stop isolating at or before the 45 min mark after
enzyme quenching.

Recovery period

Following the initial isolation procedure, follicles are allowed
to recover briefly at 37 °C, §% CO,. Poor quality follicles
and those damaged during the isolation process will begin to
deteriorate during this time, making them easier to exclude
during the selection process.

5.1 Collect and transfer follicles from the dish with DM to
the center well of an IVF dish with equilibrated MM.

5.2 Return the MM dish containing the follicles to the incu-
bator (37 °C, 5% CO3), and let the follicles recover for
a minimum of 1 h but no longer than 3 h.

Follicle selection

6.1 The highest quality follicles are selected for encapsula-
tion and downstream culture. Proper selection is key to
a successful experiment because poor quality or dam-
aged follicles will significantly compromise survival and
growth trajectories. Follicles of high quality are those in
which the oocyte borders are well defined, and the granu-
losa cell layers are translucent. Poor quality follicles will
be more opaque, have oocyte irregularities, damage to
the follicle wall, or are asymmetrical (oocyte not in the
center of the follicle) (Figure 3).

6.2 Prepare an IVF dish with 1 mL warm DM in the center
well and 3 mL in the outer ring.

6.3 Retrieve the IVF dish with follicles from the incubator
and transfer the follicles to the dish with DM.

6.4 Examine follicles under the highest magnification pos-
sible. High-quality follicles are separated from those of
poor quality and moved to designated areas of the IVF
dish or a separate dish with DM.

Note: Brightfield and inclined transmitted illumination can
accentuate different morphological features and defects of
follicles which facilitates the selection process.

Note: After sorting all follicles, a second round of selection
can be done on the pool of high-quality follicles to ensure
rigor. Typically, approximately 1/3 of isolated follicles are of
sufficient quality to be suitable for downstream culture.

Encapsulation

Multilayer secondary follicles are cultured individually
(Figure 6A), while murine primary and two-layer early
secondary follicles must be cultured in cohorts of 10 (multiple
follicle culture) [18] (Figure 6B). Several methods can be used
to encapsulate follicles into alginate hydrogels, and here we
detail a droplet-based encapsulation method and a parafilm-
based encapsulation method (Figure 6C and D). The choice
between these methods is based on preference and both can
be utilized for individual or multiple follicle culture. The
components and preparation instructions for 0.5% alginate
and the cross-linking calcium solution are listed in Table 5.

Note: Encapsulation steps should be done at room temper-
ature to avoid evaporation which will change the osmolarity
and increase the concentration of alginate. Turn off any heated
surface for this section of the protocol.
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Figure 5. Representative images of poor and high-quality follicles. Only high-quality follicles should be encapsulated and cultured. Follicle features may
appear different based on the viewing modality, but general criteria listed will be consistent.

Table 5. Components and instructions for preparation of 0.5% alginate and calcium solution used for crosslinking

Component

Catalog no.

Supplier Final concentration

0.5% Alginate Sterile PBS (—/—) Alginic
acid sodium salt
o Typical volume prepared: 20 mL

o Shelf life: 1 month at 4 °C

14190-144 71238

Gibco Sigma Aldrich  Base 0.5%

o Sterile filter PBS into a 50 mL conical tube and add alginate to the top of the solution. Place on shaker at 4 °C overnight to dissolve.

Sterile MilliQ H, O
CaCl,
NaCl

Calcium solution

o Typical volume prepared: 500 mL
o Shelf life: Indefinite at room temperature

Base
C5670 Sigma Aldrich 50 mM
S5886 Sigma Aldrich 140 mM

o Combine components and mix on a stir plate until dissolved, then sterile filter.

Note: Extended time in alginate prior to cross-linking can
reduce follicle quality. Move quickly during the alginate wash
steps.

Droplet encapsulation method

The droplet encapsulation method consists of a wash step
followed by formation of the alginate bead by aspirating
alginate and the follicle(s) directly into a low attachment P10
pipette tip. The bead is then crosslinked by touching the pre-
formed drop gently to the alginate solution for crosslinking
(Video 4).

7.1.1 Fill a 35 mm Petri dish with calcium solution. Take
the lid of the 35 mm Petri dish and add two drops of
0.5% alginate to form one ~50 pL wash drop and

one ~100 L encapsulation drop (set up shown at the
beginning of Video 4).

Note: A Petri dish lid is used due to the low lip which
allows easier manipulation of the follicles through the wash
and encapsulation drops.

Note: The volume of wash drops and encapsulation drop
do not need to be an exact volume. Higher concentrations
of alginate are more difficult to measure precisely with a
displacement pipette.

7.1.2 Pick up follicles using a stripper tip and transfer them
to the wash drop.

Note: Transfer follicles between IVF dish and alginate drops
under the dissection scope to minimize the chance of losing
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Figure 6. Schematic of encapsulation methods. (A) Individually encapsulating follicles is necessary for larger, multilayer secondary follicles that can grow
in absence of paracrine factors from other follicles. (B) Multiple follicle encapsulation (10/bead) is necessary for two-layer secondary or earlier stage

follicles that require secretion of paracrine factors from other follicles to grow. (C) The droplet method encapsulates follicles by expelling alginate directly
from a pipette tip into the crosslinking solution. (B) The parafilm method encapsulates follicles by placing them in a drop of alginate on a piece of parafilm

and inverting the drop onto the surface of the crosslinking solution.

follicles and avoid producing bubbles. When learning this
technique, start with transferring just a few follicles at a time,
but if using this technique for multiple follicle encapsulation,
10 follicles must be transferred for each encapsulation.

7.1.3 Position follicles in the top 1/3 of the wash drop in
terms of depth and move quickly as the follicles will
start to sink and will risk sticking to the surface of the
plate (Video 4). If the follicle sinks to the plate lid, it
will stick and will likely be damaged if removed. If the
follicles are too close to the surface of the drop, the
surface tension of the drop will be too high and the
follicle will be damaged.

Under the dissection scope, use a P10 low retention
pipette tip set to 5 uL to aspirate 5§ uL containing the
desired number of follicles.

7.1.4

Note: To try to position the follicle within the center of
the bead, aspirate 1-2 L of alginate prior to aspiration of a
follicle (see schematic in Video 4). If encapsulating multiple
follicles in one bead, try to spread them out as much as
possible while aspirating by taking up a small amount of
alginate between each follicle. If the follicles are too close
together within the bead, they may merge together during
culture.

7.1.5 Depress the pipette plunger while holding the pipette
tip above the calcium solution at a 90° angle to form
the drop of alginate, taking care not to expel the drop
into the solution. Slowly lower the pre-formed drop
and gently touch it to the calcium solution without
having the pipette tip touch the liquid. If the tip comes
in contact, change it before forming the next bead to
prevent premature crosslinking of the alginate within
the pipette tip (Video 4).

Note: If working with several follicles at once for individ-
ual encapsulation, work quickly to create several beads in
sequence.

7.1.6 Allow the bead to crosslink in the alginate solution
for 2 min. After 2 min, pick up the bead by scooping
underneath it with curved forceps and transfer to
warmed DM.

Note: Hold follicles in warmed DM after crosslinking and
encapsulate as many follicles as time will allow within a
15 min period. After 15 min, transfer the beads to dish of
equilibrated maintenance media in the incubator for recovery.
Continue encapsulating with an additional set of follicles
retrieved from the incubator.
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Parafilm encapsulation method

This encapsulation method involves placing a 5 uL drop of
alginate onto a piece of parafilm and then adding follicles to
the drop. The parafilm and alginate drop is then flipped into
the calcium solution for crosslinking (Figure 6D; Video 5).

7.2.1 Fill two 35 mm Petri dishes with 5 mL of 50 mM
calcium solution and DM, respectively. Place one
to three100 uL drops of alginate onto the lid of a
Petri dish (35-45 mm) to use as wash drops, leaving
space for the parafilm (setup shown at beginning of
Video 5). The lower lip of the Petri dish lid allows for
easier manipulation of the follicles.

Note: The number of wash drops can be increased if a large
amount of follicles will be encapsulated since excess media
transferred along with follicles to the wash drop can cause
alginate crosslinking. Alternatively, the wash bead should be
replaced as needed (i.e., when the alginate starts to thicken
due to the introduction of media).

7.2.2 Cut parafilm into 0.5-1 cm? squares. The paper back-
ing can be left on the parafilm. Place one parafilm
square, paraffin side up, onto the Petri dish lid and
pipette a 5 uL drop of alginate onto the center. This
will be the first encapsulation bead.

7.2.3 Pick up the follicle(s) (1 for multilayer secondary and
10 for two-layer early secondary) using a stripper tip
and move them through the alginate wash drops. Place
the follicle(s) in the top 1/3 of the wash bead in terms
of depth to allow for the maximum amount of time
before the follicle sinks to the bottom of the drop.
Quickly, re-aspirate the follicle(s) before it reaches the
bottom of the drop (Video 5).

7.2.4 Move the follicle(s) from the last wash drops to the
encapsulation bead. The follicle(s) should be placed
into the middle of the encapsulation drop to help
ensure it is not too close to any edge.

Note: If encapsulating multiple follicles into a single bead,
a slight stirring motion can be done when adding the follicles
to the bead to belp ensure they are spread out from each other
(Video 35).

7.2.5 Pick up the parafilm square with curved forceps and
quickly place it bead side down onto the calcium
solution (Video 5). The parafilm will float on the
solution but ensure that the parafilm is lying flat so
that the bead is completely submerged. Allow the bead
to crosslink for 2 min. Remove the paraffin square
from the calcium solution with forceps and use the
edge of a p100 pipette tip to gently move the alginate
bead off the parafilm and into the 35 mm dish with
DM (Video 5).

7.2.6 Continue this process until all follicles have been
encapsulated.

Recovery incubation

To maintain the healthiest possible population of follicles, all
follicles must be allowed to recover in the incubator between
steps that require them to be outside of the incubator for an
extended period of time. Thus, after encapsulation, follicles
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should be returned to the incubator for a period of 45-60 min
before plating.

8.1 Retrieve the 35 mm Petri dish with 3 mL equilibrated
MM from the incubator.

8.2 Gently scoop up the alginate beads with curved forceps
and move to the MM dish.

8.3 Return the MM to the incubator, and let the encapsulated
follicles recover for a minimum of 45 min.

Plating and imaging

While the beads are recovering, set up a 96-well plate for
culture by filling central wells (one well/bead) with 100 uL
of GM. Do not plate more than 20 beads per plate as a
higher number of wells will increase the time it takes to
perform imaging and media changes, resulting in temperature
and pH fluctuations which will be harmful to the follicles.
Add sterile Dulbecco’s phosphate-buffered saline (PBS) to the
wells surrounding the media wells to help maintain a humid
environment. Allow the media in the plate(s) to equilibrate for
a minimum of 1 h in the incubator before adding encapsulated
follicles.

9.1 Remove the equilibrated 96-well plate and Petri dish
containing the encapsulated follicles from the incubator.
Under a dissection scope, use curved forceps to pick up
alginate beads and place one bead in each well.

9.2 Allow the plated encapsulated follicles to recover in the
incubator for 1 h before imaging.

9.3 Image each follicle using an inverted brightfield micro-
scope at 10-20x magnification. For multiple follicle
beads, images at 4x magnification should also be taken.
Ensure that each plate is out of the incubator for no more
than 15 min at a time in order to prevent temperature and
pH stress to the follicles.

Note: For multiple follicle beads, the bead can shift position
and rotate during culture. 4x images can capture the whole
alginate bead and are therefore useful in determining the
spatial location of individual follicles over time.

Note: Keep an eye on the color of the pH indicator within
the media (phenol red) during this time and return the plate
to the incubator before 15 min if needed.

Culture

Transitioning primary to secondary and two-layer secondary
follicles are cultured up to 12-14 days, while multilayer
secondary follicles are cultured up to 6-8 days. At this point,
follicles can then be used for downstream purposes such
as in vitro maturation and ovulation. Follicles can also be
cultured for shorter periods depending on the application.
Half the media in each well needs to be replaced every 48 h of
culture. Replacing only half of the volume ensures important
paracrine and autocrine factors which are essential for growth
are retained in sufficient amount [18]. To track growth and
survival, imaging should be done on the same days as media
changes.
Note: Aseptic technique is required.

10.1 Warm and equilibrate GM in the incubator for a
minimum of 1 h prior to changing the media.
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Note: You will need 50 uL of GM per well for each media
change.

10.2 Image individual follicles at 10x magnification. In
cultures with multiple follicles encapsulated together,
image entire bead at 4x magnification to use as a
reference to identify and track each individual follicle
throughout culture.

10.3 After imaging, allow plates to recover for at least
45 min in the incubator before changing media.

10.4 Tilt the plate at a 45° angle and lightly tap against
the bench so that the encapsulated follicle beads move
to one side of the wells. This can be verified under
a dissection scope. Aspirate 50 uL. of GM per well,
being careful to not disturb the alginate bead. Ensure
that each plate is not out of the incubator for more
than 15 min with the lid off at any given time, though
the process of changing media should be able to be
completed in under 5 min.

Note: If the media changes are taking longer than 5 min per
plate, reduce the number of beads per plate in future cultures.

Note: Conditioned media can be saved and stored at —
80 °C for future analysis of secreted factors such as steroid
hormones, growth factors, and cytokines [3, 4, 33, 59].

Endpoints
Follicle growth and survival

Tracking follicle growth and survival is essential to assessing
the health of cultured follicles. To use follicles for downstream
applications, it is important to demonstrate that follicles are
growing appropriately. Follicles cultured from the two-layer
secondary stage or earlier should reach a terminal size of
~250 pum after 12-14 days. Multilayer secondary follicles
should reach a terminal size of 350-400 um after 6-8 days.
Follicle survival should be tracked because low survival in a
set of cultured follicles may indicate quality control issues in
the process of isolating and culturing follicles. Image follicles
every other day (same day as media changes) at 10x mag-
nification. Individual follicles should be tracked to determine
survival through the culture. In multiple follicle culture, this is
done by using 4x magnification images to match up follicles
based on their relative positions to each other. It is important
to track individual follicle growth and survival.

1. Open the image file in Image] (https://imagej.nih.gov/i
j/download.html), set the scale, and take two measure-
ments of each follicle, one at the widest diameter and
one perpendicular to the first measurement (Figure 7).
The average of these measurements is designated as
the follicle diameter. Typical growth curves for two-
layer and multilayer secondary follicles are shown in
Figure 7A and B, respectively.

2. Score each follicle as alive or dead based on mor-
phology by looking for signs of deterioration (gran-
ular appearance or uneven borders; see Figure 8A
for examples). Follicles that do not increase in size
after 4 days should also be counted as dead even
if they appear healthy. Representative images of a
multiple follicle culture with high and low survival
and the corresponding survival curves are shown in
Figure 8B and C.
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Figure 7. Example growth curves for (A) two-layer secondary follicles and
(B) multilayer secondary follicles using perpendicular diameter
measurements on ImageJ. Follicle size should be tracked every 48 h
throughout the duration of culture.

Note: Some follicles may partially extrude their oocyte but
are able to re-enclose it with granulosa cells shortly after to
reform a normal follicle structure, continue a normal growth
trajectory, and support the development of a high-quality egg.
Oocyte extrusion occurs predominately in primary and early
secondary follicles, but as long as normal follicle structure is
recovered the follicle is considered alive [18]. An example of
an extruded oocyte at day 6 (D6) that reforms by day 8 (D8)
is shown in Figure 8D.

Note: While visual inspection of quality is routinely used
for scoring survival, additional parameters can be assessed to
confirm follicle and egg quality. Histology (see below) can be
performed to confirm the presence of an antrum. For CD-1
follicles cultured in 0.5 % alginate we observe antral formation
in 80-100% of multilayer secondary and ~50-80% of early
secondary follicles by the end of culture; however, this may
differ depending on strain and culture conditions. Further-
more, ovulation (see below) and scoring of oocyte maturation
scoring and can also be performed to assess oocyte quality [6].
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D10

Figure 8. Assessment of follicle survival. (A) Examples of dead follicles. (B) Examples of two-layer secondary follicle cultures with high survival (top) and
low survival (bottom). High survival follicles are characterized by an even border, continuous growth and translucent granulosa cell layers until the antrum
is formed. Low survival follicles characteristics include granular appearance, opaque granulosa cells prior to antrum formation, uneven borders, and low
growth rates. (C) Example of survival curves for cultures with high and low survival. (D) Examples of follicles that have a partially extruded oocyte and
then recover later in culture. DO, culture day 0; D6, culture day 6; D8, culture day 8; D10, culture day 10.

Removing follicles from alginate

Follicles can be removed from alginate beads at any point
during culture using alginate lyase, an enzyme that digests
alginate. Several endpoints, including ovulation and histology,
require follicles to be removed from alginate.

1. Prepare and thaw an appropriate volume of alginate
lyase (Table 1). Pipette aliquot up and down a few times
to mix and warm the vial prior to use.

2. To digest alginate from individual beads, remove all
media from the well with the bead and add 70 uL of
alginate lyase.

3. Alginate beads can also be digested in groups by remov-
ing 50% of the media from each well with a bead and
taking a wide bore pipette tip to transfer the remain-
ing 50% and the bead into the center well of an IVF
dish. Once 10-12 beads are in the center well, carefully
remove the media so that only beads remain and add
1 mL of warmed alginate lyase solution.

4. Place plate or dish with alginate lyase on a warming plate
for 25-30 min.

Note: Removing follicles from alginate individually is only
necessary if the desired endpoints require tracking growth and
ovulation of a specific individual follicle or bead. If the beads

are grouped together before treatment with alginate lyase, it
will not be possible to track individual follicles from earlier
stages in the culture.

Ovulation

Once encapsulated follicles are cultured to their terminal,
antral stage they can be used for ovulation assays. Follicles
can be removed from alginate and cultured with maturation
media (MatM), which is supplemented with human chorionic
gonadotropin (hCG—an analog of luteinizing hormone) to
induce ovulation [33] as well as epidermal growth factor
(EGF) and follicle-stimulating hormone (FSH). Ovulation in
this in vitro system is characterized by rupture of the follicle
wall and release of a COC. In addition, ovulated follicles
can be cultured for an additional 48 h to allow for corpus
luteum formation, where the remnants of the ovulated follicle
wall luteinize and switch from predominant production of
estradiol to production of progesterone.

1. Remove follicles from alginate as described above.

2. During the lyase treatment, prepare one IVF dish with
3 mL MatM in the outer ring and 1 mL MatM in the
inner ring and warm in the incubator for at least 1 h.

3. Follicles can either be induced to ovulate individually,
with each follicle in one well of a 96-well plate, or
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Figure 9. Example images of an ovulation experiment. (A) Antral follicle prior to adding hCG, (B) follicle rupture after 12 h of culture with hCG, and (C)

corpus luteum formation 48 h after ovulation.

in groups of 10-12 in the center well of an IVF dish.
If inducing follicles to ovulate individually, prepare a
plate with 100 uL of MatM per bead and warm in the
incubator. Place PBS in the wells surrounding the MatM
to prevent evaporation.

4. Once the MatM is equilibrated and after the lyase treat-
ment is complete, transfer isolated follicles from the
alginate lyase solution one at a time to the outer ring
of MatM in the IVF dish. If inducing follicles to ovulate
individually, transfer them to an individual well of the
96-well plate with warmed MatM. If inducing ovulation
in multiple follicles grouped together, transfer up to 12
follicles into the center well of the IVF dish contain-
ing MatM.

5. Incubate plates or dishes at 37 °C, 5% CO; for 12-16 h.

Note: 12 b incubation will be the earliest time point of fol-
licle rupture; longer incubations will allow for more complete

COC expulsion from the follicle.

6. After incubation, image follicles and record the incidence
of follicular rupture as assessed by the presence of a
disrupted follicle wall, release of fluffy appearing cumu-
lus cells, and/or visibility of a COC (Figure 9A and B).
Follicles that have successfully ruptured can be cultured
for an additional 48 h to assess for corpus luteum forma-
tion through measurement of hormone production and
histologic analysis of cellular hypertrophy and luteiniza-
tion (Figure 9C). Oocytes can be removed from COCs by
incubation with 1X hyaluronidase solution in L15.

Histological examination

Sectioning follicles for histology is useful for many down-
stream applications that are outside of the scope of this
protocol, such as H&E staining, immunohistochemistry, or
RNAscope assays. While the process of fixing and preparing
follicles for sectioning shares similar elements to general tissue
fixation and sectioning protocols, there are several unique
steps including removing follicles from alginate before fixa-
tion, re-encapsulating follicles after fixation, staining alginate
beads to aid in visualization, and encasing beads in biopsy
wraps or filter paper before placing in cassettes to avoid losing
the bead during processing. Follicles are removed from the
alginate bead to facilitate their fixation. Alternatively, follicles
can also be fixed in the alginate bead, but this is a complex
and time-consuming approach [2]. The re-encapsulation of
the follicles and the staining of the bead are necessary to
keep the follicles close together and for easy manipulation
of the follicles during the processing [3, 4]. As an alternative

to alginate, HistoGel can be also used to prepare follicles for
sectioning [60, 61].

1. Remove follicles from alginate beads as described above.

2. Prepare fixative with 3.8% paraformaldehyde (PFA) and
0.01% Triton X-100 in PBS and place 1 mL in the center
well of an IVF dish.

3. Transfer follicles to the fixative solution, seal the dish
with parafilm, and place the dish on a 37 °C heating stage
for 1 h.

4. After fixation, wash follicles in PBS (3x, 5 min each)
and re-encapsulate 5-10 follicles per bead (5 uL, 0.5%
alginate) using the preferred encapsulation method.

Note: Antral follicles (=200 um) should be encapsulated in
groups of up to 5 follicles/bead. Earlier stage follicles can be
grouped in groups of up to 10 follicles/bead.

5. Once the follicles are encapsulated, briefly stain the bead
in an Alcian Blue solution for 15-30 s to allow the
alginate but not the follicles to be stained light blue
(Figure 10A). This is important for visualization of the
bead within paraffin during later stages of processing.

6. Transfer the stained beads through increasing ethanol
concentrations (50%, 60%,70%; 15 min each) in 35 mm
dishes.

7. Samples can be prepared for histology by folding each
bead into biopsy wraps or filter paper before placing
into a cassette to prevent the beads from slipping out of
holes in the cassette. The cassette with the wrapped bead
is then ready for clearing, embedding, and sectioning.
An image of an embedded, stained bead is shown in
Figure 10B.

8. Serial section the paraffin-embedded beads. Typically,
every fourth section will be stained with hematoxylin and
eosin (H&E) to determine follicle position (Figure 10C).

Note: Alternatively, sections can be examined under bright-
field microscopy to help determine which sections contain
follicles.

Troubleshooting

Low yield of high-quality follicles

Follicle yield varies based on mouse age and strain. For pre-
pubertal (postnatal day 12-16) CD-1 mice, total follicle yield
is generally 40-60 for both early and multilayer secondary
follicles. For reproductively young (4-12 weeks) CD-1 mice,
yield is ~20-30 early secondary follicles and 10-20 multilayer
secondary follicles per mouse. It is essential to have a sufficient
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C

Figure 10. Preparation of follicles for histology. (A) Follicles are re-encapsulated in alginate beads and stained with Alcian blue after fixing with 3.8% PFA.
The stained beads can then be dehydrated and processed for embedding. (B) Blue-stained bead should be visible within the paraffin after embedding.

(C) H&E-stained section containing follicles.

total yield, since only a fraction (~1/3) will be of high quality
for culture. If yield is lower than this, first ensure mice are
healthy and at an appropriate age for experimental goals and
desired yield. Additionally, start by working with a smaller
number of mice [1-2] to have more time to select follicles
and process tissue without extending the time follicles are
outside the incubator. Ensure that follicles are also not over
digested should enzymatic isolation be performed (>30 min
in enzymatic media before quenching) or damaged due to
excessive mechanical isolation. If follicles appear to diminish
in quality during recovery incubations, they may have been
out of the incubator for too long during earlier stages of
processing.

Low survival

Low viability is defined as survival <80% for each culture.
To meet this benchmark, ensure that only the highest quality
follicles are encapsulated and cultured. Additionally, minimize
the time follicles spend out of the incubator during isolation,
selection, encapsulation, imaging, and media changes. Ideally,
follicles should be cultured in the back of an incubator des-
ignated for long-term follicle culture to reduce the number
of times the incubator door is opened. If possible, a separate
incubator should be used for media equilibration and recovery
incubations throughout the isolation protocol. When follicles
are taken out of the incubator for media changes and imaging,
ensure there is time for recovery between steps. Keep an eye
on the pH indicator in the media during these steps. If the
media begins to turn pink, return the plate to the incubator
for recovery. After ensuring the issue is not due to improper
handling, check to make sure that the media components
have appropriate activity to sustain follicle growth. Different
suppliers and production lots of media components, partic-
ularly recombinant follicle-stimulating hormone (rFSH) and
FBS, have different levels of bioactivity and may have variable
efficacy in follicle culture. This may require troubleshooting
between different suppliers. The reagents listed in Table 1
have been tested for efficacy in eIVFG.

Most of the published studies utilizing eIVFG have used
rFSH sourced from Organon, which is no longer commer-
cially available. Our lab has preliminarily tested a number

of commercial and pharmacological-sourced rFSH for use in
elVFG and found that Gonal-F (follitropin alfa for injection)
has a specific and working (10 mIU/mL [3-8, 11, 14-19,
21, 22,24, 25,27-31, 33, 34, 47-49] activity similar to the
rFSH previously available through Organon). Gonal-F can be
obtained in a reconstituted form (injection pen; 600 IU/mL) or
as a lyophilized powder. If feasible, we recommend obtaining
pharmacological grade rFSH (Gonal-F, Follistim) as these
have been tested for their in vivo activity against the World
Health Organization’s first International Standard for human
rFSH. These formulations are stable for multiple years at 4
°C, but freezing results in loss of FSH activity. If purchasing
commercial rFSH, we recommend testing it by eIVFG since the
long-term nature of the culture is the most sensitive means of
determining FSH in vitro activity.

Reduced ovulation

Ovulation rate should be >80% for each culture. If the rate
is below 80%, first ensure that follicles are cultured for the
appropriate number of days based on starting stage, to a
terminal diameter of 240-260 um for early secondary culture
and 350-400 um for multilayer secondary culture. Early sec-
ondary follicles typically require 12-14 days in culture, while
multilayer secondary follicles require 6-8 days. If follicles are
not cultured for long enough or if they are cultured for too
long they will not ovulate as effectively. If the rate is still
below 80%, ensure media components, particularly hCG and
FBS, have appropriate activity to sustain follicle growth and
ovulation. This may require troubleshooting between different
suppliers. The reagents listed in Table 1 have been tested for
efficacy in follicle culture.

Conclusions

Folliculogenesis and oogenesis are complex processes that are
essential for fertility and endocrine function. Follicle activa-
tion, follicle growth, oocyte development, and ovulation are
all necessary steps for fertilization to occur. In vitro follicle
culture recapitulates these key stages of in vivo folliculogenesis
and oogenesis and thus represents a powerful assay for the
study of these processes in an isolated system.
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Though there are several follicle culture strategies that
have been used to recapitulate follicle growth, alginate is a
nondegradable matrix that allows follicles to maintain an in
vivo-like architecture. Specific elements of the protocol, from
age of mice to encapsulation techniques, can be tailored based
on the questions that are central to a particular study. The
protocol described in this paper provides a versatile road map
for designing experiments to answer basic questions about the
biology of folliculogenesis and ovulation, screen compounds
for ovotoxicity, or study the production of secreted factors
from the ovarian follicle at different stages of development.
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