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The concentration of female-dominant steroid hormones, such as progesterone and estro-
gen, drops after birth in neonates. We have reported that neonatal estrogen treatment 
results in inflammation in the epididymis after puberty in male mice. Our recent study discov-
ered that progesterone receptor was specifically expressed in efferent ducts just before birth 
in male mice. Therefore, this study aimed to reveal the impact of neonatal progesterone 
administration on the efferent ducts after puberty. Progesterone was subcutaneously admin-
istered to neonatal mice on their birthday in three groups: high-dose (200 mg/kg), low-dose 
(8 mg/kg), and control (cottonseed oil). Their testis and epididymis were collected at 12 
weeks old. Semi-serial paraffin sections of these tissues were prepared and evaluated 
through PAS-hematoxylin staining. Efferent ducts were reconstructed into a three-
dimensional structure, and their length and volume were analyzed. Spermatogenesis in the 
testis and epithelium of the tracts appeared normal, even in individuals administered with 
progesterone. There were no significant differences in the length and volume of the efferent 
ducts among the three groups. This study suggests that progesterone treatment in neonatal 
mice does not cause any structural changes in the male reproductive tracts at puberty, 
unlike the neonatal estrogen treatment.
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I. Introduction
After birth, fetuses are exposed to a new and different 

endocrinological environment. Female-dominant sex hor-
mones, such as estrogen and progesterone (P4), which can 
be transferred from mother to fetus, decrease in the off-
spring after birth. In our previous study, male mice which 
were exposed to estrogen once in their neonatal stage 
developed epididymal inflammation and obstruction of the 
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epididymal duct after puberty [28]. This delayed effect may 
be due to the rapture of the epithelial barrier in the epi-
didymis caused by estrogen exposure, which leads to 
immune cells recognizing and attacking spermatozoa trans-
ported from the testis after the onset of spermatogenesis in 
the testis.

During pregnancy, P4 levels are high in the mother’s 
body to support gestation. However, in rodents (but not in 
human), P4 levels decrease before parturition [7, 8, 14, 27, 
42], which triggers the onset of labor [25, 41, 42]. P4 in the 
fetus is mainly derived from the mother [5], and the con-
centration of P4 is the same in male and female fetuses 
[44]. Therefore, the P4 levels in the offspring decrease nat-

Acta Histochem. Cytochem. 56 (6): 127–136, 2023
doi: 10.1267/ahc.23-00052

© 2023 The Japan Society of Histochemistry and Cytochemistry



urally during the perinatal period.
Our recent study discovered that just before birth, 

murine efferent ducts express progesterone receptor (PGR) 
exclusively [31]. Although PGR was enriched in the effer-
ent ducts of matured men [23], it was not detected in the 
epididymis of neonatal to adult men [26]. PGR may play a 
crucial role in the development of efferent ducts, but there 
has been limited research on the role of P4 in the develop-
ment and function of the male reproductive tracts. This is 
probably due to the fact that male mice lacking PGR 
showed normal fertility [24]. According to a previous study 
[38], male sheep fetuses had low levels of metabolic 
enzymes for P4 in their liver. Additionally, P4 administra-
tion during early pregnancy induced the downregulation of 
male-specific genes. Another study reported that epididy-
mal cysts were caused in some aged mice which were 
administered with P4 neonatally for five days [15]. How-
ever, the adverse effects of P4 on the pubertal male have 
not been reported. Therefore, further investigation is 
required to determine whether an overdose of P4 can affect 
the male reproductive system in the pubertal male. Further-
more, a comparison of the impact of neonatal treatment 
with P4 and estrogen will contribute to understanding the 
importance of these hormones in neonatal males.

The efferent ducts consist of some convoluted duc-
tules that run parallel from the rete testis to the epididymis. 
These ductules converge into a single common efferent 
ductule, which then connects to the initial segment of the 
epididymis [10, 29]. Their main function is to absorb lumi-
nal fluid from the testis [2, 9, 12]. If this absorption is dis-
turbed, the increased fluid can cause back pressure, which 
impairs spermatogenesis in the testis [11, 21, 30, 36]. Fur-
thermore, obstructive lesions in the epididymis, especially 
in the proximal region, including the efferent ducts are not 
rare [1]. Patients with obstruction in the proximal region 
exhibit lower sperm motility and vitality than those with 
obstruction in the caudal region [34]. Therefore, it is impor-
tant to understand what causes malformation and malfunc-
tion of the proximal region, including the efferent ducts.

For precise evaluation of the efferent ducts, three-
dimensional (3-D) analysis is necessary. We have been 
using a 3-D reconstruction method to investigate the struc-
ture and development of the efferent ducts [29, 32]. This 
technique enables us to explore not only branching patterns 
but also the length and volume of each segment of the 
ducts. Although a previous study reported that P4 adminis-
tered to a mother for prevention of preterm birth showed no 
evidence of benefit or harm in child development [39], a 
potential risk of P4 treatment on the development of the 
male reproductive tracts may be found in a detailed exami-
nation using 3-D analysis. Herein, we investigated the 
impact of neonatal exposure to an overdose of P4 on the 
development and function of the male reproductive tracts 
using the 3-D reconstruction method.

II. Materials and Methods
Neonatal progesterone administration (NPA)

This study was approved by the Institutional Animal 
Care and Use Committee of Tokyo Medical University 
(Permission #R3-0060). C57BL/6J mice at pregnancy day 
14 were purchased from Japan SLC, Inc. In general, if 
researchers handle newborn mice, primiparous mother mice 
may kill their babies. To minimize this risk, female mice 
which have given birth previously were chosen as mothers 
in this study. The mice were maintained at a specific 
pathogen-free facility at Tokyo Medical University. P4 was 
purchased from Sigma-Aldrich (catalog no. P8783) and dis-
solved in cottonseed oil (Nacalai Tesque). For a high-dose 
group (NPA-H), a 15 mg/ml solution was prepared (near-
saturated solution). This solution was diluted to 0.6 mg/ml 
for a low-dose group (NPA-L). P4 administration was per-
formed according to the previous study in which a high 
dose of estrogen was subcutaneously administered to 
neonatal mice [28]. A pup was given 20 μl of the adminis-
tration. Because the weight of the pups was 1 to 1.5 g, the 
injected concentration was about 200 and 8 mg/kg in the 
NPA-H and -L groups, respectively. The dose in NPA-H 
(200 mg/kg) was about twice as high as in a previous study 
[15]. The low dose was referred to a previous study in 
which P4 was used as a treatment for brain ischemia in 
adult mice [4]. As a control group (NPA-Ct), the solvent 
was administered. P4 solution was subcutaneously injected 
into the back of the newborn male on the morning of birth. 
When the delivery was not confirmed in the morning but in 
the evening, the administration was performed around 6:00 
PM. The number of offspring was not controlled among 
mothers (7 males and 4 females in NPA-Ct, 8 males and 5 
females in NPA-L, and 6 males and 2 females in NPA-H 
from two mother mice in each group). They were weaned 
on postnatal day 21. These mice were kept at 21–25 degC 
and 40%–60% relative humidity with a 12-hour light-dark 
cycle.

Tissue collection
Four male neonates in a different litter from the 

administered mice were collected for the immunohisto-
chemical investigation of PGR. They were anesthetized by 
inhalation of isoflurane and euthanized by decapitation. 
Their testes with adjacent epididymis were collected and 
fixed in modified Davidson’s fluid [20] for 24 hr at ambient 
temperature. Male mice at 12 weeks old were weighed and 
anesthetized by intraperitoneal injection with a combination 
of 0.3 mg/kg of medetomidine (Domitor®, Nippon Zenyaku 
Kogyo Co., Ltd., Tokyo, Japan), 4.0 mg/kg of midazolam 
(Dormicum®, Maruishi Pharmaceutical. Co., Ltd., Tokyo, 
Japan), and 5.0 mg/kg of butorphanol (Vetorphale®, Meiji 
Animal Health Co., Ltd., Tokyo, Japan) [18]. After eutha-
nization by cervical dislocation, the spleen, left testis, and 
left epididymis were removed and weighed. The right testis 
with adjacent epididymis was fixed in modified Davidson’s 
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fluid for 24 hr at ambient temperature. The fixed tissues 
were dehydrated and embedded in paraffin, as previously 
reported [33]. The neonatal and adult testes were cut in 5-
μm-thick serially for immunohistochemistry and 4-μm-
thick at 32-μm-intervals for histology, respectively.

Immunohistochemistry
To check the PGR expression in the neonatal efferent 

ducts, immunohistochemistry was performed according to a 
previous study [31]. The primary and secondary antibodies 
were anti-Progesterone Receptor antibody [SP42] (1:50, 
ab101688, RRID: AB_10715248, abcam) and EnVision 
rabbit for DAB (Agilent Dako), respectively. To detect their 
localization, 3-amino-9-ethylcarbazole (AEC substrate kit, 
Peroxidase (HRP), SK-4200, Vector) was reacted. Gill’s 
hematoxylin V (Muto Pure Chemicals) was used for coun-
terstain. After coverslipped in Aquatex (Merck), the sec-
tions were digitized with a virtual slide scanner, Panoramic 
MIDI II (3DHISTECH), at ×20 magnification.

Histology
The sections were deparaffinized and rehydrated, and 

PAS-hematoxylin staining was performed as follows. The 
slides were immersed in 1% periodic acid solution for 5 
min at ambient temperature. After being washed in flowing 
tap water and distilled and deionized water (DW), the sec-
tions were reacted in cold Schiff solution (Muto Pure 
Chemicals) for 30 min at ambient temperature. They were 
washed in DW and flowing tap water for at least 5 min. 
After being washed in DW, the sections were immersed 
in Gill’s hematoxylin V (Muto Pure Chemicals) for 10 sec 
as a counterstain and then immersed in tap water at 40 
degC. After being washed in DW, the slides were cover-
slipped in Marinol (Catalog No. 20092, MUTO PURE 
CHEMICALS). The sections were digitized as above.

Three-dimensional (3-D) analysis
The tissues from four neonatal and three adult males 

in each group were analyzed with Amira software (version 
2020.2, Thermo Fisher Scientific). The scanned images of 
the neonates and adults were exported as jpg-formatted 
files at 4 and 2.5 magnification in 2833:2125 and 
3840:2160 pixels, respectively. The serial sections were 
aligned in the software, and the efferent ducts were thor-
oughly segmented. After the segmented area was shrunk 
four times in the software, the core lines running through 
the center of the reconstructed ducts were drawn, and their 
length and volume were calculated in the software.

Statistical analysis
Obtained numerical values were analyzed by the 

Tukey-Kramer test [19] to compare each group using R 
software (version 4.1.2 [37]). Statistical significance was 
recorded when the p-value was under 0.05.

III. Results
Expression patterns of PGR on the day of administration

To check the site of PGR expression through male 
reproductive tracts in the neonatal mouse, immunohisto-
chemistry for PGR and 3-D reconstruction were performed 
(Fig. 1). Arrangement of each compartment in the neonatal 
testis was similar to that of the pubertal testis (Fig. 1A–C). 
Each convoluted efferent ductule was separated from a sin-
gle common ductule, as shown in fetal mesonephric tubules 
[32]. Epithelial cells of the efferent ducts, especially in the 
common ductule and each ductule near the common duc-
tule, showed positive for PGR (Fig. 1D, E). On the other 
hand, PGR was negative in efferent ductules near the rete 
testis and testis, similar to expression patterns of PGR on 
embryonic day 18.5 observed in a previous study [31].

No histological changes were observed in the testis
The absolute and relative weights of the body, testis, 

epididymis, and spleen were not significantly different 
between groups (Fig. 2). The contralateral testis was col-
lected for histology and stained with PAS-hematoxylin. 
Spermatogenic cells, such as spermatogonia, spermato-
cytes, spermatids, and spermatozoa, were present in all 
groups without any obvious abnormality (Fig. 3A–F). 
There was also no dilation and accumulation of spermato-
zoa in the rete testis in all groups (Fig. 3G–I). Therefore, 
spermatogenesis and transfer of the spermatozoa appeared 
normal in all groups.

No histological changes were observed in the epididymis
Even when spermatogenesis in the testis appears nor-

mal, inflammation may occur in the epididymis, as in the 
neonatal estrogen treatment [28]. Therefore, we next 
checked the histology of the epididymis (Fig. 4A–F). 
Numerous spermatozoa were observed in the lumina of the 
cauda epididymis in all groups. None of the groups showed 
any signs of cysts or inflammation, such as immune cells 
invading the epithelium or lymphoid cells accumulating in 
the mesenchyme.

No structural changes were observed in the histology and 3-
D reconstruction of the efferent ducts

Before birth, PGR is specifically expressed in the 
epithelium of efferent ducts [31]. It is therefore hypothe-
sized that an overdose of P4 directly affects the develop-
ment and function of the efferent ducts. The efferent ducts 
consist of two segments - a vast lacuna (Fig. 4G–L) and a 
narrow lacuna (Fig. 4M–R) - surrounded by the cuboidal 
epithelium. In a section, these structures were found to be 
similar across groups without any sign of inflammation or 
obstructive lesions.

In a 3-D model (Fig. 5), the efferent ducts were coiled 
similar to the previous study [29]. It was found that three to 
five ductules were connected to the rete testis. There were 
also one to three blind-ending ductules that did not have 
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Fig. 1. PGR expression in the efferent duct in the neonatal male mouse. (A) A representative image of immunohistochemistry for PGR at low 
magnification. (B, C) A ventral view of the reconstructed left testis and epididymis. The pale blue surface represents the reconstructed testis, efferent 
duct, and epididymis. A red line indicates the common efferent ductule and following epididymal duct, and lines in other colors represent efferent 
ductules that run parallel from the rete testis to the epididymis. (D, E) A representative image of immunohistochemistry for PGR in the efferent and 
epididymal ducts. An arrowhead indicates the branching point of the efferent ductule (Eff-duc) from the common efferent ductule (Eff-com). A boxed 
region in panel D is magnified in panel E. Note that PGR is positive in the epithelium of the efferent ducts. Caud-Epi: Caudal epididymis, Corp-Epi: 
Corpus epididymis, Cra-Epi: Cranial epididymis, Eff: Efferent duct, Epi: Epididymal duct, Vas: Vas deferens. Bars = 100 μm (A), 50 μm (D, E).

Fig. 2. Weight of body, testis, epididymis, and spleen in neonatal progesterone administration (NPA) groups with control (Ct), low (L), and high (H) 
doses. White diamonds represent the average weight of each group.
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contact with the rete testis in all individuals, in contrast to 
the previous study that reported wild-type male mice rarely 
had these blind-ending ductules [11, 29]. Some ductules 
merged into a single common ductule that continued to the 
initial segment of an epididymal duct with high columnar 
epithelium (Fig. 4M–R). The common ductule was convo-
luted in the efferent duct and at the surface of the caput epi-
didymis (Fig. 5).

The reconstructed efferent ducts visually show a com-
plex structure (Fig. 6A), but their branching pattern was 
similar to that of fetal mesonephric tubules [32]. There 
were no significant differences in the length and volume of 
each efferent ductule among the groups (Fig. 6B, C). The 
length and volume of each segment of the common efferent 
ductule also showed no significant difference (Fig. 6D, E). 
Additionally, there was no significant difference in the total 
length and volume of the efferent ducts between the groups 
(Fig. 6F, G).

IV. Discussion

This study investigated the impact of neonatal P4 
exposure on the male reproductive tracts after puberty. 
There were no apparent changes in the testis, epididymis, 
and efferent ducts between the groups. Additionally, there 
were no significant differences in the length and volume of 
the efferent ducts. These findings suggest that administer-
ing P4 once during the neonatal period does not impact the 
structure of male reproductive tracts during puberty, even 
in the high dose.

We hypothesized that neonatal P4 administration 
would lead to malfunction of efferent ducts that would 
impair sperm transport and spermatogenesis in pubertal 
male mice. Another suspected outcome was the elongation 
of the efferent ducts in P4-treated mice. However, the 
results of this study showed no changes in the structure of 
the male reproductive tracts against these hypotheses. 

Fig. 3. Histology of the testis in neonatal progesterone administration (NPA) groups with control (Ct), low (L), and high (H) doses. (A–F) Representative 
pictures of seminiferous tubules. A boxed region in A–C is magnified in D–F, respectively. (G–I) Representative pictures of the rete testis (RT). TZ: 
Transitional zone of a seminiferous tubule. Bars = 100 μm (A–C, G–I), 50 μm (D–F).
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Fig. 4. Histology of the cauda epididymis and efferent ducts in neonatal progesterone administration (NPA) groups with control (Ct), low (L), and high 
(H) doses. (A–F) Representative pictures of the cauda epididymis. A boxed region in A–C is magnified in D–F, respectively. (G–L) Representative 
pictures of the efferent ductules that run parallel from the rete testis to the epididymis. A boxed region in G–I is magnified in J–L, respectively. (M–R) 
Representative pictures of a transitional region from the common efferent ductule (Eff) to the initial segment (Ini) of the epididymal duct. A boxed 
region in M–O is magnified in P–R, respectively. Bars = 100 μm (A–C, G–I, M–O), 50 μm (D–F, J–L, P–R).
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These results suggest that PGR expressed in the neonatal 
efferent ducts is not crucial for the absorption of luminal 
fluid by the epithelium during puberty. Furthermore, PGR 
expressed in the efferent ducts during the perinatal stage is 
suggested not to be associated with proliferation of the 
epithelial cells. Because PGR-knockout male mice showed 
normal fertility [24], expression of PGR in the efferent 
ducts during the perinatal period may not be necessary for 
their proper development and functions.

Compared to neonatal estrogen treatment, by which a 
delayed effect was observed in the testis and epididymis 
after puberty [6, 15, 28], pubertal male mice that received 
the neonatal P4 treatment showed no noticeable change in 
this study. To explain this difference, there are three possi-
bilities to be considered. First, expression patterns of PGR 
and estrogen receptor (ESR1) are different. PGR is found 
only in the epithelium of the efferent ducts, but ESR1 is 
expressed in the mesenchymal cells around the epididymal 
duct as well as the efferent ducts just before birth [31]. 
Because inflammation observed in the epididymis by the 
neonatal estrogen treatment began from the caudal region, 
mesenchymal cells expressing ESR1 are suggested to medi-

ate the estrogen effects to the epithelium, resulting in dys-
regulation of the epithelial barrier at the caudal epididymis 
[31]. Second, the concentration of estrogen and P4 in a 
mother mouse just before parturition is 0.1–0.2 ng/ml and 
10–50 ng/ml plasma, respectively [7, 8, 13, 35]. Adminis-
tered solution of estrogen was 3 mg/ml in the previous 
study [28], and that of P4 was 15 mg/ml in the NPA-H 
group of the present study. Therefore, the fold change in the 
amount of estrogen between the physiological condition 
and the administered dosage was much greater than that of 
P4. Third, P4 is an intermediate form of steroids, and there-
fore, it may be easier for the fetus to metabolize P4 into 
other forms. Taken together, severe effects can be observed 
in the overdose of estrogen but not P4.

Alternatively, it is hypothesized that PGR suppresses 
the malfunction of estrogen receptor in the efferent duct. 
PGR is known to play an antagonistic role against estro-
genic actions mediated by estrogen receptor [17]. The effer-
ent duct is the only portion where both PGR and estrogen 
receptor are expressed among male genital tracts [31]. A 
previous study reported that there were no positive and 
negative effects on the reproductive organs in the aged 

Fig. 5. Representative three-dimensional reconstruction images of the efferent ducts in the ventral and cranial views in neonatal progesterone 
administration (NPA) groups with control (Ct), low (L), and high (H) doses. The pale blue surface represents the reconstructed testis, efferent duct, and 
epididymis (A, C, E, G, I, K). A red line indicates the common efferent ductule, and lines in other colors represent efferent ductules that run parallel 
from the rete testis to the epididymis.

Effects of Neonatal Progesterone Treatment 133



Fig. 6. Length and volume of efferent ducts in a 3-D model among 
neonatal progesterone administration (NPA) groups with control (Ct), 
low (L), and high (H) doses. (A) A scheme of a branching pattern of 
efferent ducts. Color of each segment corresponds to that of 
reconstructed ductules in Fig. 5. (B, C) Box and dot plot on the length 
and volume of each efferent ductule, respectively. (D, E) Box and dot 
plot on the length and volume of each segment of the common efferent 
ductule, respectively. (F, G) Dot plot on the total length and volume of 
the efferent ducts from the rete testis to the initial segment of the 
epididymis, respectively. White diamonds represent the average length 
or volume of each group.

male mouse by administration of both estrogen and proges-
terone during the neonatal period, compared to administra-
tion of estrogen alone [15]. On the other hand, because 
PGR knock-out male mice had fertility [24], more detailed 
studies have not been performed with a focus on the func-
tion of PGR in the male genital tracts. Therefore, to test the 
hypothesis that PGR suppresses the malfunction of estro-
gen receptor in the neonatal efferent duct, it would be 
worth investigating adverse effects of estrogen in the PGR 
knock-out male in future studies.

P4 treatment is applied to women to reduce the risk of 
miscarriage and preterm birth [3, 43]. Especially in the lat-
ter case, PGR may be expressed in the efferent ducts in the 
male human fetus like in the mouse [31]. However, the 
effects of P4 on male reproductive tracts have been less 
considered. The major function of the efferent ducts is to 
absorb luminal fluid from the testis, which contributes to 
concentrating spermatozoa and facilitating the flow of the 
fluid from the seminiferous tubule to the epididymal duct 
[2, 16]. Any disturbance to this function can lead to dilation 
of the rete testis and efferent ducts, resulting in failure of 
spermatogenesis [10, 22]. The dose in NPA-H (200 mg/kg) 
was about twice as high as in a previous study [15], and 
that in NPA-L (8 mg/kg) was as high as a dose used to treat 
ischemia in the brain [4] and higher than the dose of vagi-
nal P4 treatment (200 mg suppository) used for preventing 
preterm birth [40] (equivalent to 4 mg/kg in a 50 kg body 
weight). However, no obvious structural changes were 
found in the male reproductive tracts, even in the NPA-H 
groups in this study. These results may support a previous 
report that P4 administered to a mother for prevention of 
preterm birth has no evidence of benefit or harm in child 
development [39]. On the other hand, a previous study 
reported that some aged mice showed adverse effects of 
neonatal P4 treatment [15], implying that there are 
unknown factors that can affect the sensitivity of individu-
als to P4 exposure depending on their unique conditions. 
Future studies should investigate how P4 exposure during 
the perinatal period can affect the male reproductive tracts 
more precisely to reveal whether P4 treatment for pregnant 
women can affect their male children.

In conclusion, it is suggested that P4 exposure in new-
born male mice does not impact the structure of the testis, 
epididymis, and efferent ducts at puberty, unlike neonatal 
estrogen treatment. These results help us understand the 
importance of female-dominant sex hormones in neonatal 
males.
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