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Abstract
The adhesion receptor ADGRA3 (GPR125) is a known spermatogonial stem cell 
marker, but its impact on male reproduction and fertility has not been exam-
ined. Using a mouse model lacking Adgra3 (Adgra3−/−), we show that 55% of the 
male mice are infertile from puberty despite having normal spermatogenesis and 
epididymal sperm count. Instead, male mice lacking Adgra3 exhibited decreased 
estrogen receptor alpha expression and transient dilation of the epididymis. 
Combined with an increased estradiol production, this indicates a post- pubertal 
hormonal imbalance and fluid retention. Dye injection revealed a blockage be-
tween the ejaculatory duct and the urethra, which is rare in mice suffering from 
infertility, thereby mimicking the etiologies of obstructive azoospermia found in 
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1  |  INTRODUCTION

Infertility is a global health problem affecting one in seven 
couples worldwide,1,2 and a male factor is responsible for 
up to 50% of these cases.3,4 Although there are multiple 
etiologies resulting in infertility, frequent causes include 
impaired spermatogenesis due to genetic, developmental, 
or hormonal disorders, and obstruction within organs re-
lated to the male reproductive system.5

Spermatogenesis is a complicated process that begins 
with spermatogonial stem cells undergoing self- renewal 
inside the testis. After an intricate series of events, these 
cells end up as haploid spermatozoa.5,6 Upon ejacula-
tion, the mature sperm leave the cauda epididymis, pass 
through the vas deferens, and enter the ejaculatory ducts. 
Here, seminal vesicular and prostate secretions are mixed 
with sperm before the ejaculate leaves the urethra.

Sertoli cells are essential for spermatogenesis in the 
testis, and its function is tightly regulated by follicle- 
stimulating hormone (FSH) from the pituitary gland and 
androgens from the testicular Leydig cells, which together 
regulate the spermatogenesis.7,8 In concert with estrogens 
and anti- Müllerian hormone (AMH), FSH and testoster-
one ensure appropriate development and function of the 
epididymis, prostate, seminal vesicles, and the connecting 
ducts of the male reproductive tract.9 Due to its regulation 
of aquaporin- 9 (AQP9),10– 12 sodium- hydrogen antiporter 
3 (NHE3),13– 15 and cystic fibrosis transmembrane conduc-
tance regulator (CFTR),16 estrogen receptor alpha (ERɑ) 
is instrumental for resorption of water in efferent ducts 
and epididymis and thus, a critical determinant of the ep-
ididymal microenvironment, as well as sperm maturation, 
storage, and passage.

Adhesion G protein- coupled receptors (aGPCRs) make 
up the second largest GPCR family.17 They are character-
ized by a classical 7- transmembrane domain and a large 
extracellular segment, containing a GPCR autoproteolysis- 
inducing (GAIN) domain and multiple conserved adhe-
sion domains.18 The aGPCR family is comprised of 33 
members with a wide range of biological functions, from 
ADGRC1 (CELSR1), required for ureteric bud develop-
ment in the kidney,19 to ADGRG2 (GPR64), which is re-
quired for male fertility.20 Several aGPCRs show testicular 

expression patterns,21 but only a few have been function-
ally characterized.20,22– 24

ADGRA3 (GPR125) is an orphan member of the aGPCR 
family18 with which it shares the characteristic aGPCRs 
domains, including the GAIN domain, multiple leucine- 
rich repeats (LRR), an immunoglobulin- like domain (Ig), 
and a hormone- binding domain (HBD) (Figure  1A).18 
ADGRA3 was initially identified as a spermatogonial 
stem cell marker in multiple species.25– 27 Later studies 
showed an increase in Adgra3 expression within the cho-
roid plexus after acute brain injury28 and demonstrated an 
essential role of ADGRA3 in murine mammary and lacri-
mal gland development.29,30 ADGRA3 internalizes consti-
tutively,31 recruits disheveled proteins to the membrane, 
and modulates the Wnt/β- catenin pathway via regulation 
of β- catenin transcriptional activity.32,33 This directly links 
the receptor to cell orientation and planar cell polarity and 
suggests a role in directional outgrowth and cell migra-
tion.29,30 Murine spermatogonial stem cells lacking the 
cytoplasmic domain of ADGRA3 are nevertheless able to 
maintain their progenitor stem cell properties.26 Thus, as 
the function of the receptor in the male reproductive or-
gans remain unknown, the aim of the presented study was 
to investigate the fertility and spermatogenesis in males 
lacking ADGRA3.

2  |  MATERIALS AND METHODS

2.1 | Animals

The Adgra3−/− strain was constructed by genOway, as 
follows: Exons 5 and 6 of the Adgra3 gene were flanked 
by LoxP using a Neo cassette blanked by FRT sites into 
a RMM1- HR targeting vector. Mice generated from these 
ES cells were bred to a Flp delete strain to remove the Neo 
cassette. The mice were subsequently bred to generate 
global excision of exon 5 and 6 in the germline, by cross-
ing with ubiquitous- Cre expressing driver mice (CMV;Cre 
Tg, RRID:IMSR_JAX:006054; Jackson Laboratory). All 
experiments were conducted using male mice. Animals 
were homozygous or heterozygous for the mutant allele 
(Adgra3−/− and Adgra3+/−, respectively), or homozygous 
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human male infertility. To summarize, male reproductive tract development is 
dependent on ADGRA3 function that in concert with estrogen signaling may in-
fluence fluid handling during sperm maturation and storage.

K E Y W O R D S

adhesion G protein- coupled receptor, ejaculatory duct, ejaculatory duct obstruction, estrogen, 
GPR125, infertility, seminal vesicles, Wnt signaling
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for the wild- type allele (Adgra3+/+), all male mice bred 
from heterozygous parents. Mice were kept group- housed 
after weaning. All experiments and animal housing were 
conducted in a 12- h light/dark cycle at 22 ± 2°C, 55 ± 10% 
humidity with ad libitum access to chow (SAFE D30, 
SAFE diets) and tap water. Mice housing and experiments 
complied with institutional guidelines and approved by 
the Animal Experiments Inspectorate under the Danish 
Ministry of Food, Agriculture, and Fisheries (license 
numbers 2018- 15- 0201- 01442, 2017- 15- 0202- 00117 and 
2017- 15- 0201- 01235).

2.2 | Fertility and latency studies

Fertility and latency studies were conducted to investigate 
the mounting behavior and fertility of the Adgra3−/− male 
mice and littermate controls. Each 8- week- old male was 
introduced to one 8- week- old C57BL6/J female mouse 

(RRID:IMSR_JAX:000664; Jackson Laboratory) for 5 days. 
Every morning at 9 am, the female was checked for plugs 
to examine the mounting behavior of the male, and re-
cords were kept on the day a plug was observed. Pups 
were counted on the day of birthing. The experiment 
was repeated 10 times over 8 months, with the same male 
mouse and a new C57BL6/J female mouse each time.

2.3 | Anogenital distance

The anogenital distance (AGD) of male Adgra3−/− and 
littermate controls were measured using a photographic 
method, which allowed for repeated assessments. The 
mice were placed on a Plexiglas platform with built-
 in measuring tape and a camera placed approximately 
10  cm underneath. The mice were held stationary by 
the tail, while pictures were taken. AGD was measured 
as the length of the perineum from the center of the 

F I G U R E  1  Lack of Adgra3 in male mice causes infertility, despite normal sperm production. (A) Schematic drawing of Adgra3, 
containing its 7- transmembrane domain (blue), the Stachel sequence (red linker), the GPCR autoproteolysis- inducing domain (GAIN), and 
the three extracellular domains; hormone- binding domain (HBD), immunoglobulin domain (Ig), and leucine- rich region (LRR). (B) Fertility 
study setup and proportion of fertile and infertile Adgra3+/+ and Adgra3−/− males based on 8 months of breeding with 10 different females. 
(C) Plugging latency of Adgra3+/+ and Adgra3−/− males as an indication of mounting behavior. Each dot (n = 15– 20) represents the period 
between cohabitation with females and detection of the first plug in a mated female; lines are the median; blue dots indicate infertile males. 
(D) Litter sizes of fertile Adgra3+/+ and Adgra3−/− males (n = 17– 26 individual breedings). (E) Sperm count at 8, 15 weeks, and 1 year of age 
(n = 5– 8) taken from cauda of the epididymis. Blue dots indicate infertile males. (F) Sperm motility measured as progressive (ab), non- 
progressive (c) or immotile (d) sperm cells at 8 weeks of age. Blue dots indicate infertile males. (G) Adgra3 expression pattern in 8- week- old 
C57BL6/J male mouse urogenital tract (n = 4). (H– J) Representative pictures of X- gal stained Adgra3lacZ/+ showing epididymis and testis 
(H), staining of the spermatogonial stem cells within testis (I), and within the cortex of the kidney (J). In all datasets, each dot represents 
a single animal. Data presented as mean ± SEM. Statistics included two- tailed Student's t test (C,D,F), and two- way anova with Šídák 
correction for multiple comparisons (E). Figures were created with smart.servi er.com.
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genital papilla to the proximal end of the anus,34 and as-
sessed by two independent investigators blinded to the 
genotype.

2.4 | Tissue preparation, plasma samples,  
and quantitative RT- PCR (RT- qPCR)

Mice were decapitated, and blood was collected in 
Microvette 500 K3E collection tubes (Sarstedt) from the 
main artery. Plasma was isolated for hormone measure-
ments by centrifugation at 4°C for 15 min at 1000 rpm. For 
bone mineral density analysis, the right femur was care-
fully harvested, cut free of muscle tissue, fixed in ice- cold 
70% ethanol, and stored at 4°C until further examination. 
Tissue for RT- qPCR or sperm count was snap- frozen and 
stored at −80°C. Tissue for histology was fixed overnight 
at 4°C in 3.7% paraformaldehyde (PFA) and subsequently 
embedded in paraffin. RNA and cDNA were prepared using 
RNeasy Micro Kits (Qiagen) and High- Capacity cDNA 
Reverse Transcription Kits (Thermo Fisher Scientific) ac-
cording to the manufacturers' protocols. Subsequently, 
RT- qPCR was conducted using PrecisionPlus qPCR 
Master Mix with low ROX and SYBR Green (Primer 
Design). Primers were designed to specifically target each 
mRNA, spanning introns to eliminate genomic DNA: 
36b4_Frd TCATC CAC GAG GTG TTT GACA, 36b4_Rv 
GGCAA CGA GGC AAC AGTT; Ywhaz_Frd AGACG GAA 
GGT GCT GAGAAA, Ywhaz_Rv GAAGC ATT GGG GAT 
CAAGAA; Ar_Frd GGACC ATG TTT TAC CCATCG, Ar_
Rv TCGTT TCT GCT GGC ACATAG; Amhr2_Frd CACAA 
GTG GAG ATG CAAGGA, Amhr2_Rv CAGAA GTC AGT 
GCC ACAGGA; Cyp19a1_Frd TTCTA CAT TAA ACC CAG 
TTGC, Cyp19a1_Rv GACTT CTT TAT TTG AAA TGCACC; 
Esr1_Frd CCTCC CGC CTT CTA CAGGT, Esr1_Rv CACAC 
GGC ACA GTA GCGAG, Aqp9_Frd TGGGG ATT TGA 
GGT CTTCAC, Aqp9_Rv GGTTC TGC CTT CAC TTCTGG; 
Nhe3_Frd CGTGG ATT GTG TGA AAGGCA, Nhe3_Rv 
CAGCA TCT CGG AGG TCAGAT; CFTR_Frd GGCCT TCA 
TCG CAT TGGAAT, CFTR_Rv CCAGA GAA GCC CCA 
TCAGAA; Aqp1_Frd GATTG ACT ACA CTG GCTGCG, 
Aqp1_Rv GGTCA TAC TCC TCC ACCTGG; CaII_Frd 
GATAA AGC TGC GTC CAG GAGC, CaII_Rv CCCAT ATT 
TGG TGT TCC AGTGAA; CaIV_Frd CTGCT AGG ACA 
AAG GTG AACC, CaIV_Rv CTCCA CTG TGT GTT GAT 
TGTTCT; CaXIV_Frd GTGGG CGA GAC TGA GAATCC, 
CaXIV_Rv GTTGT GAG TGA GCC GTT GTAG. All primers 
were diluted to a concentration of 250 nM per reaction, 
and cDNA to 1 ng/μl. Relative gene expression was nor-
malized to the average of Ywhaz and 36b4, using the Livak 
(2−∆∆Ct) method. Samples were run on a Quantstudio 6 
flex Real- Time PCR System (RRID:SCR_020239, Applied 
Biosystems).

2.5 | Hormone assay

Plasma concentrations of estradiol, testosterone, andros-
tenedione, and progesterone were analyzed via sensitive 
isotope- dilution TurboFlow- LC- MS/MS methods for si-
multaneous quantification of estrogens35 and androgens/
corticosteroids.36 These methods were developed for 
human serum and used without modifications in mice 
as described previously.37 Samples were analyzed in six 
batches, each including standards for calibration curves, a 
blank, three un- spiked serum pool samples, three pooled 
controls spiked in low concentration, and three pooled 
controls spiked in high concentration. The matrix for 
control material was pooled human serum from prepu-
bertal children and adults. The intra- day variation (CV 
%) of estradiol, testosterone, androstenedione, and pro-
gesterone in control material were ≤8.2%, ≤2.3%, ≤2.2% 
and ≤4.2%, respectively, and thereby within internal or-
dinary inter- day variation for batches including human 
patient samples. Detection limits (LOD) for the steroids 
were 4.04 pmol/L (estradiol), 0.012 nmol/L (testosterone), 
0.042 nmol/L (androstenedione), and 0.036 nmol/L (pro-
gesterone), where the same control material was used.

2.6 | Dual- energy X- ray absorptiometry 
(DEXA)

Femora were scanned using a desktop dual- energy  
X- ray absorptiometry (DEXA) scanner (Saber XL, 
Norland Stratec) at a pixel size of 0.1 mm × 0.1 mm and a 
velocity 3.0 m/s.38 The bone mineral density (BMD) was 
determined using the software supplied with the scanner. 
Quality control was performed by scans of two solid- state 
phantoms.

2.7 | Sperm count and motility

Sperm was obtained from cauda of snap- frozen 
epididymis in 1  ml PBS. Samples were centrifuged at 
300 g for 15 min, and the supernatant was resuspended to 
a total volume of 150 μl. Samples were diluted to achieve 
a sperm count of between 10 and 200 spermatozoa in a 
total of 16 squares of a Bürker- Türk counting chamber 
(Thermo Fisher Scientific). To avoid evaporation, the 
counting chamber was left for 5 min in a moist chamber. 
The heads of spermatozoa were counted in a total of 64 
squares and concentration was calculated by the follow-
ing equation: (average spermatozoa counted/dilution 
factor)/squares counted (64). To retrieve live sperm, 
cauda epididymis was excised and placed in 400 μl 
Krebs- Ringer buffer. Five small incisions were made to 
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mince the tissue and allow the sperm to be separated 
from the tissue. The material was incubated for 30 min, 
at 37°C, 5% CO2. Sperm was carefully resuspended in 
100 μl Krebs- Ringer buffer and 10 μl was taken to deter-
mine the percentage of motile sperm by counting 200 
cells in a phase contrast microscope by two independent 
investigators blinded to the genotype. Sperm motility 
was categorized as progressively motile (grade ab), non- 
progressively motile (grade c) and immotile (grade d)  
as recommended by WHO. Sperm morphology was as-
sessed on Papanicolaou- stained smears and evaluated 
by two individual investigators blinded to the genotype.

2.8 | HE staining, immunohistochemistry,  
and evaluation

The IHC procedure and hematoxylin and eosin (HE) 
staining were performed as described previously.39 
In brief: Deparaffination and rehydration of 4  μm 
formaldehyde- fixed sections were accomplished with 
Tissue- Tek (RRID:SCR_020858, Sakura Finetek B.V.) 
and saturation in decreasing concentrations of ethanol. 
Some sections were stained with HE. Sections for IHC 
were demasked by microwave treatment for 1 min with 
full effect followed by 15 min at 50% effect, in citrate or 
TEG buffer. This was followed by incubation in 0.5% 
v/v H2O2 in water to block endogen peroxidase activity 
and incubation in 0.5% skimmed milk in TBS to block 
unspecific antibody binding. Primary antibodies (VASA 
(ab13840, RRID:AB_443012, 1:4000 TEG, Abcam), 
Vimentin (sc- 373 717, RRID:AB_10917747, 1:5000 TEG, 
Santa Cruz), Erα (sc- 542, RRID:AB_631470, 1:500 TEG, 
Santa Cruz), or CYP17A1 (ab134910, RRID_AB2895598, 
1:500 citrate buffer, Abcam) were diluted in TBS and 
added to the sections overnight at 4°C, followed by 1 h 
incubation at room temperature. Secondary antibod-
ies (ImmPRESS MP- 7401 (RRID:AB_2336529) or MP- 
7402 (RRID:AB_2336528), Vector Laboratories) were 
added for 30 min at room temperature, followed by de-
velopment with AEC (3- amino- 9- cabazole, ImmPACT, 
SK- 4205, RRID:AB_2336518, Vector Laboratories) 
and counterstaining with Mayer's hematoxylin. All 
experiments were performed alongside control sec-
tions where the omission of the primary antibody was 
the only difference, and no staining was observed in 
these. The sections were scanned using a NanoZoomer 
2.0HT (RRID:SCR_021658) and analyzed with the soft-
ware NDPview version 2.6.24 (both from Hamamatsu 
Photonics). Two independent investigators, blinded 
for the genotype, evaluated the IHC slides and deter-
mined the stage of spermatogenesis. IHC staining was 
classified according to an arbitrary semi- quantitative 

reference scale based on the intensity of the staining and 
the proportion of cells stained as previously described:40 
+++, strong staining in nearly all cells; ++, moderate 
staining in the majority of cells; +, weak staining or a 
low percentage of cells stained; +/−, very weak staining 
in single cells; none, no positive cells detected.

2.9 | X- gal staining

Tissue from male Adgra3lacZ/+ and control mice was 
fixed in 4% PFA at room temperature for 30 min, washed 
in PBS, and rinsed at room temperature for 1 h in X- gal 
rinse buffer (2 mM MgCl2, 0.2% NP- 40, 0.1% sodium de-
oxycholate in PBS). Then, tissue was incubated in X- gal 
staining solution (50 mg/ml 5- bromo- 4- chloro- 3- indolyl
- β- D- galactopyranoside (PanReac AppliChem) in rinse 
buffer containing 5 mM potassium ferricyanide, 5 mM 
potassium ferrocyanide), for 14 h at 4°C, followed by a 
PBS rinse and post- fixation in 4% PFA overnight. The 
tissue was paraffin- embedded and sectioned for histo-
logical evaluation.

2.10 | von Kossa and Alizarin Red  
staining

Formalin- fixed sections were deparaffinized and rinsed 
in deionized water (diH2O). In von Kossa experi-
ments, sections were incubated with 1% silver nitrate 
(AppliChem) under ultraviolet light for 20 min. Sections 
were then rinsed in diH2O, exposed to 5% sodium thio-
sulfate for 5 min, rinsed in diH2O, and counterstained 
with Mayer's hematoxylin. Sections were then dehy-
drated through graded alcohol and xylene. Staining with 
2% Alizarin Red solution (pH 4.1– 4.3, Merck) for 5 min 
was likewise performed on deparaffinized sections. 
Sections were then dehydrated in acetone and acetone- 
xylene (1:1) and finally cleared in xylene. A human fetal 
bone was used as positive a control in both staining 
protocols.

2.11 | Blue dye injection

To visualize the passageways of the male distal reproduc-
tive tract, the vas deferens, bladder, seminal vesicles, co-
agulation glands and urethra were dissected and placed 
in a petri dish. Under a dissection microscope, Evans blue 
dye (0.05% in 1 × PBS) was injected into the vas deferens 
using a blunt needle. The distribution of the blue dye was 
recorded, and images were obtained with a digital cam-
era. The corresponding seminal vesicle (without blue dye) 
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were fixed in 4.7% PFA and stained with HE staining for 
the presence of sperm.

2.12 | Quantification and statistical  
analysis

All analyses were performed using GraphPad Prism 9 
(RRID:SCR_002798, GraphPad Software, Inc.). We used 
parametric or non- parametric tests accordingly as speci-
fied in each analysis. Residuals were evaluated to validate 
the use of parametric tests with or without logarithmic 
transformation. For multiple- comparison correction, post 
hoc testing was done using Šídák correction, as indicated 
in each analysis. All plots with error bars are reported as 
mean ± SEM, and statistical significance was defined as 
p ≤ .05.

3  |  RESULTS

3.1 | Frequent infertility in Adgra3−/− 
mice despite normal epididymal sperm 
count

To investigate the reproductive role of ADGRA3, a 
global- Adgra3 deficient mouse (denoted Adgra3−/−) 
was generated. Littermates with an intact Adgra3 
gene were used as controls (Adgra3+/+). Adgra3−/− or 
Adgra3+/+ males were paired for 10 sequential breedings 
with 10 C57BL6/J females over 8  months (Figure  1B). 
Surprisingly, 55% (11 of 20) of the Adgra3−/− males 
were unable to produce offspring during the study pe-
riod, while the remaining 45% (9 of 20) were fertile 
(Figure  1B). Among Adgra3+/+ mice, 93% (14 of 15) 
were fertile during the study period (Figure 1B). The in-
fertile males exhibited normal mounting behavior with 
no significant difference in plugging latency of the fe-
males (Figure  1C). Moreover, there was no difference 
in litter size for the fertile Adgra3−/− males compared 
with Adgra3+/+ males (7.1 ± 0.4 vs. 7.2 ± 0.5 pups/litter, 
Figure 1D). Extraction of sperm from the cauda of the 
epididymis at of 8, 15 weeks, and 1- year- old mice showed 
similar sperm concentrations in control and knockout 
mice (33.9 ± 11.8 vs. 32.0 ± 7.9 × 106/ml; 55.1 ± 11.9 vs. 
54.5 ± 6.9 × 106/ml; and 25.1 ± 2.3 vs. 12.4 ± 8.6 × 106/ml,  
respectively, Figure 1E). When subdividing the Adgra3−/−  
males according to fertility, the sperm count in the 
infertile males did not differ from Adgra3+/+ mice 
(Figure 1E). At 8 weeks of age, sperm of progressive mo-
tility (30.4 ± 5.5 vs. 30.8 ± 11.2) and sperm morphology 
did not differ between Adgra3−/− and Adgra3+/+ litter-
mates (Figure 1F and Figure S1A).

ADGRA3 has two similar sub- group members; 
ADGRA1 (GPR123) and ADGRA2 (GPR124).17,18 When 
examining the expression pattern of the sub- group within 
the urogenital system of male C57BL/6J mice, we ob-
served Adgra3 and Adgra2 expression within almost all 
tissues (Figure 1G and Figure S1B). However, in contrast 
to Adgra3, Adgra2 was not expressed in the testis, and 
Adgra1 was only expressed in Tyson's gland and the pi-
tuitary gland (Figure 1G and Figure S1B,C). The highest 
expression of Adgra3 was in the kidney, and to a lower 
extent, in the testis and epididymis (30.2% and 16.5% of 
Adgra3 expression in the kidney, respectively, Figure 1G). 
We used a LacZ mouse model (Adgra3lacZ/+)26,29,30 to vi-
sualize the expression pattern. Adgra3 expression was 
present within both the epididymis, through the efferent 
tubules and into the testis (Figure 1H) and was confirmed 
in the edge of the seminiferous tubules (Figure 1I).25,26,41 
Furthermore, Adgra3 expression was also detected in the 
renal cortex (Figure 1J).

3.2 | Abnormal testicular histology in 
Adgra3−/− mice

To further investigate the reproductive phenotype of 
the Adgra3−/− mice, we measured testicular weight in 
mice aged 8, 15 weeks, and 1 year, which were similar in 
Adgra3−/− and control mice (Figure 2A). Thorough histo-
logical analysis showed that 71% (5 of 7) of the 8- week- old 
Adgra3−/− mice had seminiferous tubules with secondary 
germinal epithelial degeneration, as evidenced by tubular 
vacuolation, segmental depletion of germ cells, and dis-
ordered arrangement of germ cell layers (Figure 2B and 
Figure S2A). None of the aged- matched Adgra3+/+ mice 
exhibited this pathology. At 15 weeks, germinal epithelial 
degeneration was observed in 75% (6 of 8) of the Adgra3−/− 
males, and in 13% (1 of 8) of the control mice (Figure 2B). 
At 1 year, 85% (6 of 7) Adgra3−/− males showed germinal 
epithelial degeneration, with 29% (2 of 7) progressing to 
end- stage lesion of germinal epithelial atrophy through-
out most of the testis (Figure 2B and Figure S2B). No mice 
in the 1- year- old control cohort exhibited degenerated or 
atrophied epithelia. Several mice with germinal epithelial 
degeneration had multinucleated giant cells (Figure 2B), 
a phenomenon resulting from incomplete cytogenesis,42 
as well as sperm stasis and hyalinization (Figure S2B). We 
further observed dystrophic microcalcification due to hy-
droxyapatite deposition within the seminiferous tubules 
in 29% (2 of 7) of the 1- year- old Adgra3−/− mice, veri-
fied by von Kossa and Alizarin Red staining (Figure 2C). 
Cell composition within the seminiferous tubules was 
evaluated by IHC markers for germ cells (VASA), Sertoli 
cells (vimentin), and Leydig cells (CYP17A1), which 
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F I G U R E  2  Testicular histopathology and enlargement of the epididymal ducts in Adgra3−/− mice. (A) Testicular weight of Adgra3−/− 
mice and littermate controls at 8, 15 weeks, and 1 year of age (n = 5– 8). (B) Histopathological evaluation of testis by hematoxylin and eosin 
(HE) staining at all three age groups (n = 4– 8). (C) Microcalcification in Adgra3+/+ and Adgra3−/− mice as visualized by staining with either 
HE, von Kossa, or Alizarin red. (D) Right; Illustration of segments of epididymis, divided into initial segment (IS), caput, corpus, cauda, and 
vas deferens (VasD). Left; Representative pictures of X- gal- stained epididymis from Adgra3lacZ/+ mice. (E) Weight of epididymis of Adgra3−/− 
and control mice at ages 8, 15 weeks, and 1 year (n = 5– 8). (F) Representative pictures of epididymis dissected from 8- week- old Adgra3+/+ 
and Adgra3−/− mice. (G) Epididymal duct diameter in 8- week- old mice, subdivided into five regions of epididymis; proximal efferent 
ducts (PED), IS, caput, corpus, and cauda. (H) HE staining of the transition between corpus and cauda of the epididymis in an 8- week- old 
Adgra3−/− mouse. Magnified inset shows hyalinization (arrow) and sperm stasis (arrowhead) within the dilated duct. (I) Seminal vesicle 
weight of Adgra3−/− mice and littermate controls at age 8, 15 weeks, and 1 year of age (n = 3– 8). (J) Pictures of seminal vesicles of Adgra3+/+ 
(left) and Adgra3−/− mice (right) of 15- weeks- old mice. The Adgra3−/− seminal vesicle is lacking the right seminal gland. SV, seminal vesicle; 
Bl, bladder; VasD, vas deferens; U, urethra. Data are presented as mean ± SEM. Comparisons were made using two- way anova with Šídák 
correction for multiple comparisons. *p < .05, ****p < .0001.
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showed no difference in expression between genotypes 
(Figure S2C– E).

3.3 | Dilated and enlarged epididymis in 
Adgra3−/− mice

Consistent with Adgra3 mRNA expression in the 
epididymis of male mice (Figure  1G), the Adgra3lacZ/+ 
mouse model confirmed the presence of ADGRA3 
within the entire epithelium, in caput, corpus, and cauda 
(Figure  2D). Comparison of 8- week- old mice revealed 
a 1.6- fold higher epididymal weight in Adgra3−/− mice 
(19.0 ± 1.2 vs. 30.3 ± 3.3 mg, p = .046) (Figure 2E,F). This 
was accompanied by a dilation of the epididymal ducts 
across the caput and corpus of the epididymis (92.7 ± 2.3 vs. 
107.4 ± 1.9 μm, p = .025 and 116.5 ± 3.9 vs. 205.9 ± 4.5 μm, 
p < .0001, respectively), but not in the efferent ducts or ini-
tial segment of the epididymis (Figure 2G and Figure S2F), 
which both are highly sensitive to fluid/electrolyte bal-
ance.12 Interestingly, at the transition between corpus and 
cauda epididymis, we observed hyalinization (Figure 2H, 
arrow) and sperm stasis (Figure  2H, arrowhead) in 14%  
(1 of 7) of 8- week- old Adgra3−/− mice. The epididymal ep-
ithelia appeared morphologically normal and no obvious 
differences in epididymal sperm content could be seen in 

any of the remaining animals across genotype and age. 
At 1 year of age, there were no difference in epididymal 
weight or luminal diameter between genotypes (Figure 2E 
and Figure S2G). For reference, the diameter of the semi-
niferous tubules did not differ (Figure  S2H), and the 
rete testis area did not look obviously different between 
Adgra3−/− and control mice. Although the weight of the 
seminal vesicles was similar across genotypes at 8 weeks 
of age, where at 15 weeks and 1 year of age the seminal 
vesicles of Adgra3−/− mice weighed substantially less than 
those of control mice (277.2 ± 9 vs. 324.4 ± 13 mg, p = .045 
and 361.0 ± 42 vs. 554.5 ± 23 mg, p < .0001, respectively, 
Figure  2I). One 1- year- old Adgra3−/− mouse was even 
lacking a seminal gland while that of the other part of the 
gland remained markedly underdeveloped on visual in-
spection (Figure 2J).

3.4 | Altered estradiol production and  
signaling

The phenotypic effects on both epididymis and seminal ves-
icle suggest a possible disturbance of the endocrine system, 
but no significant differences in plasma concentrations of 
testosterone, androstenedione, or progesterone were de-
tected in 15- week- old animals (Figure  3A– C). However, 

F I G U R E  3  Lack of Adgra3 causes altered plasma estradiol, estrogen- associated gene expression and decreased bone mineral density. 
(A– D) Plasma testosterone (A), androstenedione (B), progesterone (C), and estradiol (D) measured by LC- MS/MS on 15- weeks old 
Adgra3−/− mice and littermate controls. Limit of quantification (LOQ) and limit of detection (LOD) determined in human serum35,36 (n = 8). 
(E– G) mRNA expression levels of aromatase (Cyp19a1) (E), estrogen receptor ɑ (Esr1) (F), and aquaporin- 9 (Aqp9) (G) at 8, 15 weeks and 
1 year of age (n = 4– 8). (H) Representative photograph of a male Adgra3+/+ mouse showing anogenital distance (AGD) as measured between 
the rectum (white arrowhead) and penis (white arrow). (I) AGD measured at 4 days, 4- , 5- , 8- ,10- , and 52- week- old in Adgra3−/− mice and 
littermate controls males (n = 3– 24). (J) Bone mineral density (BMD) of the right femur of 15- week- old and 1- year- old animals (n = 7– 8). 
In all datasets, each dot represents a single animal. Data presented as mean ± SEM. Statistics include a two- tailed Student's t test (A– D), and 
two- way anova with Šídák correction for multiple comparisons (E– G, I,J). *p < .05, **p < .01.
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Adgra3−/− mice had on average a 3- fold higher estradiol 
concentration than their Adgra3+/+ littermates (19.6 ± 6.7 
vs. 5.9 ± 1.1 pmol/L, p =  .057, Figure 3D). However, this 
difference did not reach the level of significance, likely due 
to estradiol concentration being below the detection level 
(LOD) in some Adgra3+/+ samples (n = 7 of 10), and the 
high variability of plasma sex steroid levels. In accordance 
with the numerically higher estradiol levels, 8- week- old 
Adgra3−/− mice had higher testicular expression of aro-
matase (Cyp19a1), the enzyme responsible for estradiol 
synthesis, than their littermate controls (Figure  3E). In 
contrast, expression of estrogen receptor 1 (Esr1) was re-
duced and expression of its downstream effector protein 
aquaporin- 9 (Aqp9) was lower in 8- week- old Adgra3−/− 
testis compared to controls (Figure 3F,G). Expression of 
other factors involved in fluid reabsorption, such as Cftr, 
Nhe3, CaII, CaIV, CaXIV, and Aqp1 remained similar 
across genotype in testis (Figure S3A– E), and expression 
of Cftr, Nhe3, CaII, and CaIV was similar in epididymis 
(Figure  S3I– L) and vas deferens (Figure  S3O– R) across 
genotype. Furthermore, ERɑ expression was unaltered in 
the testis (Figure S2C– E).

To evaluate adequate fetal androgen exposure, we mea-
sured AGD at multiple ages (Figure 3H), and found that 
in keeping with unaltered androgen levels, no significant 
difference was detected between genotypes (Figure  3I). 
Likewise, androgen receptor (Ar) and anti- Müllerian hor-
mone receptor 2 (Amhr2) expression was unchanged be-
tween genotypes at all ages (Figure S3F,G). So did other 
sex hormone receptors in both testis, epididymis, and vas 
deferens (Figure S3H,M,N,S,T).

Like female mice, plasma estradiol fluctuates in male 
mice, but persistent estradiol deficiency may lower bone 
mineral density (BMD).43 Therefore, BMD of the fem-
ora of 15- week- old and 1- year- old mice was measured. 
At 15 weeks, BMD did not differ between Adgra3−/− and 
control mice. However, with increasing age the difference 
became apparent, and at 1 year the Adgra3−/− mice had 
significantly lower BMD than the control mice (0.055 vs. 
0.051 g/cm2, p = .0037, Figure 3J).

3.5 | Obstruction at the junctions of vas 
deferens and urethra causes infertility

To investigate the physiological cause of infertility in 
our models, blue dye was injected into the vas deferens 
to visualize the passage from vas deferens to the urethra 
(Figure 4A). In Adgra3+/+ (n = 13) and fertile Adgra3−/− 
(n = 7) male mice, the dye traveled unhindered through 
the vas deferens to the bladder and urethra but bypassed 
the seminal vesicle (Figure  4B,C). However, in infer-
tile Adgra3−/− (n  =  6) males, the dye did not pass into 

the bladder and urethra, but instead accumulated in the 
seminal vesicle (Figure 4D), which in one case was only 
half developed (Figure 2J). Histology of the seminal vesi-
cle showed sperm accumulation in the infertile males 
(Figure  4G, arrowheads), but not in the fertile males 
(Figure 4E,F). Thus, the infertile Adgra3−/− mice had an 
obstruction in the distal part of the male reproductive 
tract.

4  |  DISCUSSION

In the present study, half of the mice lacking Adgra3 were 
infertile due to obstructive azoospermia, resulting from ef-
fects on the epithelial lining of the male reproductive and 
the accessory organs rather than a direct testicular phe-
notype. ADGRA3 has been reported as a spermatogonial 
stem cell marker,25,26,41 and our data support its expres-
sion in spermatogonia as ADGRA3. In line with a previ-
ous study showing spermatogonial stem cells maintaining 
progenitor stem cell properties despite deletion of the cy-
toplasmic domain of Adgra3,26 we found no major change 
in germ cell numbers, spermatogenesis, sperm count, 
motility or morphology following loss of Adgra3. Thus, 
ADGRA3 is not required for normal spermatogenesis. 
However, we found a distal reproductive tract obstruction 
in the Adgra3−/− males causing sperm and fluid accumu-
lation within the epididymis. The seminal vesicles of these 
mice were smaller and had abnormal structure or were 
absent entirely, a similar phenotype observed in mice ex-
pressing a point mutation in β- catenin, C429S.44 These 
findings suggest defective development or maintenance of 
the caudal Wolffian ducts in the mice lacking ADGRA3 
and support the notion that ADGRA3 signals through the 
WNT/β- catenin pathway.33

Early during male development, the vas deferens and 
seminal vesicle ducts fuse to form the ejaculatory duct, 
which joins with urogenital sinus- originating tissue.45 
Based on the dye accumulation in the seminal vesicles, 
the fusion of the ejaculatory duct with the urogenital sinus 
has failed in infertile Adgra3−/− mice. Therefore, ADGRA3 
may also play a role in mechanotransduction and migra-
tion when the tip of the ejaculatory duct reaches the uro-
genital sinus, as Adgra3- positive cells are present in the 
tip of other migrating embryonic duct systems.29,30 This 
finding is novel, as androgens have been considered the 
primary regulator of Wolffian duct development in con-
junction with other growth factors, that is, TGFβ, FGF3, 
and IGF1.46 In accordance, we find unaltered plasma tes-
tosterone levels in Adgra3−/− mice, indicating that the 
phenotype observed is a direct consequence of Adgra3 de-
ficiency, or possibly affected by downstream signaling via 
endocrine or paracrine factors, such as, estradiol.
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Estradiol is synthesized at high levels in the testis and 
plays a vital role in the development of the male repro-
ductive system.9 Eight- week- old Adgra3−/− mice had in-
creased aromatase (Cyp19a1) expression and elevated 
plasma estradiol, which could represent a compensatory 
response to the observed reduction in the main estrogen 
receptor expression. On the other hand, the increased 
estradiol did not decrease Ar expression, as reported pre-
viously,47 which suggests that loss of Adgra3 may lead to 
uncoupling of the relationship between estrogen and an-
drogen receptor expression. Esr1 is crucial for fluid han-
dling in the male reproductive tract, and mice lacking 
the Esr1 gene exhibit dilatation of the epididymis12 and 
decreased aquaporin- 9 (Aqp9) expression. Aquaporin- 9 in 
turn controls fluid reabsorption in the efferent duct and 
epididymis, and its expression is regulated by ERɑ and the 
androgen receptor.10,11 Adgra3 is also found to be expressed 
within the efferent ducts and epididymis. Epididymal di-
lation was only observed in 8- week- old Adgra3−/− mice 
and was not seen in the 15- week- old or 1- year- old cohorts, 
implying that the phenotype is reversible and/or compen-
sated later in life. The early phenotype implies that there 

could be a link between ERɑ and ADGRA3 that regulates 
the WNT/β- catenin pathways,32,33,48– 50 and that in adult 
life this effect can be compensated. Alternatively, sex ste-
roids, such as estradiol, could bind directly to ADGRA3, as 
shown recently by testosterone binding to ADGRG1, for-
merly GPR56.51 The severe phenotype in half of the mice 
and mild testicular phenotype in the remaining with loss 
of ADGRA3 indicate that there is a distal effect, which is 
fully compensated in half of the males and prevents ob-
struction, while all have a mild testis or efferent duct effect 
that results in epithelial degeneration.

ADGRG1 is expressed in Sertoli cells, and loss of func-
tion results in abnormal formation of seminiferous tubules 
during embryogenesis and infertility.22 ADGRG2 (GPR64) 
is highly expressed in the apical compartment of non- 
ciliated principal cells of the rete testis and the proximal 
epididymis52,53 and is responsible for absorption of testic-
ular fluids within the epididymis to concentrate sperm.23 
Mutations in the human ADGRG2 gene cause congenital 
bilateral absence of vas deferens (CBAVD) and male in-
fertility,20 and male Adgra2- knockout mice display fluid 
dysregulation and spermatozoa obstruction in the efferent 

F I G U R E  4  Obstruction in the distal 
reproductive tract causes sperm trapped 
in the seminal vesicles. (A) Blue dye was 
injected into the vas deferens to visualize 
passage or blockage to the urethra at 
15 weeks of age. (B– D) Representative 
photographs of reproductive organs 
dissected from 15- week- old fertile 
Adgra3+/+ (n = 13) (B), fertile Adgra3−/− 
(n = 7) (C), and infertile Adgra3−/− 
(n = 6) mice (D) showing vas deferens 
(VasD), seminal vesicle (SV), bladder (Bl), 
and urethra (U) after injection with blue 
dye. Arrows indicate injection site of dye 
into vas deferens. (E– G) Upper panel: HE 
staining of seminal vesicles dissected from 
15- week- old fertile Adgra3+/+ (E), fertile 
Adgra3−/− (F), and infertile Adgra3−/− 
(G) mice. Lower panel: Magnified 
inset showing tissue with arrowheads 
indicating heads of spermatozoa present. 
(A) was created with Biore nder.com.
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ductules.52,54 Combined with our novel findings linking 
ADGRA3 to obstructive azoospermia, this indicates that 
drugs targeting these aGPCRs may be used as future ther-
apeutics to modulate male reproductive function.

Obstructive azoospermia is defined as the absence of 
spermatozoa in the ejaculate despite normal spermato-
genesis and is identified in approximately 1% of all men 
and in 6%– 14% of infertile men.55,56 Ejaculatory duct ob-
struction is a rare cause of obstructive azoospermia. As in 
our Adgra3−/− mice, men with ejaculatory duct obstruc-
tion have normal testicular volume and fully developed 
vas deferens.56 The seminal vesicles are mostly unremark-
able in these men but may be enlarged or have a midline 
nodule in the prostate.56 In the mouse model, we see a 
smaller seminal vesicle at an advanced age, possibly as 
a direct effect of Adgra3- deficiency rather than through 
altered estradiol production or signaling. Lastly, patients 
with ejaculatory duct obstruction have normal gonadotro-
pin and testosterone concentrations, but ultrasonography 
frequently show calcification within the ejaculatory duct, 
prostate, or testis.56 All of this is consistent with what we 
observe in our mouse model. This supports the inclusion 
of ADGRA3 in the genetic evaluation of male infertility, 
particularly obstructive azoospermia.

In conclusion, we studied the function of ADGRA3 in 
male mice. We found that the ejaculatory duct of Adgra3- 
deficient mice fails to reach the urogenital sinus during 
early development, resulting in the same ejaculatory duct 
obstruction phenotype observed in men suffering from 
obstructive infertility. The clinical link between ADGRA3 
and male infertility requires further investigation to deter-
mine potential therapeutic applications further.
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