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SUMMARY
This article presents a co-culture model of bovine theca and granulosa cells. This method has the potential to serve as a reliable foundation for analyses focused on the study of paracrine communication and substrate transport between the somatic cells within the follicle.

ABSTRACT
A reliable co-culture of granulosa (GCs) and theca cells (TCs) has the potential to facilitate a more comprehensive understanding of the interactions, signaling pathways, and substrate exchange between both cell compartments in the bovine ovarian follicle. Utilizing commercially available cell culture inserts, a reproducible co-culture model of bovine GCs and TCs was established. It was observed that primary theca and granulosa cells require considerably more time to attach to the insert membrane compared to cell lines. Initially, the TCs were seeded onto the inverted insert membrane, with a truncated tube serving as an inoculation container to prevent medium leakage. Following a 72 h incubation period, the insert was inverted, allowing the GCs to be cultured on the opposite side of the membrane. This co-culture was then subjected to an additional 6 days of incubation at 37 °C and 5% CO2, with media exchange every other day. The expression of marker genes indicated cell-type-specific patterns, with CYP17A1 being highly abundant in TCs and not expressed in GCs. Conversely, CYP19A1 showed high levels in GCs and only low levels in TCs. The hormone analysis supported the presence of a physiological co-culture system, as evidenced by the synthesis of estradiol. This modified co-culture model supports reproducible studies of paracrine signaling and substrate transport between the somatic cells of the follicle.

INTRODUCTION
During folliculogenesis, a surge in luteinizing hormone (LH) triggers a cascade of physiological changes in the ovary, ultimately leading to the release of a mature oocyte during ovulation1,2. This process is tightly regulated by the follicular somatic cells, which provide essential support for oocyte maturation and ensure proper ovulatory function3. The follicle is composed of two types of steroidogenic somatic cells, an inner layer of granulosa cells (GCs) and an outer layer of theca cells (TCs). Among these, GCs undergo the most pronounced morphological and functional changes following the LH surge, highlighting their critical role in orchestrating the final stages of follicular development4. Consequently, GCs are of considerable interest in the analysis of factors that might influence folliculogenesis, ovulation, and luteinization.

A cell culture model of bovine GCs mimicking an estradiol-active status was previously established5-11. This serum-free culture model allows a reliable analysis of GC physiology and possible effector analyses in signaling pathways, gene regulation, and hormone synthesis12-14. However, the follicle structure is much more complex, as highlighted by the 2-cell-2-gonadotropin hypothesis15. This underscores the dependence and interconnected nature of the cell types in the context of steroid synthesis being compartmentalized between the two layers. 
A number of studies have described TC culture models that are similar to previously established GC mono-culture systems16-18. However, a co-culture system of porcine theca and granulosa cells was reported, in which both cell populations are cultivated in a single dish at a ratio of 4:1 of GCs to TCs19-21. In this model, it could be shown that there is a functional system and interaction between granulosa and theca cells, revealing a higher amount of estradiol in the co-culture system than in the mono-culture. However, it should be noted that this model is not able to adequately analyze the interaction and substrate exchange between granulosa and theca cells, as both cell types might be differently affected. Therefore, the analysis on molecular levels of GCs and TCs independently from each other is nearly not possible without an elaborate sorting procedure, which itself might affect cell physiology. Furthermore, it is important to consider that this model may not accurately replicate the situation prior to the LH surge, when GCs and TCs are separated by a basement membrane3. In the bovine, a membrane-based cell culture system was proposed, in which both cell types are cultivated on either side of a collagen membrane, thereby reflecting the in vivo situation more precisely22-26.

Adapting the initial concept of a membrane-based system, this method aimed to establish a co-culture model for bovine GCs and TCs with cell culture inserts to enable future studies of paracrine signaling between both cell compartments. The presented method utilizes commercially available hanging cell culture inserts instead of a custom-based membrane system, offering advantages such as higher reproducibility, standardized quality, and improved product stability. This approach ensures consistency across experiments, making it a valuable tool for researchers studying follicular cell interactions. The culture procedure includes an initial seeding of 1.7-1.8 x 10⁵ theca cells on the underside of the insert, followed by approximately 1.0 x 10⁵ granulosa cells on the upper surface after inversion and a 72 h pre-incubation. Cultures are maintained in defined medium under standard conditions (37 °C, 5% CO₂) with media exchanged every other day. To enable paracrine exchange across compartments, 0.4 µm cell culture inserts made of polyester, such as polyethylene terephthalate (PET), were used (commercially available). Membranes of this pore size permit diffusion of soluble macromolecules, such as hormones, growth factors, and proteins, while preventing cell migration27,28.

By enabling spatial separation while maintaining paracrine communication, this co-culture system provides a physiologically relevant environment for investigating granulosa-theca cell interactions, signaling pathways, and substrate exchange. The model is particularly suited for studies requiring controlled conditions, such as hormone regulation, gene expression analysis, or drug testing. Researchers interested in follicular dynamics, reproductive physiology, or ovarian disorders may find this method applicable to their studies. Additionally, the use of standardized inserts allows for easy adaptation to different experimental needs, including modifications in culture duration, cell types, or treatment conditions.

PROTOCOL
Bovine ovaries were obtained from a local commercial abattoir. In this experimental setup, the preparation of the ovaries is performed within 2 h after receiving. The collection of slaughterhouse byproducts does not require ethical approval according to German Law.

NOTE: The isolation and cryo-preservation of bovine GCs has already been described and shown in a previous method report6 and can be performed accordingly.

1. Preparation of reagents and setup for ovarian follicle dissection

1.1. Prepare 1x PBS (pH 7.4) supplemented with 100 IU penicillin, 0.1 mg/mL of streptomycin, and 0.5 µg/mL of amphotericin for transport of ovaries. The solution can be stored at 4 °C for up to 4 weeks.

1.2. Prepare the digestion solution containing 10x Hanks’ salt buffer supplemented with 25 mM HEPES, 100 IU penicillin, 0.1 mg/mL of streptomycin, and 0.5 µg/mL of amphotericin. The digestion solution can be stored at 4 °C for 2-3 weeks.

1.2.1. Fill 1 mL of digestion solution in 1.5 mL tubes for each planned dissected follicle and pre-warm the solution to 37 °C.

1.2.2. Add 10 µL of Collagenase NB8 to achieve a 0.1% concentration of the digestion solution shortly before preparation.

1.3. Prepare the following dishes for preparation, isolation, and washing procedures.

1.3.1. Glass dishes with a minimum diameter of 3 cm to place the ovaries for dissection.

1.3.2. A 6-well plate with 1 mL 1x PBS (supplemented with antibiotics) for washing.

1.3.3. A 12-well dish with approximately 10 µL of digestion solution.

1.4. For cryo-preservation, prepare a freezing solution consisting of 80% fetal calf serum (FCS) and 20% DMSO. 

NOTE: The final concentration of DMSO for cryo-preservation will be 10%.

2. Follicle dissection with subsequent digestion of bovine theca cells

2.1. [bookmark: _GoBack]Perform the cell digestion procedures as well as the cell culture work under a laminar flow bench.

2.2. Wash the ovaries 2-3x in 1x PBS (supplemented with antibiotics, see step 1.1) to remove blood and other residues from the surface. Place the ovaries in a tumbler, fill it with 1x PBS so that the ovaries are covered, and discard the solution afterwards. Repeat this step 3-4x until the ovaries are clean.

2.3. Place one ovary in a glass dish and select follicles of 5-11 mm, measured with a ruler, for dissection.

2.4. Aspirate the follicular fluid with a 3 mL syringe and an 18 G needle by puncturing one selected follicle. Discard the follicular fluid.

2.5. Cut the follicle open with scissors, starting at the point where the needle was inserted during aspiration. Use a pair of binoculars for precise cutting. 

2.5.1. Use tweezers at the cutting edge of the follicle to grasp the innermost layer, the theca interna.

2.5.2. Try to peel off the theca interna from the inner side of the open follicle wall. 

NOTE: Depending on the age or stage of the follicle, the theca cell layer can be more easily peeled off, resulting in an intact theca layer.

2.6. Place the theca cell layer in a dish filled with 1x PBS (supplemented with antibiotics, see step 1.1.) to remove the remaining granulosa cells.

2.6.1. Gently scrape the granulosa cells from the inner side of the membrane with a scalpel. The cells should detach easily in large clusters. 

2.6.2. Place the theca cell layer in a new dish filled with 1x PBS to wash it.

2.6.3. Carefully rinse the membrane by swirling in the fresh 1x PBS to remove any loose cells.

 NOTE: From the next step onwards, work under the laminar flow box.

2.7. Transfer the theca interna into the prepared digestion solution of the 12-well plate (see step 1.2 and 1.3.3) and cut it into small pieces, presumably 1-3 mm, using a scalpel. 

NOTE: It is recommended to digest theca cells from different follicles independently to prevent the clogging of tissues from different origins.

2.8. Transfer the theca snippets into a prepared 1.5 mL reaction tube (see step 1.2.1 and 1.2.2). Incubate the theca in a thermos-shaking incubator at 800 rpm at 37 °C for 45-50 min.

2.8.1. After shaking for 30 min, begin vortexing the reaction tubes for 3-5 s and place them back in the shaking incubator.

2.8.2. Repeat this step 3-4x in the remaining incubation time.

2.8.3. After incubation, resuspend the digested cells with a pipette.

2.9. Eliminate the undigested tissue by filtration with the 100 µm cell strainer placed on a 50 mL tube, and proceed immediately with counting and cryo-preservation of the cells to remove the digestion media.

3. Counting and cryo-preservation of TCs

3.1. To count the number of viable cells, prepare a tube with 1.5 µL of a 0.25% trypan blue solution. Living cells will remain unstained, while dead cells appear blue due to the access of trypan blue through broken cell barriers.

3.1.1. Add 15 µL of the digested cell suspension to the trypan blue solution and mix gently.

3.1.2. Place 10 µL of the mixture in both chambers of a hemocytometer. Count the number of living (= colorless) cells in one big square per chamber.

3.1.3. Determine the number of living cells with the mean of both chamber squares following standard guidelines. Note that the proportion of living cells may differ between ovaries.

3.2. Freeze undigested portions of the theca cell suspension (see step 2.9) for an intended comparison as a non-cultured control and to perform an assessment of potential cross-contamination with GCs (as shown in Figure 2).

3.2.1. Transfer the undigested tissue of each dissected theca interna that remains in the 100 µm cell strainer (see step 2.10) into a labeled tube.

3.2.2. Shock-freeze the tube in liquid nitrogen before storing at -80 °C.

3.3. Perform cryo-preservation of the isolated theca cells in order to facilitate improved planning of cell cultures, with particular regard to the number of cells required.

3.3.1. Centrifuge the digested cell suspension at 500 x g for 5 min at room temperature (in average 20 °C). Discard the supernatant.

3.3.2. Carefully dissolve the cell pellet in 1 mL of 100% FCS. Add 1 mL of freezing media (see step 1.4) to the cell solution. The final concentration of DMSO for cryo-preservation is 10%. Transfer the mixture into the specified 2 mL cryo vials.

3.3.3. Place the vials in a cooler device for a controlled decrease in temperature. In this setup, a specific freezing container was used, which guarantees a freezing rate of -1 °C/min when placed for at least 4 h in -80 °C. Afterwards, the vials can be stored in liquid nitrogen storage systems.

4. Preparations for cell culture work

4.1. Cut off the lid from a 1.5 mL reaction tube. Then, cut the reaction tube approximately 1 cm from the opening with the help of a scalpel (preferably warmed) or an appropriate hose cutter. Afterwards, autoclave the cut tubes and lids. The lids might be required for subsequent procedures of the cell culture (see step 5.5). 

NOTE: Ensure that the 1.5 mL tubes tightly fit onto the insert chosen.

4.2. Ensure to coat the inserts with 0.02% collagen R for GC’s and TC’s attachment in the culture.

NOTE: Perform the procedure of coating under a sterile laminar flow hood.

4.2.1. Use purified water (suitable for cell culture) to prepare a 0.02% collagen R solution. Prepare 80 µL of this solution for each cell culture insert required.

4.2.2. Place the insert upside down in a lid of a 24-well plate. Gently add 40 µL of collagen R solution to the membrane of the insert, ensuring that it remains in place. Leave the collagen R solution to dry for 4-5 h under the laminar flow hood.

4.2.3. Turn the insert and hang it in the wells of the 24-well plate to coat the second side again with 40 µL of collagen R solution. Let the solution dry again for 4-5 h.

4.2.4. Irradiate the inserts with UV light for 10-15 min to diminish contamination.

4.2.5. The inserts should be stored within the 24-well plate (preferably in the sterile delivery bag) and in a fridge at 4 °C and can be used up to 4 weeks.

4.3. Prepare the media8.10 as follows:

NOTE: Perform the procedure of media preparation under a sterile laminar flow hood.

4.3.1. Supplement the α-Minimial Essential Medium (α-MEM) with 2 mM L-glutamine, 0.084% sodium bicarbonate, 0.1% BSA, 20 mM HEPES, 4 ng/mL sodium selenite, 5 µg/mL transferrin, 10 ng/mL insulin, and 1 mM non-essential amino acids. 

NOTE: To ensure consistency, it is recommended to prepare enough medium for the entire experiment in advance. The prepared medium can be stored at 4 °C. For the described setup, use 750 µL per cell culture well.

4.3.2. Further, add 100 IU penicillin, 0.1 mg/mL of streptomycin, and 0.5 µg/mL of amphotericin to the prepared media.

4.3.3. Pre-warm the media at 37 °C in a water bath. 

NOTE: After the pre-warming of media, the antibiotics are stable for approximately 48 h. Therefore, aliquot only the desired amount of media for warming.

4.3.4. Additionally, supplement the α-MEM with 20 ng/mL of follicle stimulating hormone (FSH), 50 ng/mL of R3 IGF-1, and 2 µM androstenedione for a physiological cell environment7,8,10,11. 

NOTE: Add these components shortly prior to the onset of culture or media exchange. In order to prevent a compromised activity, it is imperative to avoid repeated freeze-thaw cycles of the FSH and IGF-1 stock solutions.

5. Co-culture of TCs and GCs

5.1. Prepare the inoculation chamber for the culture of theca cells (Figure 1A).

5.1.1. Place the coated insert upside down into a larger plate (e.g., 12-well plate).

5.1.2. Place the cut and autoclaved tube on an inverted insert (see step 4.1). Ensure that the tube is firmly seated on the insert to prevent media leakage. 

5.2. Thaw the cryo-preserved theca cells quickly in a water bath of 37 °C for 3-5 min and transfer the cell suspension immediately after thawing into the pre-warmed media.

5.3. Centrifuge the theca cell suspension at 500 x g for 3 min at room temperature (in average 20 °C) and discard the supernatant. Add the supplemented α-MEM and carefully resuspend the cells.

5.4. Seed 1.7-1.8 x 105 cells per insert in the inoculation chamber in a final volume of 200 µL media. Include at least three technical replicates per condition.

5.5. To close the cell culture dish with a lid, it might be necessary to increase the distance between the dish and the lid when using the inoculation chamber.

5.5.1. Use the cut and autoclaved caps from the 1.5 mL reaction tubes (see step 4.1) and place them in each corner of the cell culture plates. The caps will act as supports to lift the lid of the plate slightly, providing enough space for the inoculation chamber while still covering the culture dish adequately. 

5.5.2. Close the well plate carefully, ensuring it remains stable and does not touch the membrane or chamber.

5.5.3. Gently transfer the plate into a humidified cell culture incubator.

5.6. Incubate the theca cells for 3 days at 37 °C with 5% CO2 to allow cell attachment on the membrane.

5.7. Turn the insert after 3 days of culture to prepare for seeding with GCs (Figure 1B).

5.7.1. Prepare a 24-well plate and fill with 500 µL of media in each of the desired wells.

5.7.2. With a pipette, remove all media from the inoculation chamber. Carefully remove the inoculation chamber from the insert with tweezers.

5.7.3. Place the insert with the attached theca cells into the prepared 24-well plate, ensuring that the TCs face down (see Figure 1B for more details). 

5.8. To seed granulosa cells from cryo-preservation, perform steps 5.2 and 5.3.

5.9. Seed approximately 1.0 x 105 cells per insert in a final volume of 250 µL of media that is placed inside the insert.

5.10. Subsequently, incubate the co-culture at 37 °C with 5% CO2 for six more days.

5.11. Perform a media exchange every 48 h after GC seeding when only two-thirds of the culture media is replaced. This should reduce the stress of the procedure and help to adapt to the newly added media.

6. Subsequent analysis of cultured theca and granulosa cells

6.1. Perform morphological assessment of theca and granulosa cells throughout the cell culture with a phase-contrast microscope to monitor attachment and spreading of both cell types (see Figure 3).

6.2. For the steroid hormone analysis, collect the media and freeze at -20 °C. Use an appropriate method to analyze the concentrations of the desired steroid hormones (e.g., in this workflow, estradiol was analyzed via RIA5,29).

NOTE: A steroid hormone analysis helps to evaluate the physiological status of the culture7.

6.3. To analyze the gene expression, firstly isolate the RNA with an appropriate technique (e.g. kit procedures). 

NOTE: Be aware that during the isolation procedure, both cell types are prepared independently from each other.

6.3.1. Dissociate the cells from both sides of the membrane with an appropriate reagent (e.g., trypsin or accutase). Place the dissociation medium in both the insert (e.g., 200 µL of accutase) and wells of the plate (e.g., 500 µL of accutase) so that the membrane is completely surrounded by the dissociation medium.

6.3.2. Collect the granulosa cells from the insert, whereas the detached theca cells can be collected from the well. Transfer every cell type into a 1.5 mL tube.

6.3.3. Centrifuge the cells at 500 x g for 3 min and discard the supernatant.

6.3.4. Lyse the cells, perform RNA isolation and afterwards measure RNA concentration. 

NOTE: The protocol can be stopped after lysis of cells for most isolation procedures so that samples can be stored at -20 °C for short term. For a longer storage, the lysed cells can be stored at -80 °C.

6.3.5. Subsequently, synthesize cDNA to measure the abundance of transcripts of interest by qPCR. The cDNA synthesis utilizes 100 ng of RNA with random hexamer and oligo-dT primers. For qPCR, gene-specific primers were used as previously described5,30. In brief, cycle conditions were as follows: pre-incubation at 95 °C for 5 min, 40 cycles denaturation at 95 °C for 20 s, annealing at 60 °C for 15 s, extension at 72 °C for 15 s, and single-point fluorescent acquisition for 10 s. An external standard of five different concentrations (5x10-12 – 5x10-16 g DNA/reaction) was co-amplified. For normalization of transcript abundance, the geometric mean of RPLP0 and TBP was calculated. 

6.3.6. To eliminate potential cross-contamination, evaluate the purity of theca and granulosa cell preparations by analyzing the gene expression of the cell-specific markers CYP17A1 and CYP19A1 from the freshly isolated cell preparations of TCs and GCs (Figure 2). 

NOTE: A statistical evaluation should include a minimum of three replicates of different cell cultures. In this experimental setup, a t-test or the one-way ANOVA was performed after checking for normality and variance.

REPRESENTATIVE RESULTS 
Although TCs and GCs were isolated using well-established mechanical separation techniques based on follicular compartmentalization, the expression of cell-type-specific genes CYP17A1 and CYP19A1 was evaluated to eliminate the risk of cross-contamination. CYP17A1 was exclusively expressed in freshly isolated TCs, while CYP19A1 was predominantly expressed in freshly isolated GCs (Figure 2).

The co-culture system enables the compartmentalization of bovine theca and granulosa cells on opposing sides of a membrane insert, thereby mimicking the in vivo spatial organization. After three days in culture, the TCs exhibited a flattened and elongated morphology as they spread across the surface of the collagen-coated insert membrane, indicating successful attachment (Figure 3A). When cultured alone for the entire 9-day period, TCs continued to proliferate and reached confluence by day 9 (Figure 3B). In contrast, GCs cultured alone for 6 days on the collagen-coated insert membrane developed a fibroblast-like phenotype, which is characteristic of GCs in vitro (Figure 3C). Additionally, as previously described, GCs tended to form clusters, a typical feature of these cells in culture5,7,31,32. In the co-culture system, no apparent morphological differences were observed in either TCs or GCs when compared to their respective time-matched mono-cultures (Figure 3D), indicating that the insert-based environment maintains normal cellular behavior. However, due to technical limitations, microscopic evaluation of the co-culture remains challenging, particularly in distinguishing and assessing TC morphology independently from the other cells. To overcome these limitations, an optimized protocol for cell fixation is currently being addressed in accordance with exploring alternative strategies for cell identification in the absence of cell-specific antibodies for immunostaining.

The functionality of the co-culture system was assessed by analyzing hormone production and the expression of key marker genes for TCs and GCs33,34, confirming the cell-type-specific steroidogenic roles. A comparison between the GC mono-culture and the co-culture model revealed similar estradiol (E2) levels produced in vitro. However, as expected, the TC mono-culture produced only negligible amounts of E2, consistent with the 2-cell-2-gonadotropin hypothesis (Figure 4A)15, which states that theca cells lack the ability to synthesize E2 independently.

To further evaluate the physiological relevance of the culture conditions, the expression of key marker genes33 was examined. In accordance with the 2-cell-2-gonadotropin hypothesis, CYP19A1 was predominantly expressed in GCs, whereas CYP17A1 was mainly detected in TCs, a pattern observed in both mono- and co-culture conditions (Figure 4B,C). Notably, the transcript abundance of CYP19A1 was higher in GCs within the co-culture system compared to the GC mono-culture, despite no observed differences in estradiol concentrations.


FIGURE AND TABLE LEGENDS
Figure 1: Schematic representation of cell culture setup. (A) A diagram illustrating the custom-built inoculation chamber, which utilizes a truncated tube on the inverted insert to prevent media leakage throughout the initial culture period. (B) Timeline of the experimental procedure: TCs were cultured on the inverted insert for three days to allow attachment. The insert was flipped, and GCs were seeded on the opposite side, followed by an additional six days of culture. The study compared TCs and GCs cultured separately to the TC-GC co-culture system.

Figure 2: Gene expression of cell-type-specific markers in freshly isolated granulosa and theca cells. (A) CYP17A1 was exclusively expressed in TCs, while (B) CYP19A1 was predominantly detected in GCs, confirming the specificity and initial purity of the isolated cell populations prior to culture. Data are presented as relative expression normalized to the geometric mean of the reference genes RPLP0 and TBP. Means and standard error of means are shown, data were tested for normality and variance, asterisks indicate significant differences (n=3, t-test).

Figure 3: Morphology of theca and granulosa cells in culture. (A) TCs cultured for 3 days were attached to the collagen-coated insert membrane. (B) TCs grew to confluence after the entire 9-day period in the mono-culture. (C) GCs display the typical fibroblast-like phenotype after 6 days in culture. (D) Co-culture of TCs and GCs shows no apparent morphological difference compared to respective time-matched mono-cultures. This image was taken after 6 days of GC culture and 9 days of TC culture (at the endpoint of the co-culture experiment). Scale bars 100 µm.

Figure 4: Analysis of functional markers in the co-culture system. (A) Hormone concentrations of estradiol (E2) confirm physiological functionality of the cell culture system. (B, C) Gene expression analysis of the TC marker CYP17A1 and the GC marker CYP19A1 demonstrates the identity and functional state of both cell populations. The geometric mean of the reference genes RPLP0 and TBP was used to calculate the relative expression. Means and standard error of means are shown, data were tested for normality and variance, asterisks indicate significant differences (n=3, one way ANOVA).

DISCUSSION
The prerequisite to perform this co-culture model is a well-performed isolation of both cell types to prevent any cross-contamination. The purity of both cell preparations was evaluated by the gene expression of the TC-specific marker CYP17A1 and the GC-specific marker CYP19A1. As shown before, the technique of GC and TC isolation showed no relevant cross-contamination30.

This co-culture model allows for the simultaneous culture of theca and granulosa cells on opposite sides of a membrane, mimicking their spatial organization within the follicle and supporting the physiological state of both cell populations3. The model’s validity is reinforced by its hormone production profile and gene expression patterns that align with the 2-cell-2-gonadotropin hypothesis15. As expected, the low estradiol levels in the TC mono-culture confirm that theca cells alone are unable to synthesize estradiol, supporting established knowledge of follicular steroidogenesis35. Despite the higher CYP19A1 expression in co-cultured GCs, estradiol levels remained comparable to the GC mono-culture, suggesting the influence of regulatory mechanisms such as substrate availability, feedback inhibition, or enzyme activity differences. Further exploration into the signaling pathways and underlying mechanisms is warranted, as a subject for future studies. Nevertheless, the establishment of a functional co-culture system of bovine TCs and GCs is imperative, as provided in this study. The present study focused on estradiol production and mRNA expression levels of CYP17A1 and CYP19A1 as key indicators of the co-culture model’s functionality. Both represent sensitive markers of granulosa and theca cell function4,8,36 and are directly aligned with the 2-cell-2-gonadotropin hypothesis15. While recognizing the importance of protein expression, the lack of reliable antibodies precluded its accurate assessment; therefore, a comprehensive analysis of protein levels was beyond the scope of this initial investigation.

In general, this model is a further development of the traditional 2D culture model, which partly mimics the structure of the ovarian follicle3. The results support a physiological status of both cell compartments revealed by the expression of sensitive markers for GC and TC physiology.

An advantage over traditional 2D culture models is facilitating paracrine interactions between theca and granulosa cells while maintaining their spatial separation, better mimicking the in vivo follicular structure. In contrast, on-dish co-culture systems, where TCs and GCs are mixed in a single well, lack this structural organization. Studies using such systems have commonly applied a GC:TC ratio of 4:119-21, but this approach does not reflect the compartmentalization found in vivo and might, therefore, not be feasible for analyzing substrate exchange. Furthermore, alterations found on the cell level cannot be easily detected, when this GC-TC mixture has to be sorted in a complex manner.

Three-dimensional co-culture models for granulosa and theca cells remain scarce, but early attempts have shown promising results. The group of Kotsuji22-24,37 previously described the interaction of granulosa and theca cells in culture using a collagen membrane as a physical separator. However, this system relied on a custom-built collagen membrane, making reproducibility and standardization challenging. In contrast, the presented co-culture model benefits from commercially available hanging culture inserts, which enhance reproducibility, standardization, and product quality, ensuring broader applicability across laboratories. Although the herein presented model resulted in higher estradiol production than the previous models, the comparison of these models is difficult, as it lacks unity of cell culture supplements, especially the concentrations used26 or the additional usage of IGF-122-24,37. 

One of the most crucial steps in the procedure is the culture of TCs within the inoculation chamber. Ensuring that the chamber is securely placed on the inverted insert is essential to prevent media leakage, which could otherwise compromise TC attachment and survival. Therefore, it is advised to firmly press the inoculation chamber on the inverted insert with the help of tweezers and visually inspect the placement of the inoculation chamber. Additionally, removing the inoculation chamber and flipping the insert after three days requires technical precision. Some skill training may be necessary to perform this step without disrupting and/or damaging the attached cells. Another important consideration is the seeding density of GCs. Higher cell density exceeding optimal levels of 1.0 x 105 cells per insert can lead to differentiation of GCs, potentially affecting steroidogenic output. Moreover, the presented cryo-preservation method yielded in viability after thawing of 80-90% for both cell types.

Although the described model offers a physiological and reproducible system to study granulosa and theca cell interactions, some limitations should be considered. The method is adaptable to other species as well; however, species-specific differences might require optimization of cell culture parameters, like cell densities, timing, or media composition. The scalability of this model is limited to the availability of the cell culture inserts, but it might be sufficient for most effector studies. Finally, this co-culture model is a further step towards mimicking the in vivo situation of the follicle, but still lacks the full complexity of the ovarian follicle.

In conclusion, the presented model can be easily modified to accommodate different experimental needs, such as extending the culture period, adjusting cell numbers or ratios, or incorporating additional factors. With further development, this system represents a valuable tool for studying follicular function, steroidogenesis and cell signaling between both cell compartments. Additionally, it holds potential for applications in reproductive toxicology, providing a controlled platform to assess the impact of different compounds on follicular cells.
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