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Abstract

The ovarian follicle is the fundamental functional tissue unit of mammalian ovary. Each ovarian 

follicle contains one single oocyte. Isolation and in vitro culture of ovarian follicles to obtain 

fertilizable oocytes have been regarded as a promising strategy for women to combat infertility. 

The follicles from Peromyscus are considered as a better model than that from inbred mice for 

studying follicle culture. This is because Peromyscus mice are outbred (as with humans) with an 

increased life span. In this article, we reviewed studies on this subject conducted using 

Peromyscus follicles. These studies show that the conventional 2D micro-drop and 3D hanging-

drop approaches established for in vitro culture of early preantral follicles from inbred mice are 

not directly applicable for cultivating the follicles from Peromyscus However, the efficiency could 

be significantly improved by culturing multiple early preantral follicles in one hanging drop of 

Peromyscus ovarian cell-conditioned medium. It is further revealed that the mechanical 

heterogeneity in the extracellular matrix of ovary is crucial for developing early preantral follicles 

to the antral stage and for the subsequent ovulation to release cumulus-oocyte complex. These 

findings may provide valuable guidance for furthering the technology of in vitro follicle culture to 

restore fertility in the clinic.
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1. Introduction

The ovary is a critical organ of the female reproductive system and the ovarian follicle is the 

fundamental functional tissue unit in ovaries of mammals including humans and 

Peromyscus. Each ovarian follicle contains one single oocyte. As schematically illustrated in 

Fig. 1, in a healthy ovary, the primordial (1) follicles continuously develop to the primary 

(2), secondary (early and late preantral, 3–4), and tertiary (early and late antral, 5–6) stages. 

The primordial follicle consists of one immature primary oocyte surrounded by one layer of 

follicular epithelial cells. Although the exact mechanism for the activation of primordial 

follicles and their development to the primary stage is still not well understood, it is 

observed that the follicular epithelial cells become more polygonal and are often called 

granulosa cells in the primary follicle. The primary follicles also contain some theca cells 

outside the single layer of granulosa cells. The secondary (or preantral) follicles differentiate 

them from the primary ones by the appearance of at least two layers of granulosa cells, and 

the tertiary (or antral) follicles have a unique fluid-filled antrum (also called antral cavity). 

However, few follicles (often one for humans) could develop through all the stages to 

ovulate and release a grown oocyte in the form of cumulus-oocyte complex (COC) during 

each estrous/menstrual cycle, leaving behind the corpus luteum. The follicles that could not 

develop to the stage of ovulation degenerate in the ovary, which often occurs in patients with 

ovarian disorders that are either genetic or acquired [1–8]. Therefore, isolation and in vitro 
culture of ovarian follicles to obtain fertilizable oocytes have been regarded as a promising 

strategy for women to combat infertility.

In the past decades, studies have been reported to culture (mainly preantral) follicles on the 

2D flat surface of culture dish [9,10], in homogeneous 3D hanging drop [11], and in 

homogeneous 3D hydrogel of alginate or an interpenetrating network of alginate and fibrin 

[12–17]. Moreover, results from some of the past studies demonstrate the potential of in 
vitro follicle culture for restoring or preserving fertility as live birth of offspring has been 

achieved using this approach [18–21]. However, such success has been limited to inbred 

mice and further research needs to be done using other biomedical model systems such as 

outbred animals including outbred mice and non-human primates, so that the technology can 

be further developed to eventually be applicable for human fertility preservation [16,22–31]. 

This is because the widely used inbred animals for biomedical research are unnatural (or 

man-made) with their haplotype structure and genetic make-up not resembling that of 

humans or even wild mice [32–37]. The Peromyscus (also called deer mice because their fur 

color resembles that of deer), outbred mice that are indigenous rodents in N. America, might 

be a better model than the widely used inbred mice for studying follicle culture in terms of 

the translational value. This is because the Peromyscus mice are outbred (as with humans) 

with a life span that is closer to humans than inbred mice. These mice have been proposed as 

a more appropriate animal model than inbred species for research on phylogeography, 

seciation, chromosomes, population genetics, aging, evolution, and haematology [38–45].

In this review, we performed a survey of the studies on in vitro culture of follicles from 

Peromyscus mice. Only early preantral follicles from Peromyscus have been studied in this 

field. The follicles have been cultured using the conventional 2D micro-drop and 

homogeneous 3D hanging-drop methods [46], and a novel biomimetic approach that 
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recapitulates the mechanical heterogeneity (Fig. 1) experienced by the developing follicles 

in vivo [47,48]. These studies show that the paracrine interactions between multiple follicles 

and between follicles and ovarian stromal cells, together with the mechanical heterogeneity 

of the extracellular matrix in the ovary, are all important for the development of early 

preantral follicles of Peromyscus to the antral stage. Moreover, the mechanical heterogeneity 

is important in regulating the ovulation of the antral follicles to release cumulus-oocyte 

complex (COC). These findings may provide valuable guidance for furthering the 

technology of in vitro follicle culture to restore fertility in the clinic.

2. Isolation of ovarian follicles from Peromyscus

Both the mechanical and enzymatic methods have been used to isolate ovarian follicles from 

Peromyscus [46]. The former is achieved by using two 30-guage needles to mechanically 

break up the extracellular matrix between follicles in the ovarian tissue. Typical images 

showing the morphology of primary (75–99 µm), early preantral (100–125 µm), and late 

preantral (126–180 µm) follicles isolated with the mechanical method are given in Fig. 2. 

For the enzymatic method, the ovarian extracellular matrix between follicles is digested by 

using type I collagenase, which however, can also degrade the collagen within the follicles 

to damage the follicle integrity. Typical image of an early preantral follicles isolated using 

the enzymatic method showing compromised architecture is also shown in Fig. 2. Therefore, 

the studies on in vitro culture of follicles from Peromyscus have been focused on using 

follicles isolated with the mechanical method. In addition, only early preantral follicles from 

Peromyscus have been studied for in vitro culture so far using both the conventional and 

novel biomimetic methods, as detailed below.

3. In vitro culture of early preantral follicles of Peromyscus with the 2D 

micro-drop and 3D hanging-drop methods

A comprehensive study was conducted to culture the early preantral follicle of Peromyscus 
using both the 2D micro-drop and 3D hanging-drop approaches [46]. As illustrated in Fig. 

3A, for the conventional 2D micro-drop (2D MD-1F) method [9], one single follicle is 

cultured in a small (10–20 µl) drop of follicle culture medium (optimized for inbred mice) 

overlaid with mineral oil in culture dishes for 13 days. The follicle culture medium was α-

MEM-glutamax medium, supplemented with 10% (v/v) heat-inactivated fetal bovine serum 

(FBS), 5 µg/ml insulin, 5 µg/ml transferrin, 5 ng/ml selenium, 100 mIU/ml recombinant 

human follicle-stimulating hormone (FSH), and 1% (v/v) penicillin and streptomycin. For 

the conventional 3D hanging-drop (3D HD-Con-5F) method optimized for inbred mice [11], 

five single early preantral follicles were placed in each hanging drop of 25 µl of the 

aforementioned follicle culture medium. After six day’s culture to form a single aggregate of 

the five follicles in each hanging drop, the follicle aggregate was further cultured in a micro 

drop of 30 µl of the follicle culture medium overlaid with mineral oil till day 13.

As shown in Fig. 3B, none of these two conventional method optimized for in vitro culture 

of the early preantral follicles from inbred mice could be applied for effectively culturing the 

early preantral follicles from Peromyscus, with a percentage of development to the antral 

stage less than 10%. This percentage could be improved to more than 10% by modifying the 
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conventional 3D HD-Con-5F method to continuously culture the 5 follicles and their 

aggregate in hanging drops for 13 days (i.e., the 3D HD-M-5F method). This is probably 

because continuous culture in the hanging drop could prevent the detachment of theca and 

granulosa cells from the follicles to attach on the surface of the petri dishes [46].

More importantly, when the conventional follicle culture medium optimized for inbred mice 

is replaced with the Peromyscus ovarian stromal cell-conditioned medium (CM) to modify 

the hanging-drop method (i.e., the 3D HD-CM-5F method), 65% of the early preantral 

follicles could develop to the antral stage. Typical images showing five single early preantral 

follicles in one hanging drop of the conditioned medium on day 0, the aggregate formed 

from the five follicles in the hanging drop on day 6, high viability of the follicles in the 

aggregate, and aggregated antral follicles on day 13 are shown in Fig. 4A, B, C, and D, 

respectively. The conditioned medium was made by incubating ovarian stromal cells isolated 

from one Peromyscus ovary with 5 ml of α-MEM–glutamax medium supplemented with 

10% (v/v) heat-inactivated FBS and 1% (v/v) penicillin-streptomycin solution, in a 60 mm 

culture dish at 37 °C in 5% CO2 air for two days. The resultant medium was collected and 

the procedure repeated once to make a total of 10 ml of the medium, which is further 

supplemented with 5 µg/ml insulin, 5 µg/ml transferrin, 5 ng/ml selenium, and 100 mIU/mL 

recombinant human follicle stimulating hormone (FSH) to produce the eventual ovarian 

stromal cell-conditioned medium (CM) for further use. The ovarian stromal cells were 

isolated by dissociating the cells from the ovarian extracellular matrix using trypsin and type 

I collagenase at 37 °C, filtering through a 40 µm filter, centrifuging at 390 g, and culturing 

for 20 h in a 60 mm dish in 5 ml of DMEM supplemented with 10% FBS and 1% penicillin/

streptomycin at 37 °C in 5% CO2 air.

The remarkable improvement of the follicle development to the antral stage with the use of 

ovarian cell-conditioned medium suggest that the importance of paracrine interactions 

between the ovarian stromal cells and the follicles in facilitating follicle growth. In addition, 

these paracrine interactions are largely unidirectional (i.e., from the stromal cells to follicles) 

as only the stromal cells were used to make the conditioned medium.

The effect of the number of follicles in each hanging drop on the follicle development was 

further examined by putting 3 (i.e., 3D HD-CM-3F method) and 1 (i.e., 3D HD-CM-1F 

method) follicle in the hanging drop of ovarian cell-conditioned medium. As shown in Figs. 

3B and 4A–G, the development with 3 early preantral follicles in the hanging drop of 

ovarian cell-conditioned medium is similar to that with five follicles. However, if only one 

follicle is used, the outcome of development is dismal (Fig. 3B) and the follicles were 

observed to degenerate in six days of culture (Fig. 4H–I). These results suggest that in 

addition to the stromal cells-follicle paracrine interactions, the follicle-follicle paracrine 

interactions are crucial for developing the early preantral follicles form Peromyscus into the 

antral stage.
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4. In vitro culture of early preantral follicles of Peromyscus in biomimetic 

ovarian microtissue

As shown in Fig. 1, the extracellular matrix in the ovary is actually heterogeneous with a 

harder outer layer and softer inner layer that are known as the ovarian cortex and medulla, 

respectively [49,50]. To mimic this two-layered configuration with mechanical heterogeneity 

in the ovary, a non-planar microfluidic device was designed and fabricated to encapsulate 

early preantral follicle in microcapsules with a softer core (medulla) and a harder shell 

(cortex) [47,48]. Due to this biomimetic nature, this follicle-laden core-shell microcapsule is 

called biomimetic ovarian microtissue. More details on how to fabricate the microfluidic 

device together with the mechanisms in using the device to generate the biomimetic ovarian 

microtissue can be found elsewhere [47,48,51–54]. This review is focused on the outcome of 

culturing early preantral follicles from Peromyscus in the biomimetic ovarian microtissue.

Typical images showing an early preantral follicle of Peromyscus encapsulated in the 

biomimetic ovarian microtissue with a 0.5% collagen (Col) core and 2% alginate (Alg) shell 

on day 0 and its development to the antral stage are given in Fig. 5A. The fibrous collagen 

core enclosed in the alginate hydrogel shell is visible, which is further confirmed by 

scanning electron microscopy (Fig. 5B) and confocal reflectance microscopy [47,48]. The 

defining feature of an antral follicle is that it contains a cumulus-oocyte complex (COC) 

inside a fluid-filled antrum or antral cavity (day 9, Fig. 5A). To study the mechanical 

heterogeneity on the follicle development, various core and shell materials were used to 

generate in the ovarian microtissues for culturing the early preantral follicles and the 

mechanical properties (elastic modulus) of the various materials are shown in Fig. 5C. The 

elastic modulus of regular alginate as the shell material was constantly more than 10 times 

higher than that of all core materials. The modulus of oxidized alginate (O-Alg) decreases 

with culture time and after ~7 days, it is similar to the highest modulus of the core materials. 

It is worth noting that alginate was used to fabricate the biomimetic ovarian microtissue 

because of its excellent biocompatibility and mild and reversible gelation conditions, which 

are not harmful to living cells [54–57]. Collagen is used because it is abundant in the 

extracellular matrix of ovarian tissue.

Figure 5D shows the quantitative data on the development of the early preantral follicles to 

the antral stage, both under miniaturized 3D culture in the various ovarian microtissues 

made of the different core (gray) and shell (green or orange for regular and oxidized 

alginate, respectively) materials and under 2D culture. The aforementioned ovarian stromal 

cell-conditioned medium was used for all the culture conditions. First of all, the 

development under 2D culture is dismal. The development under the miniaturized 3D 

culture was observed to be strongly dependent on the core and shell materials. The 0.5% 

collagen (0% alginate) core together with the 2% alginate shell leads to the best 

development. Moreover, the culture condition with the same core (i.e., 0.5% collagen and 

0% alginate) but with a 2% oxidized alginate shell results in 0% development. These data 

indicate the crucial role of mechanical heterogeneity in regulating the follicle growth since 

the only difference between the regular and oxidized alginate is that the modulus of the latter 

decreases to that similar to the core materials in ~7 days (Fig. 5C). This is further supported 
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by the reduced development for the culture condition with the 2% alginate but with a harder 

core (0.5% collagen and 0.5% alginate) where the adhesion molecule (i.e., collagen) is the 

same as that in the core for the optimal culture condition. In addition, the development in the 

microtissues (2% alginate shell) with 0.1% collagen alone or 0.5% alginate alone in the core 

is not as good as that in microtissue with 0.5% collagen alone in the core (2% alginate shell), 

suggesting that sufficient cell adhesion in the extracellular matrix is also important for 

follicle development.

Production of estradiol by the granulosa cells is an important molecular event accompanying 

follicle growth to the antral stage. As shown in Fig. 5E, culturing early preantral follicles in 

the optimal microtissue with a 0.5% collagen core and 2% alginate shell also produces 

significantly more estradiol than the second best (judged by the percentage of follicle 

development to the antral stage, Fig. 5D) culture condition with a 0.5% collagen+0.5% 

alginate core and 2% alginate shell. These data further show the crucial role of mechanical 

heterogeneity in regulating the follicle function and growth at the molecular level.

5. In vitro ovulation to release COCs from antral follicles obtained by in 

vitro follicle culture

As illustrated in Fig. 1, the event following the development to the antral stage in vivo is 

ovulation, a delicate reproductive process that results in the release of a cumulus-oocyte 

complex (COC) from each antral follicle. Although the exact mechanisms that regulate the 

ovulation process are still not fully understood, it is well accepted in contemporary literature 

that ovulation is triggered by the surge of luteinizing hormone (LH) from the pituitary gland. 

This LH surge activates a cascade of epidermal growth factor (EGF) mediated signaling 

pathways to induce differentiation of granulosa cells into cumulus cells and expansion of 

granulosa cells in the follicles, resulting in the escape of the COC out of the follicle and 

ovary [58–63].

However, no ovulation was observed for the antral follicles obtained by culturing early 

preantral follicles of Peromyscus with the aforementioned 2D micro-drop and 3D hanging-

drop approaches [46], by adding the well-established doses of LH (2.5 IU/ml) and EGF (5 

ng/ml) into the medium to induce ovulation for up to 18 hours [9,58–63]. As a result, the 

cumulus-oocyte complex (COC) in the antral follicles has to be isolated manually by 

puncturing the follicles using syringe needles [64].

Importantly, ovulation was indeed observed for the antral follicles obtained by culturing the 

early preantral follicles of Peromyscus in the aforementioned optimal biomimetic ovarian 

microtissue with a 0.5% collagen core and 2% alginate shell (Fig. 5D). To study the role of 

LH and EGF in initiating ovulation, 6 antral follicles in the biomimetic ovarian microtissue 

were cultured in the conditioned medium with LH (2.5 IU/ml) and EGF (5 ng/ml) for up to 

18 hours (LH+EGF+) and 11 antral follicles in the biomimetic ovarian tissue were observed 

as control without LH or EGF treatment (LH−EGF−). Less antral follicles were used for the 

LH+EGF+ group because according to the contemporary literature, the probability of 

ovulation from this group would be much higher than that for the LH−EGF− group.
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In contrast to our anticipation, only 1 out of the 6 antral follicles in the biomimetic ovarian 

tissue treated with LH and EGF ovulated while ovulation was observed for all the 11 antral 

follicles in the biomimetic ovarian microtissue without LH or EGF treatment (Fig. 6A). A 

typical image showing the biomimetic ovulation via breaking apart the cortex (i.e., the 

alginate hydrogel shell) to release a COC and leaving behind a corpus luteum-like tissue 

complex is given in Fig. 6B. It is worth noting that this is the first study achieving ovulation 

in vitro in a biomimetic fashion via breaking apart the cortex. Interestingly, only 1 out of 3 

antral follicles obtained from culturing early preantral follicles in the sub-optimal ovarian 

microtissue with a 0.5% alginate core and 2% alginate shell ovulated under the LH−EGF− 

culture.

All these data suggest the crucial role of mechanical heterogeneity in the ovary in regulating 

follicle ovulation and the LH surge and EGF signaling might even suppress the ovulation of 

some antral follicles to allow few of them being ovulated during each estrous/menstrual 

cycle, as occurs naturally. These results are consistent with the literature suggesting 

disruption of the normal physical microenvironment in the ovary may cause ovarian 

disorders such as premature ovarian failure (POF) and polycystic ovary syndrome (PCOS) 

with compromised function of ovulating and releasing oocytes from the ovary [50,65].

6. In vitro maturation (IVM) of COCs to obtain MII oocytes

Although the oocytes in the COCs ovulated in vivo from a healthy ovary are usually at the 

stage of metaphase II (MII) that can be further fertilized with sperm for embryonic 

development to induce pregnancy, most of the oocytes in the COCs either manually isolated 

or spontaneously ovulated from the antral follicles obtained by in vitro culture are in the 

early immature stages [46–48]. These oocytes with an apparent germinal vesicle (GV) and 

undergone germinal vesicle break down (GVBD) are called GV and GVHD oocytes, 

respectively. Typical images showing the morphology of GV, GVBD, and MII oocytes are 

given in Fig. 7. The MII oocytes are featured by the appearance of a first polar body as a 

result of the meiotic development from the prophase I to metaphase I, anaphase I, telaphase 

I, prophase II, and MII.

To obtain fertilizable MII oocytes of Peromyscus, in vitro maturation (IVM) of the COCs 

from the Peromyscus antral follicles obtained by in vitro culture using a protocol optimized 

by adding both leukemia inhibition factor (LIF) and epidermal growth factor (EGF) into the 

conventional medium for the IVM of the COCs of inbred mice [64,66]. Although none of 

the oocytes in the few COCs obtained from the sub-optimal ovarian microtissue developed 

to the metaphase II (MII) stage, 5 MII oocytes out of 11 COCs (45.5%) were obtained by 

culturing early preantral follicles of Peromyscus in the optimal biomimetic ovarian 

microtissue with a 0.5% collagen core and 2% alginate hydrogel shell. A typical image of 

the MII oocytes obtained by IVM is shown in Fig. 8A. To further confirm the developmental 

stage of the MII oocytes, the meiotic spindles and nuclei were stained by tubulin (in 

microtubules of the spindles) antibody and Hoechst, respectively. Figure 8B shows the 

ordered attachment of meiotic spindles (green) to the chromosomes (blue) in the cytoplasm 

while the arrangement of tubulin and chromosomes is chaotic in the first polar body, which 

is characteristic of MII oocytes.
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To further confirm the quality of the MII oocytes, their capability of being 

parthenogenetically activated using chemicals and fertilized with Peromyscus sperm in vitro 
was studied. Parthenogenetic activation of the MII oocytes was done by incubating the 

oocytes with Ca2+-free KSOM medium supplemented with 10 mM SrCl2 and 5 µg ml−1 

cytochalasin B for 3.5 h [48,66]. Typical image of a 2-cell embryo developed from the 

parthenogenetically activated oocytes is shown in Fig. 8C. For in vitro fertilization (IVF) 

[46,64], 4 MII oocytes obtained by in vitro culture of early secondary preantral follicles 

were inseminated with 1.6 × 104 sperms in a 160 µl drop of TYH medium for 4.5 h. The 

fertilized oocytes were subsequently cultured in a drop of 50 µl of Hoppe and Pitts medium 

modified by removing sodium lactate and increasing the sodium chloride concentration to 

5.97 g/ml at 37 °C in 5% CO2 air. Typical images showing a MII oocyte right after IVF (i.e., 

early zygote) and its development to the two-pronuclei and two-cell stages are shown in Fig. 

8D. These data indicate fertilizable MII oocytes can be obtained by culturing early preantral 

follicles of Peromyscus in vitro. However, further studies are warranted to overcome the 8-

cell block [64,66] of developing the early Peromyscus embryos to the blastocyst stage for 

implantation in vivo to produce offspring of Peromyscus.

7. Conclusions and outlook

In summary, the aforementioned studies demonstrate that the paracrine interactions between 

ovarian stromal cells and follicles, the paracrine interactions between follicles, and 

mechanical heterogeneity in the ovarian extracellular matrix (i.e., the harder cortex and 

softer medulla) all play important role in regulating the development of early preantral 

follicles of Peromyscus to the antral stage. Therefore, future studies to encapsulate multiple 

follicles in the core-shell microcapsule for culturing in ovarian stromal cell-conditioned 

medium may further improve the efficiency of developing early preantral follicles of 

Peromyscus to the antral stage. This multiple follicles-laden system that recapitulates the 

mechanical heterogeneity in the extracellular matrix of ovary may be efficient for in vitro 
ovulation of COCs from the multiple antral follicles developed from the early preantral 

follicles, as it has been demonstrated with the one follicle-laden ovarian microtissue in the 

aforementioned studies. In addition, the biomimetic ovarian microtissue system may be 

further applied to culture primary follicles of Peromyscus for their development to the antral 

stage and further ovulation to obtained COCs. Another important direction in this field is to 

search for the cues that are either chemical or mechanical to mature the oocytes in the 

follicles during in vitro culture so that COCs with MII oocytes could be ovulated from the 

antral follicles obtained by in vitro culture of early preantral or primary follicles. Further 

studies are also warranted to delineate the role of mechanical heterogeneity versus chemical 

cues (e.g., LH and EGF) in regulating the delicate ovulation process. Moreover, the design 

of the ovarian microtissue could be further optimized. For example, cell adhesion in the shell 

of the ovarian microtissue could be important because there is collagen in the native ovarian 

cortex for cell adhesion. This aspect of the cortical tissue was not considered in the ovarian 

microtissue in the aforementioned pioneering studies. Moreover, the effect of the percentage 

of the surface area of the follicles in the core versus shell could have important effect on the 

follicle development and ovulation, because this area percentage determines the mechanical 

signaling between the follicles and their heterogeneous environment in the microtissue. 
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Lastly, alginate hydrogel microencapsulation has been shown to be exceptional in inhibiting 

ice formation during cooling and suppressing devitrification (i.e., forming ice in vitrified 

solutions) and the growth of ice crystals during warming cryopreserved samples [67,68]. 

This is attributed to the ultrahigh viscosity of the alginate hydrogel and its possible 

capability of binding to ice nuclei to prevent their growth. Therefore, the follicle-laden 

biomimetic microtissue with an alginate hydrogel shell could improve the outcome of 

follicle cryopreservation because ice formation (particularly inside cells) is the major cause 

of cell injury during cryopreservation. It is worth noting that the MII oocytes are more 

difficult to cryopreserve than the immature (prophase I) oocytes in the primary and early 

preantral follicles because the latter do not have the delicate arrangement of tubulin as that 

(Fig. 8B) in the MII oocytes arrested at the metaphase II stage of meiosis [28,69]. Further 

studies are warranted in this direction because cryopreservation of primary or early preantral 

follicles for future in vitro culture is important to the long-term preservation of fertility for 

women.
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Figure 1. 
A schematic illustration of the mammalian ovary showing the difference in mechanical 

properties between the ovarian cortex and medulla, the morphology of ovarian follicles at 

various developmental stages, and the ovulation of cumulus-oocyte complex (COC) from 

antral follicles leaving behind the corpus luteum. The schematic of mammalian ovary is 

reprinted and redrawn from reference [47] with permission from Elsevier.
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Figure 2. 
Images showing the typical morphology of primary (75–99 µm), early preantral (100–125 

µm), and late preantral (126–180 µm) follicles retrieved from ovaries of Peromyscus using 

the mechanical method together with that of early preantral follicle obtained using the 

enzymatic method: The follicles retrieved by the mechanical method have an intact outer 

membrane of theca cells (TCs) and an intact layer(s) of granulosa cells (GCs) in the middle 

together with a primary oocyte (Oo) in the center. In contrast, the middle and particularly, 

the outer layer of the follicles retrieved by the enzymatic method were severely 
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compromised. The figure is reprinted and redrawn from reference [46] with permission from 

Mary Ann Liebert Inc.
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Figure 3. 
In vitro culture of early preantral follicles of Peromyscus with 2D micro-drop and various 

versions of 3D hanging-drop methods: (A) A schematic illustration of the various methods 

used for in vitro culture of early preantral follicles, and (B) the quantitative data of 

development to the antral stage using the various methods. N: number of early preantral 

follicles. The figure is reprinted and redrawn from reference [46] with permission from 

Mary Ann Liebert Inc.
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Figure 4. 
Typical micrographs showing development of early preantral follicles obtained mechanically 

from the Peromyscus ovaries under in vitro culture in hanging drop of ovarian cell-

conditioned medium: Five single follicles per drop on day 0 (A), one single aggregate 

formed from the five follicles on day 6 (B), high viability (green) of the follicle aggregate on 

day 6 (C), and the aggregate of antral follicles developed from the five early preantral 

follicles after continuous culture in hanging drop for 13 days (D); three follicles per drop on 

days 0 (E) and 6 (F) and the aggregate of antral follicles developed from the three early 

preantral follicles after continuous culture in hanging drop for 13 days (G); and only one 
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follicle per hanging drop on day 0 (H) and the degenerated follicle on day 6 (I). The figure is 

reprinted and redrawn from reference [46] with permission from Mary Ann Liebert Inc.
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Figure 5. 
Development of early preantral follicles under miniaturized biomimetic 3D culture in core-

shell microcapsules showing the crucial role of mechanical heterogeneity in regulating the 

follicle development: (A) Typical images showing the growth of an early preantral follicle in 

the biomimetic microtissue with a 2% alginate shell and 0.5% collagen core, (B) a typical 

scanning electron microscopy (SEM) image showing the collagen fiber in the 0.5% collagen 

core, (C) elastic modulus of various shell and core materials used for fabricate the ovarian 

microtissue, (D) quantitative data of the percentage of development to the antral stage of 

early preantral follicles cultured under various conditions collected from references [47,48], 

and (E) production of estradiol by the growing follicles under the two best culture 

conditions. Alg: alginate; Col: collagen; O-Alg: oxidized alginate; N: number of early 

preantral follicles; and *: p < 0.05. The figure is reprinted and redrawn from reference [47] 

with permission from Elsevier (for panel A) and from reference [48] with permission from 

John Wiley & Sons, Inc. (for panels B, C, and E).
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Figure 6. 
Biomimetic ovulation in vitro via breaking apart the cortex (i.e., the alginate hydrogel shell) 

to release cumulus-oocyte complex (COC): (A) The effect of the combination of luteinizing 

hormone (LH) and epidermal growth factor (EGF) on the biomimetic ovulation, and (B) a 

typical image showing the ovulation of cumulus-oocyte complex (COC) from the 

biomimetic ovarian microtissue leaving behind a corpus luteum-like structure. N: number of 

antral follicles. The figure is reprinted and redrawn from reference [47] with permission 

from Elsevier
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Figure 7. 
Typical phase contrast and fluorescence images of primary and secondary oocytes showing 

their morphology and nuclei distribution, respectively: The primary oocyte includes both GV 

(germinal vesicle) and GVBD (germinal vesicle breakdown) oocytes, while the MII 

(metaphase II) oocyte is secondary. A germinal vesicle containing all nuclear materials can 

be clearly seen in the GV oocyte, the germinal vesicle breaks down with the nuclear stain 

not as clearly identifiable in the GVBD oocyte, and the nuclear materials condense at two 

different locations with one being in the first polar body and the other in the cytoplasm of 

the MII oocyte. The figure is reprinted and redrawn from reference [46] with permission 

from Mary Ann Liebert Inc.
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Figure 8. 
Quality of MII oocytes obtained by In vitro maturation of cumulus-oocyte complex from 

antral follicles developed from early preantral follicles by in vitro culture: (A) Typical image 

of a MII oocyte obtained from the antral follicles showing the characteristic 1st polar body 

and mitotic spindle, (B) nuclear and tubulin stains for visualizing the 1st polar body and 

mitotic spindle in the MII oocyte, (C) image of a two-cell embryo developed from the MII 

oocyte after parthenogenetic activation, and (D) typical micrographs showing development 

of MII oocyte after in vitro fertilization (early zygote) to the two-pronuclei and two-cell 

stages. The two pronuclei visible in the phase contrast image (arrow head) were further 

confirmed using fluorescence stain of the pronuclei (blue stains). The figure is reprinted and 

redrawn from reference [48] with permission from John Wiley & Sons, Inc. (for panels A–

C) and from reference [46] with permission from Mary Ann Liebert Inc. (for panel D).

He and Toth Page 22

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Isolation of ovarian follicles from Peromyscus
	3. In vitro culture of early preantral follicles of Peromyscus with the 2D micro-drop and 3D hanging-drop methods
	4. In vitro culture of early preantral follicles of Peromyscus in biomimetic ovarian microtissue
	5. In vitro ovulation to release COCs from antral follicles obtained by in vitro follicle culture
	6. In vitro maturation (IVM) of COCs to obtain MII oocytes
	7. Conclusions and outlook
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

