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ABSTRACT 
Ovarian aging leads to diminished fertility, dysregulated endocrine signaling, and increased chronic disease 

burden. These effects begin to emerge long before follicular exhaustion. Around 35 years old, women experience 

a sharp decline in fertility, corresponding to declines in oocyte quality. However, the field lacks a cellular map of 

the transcriptomic changes in the aging ovary to identify drivers of ovarian decline. To fill this gap, we performed 

single-cell RNA sequencing on ovarian tissue from young (3-month-old) and reproductively aged (9-month-old) 

mice. Our analysis revealed a doubling of immune cells in the aged ovary, with T and B lymphocyte proportions 

increasing most. We also discovered an age-related upregulation of alternative macrophage and downregulation 

of collagenase pathways in stromal fibroblasts. Overall, follicular cells (especially granulosa and theca) display 

stress response, immunogenic, and fibrotic signaling pathway inductions with aging. These changes are more 

exaggerated in the atretic granulosa cells but are also observed in healthy antral and preantral granulosa cells. 

Moreover, we did not observe age-related changes in markers of cellular senescence in any cellular population 

with advancing age, despite specific immune cells expressing senescence-related genes across both timepoints. 

This report raises several new hypotheses that could be pursued to elucidate mechanisms responsible for 

ovarian aging phenotypes.  
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INTRODUCTION 
Ovarian aging has garnered significant attention in recent years due to a large proportion of women choosing 

to delay childbearing1, which causes difficulty with conception and carrying a pregnancy to full-term2. As the 

ovary ages, the local microenvironment changes in ways that reduce oocyte quality and increases the rate of 

follicular depletion, which eventually results in menopause. Menopause is associated with accelerated systemic 

aging3, greater chronic disease burden4-6, and increased all-cause mortality risk7. Therefore, a deeper 

understanding of the mechanisms that underlie ovarian aging is critically important to extending female fertility 

and attenuating age-related chronic disease onset. 

It is well-established that age-related ovarian follicular depletion is associated with increased mitochondrial 

dysfunction8, reactive oxygen species (ROS) production9,10, inflammation11-13, and fibrosis14,15. However, very 

little is known about which cell-types develop these phenotypes first and/or dominantly contribute to the changing 

local microenvironment. Moreover, it remains unclear if cells within the follicle, the stroma, or both play 

mechanistic roles in promoting follicular depletion and ovarian failure. Recent work has sought to unravel the 

potential role that ovarian stromal cells play in ovarian health and disease12,15,16. We and others have reported 

that markers of cellular senescence and fibrogenesis increase within the ovarian stroma with aging11,12,15, 

although the specific cell-types that become senescent and/or profibrotic remain unknown. In addition to 

increased senescence and fibrotic markers, the ovarian stroma also accumulates multi-nucleated giant cells 

(MNGC) with advancing age, which may be related to the mechanisms that promote the aforementioned 

phenotypes17.  

Due to the complex nature of ovarian function, which change dynamically during aging, it has historically 

been challenging to elucidate the cell-type-specific mechanisms that promote follicular depletion and ovarian 

failure. Age-related changes in ovarian transcriptional programs within cellular subtypes remain limited, 

particularly within mice, which represent the model organism most utilized for ovarian aging studies18. Recent 

advances in single-cell RNA sequencing (scRNA-seq) have expanded our understanding of the diversity of 

cellular subtypes within various tissues. Herein, we use a scRNA-seq approach to identify age-related 

transcriptional changes within the murine ovary at 3 and 9 months of age. We chose to analyze 3 and 9 months-

old mice because they remain reproductively active at both ages, yet this represents a period where follicular 

density decreases the most in conjunction with the emergence of age-related hallmarks11. This design and 

approach allowed us to determine how aging modulates cellularity and cellular phenotypes within the ovary prior 

to overt ovarian failure, which we surmise is viral to developing pharmacological approaches for extending 

reproductive lifespan in females. 

 
RESULTS 
scRNA-seq of the adult murine ovary across reproductive ages 

To evaluate age-related changes in the ovarian transcriptional landscape at the single-cell level, we collected 

ovaries from 3- and 9-month-old female mice (n=4/group). We chose to evaluate the ovaries at these ages 

because the period from 3 to 9 months represents the time when the greatest decline in follicular reserve occurs 

and other hallmarks of aging begin to emerge11, yet the mice remain fertile and reproductively active. Ovaries 
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were dissociated to create single-cell suspensions, libraries were constructed, and sequencing was performed. 

Following quality control analyses, filtering, and doublet removal, 14,504 cells remained for characterization. 

Cellular distributions of the 1) number of detected genes, 2) number of molecules, and 3) proportion of 

mitochondrial DNA before and after filtering are displayed in Suppl. Fig. 1A.  Unbiased clustering and uniform 

manifold approximation and projection (UMAP) analysis revealed fifteen distinct cellular clusters (CL) (Fig. 1A). 

One of the CL was present in only one sample and was subsequently identified as oviduct contamination (Suppl. 

Fig. 1B), therefore these cells were removed from further analyses which left 14349 cells for downstream 

analyses. To assign cell-type identity, we used cluster-specific markers previously reported in the literature.  

Collectively, the largest CL was found to be stromal cells (N=5671), which segregated into three clusters. 

One of the stromal CL was characterized by having a major Col1a1 transcriptional signature19, while another 

stromal CL was characterized by Notch3 expression (Fig. 1B), which is classically viewed as a pericyte 

marker20,21. The final stromal CL did not possess any markers that were exclusively expressed within this CL. 

The second largest CL was found to be the granulosa cells (N=3334) which segregated into two distinct CL, both 

displaying high expression of Fshr22 (Fig. 1B). This was followed by the theca cell CL (N=1637; Srd5a123), two 

distinct phagocyte CL (N=1099; C1qa24), endothelial cell CL (N=798; Cd3425), T-lymphocyte CL (N=728; Cd3g26), 

two distinct epithelial cell CL (N=450; Upk1b27 or Gpm6a21), oocyte CL (N=224; Zp328), luteal cell CL (N=206; 

Ptgfr29), and B-lymphocyte CL (N=202; Cd79a30) (Fig. 1B). Feature plots displaying the specificity of these 

markers to each cluster can be found in Suppl. Fig. 1C.  

Advancing age only modestly changed cellularly in the majority of the ovarian cell-types observed in our 

analyses. However, as expected, granulosa cells were found to be a significantly lower proportion of the total 

cells in ovaries from 9-month-old mice (Fig. 2A-B), which is supported by the robust decline in follicle numbers 

in the mice we evaluated (Fig. 2C-D). The most dramatic change in ovarian cellularity between 3- and 9-month-

old mice was the greater than 2-fold increase in immune cells (Fig. 2A-B). It is known that ovaries accumulate 

immune cells during the aging process13, but to our knowledge, this is the first report to firmly establish this 

magnitude of change by 9 months of age, when mice remain fertile. It should be noted that estrous cycle staging 

was not performed in our mice, but the presence of luteal cells in all our samples (Suppl. Fig. 1C) indicates that 

our mice were in the luteal phase, and not in proestrus or estrus where significant differences in transcriptional 

signatures are observed21. For additional confirmation, we also evaluated the expression of a panel of genes 

known to change during proestrus and estrus21, and no consistent differences within groups were observed 

(Suppl. Fig 1D).  

 

Ovarian immune cell changes with aging 
After observing the increased proportion of immune cells within the aged ovarian, we performed further 

sub-clustering of immune cells to determine which specific cellular populations were changing during the aging 

process (Fig. 3A) Upon re-clustering, the original immune cell CLs were separated into 13 sub-clusters (SCL) 

(Fig. 3B). Cell type identification for each SCL was performed with the help of the Cellmarker2.031 and ImmGen32 

databases and representative SCL markers were selected (Fig. 3C). Since the overall immune cell proportion 

doubled from 3 to 9 month of age, percentages of total cells in each SCL were assessed and compared by age. 
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Intriguingly, the cell-types that showed the greatest increase with age were CD4+ and CD8+ T-Cells, B-cells, and 

ILC3 Innate Lymphocytes. In contrast, tissue macrophages and monocytes trended towards an increased 

proportion in the older ovaries, but failed to reach statistical significance (Fig. 3D). One of the macrophage SCLs 

was only present in the aged ovaries. This SCL was characterized by the expression of CD300e, which 

negatively regulates T-cell activation33. These CD300e+ macrophages might represent a compensatory 

mechanism to address the T-cell accumulation.  

In the aged ovaries, we also observed an increase in Arg1+ cells within the monocyte cluster, suggesting 

that monocyte-derived macrophages in ovary are adopting an alternatively-activated M2 phenotype34. Alternative 

activation of macrophages has also been reported as a stimulus for macrophage fusion and formation of 

MNGCs35, which has been reported to be a hallmark of the aging ovary17. Although MNGCs were certainly 

removed from our single-cell suspensions during filtration steps, we were able to observe them in 9-month-old 

ovaries during histological assessments (Suppl. Fig. 2A). We also noticed that MNGCs accumulate lipofuscin as 

evidenced by Sudan Black staining (Suppl. Fig. 2A), which has recently been reported as a marker of cellular 

senescence36. Ovarian lipofuscin positivity increased from 3- to 9-months of age (Suppl. Fig. 2B), suggesting 

that cellular senescence increases within the ovarian with advancing age as we have previously reported11. 

However, it is certainly notable that this increase might be due to an increase in MNGCs rather than an increase 

in senescent cells. Moreover, given that a greater percentage of immune cells that express senescence-related 

genes are observed within the ovary during aging (Suppl. Fig. 2C-D), it appears likely that our previously reported 

increase in ovarian senescence may have been due to increased immune cell infiltration as opposed to greater 

senescent cell burden. 

 
Sub-clustering of stroma and theca cells reveals age-related phenotypic changes 

Several changes in the stroma are observed with ovarian aging and are apparent prior to follicular 

exhaustion, including cellular senescent signatures11 and collagen deposition12,14,15. To identify potential cellular 

and molecular mediators of these phenotypes, we performed sub-clustering of the stroma and theca CLs (Fig. 

4A). Theca cells (TC) were included since they dynamically differentiate from fibroblastic stromal cells during 

follicular maturation, and thus, share similarities with stromal cells36. This sub-clustering resulted in six distinct 

SCLs (Fig. 4B). Enriched markers in each SCL were used to infer cell-type-specificity (Fig 4C).  The cluster 

expressing Inhba37,38 identified a subset of granulosa cells (GCs) within the stroma and theca fraction, which 

could be easily separated at this SCL resolution. The remaining five SCLs were identified as 1) fibroblast-like 

stromal cells, 2) smooth muscle cells, 3) pericytes, 4) early TC, and 5) TC. Smooth muscle cells were identified 

by the expression of Tagln, Myh11 and Actg239. Pericytes were enriched for Notch3, Rgs5 and Ebf126. Fibroblast-

like cells had enrichment of Dcn, Mgp40, and Lum19. Whereas, TCs presented high expression of steroidogenic 

genes (Cyp11a1, Cyp17a136, and Mgarp26). The early TC also presented  high levels of steroidogenic genes 

such as Ptch1 and Hhip41, but also high expression of a fibroblastic gene (Enpp242), suggesting that these cells 

are in transition from stromal fibroblast-like cells to TCs.  

After SCL identification, a list of genes differentially expressed by the different ages in each SCL was 

imported into the IPA software Ingenuity Pathway Analysis (IPA) to infer biological function. Fibroblast-like 
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stromal cells showed an age-related upregulation of pathways related to tissue remodeling, such as alternative 

activation of macrophages (Fig. 4D). Tissue remodeling occurs after ovulation and in cases of follicular and luteal 

atresia16. To our surprise, collagen expression was not increased in aged ovarian fibroblast-like cells (Fig. 5A), 

despite collagen deposition being found to be higher in 9-month-old ovaries through PSR staining (Fig. 5B). 

Interestingly, collagenase expression was found to be significantly downregulated in fibroblast-like ovarian 

stroma cells (Fig. 5C), suggesting that collagen accumulation may be due to decreased clearance of collagen. 

Fibroblast-like cells also experienced downregulated hormonal signaling (estrogen receptor and GNRH) (Fig. 

4D), which is somewhat surprising given that hormone levels, estrous cyclicity, and fertility are generally stable 

at 9 months of age37. These results indicate that changes in the local microenvironment may contribute to 

endocrine dysfunction in the ovarian stroma independent of changes within the follicle. In contrast to the 

fibroblast-like cells, TCs showed a significant upregulation in several upstream regulators of fibrogenesis 

including TGFB1, TGFB2, and SMAD3 (Fig. 5C), which suggests TC may be one of the earliest cell-types 

involved in generating the signaling cascade for collagen production and deposition. TCs also displayed a 

modest age-related upregulation in inflammation and cell stress response pathways (Fig. 5E), which were 

mirrored by upstream regulators involved in cellular proliferation including MTOR, YAP1, and RB1 (Fig. 5D). 

 
Sub-clustering of granulosa, oocytes and luteal cells reveal age-related proinflammatory changes 

Cellular populations of GC, oocytes, and luteal cells were sub-clustered into 6 distinct SCLs (Fig. 6A-C). 

GCs were further segregated into four distinct SCL that were identified as being part of follicles that were in 

different stages of development. The SCL included preantral, antral, mitotic, and atretic GCs. GCs signal to 

oocytes to provide cues related to the local ovarian microenvironment, in addition to converting androgens to 

estrogens which are released into the systemic circulation or feedback signaling in the brain38. GCs from 

immature follicles that have not yet developed an antrum are referred to as preantral GCs and were identified by 

enrichment in Igfbp539 and Gatm40 expression. GCs from antral follicles (antral GCs) were identified by 

enrichment of Inhbb41,42. A separate GC SCL, which we refer to as mitotic GCs, as expressed Inhbb similarly to 

antral GCs, but displayed enriched expression of cell division markers Top2a43 and Racgap144. Lastly, GCs from 

follicles undergoing atresia were found to have enriched expression of Cald145, Pik31p146, and Itih521. Oocytes 

were easily identified by the expression of classical markers Gdf9, Ooep and Zp328. Luteal cells, which consist 

of remnant GCs and TCs following ovulation and constitute the corpus luteum47, were identified by the expression 

of Ptgfr29. 

As alluded to above, differentially expressed genes from each SCL were imported into IPA software to 

infer biological function. Interestingly, preantral, antral, and atretic GCs all displayed an age-related increases in 

pathways related to proinflammatory stress and fibrogenesis (Fig. D-F). These observations corresponded to a 

significant increase in the mitochondrial dysfunction pathway within oocytes (Fig. 6G). Upstream regulators 

related to proinflammatory stress that were found to be increased in GC SCL included IFNG, TNF, IL15, and 

IL1a (Fig. 6H). Additionally, upstream regulators related to fibrogenesis that were found to be increased in GC 

SCL included TGFB1, Tgf beta, and SMAD3 (Fig. 6H). As expected, the atretic GC SCL displayed the greatest 

degree of increase in regulators of proinflammatory stress and fibrosis, although it should be noted that older 
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animals (9 months) displayed much greater phenotypes when compared to young mice (3 months). Therefore, 

it appears that aging exacerbates inflammatory and fibrotic responses that are required for ovarian remodeling 

following ovulation and follicular atresia. Lastly, upstream regulators linked to the alternative activation of immune 

cells, IL4 and IL13, were also found to be upregulated in GC SCLs, which may play a role in the formation of 

MNGCs as alluded to above.  

 
Sub-clustering of endothelial and epithelial cells reveals only minor age-related changes 
Endothelial cells constitute the blood and lymphatic vessels. The ovary is a highly vascularized organ with blood 

vessels that travel through connective tissue to assist with hormone & nutrient trafficking and waste removal48. 

The ovary has a rich lymphatic network closely associated with the blood vasculature that is involved in immune 

cell trafficking49. Epithelial cells comprise the ovarian surface, facilitate repair following  ovulation, and 

dynamically expand and contract during cyclic ovarian changes50. In addition, epithelium cells share a common 

progenitor with granulosa cells51. Endothelium and epithelium CLs were sub-clustered together (Fig. 7A) and 

resulted in four distinct SCLs (Fig. 7B). Vascular and lymphatic endothelium were separated and identified by 

the enrichment of specific cellular markers (Fig. 7C). Vascular endothelial cells showed enrichment of Flt152 and 

Mmrn253, whereas lymphatic endothelial cells were enriched for Lyve154 expression. Similar to findings in the 

stroma/theca SCLs, one of the epithelium/endothelium SCLs was found to be enriched for GC markers and was 

removed from further analyses. No age differences were observed in this GC SCL. The only 

epithelium/endothelium SCL that displayed age-related changes in the pathway analyses was the vascular 

endothelium. This SCL was found to have a modest increase DNA damage regulation (Fig. 7D). Another 

interesting observation was that upstream regulators of cellular senescence (Tp53, Cdkn1a, and Cdkn2a) were 

found to be increased with aging in vascular endothelial cells (Fig. 7E). A further analysis of genes that are 

downstream of Tp53, Cdkn1a, and Cdkn2a were found to be altered in directionality consistent with the activation 

of these upstream regulators (Fig. 7F). However, gene expression of Tp53, Cdkn1a, and Cdkn2a did not change 

in advancing age within the vascular endothelial SCL (Fig. 7G). At this juncture it remains unclear if ovarian 

vascular endothelial cells become senescent beyond 9 months of age. 

 

DISCUSSION  
In this report, we assessed age-related changes in murine ovarian transcriptome at single-cell resolution. 

During aging, ovarian follicular reserve declines, and there is concomitant deterioration of the ovarian 

microenvironment as evidenced by increased inflammation and fibrosis. Importantly, these changes occur prior 

to follicular exhaustion11 and likely contribute to decreased oocyte quality and diminished reproductive success 

until the onset of  menopause. However, specific cellular contributions to ovarian aging phenotypes are not yet 

elucidated, limiting the development of interventional approaches to extend female fertility. Whole ovarian 

transcriptomic assessments can provide misleading results due to potential changes in cell heterogeneity that 

occur during aging. Cell sorting can overcome this limitation but may require pooling multiple murine ovaries to 

obtain sufficient cells for downstream analyses and relies on specific antibodies or cre-reporter systems to target 

specific cell-types. scRNA-seq, on the other hand, is a useful tool to simultaneously measure transcriptomic 
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changes of all ovarian cell types during the aging process. Previous ovarian scRNA-seq have identified the 

molecular signatures of specific cell-types and changes in individual cell populations21,28,40,55-57. In mice, estrous-

cycle21 and primordial follicle assembly55 result in dynamic changes in specific ovarian cellular populations. 

However, the specific cellular changes occurring during ovarian aging are still being elucidated, especially with 

regards to the critical period of diminished fertility that occurs long before follicular exhaustion. Since mice are 

the primary model organisms used for ovarian aging experiments18, the single-cell ovarian aging atlas generated 

here serve as a crucial resource for the field. In non-human primates, scRNA-seq provided mechanistic insights 

into changes associated with ovarian aging28. However, this study was conducted with animals in the peri-

menopausal state58, when alterations in cyclicity and hormone levels are perturbed. Our primary goal was to 

identify early changes that occur in reproductively aged mice prior to the peri-estropausal period. At 9 months of 

age, mice experience declined ovarian reserve11, but remain fertile59, modeling a critical age when women seek 

to have children and experience difficulty conceiving2. A marked increase in embryonic aneuploidy is observed 

in embryos from women starting around the age of 3560, suggesting loss of oocyte quality at this age. With our 

approach, we differentiated all of the main cell-types expected in the ovaries and further subdivided them to 

determine specific cellular populations altered by the aging process.  

Our results show that, at 9 months of age, the proportion of immune cells is already doubled in the 

ovaries. The immune cell types that increase the most in the aged ovaries are B cells, T cells, and innate 

lymphoid cells. B cells and CD4+ T cell accumulation has been previously reported in the aged ovary13, however 

these changes were not identified prior to 12 months of age. Chronic ovarian inflammation caused by 

autoimmune disease also leads to lymphocyte infiltration61 and women with autoimmune diseases often 

experience ovarian insufficiency62. This suggests that accumulating immune cells might contribute to age-related 

follicular decline. The accumulation of T cells in the aged ovaries might also be a response to a repeated need 

for tissue remodeling, since these cells are involved in tissue healing63. However, different types of T cells play 

various roles in tissue remodeling, and T cell responses can also contribute to the pathogenesis of fibrosis63. We 

detected a distinct macrophage cluster that was only present in the aged ovaries and was positive for Cd300e 

expression. CD300e is associated with negative regulation of T cell activation33, which suggests the emergence 

of these macrophages might be a compensatory mechanism to dampen T cell accumulation. Alternatively 

activated macrophages can also suppress T-cells accumulation64. We observed an increase in Arg1+ cells in the 

monocytes SCL, which likely represents alternative activation of these cells into M2 macrophages. An increase 

in alternatively activated macrophages has previously been reported in aged ovaries34 and is believed to 

contribute to collagen deposition in the ECM65. M2 macrophages are involved in collagen fibril assembly and 

fibrogenesis66. Alternative activation pathways are also associated with macrophage fusion, which is known to 

generate MNGCs. MNGCs are a hallmark of the aging ovary35. Here, we detected ovarian MNGCs at 9 months 

of age, which is the earliest observation of these structures, to our knowledge. MNGCs efficiently engulf large 

particles in vitro67. In the ovaries, phagocytic processes are essential for debris removal following follicular 

atresia, corpus luteum regression, and ovulation. With aging, however, MNGC formation and function may serve 

a pathogenic role by contributing to fibrosis and inflammation17. Additionally, the presence of MNGCs in the post-

reproductive ovary could contribute to systemic inflammation and aging phenotypes. MNGCs have also been 
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associated with redox-active iron accumulation, may promote oxidative stress68, and also accumulate lipofuscin. 

Hence, measurements of Sudan Black staining in the aging ovary likely marks MNGC accumulation as opposed 

to cellular senescence. Additionally, most immune cell types in the ovary were found to be positive for 

senescence markers, even the ovaries from young animals. Thus, previous bulk sequencing analyses that 

detected increased senescence in aged ovaries were likely detecting the increased immune cell abundance. 

Fibrosis and collagen accumulation in the ECM are also hallmarks of ovarian aging12,14,15. Within the 

fibroblast-like stroma SCL, we observed enhancement in alternative activation of macrophages pathways with 

aging, suggesting that fibroblastic tissue remodeling might also contribute to the formation of MNGCs. Fibroblast-

like stromal cells showed upregulated IL12 pathway in the aged ovary, which can contribute to naïve CD4+ T cell 

activation into Th1 cells69. Th1 cells are known to be pro-fibrotic63. In alignment with prior studies, we observed 

increased collagen deposition in the aged ovaries, although here we report it at a younger age than previously 

reported12,14,15. Since collagen is believed to be produced by the stromal fibroblast cells, we looked at the 

expression of collagen genes in this SCL, but observed no changes with advancing age. Conversely, , 

collagenase processes were downregulated in the aged ovaries, suggesting that collagen accumulation might 

occur due to dysregulated clearance. In turn, diminished fibroblast function may also lead to alternative 

macrophage activation and T-cell recruitment63,65.  

Similar to fibroblasts, TC showed upregulated IL12 and alternative macrophage activation pathways, 

albeit to a lesser extent. In TC, we also observed an increase in genes associated with cell proliferation, such as 

mTOR, YAP1, and RB1, which are also altered with aging70. mTOR signaling is also intimately involved in 

follicular progression. Upregulation of mTOR promotes the activation of primordial follicles, which expedites 

ovarian reserve depletion71. Hence, the upregulation of mTOR in TC may affect local environment thereby 

activating primordial follicles and contributing to the exhaustion of ovarian reserve. Age-related changes in GC 

are similar to those observed in TC, although the phenotypes are more severe. Oxidative phosphorylation, 

endoplasmic reticulum stress, and IL8 signaling were upregulated in TCs and GCs with advancing age, as well 

as pro-inflammatory and fibrotic regulators, including TGFβ. Atretic GC, which are GC from follicles undergoing 

atresia, showed a marked enhancement in pro-inflammatory upstream regulators, as well oxidative stress and 

fibrosis. Since this comparison is performed with GC undergoing atresia in both ages, the upregulation of pro-

inflammatory and cellular stress pathways and regulators suggests that aging exacerbates the response to 

follicular atresia. Intriguingly, antral and preantral GC from follicles not undergoing atresia also had an 

upregulation of cellular stress, pro-inflammation signaling, and fibrosis pathways  in the aging ovary. Pro-

inflammation and fibrosis upstream regulators were also enriched in these cells, mainly in the antral GC, although 

less than in the atretic GC. Besides the classical pro-inflammatory regulators, atretic GC also had increased IL4 

and IL13 with aging, which triggers alternative activation of immune cells. Overall, aged follicular cells present 

an exacerbated response to environmental stressors which likely contributes to chronic inflammation. Thus, we 

hypothesize that early inflammatory and pro-fibrotic changes in the stroma and follicular cells lead to immune 

expansion and infiltration which enhances the inflammatory ovarian microenvironment and could also be 

associated with enhanced mitochondrial dysfunction in the oocytes. 
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As for senescence markers, little differences were observed between 3- and 9-month-old ovaries. These 

results could be explained by the nature of single-cell analysis, in which we subdivide the cellular populations to 

assess individual changes, which affects the sensitivity of analyses. Also, 9-month-old mice might be considered 

too young to observe dramatic changes in cellular senescence, although prior studies have reported increased 

transcriptional marker of cellular senescence by 9 months of age11. However, we demonstrate in the current 

report that ovarian immune cells express numerous senescence-related genes regardless of age, therefore the 

age-related increase in ovarian senescence markers may be just mirroring the expansion of immune cell 

populations. Vascular endothelial cells, however, did show increased cellular senescence upstream regulators. 

However, these changes might also measure altered cell cycle and be due to possible changes in blood flow in 

the aged ovaries, as the actual expression of the senescence marker genes was not changed in these cells. 

Further exploration of senescence in older ovaries is still warranted. 

In summary, this report if the first provide insight into changes that occur within the aging mouse ovary 

with single-cell resolution. We show that by 9 months of age, when mice remain fertile and reproductively active, 

immune cell infiltration is already more than doubled, with the largest changes being observed in T and B 

lymphocytes. We also demonstrate that GC and TC induce stress response, immunogenic, and fibrotic signaling 

pathways with aging, whereas fibroblast-like stroma cells increase alternative activation of macrophage 

pathways. These changes were mirrored by increased accumulation of MNGCs with advancing age, which were 

also found to contain the majority of lipofuscin staining in aging ovaries. This observation, coupled with the 

increase in immune cells that are known to commonly express transcriptional markers of cellular senescence, 

like contribute to the previously reported increase in ovarian cellular senescence with advancing age. 

Collectively, our findings provide insight into the underlying mechanisms that promote chronic ovarian 

inflammation and fibrosis with advancing age and raise several new hypotheses that could be pursued in order 

to better understand ovarian aging.  

 
 
METHODS 
Animals and tissue collection and dissociation: All animal procedures were approved by the Institutional 

Animal Care and Use Committee at the Oklahoma Medical Research Foundation (OMRF). C57BL/6J (Strain# 

000664) female mice (N=8) were purchased from the Jackson Laboratory (Bar Harbor, ME) and acclimated to 

the OMRF animal facility before ovary collection. At 3 (n=4) or 9 months of age (n=4), mice were anesthetized 

with isoflurane and euthanized by exsanguination due to cardiac puncture. Perfusion was performed with 1X 

PBS, and ovaries were collected and dissected. One ovary from each mouse was dissociated using a Multi 

Tissue Dissociation Kit 1 (cat# 130110201, Miltenyi Biotec), following manufacturer’s instructions to create a 

single-cell suspension in D-PBS (cat# 14287080, Gibco). 

 
scRNA-Seq library construction: scRNA-Seq libraries were constructed with the Chromium Single Cell 3ʹ 

GEM, Library & Gel Bead Kit v3 (cat# 10000075, 10X Genomics), according to the manufacturer’s instructions 

as briefly described below. Following the creation of ovarian single-cell suspensions, cells were counted on the 
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MACSQuant10 flow cytometer and diluted to 1000 cells per microliter to target the recovery of 5000 cells per 

sample during scRNA-seq encapsulation. The diluted cells, master mix, gel beads, and partitioning oil were 

added to the Chromium Single Cell B Chip (cat# 10000073, 10X Genomics) and loaded into the Chromium 

controller (cat#1000204, 10X Genomics) to generate the gel beads-in-emulsion (GEMs) for downstream library 

preparation. GEMs were then transferred to PCR strip tubes and incubated in a thermocycler to perform reverse 

transcription in GEMs (GEM-RT). Following GEM-RT, the recovery agent was aspirated, and cDNA was cleaned 

using the Dynabeads MyOne SILANE reagent included in the scRNA-seq kit. The cDNA was amplified and then 

cleaned using SPRISelect reagent beads (cat#B23318, Beckman Coulter). The cDNA was quality checked using 

a High Sensitivity D5000 ScreenTape (cat#5067- 5592, Agilent) run on a TapeStation 2200 (cat#G2964AA, 

Agilent). An aliquot of 25% of amplified cDNA was carried forward to library preparation. Libraries were quantified 

by qPCR and quality checked on a High Sensitivity D1000 ScreenTape (cat# 5067- 5584, Agilent) on the 

TapeStation 2220. Libraries were normalized, pooled, and sequenced on the NovaSeq6000 PE150 flow cell. 

 

scRNA-Seq Quality control and data analysis: Fastq files were generated and demultiplexed from raw base 

call (bcl) files using the cellranger mkfastq pipeline. Alignment, filtering, barcode counting, and UMI counting 

were conducted using the cellranger count pipeline using the refdata-gex-mm10-2020-A reference transcriptome 

with default settings. The resultant out files were loaded into R using the “load10X” function of the SoupX 

package72. The SoupX pipeline was then used to estimate and remove ambient RNA contamination before 

converting to Seurat objects73. Samples were then merged to create a single Seurat object and filtered based on 

the number of features (>200) and percent mitochondrial transcripts (<25%). Genes that were expressed in less 

than three cells were removed from analysis. Genes that represent ribosomal contamination (Malat1, Gm42418, 

Gm26917, Ay036118)74,75 were causing technical background noises and were removed from the analysis to 

improve subclustering. Variable features were identified in Seurat before scaling data and running PCA. The 

JackStraw method was used to determine the dimensionality of the dataset, and a UMAP analysis was generated 

in Seurat. Doublets were identified and removed using the DoubletFinder package76 with 5% doublets expected. 

Other parameters (pN=0.25, pK=0.01) were generated using the DoubletFinder sweep statistics. Samples were 

co-projected on a UMAP which was used to determine that there were no batch effects and that further data 

integration was not necessary. Seurat was used to find differentially expressed genes by cluster and age and to 

generate plots presented in the figures (i.e., DimPlot, VlnPlot, DotPlot). Gene lists were imported into the IPA 

software Ingenuity Pathway Analysis (IPA) 01.12 (Qiagen Bioinformatics) to assess pathway/biological function 

enrichment analysis. 

 
Histology: The remaining ovary from each mouse was collected into 4% PFA, processed, and serially sectioned. 

To determine ovarian reserve, one of every six serial sections from the whole ovary was H&E stained and follicles 

from each state were counted as described previously77.  The number of preantral follicles (primordial, primary, 

secondary) were multiplied by six to account for sections that were not evaluated and then multiplied by two to 

account for both ovaries. Due to their large size, antral follicles were multiplied by three to account for sections 

that were not evaluated and then multiplied by two to account for both ovaries. Picro-Sirius Red staining for 
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collagen deposition and Sudan Black staining for lipofuscin accumulation were performed as previously 

described11,12. 

 

Statistics: Differentially expressed genes (DEGs) between clusters and by age were called in the Seurat 

package, using the FindMarkers command with default parameters. DEG lists were imported into IPA software 

and filtered on FDR<0.1 and logFC>0.25 for pathway analyses. Pathways with p<0.05 were considered 

statistically significant and the activation z-scores were reported by heatmap or bar charts in the figures. More 

traditional statistical analyses were done using GraphPad Prism software. Strip plots are presented with 

individual points shown and means ± SEM indicated. For comparisons of means between the two ages, Student’s 

t-test’s were used, applying one- and two-tailed tests as appropriate. Corrections for multiple comparisons were 

made, where appropriate, using the Benjamini, Krieger, and Yekutieli correction for multiple comparisons. 

Significant differences were defined at P<0.05 or FDR<0.05 (for multiple comparisons).  
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FIGURES & FIGURE LEGENDS 
 

 
 
Fig. 1. scRNA-seq of the murine ovary. Whole ovarian tissue was collected from 3- and 9-month-old C57BL/6J 
mice and processed for 10X Genomics 3’ scRNA-Seq. (A) UMAP plot of age-combined ovarian cells. Clustering 
analysis revealed 15 distinct ovarian cell populations. (B) Violin plots of specific marker genes for each ovarian 
cell type. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 29, 2023. ; https://doi.org/10.1101/2023.04.29.538828doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.29.538828
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
Suppl. Fig. 1. (A) Violin plots of the total number of genes and molecules and mitochondrial percentages within 
each sample before and after quality filtering.  (B) Feature plots of specific marker genes of cell types used to 
identify the clusters. (C) Percentage of cells in each cluster by sample, showing oviduct cells contamination in 
one sample which was removed from further analyses. (D) Expression of genes reported to be affected by 
estrous cycle stages in granulosa cells. 
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Fig. 2. Age-related changes in ovarian cell populations. (A) The number and percentage of cells in broad 
categories of cell type identity by age. (B) UMAP plot of ovarian cells split by age. (C) Representative images of 
H&E stained ovaries. (D) Estimated number of ovarian follicles in 3- and 9-month-old ovaries. Data are presented 
as mean ± SEM. * represents statistical difference (p<0.05) by two-tailed t-test.  
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Fig. 3. Immune cells accumulate in the ovaries with age. (A) UMAP of immune clusters selected for sub-
clustering analyses. (B) UMAP of immune sub-clusters. (C) Dot plot of markers used for SCL cell-type 
identification. (D) Percentage of cells in each immune SCL out of total cells. (E) Feature plot of Arg1 expression. 
Data are presented as mean ± SEM. * represents statistical difference (FDR<0.05) by multiple two-tailed t-test 
with Benjamini, Krieger, and Yekutieli correction for multiple comparisons.  
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Suppl. Fig. 2. Assessment of lipofuscin accumulation in the aged ovary. (A) H&E and Sudan black staining 
of 9-month-old ovarian sections showing MNGC accumulation compared to 3-month-old ovaries. (B) Sudan 
black staining of lipofuscin in 3- and 9-month-old ovaries. Data are presented as mean ± SEM. * represents 
statistical difference (p<0.05) by one-tailed t-test. 
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Suppl. Fig. 3. Expression of cellular senescence markers is unchanged with age. (A) Dot plot of expression 
of cellular senescence markers in initial CLs. (B) Dot plot of expression of cell senescence markers in immune 
SCLs. 
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Fig. 4. Sub-clustering of stroma and theca cells. (A) UMAP of stroma and theca CLs used for sub-clustering 
(B) UMAP of stroma and theca SCLs. (C) Dot plot of markers used for SCL cell-type identification. (D) IPA 
canonical pathways indicating activation or inhibition of specific pathways by aging in stromal fibroblast-like cells.  
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Fig 5: Biological significance of altered pathways in ovarian stroma and theca SCLs. (A) Expression of 
collagen genes in the fibroblast-like stroma cluster does not change with age. (B) PSR staining of collagen 
deposition in 3- and 9-month-old ovaries. Quantitation of PSR % staining is presented as mean ± SEM. * 
represents statistical difference (p<0.05) by one-tailed t test.(C-D) IPA upstream regulator analyses of age-
related changes in stroma and theca SCLs (9 months vs. 3 months, z-score).   
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Fig. 6: Sub-clustering of granulosa cells, oocytes and luteal cells. (A) UMAP of granulosa, oocytes and 
luteal cells CLs used for sub-clustering (B) UMAP of granulosa/oocytes/luteal SCLs. (C) Dot plot of markers used 
for SCL cell-type identification. (D-G) Z-scores indicating activation or inhibition of pathways during aging by IPA 
analysis in (D) preantral granulosa cells, (E) antral granulosa cells(F) atretic granulosa cells, and (G) oocytes. 
(H) Z-scores indicating activation or inhibition of upstream regulators with aging by IPA analysis in 
granulosa/oocytes/luteal SCLs. 
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Fig. 7: Sub-clustering of endothelial and epithelial cells. (A) UMAP of endothelium and epithelium CLs used 
for sub-clustering. (B) UMAP of endothelium/epithelium SCLs. (C) Dot plot of markers used for SCL cell-type 
identification. (D) Z-scores indicating activation or inhibition of pathways altered with aging by IPA analysis in 
vascular endothelial cells. (E) Z-scores indicating activation or inhibition of upstream regulators during aging by 
IPA analysis in endothelium/epithelium SCLs. (F) Z-scores indicating up or downregulation of genes by TP35, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 29, 2023. ; https://doi.org/10.1101/2023.04.29.538828doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.29.538828
http://creativecommons.org/licenses/by-nc-nd/4.0/


Cdkn1a and Cdkn2a genes. (G) Dot plot of expression of cell senescence markers in vascular endothelial cells 
in 3- and 9-month-old ovaries. 
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