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Robust angiogenesis is continuously active in ovaries to remodel the ovary-body connections in mammals, but
understanding of this unique process remains elusive. Here, we performed high-resolution, three-dimensional
ovarian vascular imaging and traced the pattern of ovarian angiogenesis and vascular development in the long
term. We found that angiogenesis was mainly active on ovarian follicles and corpus luteum and that robust angio-
genesis constructs independent but temporary vascular networks for each follicle. Based on the pattern of ovarian
angiogenesis, we designed an angiogenesis-blocking strategy by axitinib administration to young females, and
we found that the temporary suppression of angiogenesis paused ovarian development and kept the ovarian reserve
in the long term, leading to postponed ovarian senescence and an extension of the female reproductive life span.
Together, by uncovering the detailed model of physiological ovarian angiogenesis, our experiments suggest a
potential approach to delay female reproductive aging through the manipulation of angiogenesis.

INTRODUCTION

As the sexual gland of female mammals, the ovaries produce mature
eggs and maintain the normal female endocrine. During the period
of female reproductive activity, the adult ovaries present cyclic de-
velopment with the recruitment and regression of ovarian follicles
(1). This cyclic development makes the ovaries one of the few organs
with active adult angiogenesis and vascular remodeling under physio-
logical conditions (2-4). Although angiogenesis-related remodeling
and the reconstitution of adult ovarian blood vessels are crucial for
the regulation of female reproduction (5), a detailed model of this
unique process has not been well described.

Angiogenesis is the process of growing new blood vessels from the
original vascular structure (6). As a unique and highly programmed
process, angiogenesis is mainly active in organogenesis during
embryo development, in pathological conditions such as wound
healing (7) and tumorigenesis (8, 9), and in adult female reproduc-
tive organs under physiological conditions (10). Since the process of
angiogenesis is essential for tumorigenesis (6, 11), great progress has
been made in the field of angiogenesis signaling and regulation and
in the development of antiangiogenic drugs in the past 20 years
(12-14). Several drugs that specifically block the vascular endothelial
growth factor (VEGF) signaling pathway (15), such as axitinib (Axi)
(16, 17), have been widely applied to suppress the progression of
tumor angiogenesis in clinical practice (18). In sharp contrast, al-
though the ovaries were proposed to be an ideal physiological model
to study angiogenesis (19, 20), the majority of knowledge of ovarian
angiogenesis was gained from the pioneering study focusing on the
corpus luteum (CL) (20), a follicle-derived temporary endocrine
structure. Meanwhile, the lack of systematic studies on the spatial and
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temporal model of ovarian angiogenesis and on the physiological sig-
nificance of adult ovarian angiogenesis has made the proposal to con-
trol female fertility by manipulating angiogenesis difficult to realize.

With the advantages of tissue-transparent technologies, the visual-
ization of three-dimensional (3D) structures inside tissues (21-25)
has been achieved in the past decade, which has greatly improved
our understanding of organ development. By staining the blood
vessels in transparent ovaries with an exogenous fluorescent label,
the 3D localization and general changes of the ovarian vascular net-
work have also been described (26, 27). This pioneering study un-
covered the essential roles of the vasculature in organizing follicles
in the ovaries, but the limited resolution made the detailed model of
ovarian angiogenesis and the pattern of ovarian vascular remodeling
difficult to determine. By combining an endogenous genetic ap-
proach, especially multifluorescent reporter mouse models, with
high-resolution imaging technology, our previous study traced the
ovarian cell lineage and identified ovarian cell structures at the
single-cell level in vivo (28, 29). These mouse models and study sys-
tems provided ideal tools for imaging the detailed pattern of ovarian
angiogenesis in vivo and guaranteed both the specificity and high
resolution of labeled cells in the tissue.

In the current study, we combined transparent technologies with
endogenous multicolor reporter mouse models and created a single-
cell resolution, tissue-scale 3D imaging system for the detailed imag-
ing and tracing of the angiogenesis process and vascular remodeling
in whole ovaries and live ovarian follicles. On the basis of the char-
acteristics of ovarian angiogenesis observed in our imaging and
tracing results, we tested the long-term fertility effect of blocking
adult angiogenesis in living mammals through the administration of
Axi. Our further mechanistic study revealed that appropriate long-
term suppression of adult angiogenesis reduced ovarian follicle con-
sumption and postponed ovarian aging, which led to an extension
of the female reproductive life span in aged females. In summary,
the current study uncovered the detailed model of adult angiogenesis
and vascular remodeling in mammalian ovaries and supplied
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experimental evidence showing that the suppression of adult angio-
genesis was an efficient target to postpone female reproductive aging,
implying a potential clinical approach to retain the capability of
female reproduction.

RESULTS

High-resolution 3D imaging of adult ovarian angiogenesis in mice
To investigate the profile of angiogenesis dynamics in the ovaries,
we built a whole-mount imaging system to visualize ovarian blood
vessels with a single-cell resolution. This was achieved by combining
a vascular endothelium-specific endogenous dual-fluorescent trac-
ing mouse model [tyrosine kinase (Tek)-Cre;mTmG mice] (30, 31)
with a modified 3D tissue-transparency technique (Fig. 1A) (24),
followed by scanning the transparent tissues under a high-resolution
spinning-disc confocal microscope (Fig. 1B). As shown in Fig. 1C,
the whole-mount imaging system allowed us to image the 3D ovarian
blood vessel network, including the capillaries, with high resolution
on the scale of a whole mount (Fig. 1C and movie S1) and to analyze
the subcellular structures (Fig. 1C, arrows) of a single blood vessel
endothelium in detail.

With this system, we reconstructed a 3D model of Tek-Cre;mTmG
ovaries at different reproductive stages to investigate the develop-
mental changes of ovarian blood vessels. With ovarian development,
the whole-mount images showed that a marked accumulation of
blood vessels (Fig. 1D) occurred in ovaries from puberty onset [post-
natal day (PD) 23] to adulthood (PD35 and 4 months). Quantifica-
tion of the density of ovarian blood vessels confirmed a significant
increase in blood vessels in the ovaries with the activity of female
reproduction (Fig. 1E), showing a continuous activity of angiogenesis
in the adult ovaries. In addition, our 3D imaging results showed a
significant decrease in the blood vessel density in the ovarian stroma
in 14-month-old females compared with that in 4-month-old females
(fig. S1, A to C), indicating that a degeneration of ovarian blood
vessels was accompanied by ovarian aging.

The spatial analysis of the image showed that blood vessels mainly
existed in the stromal region of the ovaries (fig. S2A, arrows) and on
the theca area surrounding the ovarian follicles (fig. S2B, arrows,
and movie S2), but they were not observed inside the follicles (fig.
S2B, arrowheads) or in the ovarian surface epithelium (fig. S2A,
arrowheads). This is consistent with previous observations of avas-
cular granulosa cells (GCs) in the follicles of ovaries (32). We also
found that the density of blood vessels in the medulla stroma area
was significantly higher than that in the ovarian cortical area (fig. S2,
C to E) and that the average diameter of blood vessels in the medulla
region was significantly wider than that in the cortical stroma region
(fig. S2, C, D, and F). These results suggest that the stable blood
vessels mainly localize in the medulla region of the ovaries. More-
over, our whole-mount imaging also revealed a dynamic develop-
ment of blood vessels in the ovaries during the estrous cycle and
demonstrated that the density of ovarian blood vessels in the ovaries
during the proestrus period was significantly higher than that in the
estrus, metestrus, and diestrus stages (fig. S3, A and B), indicating
that angiogenesis was active with the fast growth of follicles.

Analyzing the localization and development of tip cells
revealed an angiogenesis model in adult ovaries

We next analyzed the details of angiogenesis in the ovarian images
to investigate the pattern of vascular remodeling in adult ovaries.
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Fig. 1. High-resolution 3D imaging to reconstruct adult ovarian blood vessels
in mice. (A and B) Schematic diagram showing the strategy used to achieve
high-resolution 3D imaging of ovarian blood vessels. In Tek-expressing endothelial
cells, Cre recombinase mediated a switch from mTomato (red) to mGFP (green). The
Tek-Cre;mTmG ovaries with the mG-labeled endothelium were fixed and cleared (A),
and the transparent ovaries were scanned by high-resolution confocal microscopy
to reconstruct a 3D image of the ovarian blood vessels (B). (C) The reconstructed
3D images of Tek-Cre;mTmG ovaries were kept at a high resolution and were avail-
able for different analysis scales from the whole-organ level (white box) and single-
follicle level (yellow box) to the subcellular resolution (red frame). The subcellular
structures (arrows) are shown in the image. (D) Reconstructed ovarian blood vessels
at the organ level showing a significant accumulation of blood vessels in mouse
ovaries with sexual maturation, from puberty onset at PD23 to adulthood at 4 months.
(E) Quantification of the relative changes in ovarian vessel density showing a
significant increase in ovarian vessel density from PD23 to 4 months (n =9 ovaries
per group). The data are presented as means + SD. The data were analyzed by a
two-tailed unpaired Student’s t test and ***P <0.001. Scale bars, 500 um (B and D)
and 25 um (C).

Through the scanning of the 3D-reconstructed ovarian vascular net-
work at single-cell resolution, tip cells, which are the marker cells of
angiogenesis (33-36), were clearly identified by their typical filopodia
(Fig. 2, A and B, arrows) on green fluorescent protein (GFP)-labeled
blood vessels. In the adult ovaries, we found that tip cells were
abundantly distributed on the capillaries of growing follicles (GFs)
[Fig. 2, Aand C; (8.9 £ 4.1) x 10°/mm?] and in the CL [Fig. 2C and
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Fig. 2. Imaging and tracing angiogenesis in adult ovaries. (A and B) Analysis of the 3D-reconstructed ovarian images at the single-cell level to reveal the pattern of

angiogenesis in the adult ovaries. Tip cells with filopodia (arrows) were mainly observed on the endothelium of GFs (A), and a few tip cells were randomly detected in the
ovarian stromal region (B). (C) Quantification of the tip cell number in the liver (L), stromal region (SR), growing follicles (GFs), and CL of ovaries (n =20 for each group) in
adult mice (2 months), showing the abundance of tip cells in the adult ovaries, especially on GFs and CL. (D) Reconstructed images of ovarian follicles at different stages,
showing a significantly increased density of blood vessels from primary follicles to antral follicles. (E) Live-cell imaging analysis recorded a marked growth of blood vessels
on the surface of Tek-Cre;mTmG follicles. During 24 hours of in vitro culture, branching and extension were observed on the membrane GFP-labeled follicle endothelium
(see movie S3). (F) High-magnification time-lapse imaging showing the behaviors of tip cells on follicle blood vessels (white). The extension of filopodia (arrows) on tip cells
and the fusion of different tip cells (arrowheads) were recorded (see movie S4). GFP was converted to black and white in (A) and (B) to highlight the cell details. The data
are presented as means + SD. The data were analyzed by a two-tailed unpaired Student’s t test and ***P < 0.001. Scale bars, 10 um (A and B), 50 um (D and E), and 25 um (F).

fig. S2A, arrows; (1.2 + 1.1) x 10%/mm?]. In sharp contrast, only a
few tip cells were observed in the stromal region of the ovaries
[Fig. 2, B and C; (8.0 £ 3.0) x 10%/mm?], and few tip cells were
detected on blood vessels in the control adult liver (Fig. 2C and fig.
S2B; 3.2 + 4.9/mm”). These results showed that adult angiogenesis
was mainly active on GFs and their derived structure (CL) in the
ovaries. Furthermore, our 3D images showed that the follicular
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capillaries presented a reticular structure surrounding the follicles
and that the density of follicular capillaries was significantly in-
creased with the maturation of follicles (Fig. 2D and fig. S3A), con-
firming continuous angiogenesis on ovarian follicles.

To further investigate how the follicle vascular network is con-
structed through angiogenesis in detail, we cultured isolated follicles
at the secondary stage from Tek-Cre;mTmG females with a modified
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3D living follicle in vitro development system (37) to observe the live
process of angiogenesis and follicle vascular network construction.
During 24 hours of in vitro culture, we found a marked branching and
extension of mGFP (mG)-labeled blood vessels with follicle develop-
ment that formed a high-density capillary bed on the follicle surface
(Fig. 2E and movie S3). In detail, the fast increase in the follicle
blood vessels presented an intussusceptive model (Fig. 2E, arrows)
to increase the density of the vascular network. Meanwhile, the cell
behavior analysis also showed that a clear tip cell-related extension
of blood vessels on follicles (Fig. 2F, arrows) to increase the number
of new vessel branches and clear fusions of the extended vascular
endothelial cells (Fig. 2F, arrowheads) on these newly formed vessel
branches constructed new blood vessels (Fig. 2F and movie S4).
These results demonstrated that the active angiogenesis of follicles
followed a complicated angiogenesis model to construct the follicle
vascular network. Therefore, our imaging results showed that active
adult angiogenesis constructs and remodels follicle blood vessels with
ovarian development and that ovarian follicles are the active center of
unique adult angiogenesis in the ovaries under physiological conditions.

Angiogenesis established independent and temporary
vascular network for each follicle in adult ovaries

The imaging results revealed that ovarian follicles were the active
center for the construction of the ovarian vascular network through
angiogenesis. However, ovarian follicles are temporary structures
with cyclic recruitment and regression (I) during adult life. Therefore,
we next extended our study to investigate the fate of angiogenesis-
formed new blood vessels on the follicles in the ovaries. To trace the
development of the follicle vascular endothelium in vivo, we intro-
duced a multicolor fluorescent reporter Tek-Cre;Rainbow mouse
model (38), in which Tek-positive vascular endothelial cells randomly
expressed red (RFP), orange (OFP), or cyan (CFP) fluorescent
proteins (fig. S4A), allowing them to be distinguished from Tek-
negative GFP-expressing cells (fig. S4B). With this model, we seeded
Tek-Cre;Rainbow GFs into the ovaries of wild-type recipient females
through surgery and traced the developmental fates of these fluo-
rescent follicles in vivo (Fig. 3A). Before transplantation, all isolated
Tek-Cre;Rainbow follicles were surrounded by fluorescent blood
vessels (Fig. 3B, arrows), showing a comprehensive follicle structure
for subsequent in vivo tracing. After 2 weeks of seeding, the trans-
planted follicles presented a sufficient survival rate in the recipient
ovaries (ROs) (87.8%, 86 of 98 checked ROs with transplanted fluo-
rescent follicles) and developed to further stages, including antral
follicles (Fig. 3C, arrows) and CL (Fig. 3C, arrowheads). Moreover,
ovulated GFP oocytes (Fig. 3D, arrows) were obtained from recipient
females, demonstrating the normal development of transplanted
follicles in ROs, and our tracing system successfully mimicked
physiological follicle development in vivo.

With a focus of fluorescent blood vessels on transplanted follicles,
we observed fluorescent blood vessels on all of the detected fluores-
cent follicles, and they developed with follicle growth. This result
demonstrated a successful connection of the donor vascular system
with the recipients. Furthermore, a high-density vascular network
with different colors of fluorescence was clearly observed in the
transplanted follicle-derived CL (Fig. 3E, CL), revealing normal
angiogenesis of transplanted follicle blood vessels. We found that
no fluorescent blood vessels extended to the ROs to cover the re-
cipient follicles, even those closely adjacent to the transplanted fol-
licles (Fig. 3E, arrows). This result indicated that although robust
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angiogenesis was active on the follicles, the extension of blood vessels
through active follicular angiogenesis was limited in the follicle theca
layer; therefore, each follicle formed an independent vascular net-
work to support its development. At 2 months after transplantation,
almost all transplanted ovaries contained no fluorescent follicles
(97 of 98), indicating the exhaustion of transplanted follicles in the
recipient females (fig. S4C). Consistent with the exhaustion of trans-
planted follicles, no fluorescent blood vessels were found in the ROs
(Fig. 3F and fig. S4C), demonstrating the complete elimination of
follicle-related blood vessels in the ovaries. Therefore, we conclude
that active angiogenesis forms a complex but independent blood
vessel network for each follicle and that these newly formed blood
vessels are completely eliminated with follicle atresia or ovulation
(Fig. 3G).

Axi treatment disrupted follicle blood vessel construction
but kept the ovarian reserve in adult females

Our findings revealed that adult angiogenesis was mainly active on
follicles to construct temporary and independent vascular networks
in ovaries. This pattern implied that the proper suppression of adult
angiogenesis should mainly affect the existing GFs, which were blood
vessel dependent, but might have no severe effects on the ovarian
reserve, which had no individual blood vessels (39-41).

To support our hypothesis, we next designed experiments to
block adult angiogenesis in living animals. The angiogenesis inhibitor
Axi was intraperitoneally injected [30 mg/kg body weight (BW),
every other day] into the Tek-Cre;mTmG females to suppress the
activity of angiogenesis in vivo for 1 month beginning at 2 months
of age (Fig. 4A), and an identical increase in BW in the Axi and
control groups showed no marked side effects (fig. S5A) during the
drug-treated period. After the treatment, we first checked the effects
of blood vessel development in the ovaries and other organs by
performing high-resolution transparent imaging. As expected, a
marked decreased density of mG-labeled blood vessels was found
on the ovarian follicles in Axi-treated mice compared with those of
control mice (Fig. 4, B and C). In sharp contrast, there were no
marked changes in blood vessel density in the ovarian stromal re-
gion (Fig. 4, B and C) or liver (Fig. 4, B and C) between the Axi and
control groups. These results indicated that our Axi treatment strat-
egy mainly suppressed angiogenesis by blocking the establishment
of a new follicle vascular network but had little effect on stable
blood vessels.

To determine the effect on folliculogenesis, histological analysis
was performed, showing that the size of ovaries was notably de-
creased, and no preovulatory follicles or CL (Fig. 4D) existed in
the treated ovaries. Follicle count results confirmed a decreased
number of GFs in the Axi-treated ovaries compared with the con-
trols (Fig. 4E; 193 + 35 versus 354 + 35). Unexpectedly, the de-
creased number of GFs did not lead to a diminished ovarian reserve
in Axi-treated ovaries. On the contrary, the total number of follicles
in the Axi-treated ovaries was much greater than that in the con-
trol ovaries (Fig. 4F; 1440 + 189 versus 1120 * 123) because of a
significantly increased number of primordial follicles (PFs)
(Fig. 4, G and H; 1247 + 182 versus 766 * 99) in the cortical region
of ovaries after Axi treatment (Fig. 4G, arrows, and fig. S5B, arrows).
Since dormant PFs represent the ovarian reserve and cannot be
renewed in adult ovaries (29), our results indicate that the suppres-
sion of adult angiogenesis reduces the loss of PFs and keeps the
ovarian reserve in females.
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Fig. 3. Angiogenesis established an independent and temporary follicle vascular network in the adult ovaries. (A) lllustration of the strategy used to trace the
development of follicle blood vessel endothelial cells in vivo. GFs with fluorescent-labeled blood vessels were isolated from Tek-Cre;Rainbow females and were surgically
seeded into the ovaries of wild-type recipient females for long-term tracing. (B) Before seeding, a single follicle from Tek-Cre;Rainbow ovaries showed red or blue fluorescent
blood vessels (arrows) surrounding the GFP follicle. (C and D) The transplanted Tek-Cre;Rainbow follicles successfully developed to the antral stage and formed a CL in the
recipient ovaries (ROs) and also ovulated the GFP oocytes from recipient females, showing the normal development of the seeded follicles. (E) Tracing the developmental
fate of follicle blood vessels after transplantation. All fluorescent blood vessels (arrows) were limited to the surface of transplanted follicles and the CL, which were derived
from transplanted follicles. (F) At 2 months after seeding, all fluorescent blood vessels were eliminated because of the exhaustion of transplanted follicles in the ROs (0 of 97).
The transplanted window is indicated by the white frame. (G) Schematic of the fate of new follicular blood vessels formed via angiogenesis, showing the formation of an
independent blood vessel network for each GF in the ovaries, and a complete elimination of follicle blood vessels with the cessation of follicle function. RO, recipient
ovary; TF, transplanted follicle; CL, corpus luteum. Scale bars, 100 um (B to E).

Blocking angiogenesis paused ovarian development
in females

follicle loss in ovaries is mainly determined by the balance of GF
recruitment and PF dormancy (I, 42). Since the blocking of angio-

We next investigated the underlying mechanisms of how blocking
angiogenesis protects the ovarian reserve in females. The rate of

Xuetal, Sci. Adv. 8, eabi8683 (2022) 12 January 2022

genesis mainly suppressed the construction of a vascular network on
the GFs, we proposed that angiogenesis-related blockage of blood
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Fig. 4. Axi treatment disrupted follicle blood vessel construction but kept the ovarian reserve in adult females. (A) The strategy of Axi treatment in females. Females
at 2 months were treated with Axi (30 mg/kg BW, every other day) for T month to temporarily block angiogenesis. i.p., intraperitoneal. (B) After 1 month of Axi treatment,
a significantly decreased vascular density was observed on the follicles of Axi-treated ovaries compared with those in the DMSO group (n =8), but no marked effect was
found for the stable blood vessels of the ovarian stromal region and liver. (C) Quantification of vascular density in the follicles and stromal region of ovaries and the liver
after Axi treatment (n =9 ovaries per group). (D) Histological analysis showed the decrease in ovarian size and in the number of GFs in the Axi group compared with the
controls. (E) Follicle counts showed a significant decrease in the number of GFs in the Axi-treated ovaries (n = 6). (F) The total follicle number in the Axi-treated and control
ovaries, showing that the total number of follicles in the Axi group was significantly greater than that in the controls (n=6). (G) Immunostaining results revealed more
primordial follicles (arrows) in the cortex of Axi-treated ovaries. Green: anti-FOXL2/GCs. Red: anti-DDX4/oocytes. Blue: Hoechst33342. (H) Follicle count results of primordial
follicles (PFs), showing an increased number of PFs in Axi-treated ovaries compared with the controls (n=6). The data are presented as means + SD. The data were analyzed
by a two-tailed unpaired Student'’s t test; ***P < 0.001, **P < 0.01, *P < 0.05, n.s. P> 0.05. Scale bars, 50 um (B and G) and 500 um (D).

vessel construction might directly affect the development dynamics  them with mTmG reporter mice to establish an inducible follicle
of GFs. growth-tracing mouse model (Zp3-CreER™%;mTmG mouse model).

To measure the development dynamics of GFs in vivo, we created  In this model, Zp3-positive oocytes in GFs could be inducible labeled
Zona pellucida protein 3 (Zp3)-CreERT2 mice (fig. S6A) and crossed by GFP (mG) through tamoxifen (Tam) administration, which
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allowed us to label the growing oocytes and to trace the life span of  (Fig. 5B, arrowheads) were labeled after 7 days of Tam treatment.
existing GFs in vivo (Fig. 5A). Validation of the Zp3-CreER™%mTmG  The Zp3-CreER™mTmG females after 7 days of Tam treatment from
model demonstrated sufficient labeling efficiency and specificity to 2 months old are referred to as “GF-labeled” females (Fig. 5C) here.
trace the developmental dynamics of the GFs (Fig. 5B), and approxi- We next treated GF-labeled females with or without Axi (30 mg/kg
mately half of GFs (Fig. 5B, arrows; 56.4 + 2.1%) and no dormant PFs ~ BW, every other day) for 1 month and measured the developmental
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Fig. 5. Blocking angiogenesis paused ovarian development. (A and B) lllustration of tamoxifen (Tam)-induced labeling of growing oocytes in the Zp3-CreER™>mTmG
mice. CreER'? recombinase is active upon Tam induction, which mediates the switch from mTomato (red) to mGFP (green) in Zona pellucida protein 3 (Zp3)-expressing
oocytes, resulting in the labeling of GFs with green oocytes. (B) Validating the labeling specificity and efficiency of Zp3-CreER™>mTmG females. After 7 days of Tam treat-
ment, numerous oocytes in GFs were labeled with mG (arrows), whereas none of the dormant oocytes (arrowheads) were labeled in the Zp3-CreER™>;mTmG ovaries.
(C) The 2-month Zp3-CreER™;mTmG females after 7 days of Tam treatment are referred to as “GF-labeled” females. (D) Tracing the developmental dynamics of GFs in
GF-labeled females with or without Axi treatment. GFP oocytes (arrowheads) were widely distributed in GF-labeled ovaries at either 1 or 2 months in Axi-treated females
but were exhausted in control ovaries after 2 months (arrows). (E) Quantification of the labeling ratio of the GF showed a significant extension of GF life span in Axi-treated
ovaries (n > 6). (F) Histological identification of the transient follicles (arrows) in the controls and Axi-treated ovaries. (G) Counting the transient follicles showed a significantly
decreased ratio of transient follicles in the Axi-treated ovaries compared with the controls (n=5). The data are presented as means + SD. The data were analyzed by a
two-tailed unpaired Student’s t test; ***P < 0.001, **P < 0.01. Scale bars, 100 um (B), 500 um (C and D), and 25 um (F).
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profile of labeled follicles at different time points. In the control
ovaries, a marked decreased number of labeled follicles was observed
in the ovaries after 1 month (Fig. 5D), and few labeled follicles
(Fig. 5D, arrows) were found at 2 months after labeling, showing an
exhaustion of recruited GFs during 2 months of development. In
sharp contrast, GFP-labeled oocytes were widely distributed in the
Axi-treated ovaries after either 1 or 2 months of treatment (Fig. 5D,
arrowheads). The quantification of the ratio of labeled follicles con-
firmed that approximately 25.3 + 3.3% of growing oocytes with GFP
labeling existed in the 2-month Axi group (Fig. 5, D and E), whereas
only 5.8 + 1.4% of labeled follicles existed in the control ovaries.
These results showed that the life span of GFs was notably extended
when angiogenesis was suppressed.

The other key index of ovarian reserve consumption, the ratio of
PF activation (42), was also investigated by counting the transient
follicles that were identified by mixed flattened (fig. S6B, arrows)
and cuboidal (fig. S6B, arrowheads) GCs of follicles in the ovaries.
Although the transient follicles were observed in both Axi-treated
ovaries and controls (Fig. 5F, arrows), a significantly decreased ratio
of transient follicles in total PFs was found in Axi-treated ovaries
compared with that in controls (Fig. 5, F and G), showing that
angiogenesis blockage decreased the activation of PFs in ovaries.
Combined with the phenotype revealed by GF tracing, our results
showed that the appropriate suppression of adult angiogenesis di-
rectly increase the life span of existing GFs and indirectly decrease
the recruitment of dormant PFs, thereby pausing ovarian develop-
ment and preserving the ovarian reserve in adult life.

Appropriate inhibition of adult angiogenesis extended

the reproductive life span of aged females

Our results suggested that appropriately blocking adult angiogenesis
is beneficial for female reproduction. We next tested whether Axi-
mediated angiogenesis blockage could affect the female fertility in
the long term. We chose females at midreproductive age (7 months old)
and treated them with Axi (30 mg/kg BW, every other day) for
1 month (Fig. 6A), and an identical increase in BW (fig. S7A) in the
Axi and control groups during the drug-treated period confirmed
no marked side effects in the females. After 1 month of Axi
treatment, the follicle counts confirmed a protective effect of Axi
treatment on the ovarian reserve [fig. S7, B (arrows) and C] in
8-month-old females. We found that this protective effect of the
ovarian reserve was sustained in the females to 14 months, and more
PFs and total follicles were present in treated ovaries compared with
the controls (Fig. 6, B and C) in aged females. Histological analysis
also showed that the Axi-treated ovaries exhibited a clearly younger
status with more follicles and CL (Fig. 6B, arrows), which was in
sharp contrast to the atrophy of the control ovaries.

Next, we investigated the reproductive capability of females after
angiogenesis blocking. After 1 month of Axi treatment, the females
(7 months old) were mated with healthy fertile males to evaluate
their fertility. At the first 4 months of mating, a comparable number
of offspring were born from Axi-treated and control females, show-
ing no negative effect of the termination of Axi treatment on female
fertility (fig. S7D). With aging, all control females ceased producing
offspring at the age of 12 months (Fig. 6D), as expected (43, 44). In
sharp contrast, most females after Axi treatment continued to pro-
duce offspring until 14 months of age (Fig. 6D), showing a signifi-
cantly extended reproductive life span after treatment at an early age.
Hormone detection showed significantly higher estrogen (E2) and
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Fig. 6. Appropriate inhibition of adult angiogenesis extended the reproductive
life span of aged females. (A) The strategy of Axi treatment in females of late re-
productive life span. After 1 month of Axi or vehicle treatment, females at 8 months
were mated to check their fertility and were used to detect other reproductive-
related indices at different time points. (B) Histological analysis showing Axi-treated
ovaries exhibited a clear younger status at 14 months with many follicles (arrows)
compared with the control ovaries. (C) Follicle counting results showing that more
follicles survived in the Axi-treated ovaries compared with the controls at the age
of 14 months (n=6). (D) Fertility test results showed a significant extension of the
female reproductive life span after Axi treatment (n = 21). (E and F) The sex-related
hormones, including follicle-stimulating hormone (FSH) and estrogen (E2), were
found to be comparable in untreated females at 8 months and Axi-treated females
at 14 months of age, whereas significantly increased levels of FSH and decreased
levels of E2 were detected in the 14-month-old females of the DMSO group (n=8
per group). (G) The general appearance of Axi-treated and the control females
at 14 months, showing healthy pups with Axi-treated mothers (Photo credit:
Xuegiang Xu, China Agricultural University). The data are presented as means + SD.
The data were analyzed by a two-tailed unpaired Student’s t test; ***P < 0.001,
**P<0.01, n.s. P>0.05. Scale bars, 100 um (B).

progesterone (P4) levels and a lower follicle-stimulating hormone
(FSH) level in the Axi-treated females than those in the controls at
14 months (Fig. 6, E and F, and fig. S7E), suggesting a young endo-
crine status of treated females (Fig. 6G). Therefore, our results indi-
cate that the appropriate inhibition of adult angiogenesis extended
the female reproductive life span in mice, and blocking angiogenesis
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should be an efficient approach to improving female reproductive
health in mammals.

DISCUSSION

This study provided comprehensive descriptions of the model of
adult ovarian angiogenesis and the developmental pattern of
ovarian blood vessels in mammals. Through a series of imaging and
tracing experiments, we clarified not only that the GFs and their
derived structure (CL) are the center of angiogenesis in adult
ovaries but also that all follicle-related blood vessels are temporary
circulatory structures that are eliminated completely after ovulation
or atresia. Furthermore, we demonstrated that blocking the con-
struction of angiogenesis-built new blood vessels is an efficient
strategy to pause the development of ovaries in living animals, which
ultimately postpones ovarian aging and extends the reproductive
life span of females.

By identifying the proliferated vascular endothelium and analyzing
the ultrastructure of the CL capillaries by electron microscopy, it
was reported that the rapid growth of endothelial cells in the CL
contributed to female reproduction (32, 45). These pioneering find-
ings revealed a unique regeneration of new blood vessels and active
angiogenesis in the adult ovaries under physiological conditions. In
the current study, we developed a modified organ transparent tech-
nology by combining reported enhanced-tissue clearing technology
with a high-resolution large-scale imaging approach to detect 3D
ovarian blood vessel profiles. Unique from previous reports, our
whole-mount imaging system introduced an endogenous fluorescent
endothelial labeling mouse model, in which blood endothelial cell
outlines are visualized by membrane GFP. This endogenous labeling
system allowed us to take highly precise images at the organ level
while retaining the in situ details of subcellular structures at the
single-cell level. With the system, the reconstructed 3D images
successfully revealed the changing profiles of blood vessels with the
activity of female fertility at scales from the whole organ (whole
ovary) to a multicellular structure (single follicle) to the single cell
(tip cells). We believe that this system also has broad application
potential for studying detailed models of in situ adult angiogenesis
in various conditions, such as tumorigenesis.

Using this system, we also revealed that adult ovarian angiogenesis
followed the classic tip cell-mediated model at the single-cell level,
which is similar to pathological angiogenesis in the progression of
tumorigenesis (46, 47). By determining the positions of tip cells
in our reconstructed ovarian blood vessels, we confirmed previous
findings that the active generation of blood vessels occurs in the CL
(20, 48) and further clarified that GFs are the center of adult ovarian
angiogenesis. It was an expected result that the remodeling and re-
generation of blood vessels mainly occur on ovarian follicles since
the orderly development of follicles is the major power driving the
estrus cycle in females (1). In our tracing study, we found that each
follicle formed an independent blood vessel system in the ovaries
and that all follicle-related vascular networks were completely elim-
inated with the cessation of follicular function. Although it is known
that CL blood vessels regress with ovarian development, it is un-
expected that no recycling of follicle blood vessels occurs since the
recruitment of follicles is sustained for approximately 50 years in
humans. We believe that forming an independent and temporary
blood vessel network may be a flexible strategy to guarantee the
quality control of dominant follicles.
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In modern society, the average life span has been markedly ex-
tended, but menopause occurs consistently at the approximate age
of 50 in women (49, 50). This contradiction has led to a great gap
between aging and reproductive aging in females, which reduces
later-life quality for all women (51, 52). Although it is well known
that the loss of ovarian follicles leads to female reproductive aging,
there is no suitable strategy available to disrupt ovarian aging by
manipulating follicle development. As the connector of the ovaries
and the body, the blood vessels surrounding the follicle act as the
primary regulator of ovarian development. Therefore, the possibility
of manipulating angiogenesis to control female reproduction was
proposed decades ago (40, 53). The pattern of adult ovarian angio-
genesis and the transience and independence of the follicle vascular
network strongly imply that blood vessel remodeling in adult ovaries
maintains fertility rather than the survival of ovarian tissue. This
pattern further improves the feasibility of manipulating ovarian
angiogenesis to protect against ovarian aging. By using a well-
characterized small-molecule VEGFR inhibitor, Axi, we found that
blocking adult angiogenesis should be an efficient way to reduce the
loss of the ovarian reserve and suppress ovarian aging in females.
We found that treatment with Axi at the early reproductive stage was
able to extend the female reproductive life span in late life. More-
over, the use of Axi not only postpones female reproductive aging
but also maintains a young hormone status for females, implying a
general antiaging effect of this strategy. However, as a nonspecific
inhibitor for angiogenesis, Axi might not be the ideal inhibitor for
use in antifemale reproductive aging. Much more work should be
performed to investigate the efficient drug or approach needed to
specifically block angiogenesis in ovaries, and any relevant clinical
practice should be treated with caution before finding a safe and
effective approach.

Although much research remains to be done before this treatment
can be applied in clinical practice, the current study supplied founda-
tional information on angiogenesis patterns in adult ovaries. Further-
more, we provided direct evidence showing that suppressing adult
angiogenesis is a highly feasible antiovarian aging strategy to extend
female fertility and perhaps also the vitality of aged females. With
the further understanding of ovarian angiogenesis, especially the
discovery of ovarian-specific regulatory mechanisms of angiogenesis
and ovarian-targeting drug delivery approaches, we believe that the
application of an antiangiogenesis treatment to postpone reproductive
aging will become a reality in the future.

MATERIALS AND METHODS

Experimental mice

C57BL/6 and ICR mice were from the Laboratory Animal Center of
the Institute of Genetics (Beijing, China). The Tek-Cre mice [the
Jackson Laboratory stock number 004128, B6.Cg-Tg (Tek-Cre)12 Flv/]]
(54) were a gift from H. Chen. These transgenic mice express Cre
recombinase under the direction of the receptor Tek promoter, which
has been shown to provide uniform expression in endothelial cells
during embryogenesis and adulthood. The transgene integrated into
chromosome 13, causing a 241.3-kb deletion. The deletion results in
a functional knockout of Mtrr, Adcy2, and Fastkd3 in homozygous
mice. Mice that are hemizygous for the transgenic insert are viable,
fertile, normal in size, and do not display any gross physical or be-
havioral abnormalities. B6.Cg-Tg (Tek-Cre)12 Flv/] strain (55) germ-
line deletion was prevented by restricting Cre expression to male
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breeders. Rainbow and mTmG (007576, Jackson Laboratory) mice
were generated as previously reported (28, 38), and the Rainbow mice
were a gift from K. Liu. Tek-Cre mice were crossed with mTmG and
Rainbow mice to generate Tek-Cre;mTmG and Tek-Cre;Rainbow
for genetic lineage tracing of Tek+ cells. In addition, to obtain Tek-Cre
transgenic mice, we designed polymerase chain reaction (PCR) primers
for Cre enzyme DNA sequence (forward: 5'-ATTTGCCTGCATTAC-
CGGTC-3, reverse: 5'-ATCAACGTTTTCTTTTCGG-3).

The Zp3—CreERT2 transgenic mice were generated using CRISPR-
Cas9-mediated genome engineering by the Nanjing BioMedical Re-
search Institute of Nanjing University, the Model Animal Research
Center of Nanjing University, Nanjing, China. Generally, the Zp3-
CreER™ knock-in mouse line was generated by inserting a cDNA-
encoding Cre recombinase fused with a mutant form of the CreER™
into frame with the translational start codon (ATG) of the Zp3 gene,
as previously described (56). The obtained mouse lines were crossed
to C57BL/6 lines for germline transmission. We designed PCR
primers spanning the genomic DNA and inserted cassette (forward:
5-TGGTTCAGATGAGGTTTGAGGC-3', reverse: 5'-CGCGAA-
CATCTTCAGGTTCTGC-3’) to test the correct targeted allele. The
established Zp3-CreER™ mouse lines were maintained on a C57BL/6
background. Tam (75648, Sigma-Aldrich) was resuspended in 95%
(v/v) ethanol (100 mg/ml) and then diluted in corn oil (C8267,
Sigma-Aldrich) to a final concentration of 20 m§/ml. To label the
growing oocytes in the ovaries of Zp3-CreER™;mTmG females,
Tam, at a dosage of 50 mg-kg™' BW, was intraperitoneally injected
for two continuous days in 2 months.

All mice were housed in mouse facilities under 16/8-hour light/
dark cycles at 26°C with access to chow and water at libitum. The
animal experiments conformed to the guidelines and regulatory
standards of the Institutional Animal Care and Use Committee of
China Agricultural University, no. AW52301202-3-1.

High-resolution 3D tissue imaging

The clearing method of the tissues is carried out according to the
method described previously (24) with modifications. Generally,
stock N-methylacetamide (M26305, Sigma-Aldrich) was prepared by
diluting melted N-methylacetamide to 40% (v/v) in phosphate-
buffered saline (PBS), which was then used to dissolve Histodenz
(D2158, Sigma-Aldrich) to 86% (w/v) concentration. Then, Triton
X-100 (0.1% v/v) and 1-thioglycerol (M1753, Sigma-Aldrich)
(0.5% v/v) were added to the Histodenz solution to be the final
clearing solution.

To image the ovarian vascular network, the ovaries at different
ages were collected and washed with PBS containing 0.2% Triton
X-100 and 1-thioglycerol (0.5%) in the dark for 24 hours at room
temperature to remove blood cells. Then, the tissues were placed in
the clearing medium (1:50 v/v) and incubated in the dark at room
temperature on a rotor for 72 hours.

The cleared ovaries were embedded in a 35-mm dish with 14-mm
glass bottom (D35-14-1-N, Cellvis) containing fresh clearing solution
and tightly covered by a coverslip. Confocal imaging was performed
on an inverted Leica (DMi8) and Andor Dragonfly spinning-disc
confocal microscope, a scientific complementary metal-oxide semi-
conductor (sCMOS) camera (Andor Zyla 4.2), and using either a
20x 0.8 numerical aperture (NA) 650-um working distance or a
40x 1.3 NA 250-um working distance objective. A pixel density
of 2048 x 2048 was used, and Z-step 0.5 to 1.0 um for 650 um
(20x objective) or 0.3 to 0.6 um for 250 um (40x objective). The
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488-nm (mG) and 568-nm mTomato (mT) lines of the Andor Integrated
Laser Engine (ILE) system with a spinning-disc confocal scan head
(Andor Dragonfly 500) were imaged. Images were acquired by Fusion 2.1
software (https://andor.oxinst.com/products/dragonfly#fusion).

After acquisition, movie S3 or single time point images were
processed by Image] (http://rsbweb.nih.gov/ij/) for projection of all
z stacks and merged color channels. To clearly highlight the filopodia
structures of the tip cells, the mG (488 nm) channel was inverted to
black and white by Image] software. To show the 3D vascular struc-
ture of ovaries and follicles and the fusion process of tip cells, the
rotary 3D movie was processed by Imaris (https://imaris.oxinst.com/)
software (movies S1, S2, and S4). To distinguish the follicle stages in
the image, the size and the GC number were identified by mT in a
single optical section (fig. S3A).

Quantification of the number of tip cells

To perform the quantitative analysis of tip cells in the reconstructed
3D ovarian imaging, the images were scanned carefully under the
mode of 3D View and Slice in Imaris (https://imaris.oxinst.com/)
software. In detail, the whole-mount imaging was separated to opti-
cal stacks (around 50 pm for stromal region and liver, or the whole
follicle) in the z axis, and the identification of filopodia manually
scanned the follicles or randomly selected optical stacks (for liver or
ovarian stromal region) with focus of GFP-labeled blood vessels by
a filament-tracing function in Imaris.

To count the tip cells on follicles or in CL, the total number of
cells with filopodia on each follicle or CL was counted, and the mean
number of tip cells was calculated by analyzing different follicles
(n=56) at same stages or CLs from more than six animals. To count
the tip cells in the ovarian stromal region or liver, the number of tip
cells was counted in randomly selected regions of ovaries without
follicles (volume: 500 pm x 500 um x 50 um, 5 to 10 points per ovary),
and the mean number of tip cells was calculated by analyzing the
ovaries form three animals. The density of the tip cells in the tissues
was counted by tip cell number to divide the tissue volume.

Follicle isolation and culture

The ovaries were dissected from Tek-Cre;mTmG mice at PD23, and
the ovarian capsules were separated and removed in precooled PBS
(10 mM, pH 7.4) under a stereomicroscope (Stemi 305, Zeiss) with
sterile conditions. Follicles (average diameter: 318.9 + 24.3 pm,
n = 45) were separated by tearing ovaries with syringe needle.

To observe the detailed behaviors of angiogenesis on the follicles,
the follicles were cultured on a Millicell culture insert (Millipore,
Merck) with the minimum Eagle medium (MEM)-a (12000-014,
Invitrogen) supplemented with 1% ITS (insulin-transferrin-sodium
selenite medium) (13146, Invitrogen), NaHCOj; (2.1 mg/ml; Sigma-
Aldrich), 5% fetal bovine serum (GIBCO, Life Technologies), FSH
(1:4000), and penicillin-streptomycin (100 IU/ml; 15140122,
Invitrogen) (57). The cultured follicles were photographed in a living
cell workstation (Okolab) at 37°C, 5% CO, by an Andor Dragonfly
502 spinning-disc confocal microscope with following index. In
detail, images were acquired by an Andor Dragonfly 502 spinning-disc
confocal microscope equipped with a 20x 0.8 NA, a sCMOS camera
(Andor Zyla 4.2), and 488-nm (mG) and 568-nm (mT) lines of the
Andor ILE system with a spinning-disc confocal scan head (Andor
Dragonfly 500). The blood vessels were acquired through Z-step
mode with the index. In detail, images were acquired with laser 488-nm
around 10 to 20%, laser 568-nm around 15 to 25%, exposure time 100
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to 200 ms, and Z-step 0.3 to 0.6 um for 200 to 250 um by Fusion 2.1
software (https://andor.oxinst.com/products/dragonfly#fusion).
The time-lapse imaging was acquired every 1 hour for 24 continuous
hours to trace the change of follicle blood vessels.

Single-follicle transplantation

The follicles of Tek-Cre;Rainbow mice were isolated according to
the method described above, and then, the isolated follicles were trans-
planted into the ovaries of wild-type adult females at 6 to 8 weeks of
age. In detail, the mice were anesthetized with Avertin (300 mg/kg;
T48402, Sigma-Aldrich) (58). Next, the ovaries were exposed through
the incisions (around 0.5 cm) on the back of animals gently. Then,
the fat pad of the ovaries was gently removed, and an approximately
1-mm wound was cut on the ovaries by ophthalmic scissors under
the stereoscope. The single follicle was held by an oral pipette to
seed into the wound one by one. Around four single follicles were
seeded into one incision evenly, and one to three incisions were cut
on one ovary to seed and to keep around 4 to 13 exogenous follicles
to be transplanted to one RO. In the experiment, a total of 98 recipient
females underwent surgery to transplant the exogenous follicles, and
the transplanted ovaries were collected after 2 or 4 weeks of surgery
to trace the development.

Histological analysis

The ovaries were fixed in 4% (w/v) paraformaldehyde (SC-281692,
Santa Cruz) for 12 to 24 hours and then embedded in paraffin
(39601095, Leica) after dehydration. Then, the ovaries were serially
cut into 8-um sections with a microtome (RM2245, Leica), and all
sections were carefully analyzed under the microscope (DM500,
Leica). To count the follicle number, tissue sections were stained
with hematoxylin (SC-24973A, Santa Cruz). PFs were counted in
every third section and multiplied by three to calculate the number
of all PFs in each ovary. Every section was counted for the presence
of GFs. The number of PFs and GFs was summed to the total
number of follicles.

We studied the effect of inhibiting the vascularization of adult
ovaries on the activation rate of PFs by counting the ratio of tran-
sient (59) follicles. The transient follicles were identified by a mixed
flatten and cuboidal GCs of the follicles. The percentage of activated
PFs was quantified as the number of transient follicles divided by
the total number of PFs in the ovary.

Immunofluorescence and confocal microscopy

Immunostaining was performed according to previously described
protocols (60). Briefly, the collected ovaries were fixed with 4% (w/v)
PFA for 12 to 24 hours, dehydrated, embedded in paraffin, and cut
into 8-um sections. After deparaffinizing and gradually hydrating the
sections, they were put into 0.01% sodium citrate buffer (pH 6.0)
and then subjected to microwave antigen retrieval for 16 min. The sec-
tions were blocked with 10% donkey serum (Jackson ImmunoResearch)
at room temperature for 1 hour, and then the tissue sections were
incubated with primary antibodies overnight at 4°C. Next, the sec-
tions were thoroughly washed in PBS, incubated with the secondary
antibody at room temperature for 1 hour, then stained with Hoechst
33342 (B2261, Sigma-Aldrich) for 1 min. The main primary anti-
bodies used in immunofluorescence are as follows: goat anti-FOXL2
(1:300 dilution; IMG-3228, Novus Biologicals) and DDX4 (1:300
dilution; ab27591, Abcam). Second antibody dilution: donkey anti-
goat Alexa Fluor 488 (1:150 dilution; A11055, Invitrogen) and donkey
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anti-rabbit Alexa Fluor 555 (1:150 dilution; A31572, Invitrogen).
Images were acquired on a Nikon Eclipse Ti digital fluorescence
microscope, Leica (DMi8), or Andor Dragonfly spinning-disc con-
focal microscope. The image data were analyzed by the software
Image]. Image merging was by using the color-merge channels func-
tion in Image].

Axi treatment

Axi (S1005, Selleck) was dissolved in dimethyl sulfoxide (DMSO;
20688, Thermo Fisher Scientific, USA) and was intraperitoneally
injected to the females with a dosage of 30 mg/kg BW every other
day. The control mice were injected with the same volume of sol-
vent DMSO in the same way.

For the experiment of blood vessel detection and ovarian reserve
analysis, Axi was intraperitoneally injected into 2-month-old
wild-type females for 1 month. For the dynamic tracing experi-
ment of GF development, the labeled Zp3-CreER™%mTmG females
were injected with Axi after 7 days of Tam treatment, and Axi was
treated for the entire period of tracing to detect the effect of follicle
development after angiogenesis blocking. For the testing of repro-
ductive life span in the long term, Axi was intraperitoneally in-
jected into 7-month-old wild-type females for 1 month. Then,
the treated females were mated with adult fertile males to monitor
their fertility.

Measurements of serum hormones

The serum hormone levels were determined according to previously
described protocols (61). To avoid the influence of different estrous
cycle stages on the levels of serum hormones, orbital blood was ob-
tained between 8:00 and 10:00 a.m. at diestrus under anesthetized
conditions with Avertin (300 mg/kg BW, intraperitoneally). Serum
(350 pl) was separated by centrifugation at 3000 rpm at 4°C and
stored at —80°C until analysis. Levels of FSH, E2, and P4 were mea-
sured using radioimmunoassay kits provided by the Beijing North
Institute of Biological Technology (Beijing, China).

Fertility testing

Mating trials were initiated at 1 week after Axi cessation. Healthy
males at 8 to 10 weeks of age with proven fertility were used for
mating. During the mating experiment, two female mice were placed
in a cage with one male for several months (at 18 months of age)
until the mice in the control group lost their reproductive capacity.
The number of offspring delivered per female was recorded twice
per week and was reflected in the reproductive curve. To better
evaluate the differential reproductivity between the Axi and control
groups, we divided the whole mating weeks according to the mouse
age, and the number of delivered pups per female was counted in-
dependently at each stage.

Statistical analysis

All experiments were repeated more than three times and showed
representative results. The data were presented as means + SD of
each experiment. The data were analyzed by a Student’s ¢ test and
were considered statistically significant at P < 0.05. P is indicated as
follows: *P < 0.05, **P < 0.01, ***P < 0.001, and n.s. (not significant,
P > 0.05). Statistics and graphs were obtained using Prism 5
(GraphPad Software, La Jolla). All mice were randomly assigned to
different experimental groups. In the process of analyzing experi-
mental results, there was no blind assignment of researchers.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abig8683

View/request a protocol for this paper from Bio-protocol.
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