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Abstract. 	 The physiological functions of the mammalian epididymis are typically regulated by the testes. In addition 
to sex steroids secreted by testicular Leydig cells, which act on the epididymis in an endocrine manner, there is a non-
sex-steroidal signaling pathway known as the lumicrine pathway. This lumicrine signaling pathway involves ligand 
proteins secreted from germ cells within the testicular seminiferous tubules traversing the male reproductive tract, 
which induce epithelial differentiation in the epididymis. These findings prompted an inquiry into whether treatments 
influencing testis physiology can disrupt epididymal function by interfering with testis-epididymis communication. 
Busulfan, an alkylating agent commonly used to deplete testicular germ cells in reproductive biology, has not 
been sufficiently explored because of its effects on the epididymis. This study investigated the effects of busulfan 
administration on the proximal epididymis using histological and transcriptomic analyses. Notably, busulfan, as 
opposed to the vehicle dimethyl sulfoxide (DMSO), altered the morphology of the initial segment of the epididymis, 
leading to a reduction in the cell height of the luminal epithelium. RNA sequencing identified 185 significantly 
downregulated genes in the proximal epididymis of busulfan-administered mice compared to DMSO-administered 
mice. Comparative transcriptome analyses revealed similarities between the epididymal transcriptome of busulfan-
administered mice and lumicrine-deficient mice, such as efferent-duct-ligated W/Wv and Nell2-/- mice. However, this 
differed from that of bilaterally orchidectomized mice, in which both the endocrine and lumicrine signaling pathways 
were simultaneously ablated. Collectively, these results suggested that the harmful effects of busulfan on the 
proximal epididymis are secondary consequences of the ablation of testis-epididymis lumicrine signaling.
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The epididymis, a highly coiled epithelial duct, is part of the sperm 
transport route. After production in the testis, morphologically 

complete, but functionally immature, testicular spermatozoa are 
transported through the efferent duct toward the epididymis, where 
they undergo further functional maturation necessary for their full 
fertilizing ability [1–4]. If spermatozoa are not properly matured by 
the epididymis, they will not be able to acquire the cellular func-
tions necessary for fertilization, eventually resulting in a significant 
decrease in male reproductive ability. Functional differentiation of 
the epididymis is influenced by extra-epididymal or testicular factors, 
involving both endocrine and non-endocrine mechanisms as signaling 
systems between the testis and epididymis. In endocrine regulation, 
sex steroids from the Leydig cells reach the epididymis through 
the bloodstream and bind to epididymal cell receptors [5–10]. In 
non-endocrine regulation, proteins secreted by testicular germ cells 
are transported to the epididymis via the reproductive tract and bind 
to receptors in the luminal epithelium [11–13]. This type of secretion 
signaling is known as “lumicrine” signaling [14].

Recent studies have revealed the molecular mechanisms underly-
ing lumicrine signaling [2, 13, 15–19]. In the testes, germ cells 
located inside seminiferous tubules secrete lumicrine factor proteins, 
such as neural epidermal growth factor–like like 2 (NELL2) and 
NELL2-interacting cofactor for lumicrine signaling (NICOL), into 
the seminiferous lumen. These lumicrine factors move from the testis 
through the efferent duct to the epididymis via luminal flow. In the 
proximal or initial segment (IS) of the epididymis, the lumicrine 
receptor ROS1 tyrosine kinase is activated upon ligand binding, 
which triggers epithelial differentiation and induces the expression 
of genes necessary for epididymal function. The unveiled molecular 
mechanism of lumicrine signaling suggests that abnormalities in 
the IS of the epididymis can arise not only from disruptions in 
the luminal connection between the testis and epididymis or the 
inactivation of lumicrine factor genes in the testis, but also from the 
depletion of testicular germ cells. Indeed, in Kit-mutant W/Wv mice, 
an azoospermic mouse line in which spermatogonial cells cannot 
enter meiosis, lumicrine signaling is ablated, and the epididymal IS 
does not differentiate [13].

Butane-1,4-diyl dimethanesulfonate (busulfan) is a chemotherapeu-
tic drug used in the treatment of specific cancer types, notably leukemia 
and other blood disorders. It falls within the class of alkylating agents, 
operating its effects by disrupting DNA in cancer cells and hindering 
their growth and division. In reproductive biology, busulfan is often 
used to create an azoospermic testicular environment conducive to 
the transplantation of exogenous spermatogonial cells by depleting 
endogenous germ cells [20–23]. Based on the molecular mechanism 
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of lumicrine signaling described above, there is a possibility that 
the busulfan-induced depletion of testicular germ cells may inhibit 
lumicrine-singaling-induced epididymal IS differentiation. However, 
the details of these interactions have not yet been explored. In the 
present study, the effects of busulfan on the proximal epididymis were 
investigated by analyzing the epididymal histology and transcriptome 
of busulfan-administered animals and comparing them with those 
of lumicrine- and endocrine-deficient animal models.

Materials and Methods

Animals
Male B6D2F1 and W/Wv mice were purchased from Japan 

SLC (Hamamatsu, Japan). Nell2-knockout mice were generated 
as previously described [13]. The animals were analyzed at the age 
of 14 weeks. Eight-week-old wild-type (WT) B6D2F1 males were 
administered dimethyl sulfoxide (DMSO) (Nacalai Tesque, Kyoto, 
Japan) or busulfan (Merck, Darmstadt, Germany) dissolved in DMSO 
(5 mg/ml) via intraperitoneal injection (40 mg busulfan/kg body 
weight, n = 3) and subjected to analyses 4 weeks after administration. 
Efferent duct ligation (EDL) was performed as described previously 
[24]. Briefly, the efferent ducts of 10-week-old B6D2F1 males were 
ligated unilaterally under anesthesia and the animals were analyzed 4 
weeks after ligation. Bilateral orchidectomy or a sham operation was 
performed under anesthesia on 8-week-old WT B6D2F1 males, and 
the animals were subjected to analyses 4 weeks after the operation. 
For transcript and protein expression analyses, the IS was dissected 
together with the caput, and tissue dissection was performed as 
previously described [16,24]. This dissection method was used 
due to the difficulty in separately dissecting the IS from the caput 
epididymis, especially in mice in which IS differentiation is ablated. 
All experiments involving animals were approved by the Institutional 
Animal Care and Use Committee of Osaka University (approval 
number: Dou-Bi-R03-01-2) and were conducted in compliance with 
the university guidelines and regulations for animal experimentation.

Histology
Epididymal tissues were dissected, fixed with 4% formaldehyde 

(Electron Microscopy Sciences, Hatfield, England) in phosphate-
buffered saline at 4°C overnight, dehydrated, and immersed in 
paraffin. The paraffin-embedded tissues were sectioned at 5 μm 
using a microtome (HM325; Microm, Walldorf, Germany). The 
sections were stained with hematoxylin and eosin and photographed 
using a system microscope (BX53; Olympus Tokyo, Japan). The 
height of the epithelial cells was measured (one measurement per 
epididymis) from the captured images.

Transcriptome analyses
Total RNA was isolated from the IS-caput of epididymides using 

an RNeasy Mini Kit (#74104; Qiagen, Hilden, Germany). On-column 
DNase treatment was performed during RNA purification using an 
RNase-free DNase set (#79254; Qiagen). The amount of RNA was 
determined by measuring the absorbance at 260 nm. RNA sequencing 
(RNA-seq) of epididymal transcripts was performed as follows. 
Libraries for sequencing were prepared from isolated RNA using 
a TruSeq stranded mRNA sample prep kit (#20020594; Illumina, 
San Diego, CA, USA) and sequenced on a NovaSeq6000 instrument 
(Illumina) using a 101 bp single-end mode. The obtained sequence 
reads were mapped to a mouse reference genome (mm10) using 
TopHat ver. 2.1.1 [25]. Cufflinks ver. 2.2.1 was used to calculate 
the fragments per kilobase of exon per million mapped reads values 

for each gene [26]. The RNA-seq data obtained were deposited in 
the NCBI Gene Expression Omnibus database under accession code 
GSE247820. The obtained IS-caput epididymal transcriptomes of 
DMSO- or busulfan-administered mice were compared with those of 
W/Wv and Nell2-/- mice and mice with EDL or bilateral orchidectomy, 
which are available from the NCBI Gene Expression Omnibus 
database under accession numbers GSE232898 and GSE247764. 
Plots and heat map representations of gene expression levels were 
generated using Microsoft Excel 2019 (Microsoft Corporation, 
Redmond, WA, USA).

Antibodies
The following commercially available antibodies were used: rabbit 

polyclonal anti-a disintegrin and metalloproteinase domain-containing 
protein 28 (ADAM28) (#22234-1-AP; Proteintech, Rosemont, IL, 
USA), mouse monoclonal anti-glutathione peroxidase 5 (GPX5) 
(sc-376877; Santa Cruz Biotechnology, Dallas, TX, USA), mouse 
monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (#s sc-32233, Santa Cruz Biotechnology), and rabbit 
polyclonal anti-ribonuclease 10 (RNASE10) (#PA5-62646; Thermo 
Fisher Scientific, Waltham, MA, USA) as primary antibodies, and 
peroxidase-conjugated goat polyclonal anti-rabbit IgG (#111-036-
045, Jackson Immunoresearch, West Grove, PA, USA) and goat 
polyclonal anti-mouse IgG (#115-036-062, Jackson Immunoresearch) 
as secondary antibodies. A rabbit polyclonal antibody against 
ovochymase 2 (OVCH2) was obtained as previously described 
[13]. An anti-sperm-associated antigen 11 B (SPAG11B) antibody 
was raised in rabbits by immunization with the synthetic peptide, 
Ac-KDEFPARGVNGSQLLHHRVKRC-NH2, which corresponds 
to amino acid residues 40–60 of mouse SPAG11B, followed by an 
additional Cys residue conjugated with keyhole limpet hemocyanin. 
The raised antibody was affinity purified using SulfoLink Coupling 
Resin (#20401, Thermo Fisher Scientific), to which the antigen 
peptide was covalently conjugated. The dilution conditions for the 
antibodies are summarized in Supplementary Table 1.

Protein expression analyses
Dissected mouse tissues were homogenized in lysis buffer (20 mM 

Tris-HCl pH 7.4, 150 mM NaCl, and 1% Triton X-100) containing 
a protease inhibitor cocktail (#25955-24; Nacalai Tesque) and a 
phosphatase inhibitor cocktail (#07575-51, Nacalai Tesque). The 
homogenates were centrifuged at 12,000 × g at 4°C for 15 min, and 
the resulting supernatants were recovered as crude tissue protein 
extracts. The protein concentrations of the crude tissue protein extracts 
were determined using a Pierce BCA protein assay kit (#23227, 
Thermo Fisher Scientific). Twenty micrograms of the extracted 
proteins was separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis under reducing conditions using an e-PAGEL precast 
gel (#E-T/R/D520L; Atto, Tokyo, Japan). Precision Plus Protein 
Dual Color Standards (#1610374; Bio-Rad, Hercules, CA, USA) 
were used as molecular weight standards. The separated proteins 
were electrotransferred onto polyvinylidene difluoride membranes 
using the Trans-Blot Turbo transfer system (#1704150J1, Bio-Rad) 
and a Trans-Blot Turbo Mini apparatus (#1704156, Bio-Rad). The 
membranes were then blocked with 3% bovine serum albumin 
(#01859-47, Nacalai Tesque) and 0.05% (w/v) Tween20 (#35624-
02, Nacalai Tesque) in Tris-buffered saline at room temperature 
for 30 min and incubated with primary antibodies at the indicated 
dilutions at 4°C overnight. The bound antibodies were detected by 
incubation with peroxidase-conjugated secondary antibodies and 
chemiluminescence using Chemi-Lumi One Super (#02230, Nacalai 
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Tesque). Chemiluminescent signals were detected and imaged using 
an Amersham ImageQuant 800 system (Cytiva, Tokyo, Japan).

Statistical analyses
Epithelial cell height was evaluated using a one-way analysis of 

variance and two-tailed Student’s t-tests under the assumption of 
unequal variance using Microsoft Excel 2019. The transcript levels 
of each gene were evaluated using two-tailed Student’s t-tests under 
the assumption of unequal variance using Microsoft Excel 2019.

Results

Busulfan administration altered the histology of the IS of the 
mouse epididymis

Busulfan (40 mg/kg body weight) dissolved in DMSO or DMSO 
alone was intraperitoneally administered once to 8-week-old mice, 
and the IS-caput of the epididymides were isolated after 4 weeks. 
The isolated tissues were embedded in paraffin and sectioned for 
histological analyses. A tall luminal epithelium was prominent in 
the IS of the WT mouse epididymis (Fig. 1A). The height of the IS 
luminal epithelium was unaffected in the DMSO-treated mice (Fig. 
1B). In contrast, the IS luminal epithelial height was reduced by 

busulfan administration (Fig. 1C). These observations indicated that 
busulfan affects the histology of the IS of the epididymis.

A reduced cell height of the IS luminal epithelium has been observed 
in various experimental animal models in which the action of the 
testis on the epididymis is inhibited. In W/Wv and Nell2-/- mice 
and mice with EDL, where testis-epididymis lumicrine signaling is 
experimentally or genetically impaired, the IS luminal epithelium 
cell height was reduced (Figs. 1D–F), as previously observed [13, 
16]. Similarly, in bilaterally orchidectomized mice, where both 
testis-derived lumicrine and endocrine signaling are impaired, the IS 
luminal epithelium cell height was reduced (Fig. 1G). Collectively, 
these observations suggested that the histological abnormalities 
caused by busulfan administration may arise as a consequence of 
lumicrine and/or endocrine singaling deficiency.

Busulfan administration altered the IS-caput epididymal 
transcriptome

The effect of busulfan administration on epididymal gene expression 
was investigated using transcriptome analysis. The IS-caput of the 
epididymides were dissected from WT, DMSO-administered, and 
busulfan-administered mice and total tissue RNA was subjected to 
RNA-seq analyses. The results are summarized in Supplementary 

Fig. 1.	 Histology of the initial segment of the epididymis of busulfan-treated mice. A–G, Hematoxylin and eosin (HE)-stained sections of IS-caput of 
the epididymides from wild-type (WT) (A), dimethylsulfoxide (DMSO)-treated (B), and busulfan-treated (C) mice with efferent duct ligation 
(EDL) (D), W/Wv mice (E), Nell2-/- mice (F), and bilaterally orchidectomized mice (G). L, luminal epithelium; I, interstitial tissue. Bars, 100 μm. 
(H) Average cell height of the initial segment (IS) of the luminal epithelium. All values are shown as the mean ± standard error of the mean (n = 
3). The results of one-way analysis of variance were: F(6, 14) = [36.797], P = 8.67E-08. The P values of the two-tailed Student’s t-test are also 
shown. BOD, bilateral orchidectomy. N.S., not significant.
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Data File 1. A comparison of IS-caput epididymal gene expression 
between WT and busulfan-administered mice revealed the significant 
downregulation of many genes (Fig. 2A). In busulfan-treated mice, 
235 genes exhibited a significant reduction in expression levels of 
< 1/10 (Table 1). In contrast, no prominent differences were observed 
between WT and DMSO-administered mice (Fig. 2B). Only six genes 
were significantly reduced to less than 1/10 in DMSO-administered 
mice (Table 1), suggesting that the amount of DMSO used had a subtle 
effect on IS-caput gene expression, making DMSO-administered 
animals a suitable experimental negative control (Fig. 2C). A heatmap 
representation of the fold changes in gene expression in IS-caput of the 
epididymides from DMSO-administered and busulfan-administered 
mice (n = 3) visually highlighted the reproducible downregulation of 
many genes by busulfan injection (Fig. 2D). These results underscore 
the critical impact of busulfan injection on IS-caput epididymal gene 
expression. In subsequent transcriptome analyses, DMSO-treated 
animals served as negative controls for busulfan-treated animals.

Gene expression patterns in the IS-caput of the epididymis 
following busulfan administration resembled lumicrine-
deficient phenotypes

There are two mechanisms that regulate IS epididymal cell dif-
ferentiation and gene expression: an endocrine mechanism involving 
testis-derived sex steroids and a lumicrine mechanism involving 
secretory proteins transported through the lumen of the reproductive 
tract from the testis to the epididymis. Hence, the IS-caput epididymal 
transcriptome of busulfan-administered mice was characterized by 
comparisons with those of W/Wv, Nell2-/-, and bilaterally orchidec-
tomized mice and mice with EDL (Fig. 3). Gene downregulation in 
the IS-caput of the epididymis from busulfan-administered mouse 
resembled that of W/Wv and Nell2-/- mice and mice with EDL, sug-
gesting a common mechanism of gene downregulation among these 
experimental groups. The expression levels of genes such as Defb41, 
Eppin, Gm1110, Gpx5, Lcn12, Lypd8, Rhcg, and Teddm1b [27–34], 
which were abundant in the DMSO-administered control IS-caput, 
were not critically affected by busulfan or other treatments interfering 
with lumicrine signaling, but were significantly downregulated 
by bilateral orchidectomy (see also Fig. 3). Thus, not all genes 

Fig. 2.	 RNA sequencing analyses of the IS-caput of the 
epididymis of DMSO- or busulfan-treated mice. A–C, 
RNA sequencing of the IS-caput of the epididymis 
from untreated WT vs. DMSO-treated (A), untreated 
WT vs. busulfan-treated (B), and DMSO-treated vs. 
busulfan-treated (C) mice. Fragments per kilobase 
of exon per million mapped reads (FPKM) values 
are plotted. Statistically significantly downregulated 
(fold change < 0.1, and Student’s t-test P < 0.05) and 
upregulated (fold change > 10, and Student’s t-test P 
< 0.05) genes are represented in green and yellow, 
respectively. (D) The fold change in gene expression 
levels in DMSO-treated vs. untreated WT mice (n = 
3) and busulfan-treated vs. untreated WT mice (n = 
3). Green and magenta represent downregulation and 
upregulation, respectively.
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downregulated by bilateral orchidectomy were similarly affected 
by busulfan administration, indicating that endocrine regulation of 
epididymal gene expression by sex steroids was not significantly 
affected in busulfan-administered mice. In contrast, the number 
of genes upregulated by busulfan administration was very small 
compared to the number that was downregulated (Table 1), and 
the expression levels were still considerably low (Figs. 2A and C), 
indicating that busulfan administration had subtle effects on gene 
upregulation in the IS-caput of the epididymis.

Altered gene expression levels were analyzed by immunoblot-
ting analysis of IS-caput proteins. Secreted proteins ADAM28, 
OVCH2, and RNASE10 are expressed in the epididymal IS in a 
lumicrine-signaling-dependent manner [13, 35]. The expression 
levels of these secreted proteins were also significantly diminished 
in the IS-caput of the epididymis of busulfan-administered mice, as 
observed in lumicrine-signaling-deficient W/Wv and Nell2-/- mice and 
mice with EDL, and lumicrine- and endocrine-signaling-deficient 
bilaterally orchidectomized mice (Fig. 4). The expression of GPX5 
and SPAG11B, secreted proteins abundant in the epididymal IS, 
was regulated in a sex-steroid, endocrine-dependent, but lumicrine-
signaling independent manner (Fig. 4) [30]. The expression levels 
of these secreted proteins in the IS-caput were critically affected in 
bilaterally orchidectomized mice, but not in busulfan-administered 
or lumicrine-signaling-deficient W/Wv and Nell2-/- mice and mice 
with EDL (Fig. 4).

Collectively, these results indicated that the IS-caput epididymal 
gene expression patterns of busulfan-treated animals were similar 
to those of W/Wv and Nell2-/- mice and mice with EDL, but unlike 
those of bilaterally orchidectomized mice, at both the transcript 
and protein levels.

Discussion

It has been well established that a single dose of busulfan impedes 
the propagation of germ cells in the testes. Previous studies have 
reported the toxic effects of busulfan on the epididymis, revealing 
that a single intraperitoneal administration of busulfan in mice 
reduces epididymal epithelial thickness and alters the expression 
levels of several genes related to epithelial integrity [36]. Notably, 
the morphology and transcriptome of the IS have not been thoroughly 
examined in these studies. In the present study, the effect of busulfan 
administration on the IS of the epididymis was examined, with a 
focus on its relationship with lumicrine signaling.

Previous studies have shown that many genes are expressed 
in the epididymis and are regulated by testicular endocrine and/
or lumicrine signaling [6, 13, 16, 24, 31, 34, 37–210], providing 
an opportunity to perform comparative gene expression analyses. 
Notably, the IS of the epididymis in busulfan-administered mice 

Table 1.	 Summary of downregulated and upregulated genes in the IS-caput of the epididymis of mice 
after DMSO or busulfan administration

Treatment

Number of genes

Student’s t-test 
P < 0.05

Downregulated genes 
Fold change < 0.1 

Student’s t-test P < 0.05

Upregulated genes 
Fold change > 10 

Student’s t-test P < 0.05

DMSO vs. Untreated WT 6,335 6 14
Busulfan vs. Untreated WT 3,537 235 10
Busulfan vs. DMSO 5,828 185 16

DMSO, dimethylsulfoxide; IS, initial segment; WT, wild-type.

Fig. 3.	 Comparative representation of genes downregulated in IS-
caput of epididymides by busulfan treatment and other 
experimental treatments. Fold change in gene expression levels 
in the IS-caput of the epididymis compared between busulfan-
injected mice, mice with EDL, W/Wv mice, Nell2-/- mice, and 
bilaterally orchidectomized mice. Green and magenta represent 
downregulation and upregulation, respectively. BOD, bilateral 
orchidectomy.
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closely resembled lumicrine-deficient states in terms of both histology 
and gene expression patterns. However, it differed distinctly from 
the IS of the epididymis in bilaterally orchidectomized mice, in 
which both endocrine and lumicrine signaling are simultaneously 
abolished. These findings suggested that busulfan administration 
did not critically affect testicular sex steroidal endocrine activity 
in the IS of the epididymis. Detailed transcriptome analyses of 
bilaterally orchidectomized mouse epididymides will be performed 
in future studies.

Given that busulfan depletes testicular germ cells, any indirect effect 
on the IS of the epididymis likely stems from germ cell depletion in the 
testes. This situation parallels the lumicrine signaling ablation observed 
in germ-cell-deficient W/Wv mice, testicular-lumicrine-factor-deficient 
Nell2-/ mice, and mice with EDL in which luminal flow is impaired. 
These observations strongly suggest that the effects of busulfan on 
the epididymis, if secondary to testicular abnormalities, are due to 
lumicrine signaling insufficiency. It remains unclear whether the 
action of busulfan on the proximal epididymis is direct, indirect, or 
complex, as schematically summarized in Fig. 5.

An intriguing avenue for future research is to explore alterations in 
the IS of the epididymis when spermatogonial cells are transplanted 
into testes depleted of germ cells following busulfan administration. 
If such transplantation restores the IS of the epididymis to a normal 
state, it may be inferred that the effects of busulfan on the IS result 
from abnormal lumicrine signaling due to germ cell depletion in 
the testes.

Fig. 5.	 A scheme representing the possible mechanism of action of busulfan on the IS of the epididymis. Lumicrine signaling is interfered with indirectly 
by busulfan administration, as a secondary consequence of testicular germ cell ablation. The endocrine action by Leydig cells appears to be 
unaffected by busulfan administration. The direct action of busulfan on the IS of the epididymis is also possible, although it is currently uncertain 
whether such an action causes IS defects.

Fig. 4.	 Protein expression levels in the IS-caput of the epididymis 
of busulfan-treated and other experimentally treated mice. 
Immunoblot analyses of lumicrine-signaling-associated proteins 
ADAM28, OVCH2, and RNASE10 and endocrine-signaling-
associated proteins GPX5 and SPAG11B in IS-caput epididymal 
lysates from untreated WT mice, busulfan-treated mice, mice 
with EDL, W/Wv mice, and Nell2-/- mice, and bilaterally 
orchidectomized (BOD) mouse. GAPDH immunodetection is also 
shown as an internal control.
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The administration of busulfan has emerged as a practical experi-
mental approach to disrupt testis-epididymis lumicrine signaling. 
As demonstrated in this study, the histology and gene expression 
pattern in the IS of the epididymis of busulfan-treated mice closely 
resembled those of lumicrine-signaling-ablated animals. While other 
experimental strategies exist to interfere with testis-epididymis 
lumicrine signaling, accessibility to mutant animals, such as W/Wv, 
Nell2-/-, Nicol-/-, and Ros1-/- mice, may pose challenges for some 
researchers owing to limited bioavailability. EDL requires surgical 
skills and should be performed under appropriate anesthesia, making 
it less universally applicable. In contrast, busulfan treatment is more 
convenient, requiring only a single intraperitoneal injection, without 
surgery or anesthesia.

In conclusion, our study explored the effect of busulfan on the 
epididymis and revealed similarities to lumicrine-deficient states. 
Likely acting through germ cell depletion, the effects of busulfan 
mimic the lumicrine signaling disruptions observed in other models. 
A more in-depth understanding of the effect of busulfan on the 
IS of the epididymis may present it as an alternative method for 
investigating testis-epididymis communication.

Conflicts of interests: The author declares no competing interests.

Ackknowledgments

The authors acknowledge the NGS core facility at the Research 
Institute for Microbial Diseases of Osaka University for sequenc-
ing and data analysis. This work was supported in part by the 
Ministry of Education, Culture, Sports, Science, and Technol-
ogy (MEXT)/Japan Society for the Promotion of Science (JSPS) 
KAKENHI grants (JP21H02487, JP21H00231, and JP21K19263), 
the Japan Science and Technology Agency (JPMJPR2143), the 
Japan Foundation for Applied Enzymology (2023-10), the Chugai 
Foundation for Innovative Drug Discovery Science (2022-I-05), 
and the UBE Foundation for Daiji Kiyozumi.

References

	 1.	 Breton S, Nair AV, Battistone MA. Epithelial dynamics in the epididymis: role in the 
maturation, protection, and storage of spermatozoa. Andrology 2019; 7: 631–643. [Med-
line]  [CrossRef]

	 2.	 Kiyozumi D. Lumicrine signaling: Extracellular regulation of sperm maturation in the 
male reproductive tract lumen. Genes Cells 2023; 28: 757–763. [Medline]  [CrossRef]

	 3.	 Zhou W, De Iuliis GN, Dun MD, Nixon B. Characteristics of the epididymal luminal 
environment responsible for sperm maturation and storage. Front Endocrinol (Lausanne) 
2018; 9: 59. [Medline]  [CrossRef]

	 4.	 Robaire B, Hinton BT, Orgebin-Crist M-C. The epididymis. Knobil and Neill’s Physi-
ology of Reproduction. 2006;1071–148.

	 5.	 O’Hara L, Welsh M, Saunders PTK, Smith LB. Androgen receptor expression in the 
caput epididymal epithelium is essential for development of the initial segment and epi-
didymal spermatozoa transit. Endocrinology 2011; 152: 718–729. [Medline]  [CrossRef]

	 6.	 Krutskikh A, De Gendt K, Sharp V, Verhoeven G, Poutanen M, Huhtaniemi I. Tar-
geted inactivation of the androgen receptor gene in murine proximal epididymis causes 
epithelial hypotrophy and obstructive azoospermia. Endocrinology 2011; 152: 689–696. 
[Medline]  [CrossRef]

	 7.	 Murashima A, Miyagawa S, Ogino Y, Nishida-Fukuda H, Araki K, Matsumoto T, 
Kaneko T, Yoshinaga K, Yamamura K, Kurita T, Kato S, Moon AM, Yamada G. 
Essential roles of androgen signaling in Wolffian duct stabilization and epididymal cell 
differentiation. Endocrinology 2011; 152: 1640–1651. [Medline]  [CrossRef]

	 8.	 Joseph A, Hess RA, Schaeffer DJ, Ko C, Hudgin-Spivey S, Chambon P, Shur BD. Ab-
sence of estrogen receptor alpha leads to physiological alterations in the mouse epididymis 
and consequent defects in sperm function. Biol Reprod 2010; 82: 948–957. [Medline]  
[CrossRef]

	 9.	 Joseph A, Shur BD, Ko C, Chambon P, Hess RA. Epididymal hypo-osmolality induces 
abnormal sperm morphology and function in the estrogen receptor alpha knockout mouse. 
Biol Reprod 2010; 82: 958–967. [Medline]  [CrossRef]

	10.	 Cavalcanti FN, Lucas TFG, Lazari MFM, Porto CS. Estrogen receptor ESR1 mediates 

activation of ERK1/2, CREB, and ELK1 in the corpus of the epididymis. J Mol Endocri-
nol 2015; 54: 339–349. [Medline]  [CrossRef]

	11.	 Moniem KA, Glover TD, Lubicz-Nawrocki CW. Effects of duct ligation and orchidec-
tomy on histochemical reactions in the hamster epididymis. J Reprod Fertil 1978; 54: 
173–176. [Medline]  [CrossRef]

	12.	 Fawcett DW, Hoffer AP. Failure of exogenous androgen to prevent regression of the 
initial segments of the rat epididymis after efferent duct ligation or orchidectomy. Biol 
Reprod 1979; 20: 162–181. [Medline]  [CrossRef]

	13.	 Kiyozumi D, Noda T, Yamaguchi R, Tobita T, Matsumura T, Shimada K, Kodani M, 
Kohda T, Fujihara Y, Ozawa M, Yu Z, Miklossy G, Bohren KM, Horie M, Okabe 
M, Matzuk MM, Ikawa M. NELL2-mediated lumicrine signaling through OVCH2 is 
required for male fertility. Science 2020; 368: 1132–1135. [Medline]  [CrossRef]

	14.	 Hinton BT, Lan ZJ, Rudolph DB, Labus JC, Lye RJ. Testicular regulation of epididy-
mal gene expression. J Reprod Fertil Suppl 1998; 53: 47–57. [Medline]

	15.	 Sonnenberg-Riethmacher E, Walter B, Riethmacher D, Gödecke S, Birchmeier C. 
The c-ros tyrosine kinase receptor controls regionalization and differentiation of epithelial 
cells in the epididymis. Genes Dev 1996; 10: 1184–1193. [Medline]  [CrossRef]

	16.	 Kiyozumi D, Shimada K, Chalick M, Emori C, Kodani M, Oura S, Noda T, Endo 
T, Matzuk MM, Wreschner DH, Ikawa M. A small secreted protein NICOL regulates 
lumicrine-mediated sperm maturation and male fertility. Nat Commun 2023; 14: 2354. 
[Medline]  [CrossRef]

	17.	 Kiyozumi D. The molecular mechanisms of mammalian sperm maturation regulated by 
NELL2-ROS1 lumicrine signaling. J Biochem 2022; 172: 341–346. [Medline]  [CrossRef]

	18.	 Kiyozumi D. New insights into lumicrine secreted signalling that regulates the function 
of the mammalian male reproductive tract. Dev Biol 2023; 503: 111–112. [Medline]  
[CrossRef]

	19.	 Kiyozumi D. Expression of NELL2/NICOL-ROS1 lumicrine signaling-related molecules 
in the human male reproductive tract. Reprod Biol Endocrinol 2024; 22: 3. [Medline]  
[CrossRef]

	20.	 Kramer MF, de Rooij DG. The effect of three alkylating agents on the seminiferous 
epithelium of rodents. II. Cytotoxic effect. Virchows Arch B Cell Pathol Incl Mol Pathol 
1970; 4: 276–282. [Medline]  [CrossRef]

	21.	 de Rooij DG, Kramer MF. The effect of three alkylating agents on the seminiferous 
epithelium of rodents. I. Depletory effect. Virchows Arch B Cell Pathol Incl Mol Pathol 
1970; 4: 267–275. [Medline]  [CrossRef]

	22.	 Bucci LR, Meistrich ML. Effects of busulfan on murine spermatogenesis: cytotoxic-
ity, sterility, sperm abnormalities, and dominant lethal mutations. Mutat Res 1987; 176: 
259–268. [Medline]  [CrossRef]

	23.	 Kanatsu-Shinohara M, Toyokuni S, Morimoto T, Matsui S, Honjo T, Shinohara T. 
Functional assessment of self-renewal activity of male germline stem cells following 
cytotoxic damage and serial transplantation. Biol Reprod 2003; 68: 1801–1807. [Medline]  
[CrossRef]

	24.	 Kiyozumi D, Ikawa M. Adhesion G protein-coupled receptor G2 is dispensable for lumi-
crine signaling regulating epididymal initial segment differentiation and gene expression. 
Biol Reprod 2023; 109: 474–481. [Medline]  [CrossRef]

	25.	 Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with RNA-
Seq. Bioinformatics 2009; 25: 1105–1111. [Medline]  [CrossRef]

	26.	 Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, Salzberg 
SL, Wold BJ, Pachter L. Transcript assembly and quantification by RNA-Seq reveals 
unannotated transcripts and isoform switching during cell differentiation. Nat Biotechnol 
2010; 28: 511–515. [Medline]  [CrossRef]

	27.	 Jalkanen J, Huhtaniemi I, Poutanen M. Discovery and characterization of new 
epididymis-specific beta-defensins in mice. Biochim Biophys Acta 2005; 1730: 22–30. 
[Medline]  [CrossRef]

	28.	 Richardson RT, Sivashanmugam P, Hall SH, Hamil KG, Moore PA, Ruben SM, 
French FS, O’Rand M. Cloning and sequencing of human Eppin: a novel family of 
protease inhibitors expressed in the epididymis and testis. Gene 2001; 270: 93–102. 
[Medline]  [CrossRef]

	29.	 Noda T, Sakurai N, Nozawa K, Kobayashi S, Devlin DJ, Matzuk MM, Ikawa M. Nine 
genes abundantly expressed in the epididymis are not essential for male fecundity in mice. 
Andrology 2019; 7: 644–653. [Medline]  [CrossRef]

	30.	 Vernet P, Faure J, Dufaure JP, Drevet JR. Tissue and developmental distribution, 
dependence upon testicular factors and attachment to spermatozoa of GPX5, a murine 
epididymis-specific glutathione peroxidase. Mol Reprod Dev 1997; 47: 87–98. [Medline]  
[CrossRef]

	31.	 Suzuki K, Lareyre J-J, Sánchez D, Gutierrez G, Araki Y, Matusik RJ, Orgebin-Crist 
MC. Molecular evolution of epididymal lipocalin genes localized on mouse chromosome 
2. Gene 2004; 339: 49–59. [Medline]  [CrossRef]

	32.	 Klein B, Bhushan S, Günther S, Middendorff R, Loveland KL, Hedger MP, Mein-
hardt A. Differential tissue-specific damage caused by bacterial epididymo-orchitis in the 
mouse. Mol Hum Reprod 2020; 26: 215–227. [Medline]  [CrossRef]

	33.	 Lee H-W, Verlander JW, Handlogten ME, Han K-H, Cooke PS, Weiner ID. Expres-
sion of the rhesus glycoproteins, ammonia transporter family members, RHCG and RHBG 
in male reproductive organs. Reproduction 2013; 146: 283–296. [Medline]  [CrossRef]

	34.	 Yamazaki K, Adachi T, Sato K, Yanagisawa Y, Fukata H, Seki N, Mori C, Komiyama 
M. Identification and characterization of novel and unknown mouse epididymis-specific 
genes by complementary DNA microarray technology. Biol Reprod 2006; 75: 462–468. 
[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/31044554?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/31044554?dopt=Abstract
http://dx.doi.org/10.1111/andr.12632
http://www.ncbi.nlm.nih.gov/pubmed/37696504?dopt=Abstract
http://dx.doi.org/10.1111/gtc.13066
http://www.ncbi.nlm.nih.gov/pubmed/29541061?dopt=Abstract
http://dx.doi.org/10.3389/fendo.2018.00059
http://www.ncbi.nlm.nih.gov/pubmed/21177831?dopt=Abstract
http://dx.doi.org/10.1210/en.2010-0928
http://www.ncbi.nlm.nih.gov/pubmed/21084446?dopt=Abstract
http://dx.doi.org/10.1210/en.2010-0768
http://www.ncbi.nlm.nih.gov/pubmed/21303954?dopt=Abstract
http://dx.doi.org/10.1210/en.2010-1121
http://www.ncbi.nlm.nih.gov/pubmed/20130267?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.109.079889
http://www.ncbi.nlm.nih.gov/pubmed/20130266?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.109.080366
http://www.ncbi.nlm.nih.gov/pubmed/26069273?dopt=Abstract
http://dx.doi.org/10.1530/JME-15-0086
http://www.ncbi.nlm.nih.gov/pubmed/712706?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0540173
http://www.ncbi.nlm.nih.gov/pubmed/454730?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod20.2.162
http://www.ncbi.nlm.nih.gov/pubmed/32499443?dopt=Abstract
http://dx.doi.org/10.1126/science.aay5134
http://www.ncbi.nlm.nih.gov/pubmed/10645265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8675006?dopt=Abstract
http://dx.doi.org/10.1101/gad.10.10.1184
http://www.ncbi.nlm.nih.gov/pubmed/37095084?dopt=Abstract
http://dx.doi.org/10.1038/s41467-023-37984-x
http://www.ncbi.nlm.nih.gov/pubmed/36071564?dopt=Abstract
http://dx.doi.org/10.1093/jb/mvac071
http://www.ncbi.nlm.nih.gov/pubmed/37659466?dopt=Abstract
http://dx.doi.org/10.1016/j.ydbio.2023.08.005
http://www.ncbi.nlm.nih.gov/pubmed/38169386?dopt=Abstract
http://dx.doi.org/10.1186/s12958-023-01175-6
http://www.ncbi.nlm.nih.gov/pubmed/4984389?dopt=Abstract
http://dx.doi.org/10.1007/BF02906083
http://www.ncbi.nlm.nih.gov/pubmed/4984388?dopt=Abstract
http://dx.doi.org/10.1007/BF02906082
http://www.ncbi.nlm.nih.gov/pubmed/3807936?dopt=Abstract
http://dx.doi.org/10.1016/0027-5107(87)90057-1
http://www.ncbi.nlm.nih.gov/pubmed/12606387?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.102.012575
http://www.ncbi.nlm.nih.gov/pubmed/37531264?dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioad087
http://www.ncbi.nlm.nih.gov/pubmed/19289445?dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btp120
http://www.ncbi.nlm.nih.gov/pubmed/20436464?dopt=Abstract
http://dx.doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/16023745?dopt=Abstract
http://dx.doi.org/10.1016/j.bbaexp.2005.05.010
http://www.ncbi.nlm.nih.gov/pubmed/11404006?dopt=Abstract
http://dx.doi.org/10.1016/S0378-1119(01)00462-0
http://www.ncbi.nlm.nih.gov/pubmed/30927342?dopt=Abstract
http://dx.doi.org/10.1111/andr.12621
http://www.ncbi.nlm.nih.gov/pubmed/9110319?dopt=Abstract
http://dx.doi.org/10.1002/(SICI)1098-2795(199705)47:1<87::AID-MRD12>3.0.CO;2-X
http://www.ncbi.nlm.nih.gov/pubmed/15363845?dopt=Abstract
http://dx.doi.org/10.1016/j.gene.2004.06.027
http://www.ncbi.nlm.nih.gov/pubmed/32011693?dopt=Abstract
http://dx.doi.org/10.1093/molehr/gaaa011
http://www.ncbi.nlm.nih.gov/pubmed/23904565?dopt=Abstract
http://dx.doi.org/10.1530/REP-13-0154
http://www.ncbi.nlm.nih.gov/pubmed/16707773?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.105.048058


BUSULFAN-ADMINISTERED MOUSE EPIDIDYMIS 111

	35.	 Sipilä P, Pujianto DA, Shariatmadari R, Nikkilä J, Lehtoranta M, Huhtaniemi IT, 
Poutanen M. Differential endocrine regulation of genes enriched in initial segment and 
distal caput of the mouse epididymis as revealed by genome-wide expression profiling. 
Biol Reprod 2006; 75: 240–251. [Medline]  [CrossRef]

	36.	 Fang F, Ni K, Cai Y, Zhao Q, Shang J, Zhang X, Shen S, Xiong C. Busulfan administra-
tion produces toxic effects on epididymal morphology and inhibits the expression of ZO-1 
and vimentin in the mouse epididymis. Biosci Rep 2017; 37: 37. [Medline]  [CrossRef]

	37.	 de Larminat MA, Monsalve A, Charreau EH, Calandra RS, Blaquier JA. Hormonal 
regulation of 5alpha-reductase activity in rat epididymis. J Endocrinol 1978; 79: 157–165. 
[Medline]  [CrossRef]

	38.	 Brooks DE. Activity and androgenic control of enzymes associated with the tricarboxylic 
acid cycle, lipid oxidation and mitochondrial shuttles in the epididymis and epididymal 
spermatozoa of the rat. Biochem J 1978; 174: 741–752. [Medline]  [CrossRef]

	39.	 Catayee G, Chalet M, Turchini J. Action of testosterone on 5'nucleotidase activity in 
the rat epididymal epithelium. Bull Assoc Anat (Nancy) 1978; 62: 217–223 (in French). 
[Medline]

	40.	 Pujol A, Bayard F. 5alpha-Reductase and 3alpha-hydroxysteroid oxidoreductase enzyme 
activities in epididymis and their control by androgen and the rete testis fluid. Steroids 
1978; 31: 485–493. [Medline]  [CrossRef]

	41.	 Purvis K, Hansson V. Androgens and androgen-binding protein in the rat epididymis. J 
Reprod Fertil 1978; 52: 59–63. [Medline]  [CrossRef]

	42.	 Brooks DE. Control of glycolytic enzymes by androgens in the rat epididymis. J Endocri-
nol 1976; 71: 355–365. [Medline]  [CrossRef]

	43.	 Brooks DE. Activity and androgenic control of glycolytic enzymes in the epididymis and 
epididymal spermatozoa of the rat. Biochem J 1976; 156: 527–537. [Medline]  [CrossRef]

	44.	 Kohane AC, Garberi JC, Cameo MS, Blaquier JA. Quantitative determination of 
specific proteins in rat epididymis. J Steroid Biochem 1979; 11(1B): 671–674. [Medline]  
[CrossRef]

	45.	 Rastogi RK, Milone M, Di Meglio M, Caliendo MF, Chieffi G. Effects of castration, 
5 alpha-dihydrotestosterone and cyproterone acetate on enzyme activity in the mouse 
epididymis. J Reprod Fertil 1979; 57: 73–77. [Medline]  [CrossRef]

	46.	 Robaire B. Effects of unilateral orchidectomy on rat epididymal delta 4-5 alpha-reductase 
and 3 alpha-hydroxysteroid dehydrogenase. Can J Physiol Pharmacol 1979; 57: 998–
1003. [Medline]  [CrossRef]

	47.	 Brooks DE. Influence of testicular secretions on tissue weight and on metabolic and 
enzyme activities in the epididymis of the rat. J Endocrinol 1979; 82: 305–313. [Medline]  
[CrossRef]

	48.	 Brooks DE. Influence of androgens on the weights of the male accessory reproductive 
organs and on the activities of mitochondrial enzymes in the epididymis of the rat. J 
Endocrinol 1979; 82: 293–303. [Medline]  [CrossRef]

	49.	 Beck B. Tissue specificity of the epididymal androgen dependent phospholipase A. Int J 
Androl 1980; 3: 349–362. [Medline]  [CrossRef]

	50.	 D’Agostino A, Jones R, White R, Parker MG. Androgenic regulation of messenger 
RNA in rat epididymis. Biochem J 1980; 190: 505–512. [Medline]  [CrossRef]

	51.	 Faye JC, Duguet L, Mazzuca M, Bayard F. Purification, radioimmunoassay, and im-
munohistochemical localization of a glycoprotein produced by the rat epididymis. Biol 
Reprod 1980; 23: 423–432. [Medline]  [CrossRef]

	52.	 Kirkeby S, Blecher SR. Histochemical studies on genetical control of hormonal enzyme 
inducibility in the mouse. IV: Cellular localization of androgen sensitive nonspecific 
esterase in the epididymis. Arch Androl 1981; 6: 163–173. [Medline]  [CrossRef]

	53.	 Moore HD. Effects of castration on specific glycoprotein secretions of the epididymis in 
the rabbit and hamster. J Reprod Fertil 1981; 61: 347–354. [Medline]  [CrossRef]

	54.	 Holtz A, Brennan RG, Battista D, Terner C. Androgen control of an inhibitory 
modulator of phosphodiesterase in rat epididymis and prostate. Endocrinology 1981; 108: 
1538–1544. [Medline]  [CrossRef]

	55.	 Jones R, von Glos KI, Brown CR. Characterization of hormonally regulated secretory 
proteins from the caput epididymidis of the rabbit. Biochem J 1981; 196: 105–114. [Med-
line]  [CrossRef]

	56.	 Fournier-Delpech S, Pisselet C, Garnier DH, Dubois M, Courot M. Evidence for 
testosterone induced prealbumin secretion in ram epididymis. C R Seances Acad Sci III 
1981; 293: 589–594 (in French). [Medline]

	57.	 Brooks DE. Secretion of proteins and glycoproteins by the rat epididymis: regional 
differences, androgen-dependence, and effects of protease inhibitors, procaine, and tunica-
mycin. Biol Reprod 1981; 25: 1099–1117. [Medline]  [CrossRef]

	58.	 Robaire B, Hales BF. Regulation of epididymal glutathione S-transferases: effects of 
orchidectomy and androgen replacement. Biol Reprod 1982; 26: 559–565. [Medline]  
[CrossRef]

	59.	 Blecher SR, Kirkeby S. Histochemical studies on genetical control of hormonal enzyme 
inducibility in the mouse. V. Histochemical evidence for androgen inducibility of beta-
glucuronidase in the epididymis. Acta Histochem 1982; 70: 8–21. [Medline]  [CrossRef]

	60.	 González Echeverría FM, Cuasnicú PS, Blaquier JA. Identification of androgen-de-
pendent glycoproteins in the hamster epididymis and their association with spermatozoa. 
J Reprod Fertil 1982; 64: 1–7. [Medline]  [CrossRef]

	61.	 Jones R, Fournier-Delpech S, Willadsen SA. Identification of androgen-dependent 
proteins synthesized in vitro by the ram epididymis. Reprod Nutr Dev 1982; 22: 495–504. 
[Medline]  [CrossRef]

	62.	 Mayorga LS, Bertini F. Effect of androgens on the activity of acid hydrolases in rat 
epididymis. Int J Androl 1982; 5: 345–352. [Medline]  [CrossRef]

	63.	 Pholpramool C, White RW, Setchell BP. Influence of androgens on inositol secretion 
and sperm transport in the epididymis of rats. J Reprod Fertil 1982; 66: 547–553. [Med-
line]  [CrossRef]

	64.	 Rukmini V, Reddy PR. Androgen influences on glucosamine 6-phosphate synthase in the 
epididymis of the rat. Arch Androl 1983; 11: 29–31. [Medline]  [CrossRef]

	65.	 Kjaer K, Kirkeby S, Blecher SR. Histochemical studies on genetical control of hor-
monal enzyme inducibility in the mouse. VI. Effects of short term castration. Arch Androl 
1983; 10: 51–55. [Medline]  [CrossRef]

	66.	 Kohane AC, Piñeiro L, Blaquier JA. Androgen-controlled synthesis of specific proteins 
in the rat epididymis. Endocrinology 1983; 112: 1590–1596. [Medline]  [CrossRef]

	67.	 Grandmont AM, Chapdelaine P, Tremblay RR. Presence of alpha-glucosidases in the 
male reproductive system of the rat and hormonal influences. Can J Biochem Cell Biol 
1983; 61: 764–769. [Medline]  [CrossRef]

	68.	 Mongkolsirikieat S, Chulavatnatol M. Androgenic control of the cyclic AMP-dependent 
protein kinase isoenzymes of the rat epididymis. J Reprod Fertil 1983; 68: 401–405. 
[Medline]  [CrossRef]

	69.	 Kanai K, Kanamura S, Watanabe J, Asada-Kubota M, Yoshikawa M. Effect of castra-
tion and testosterone replacement on high glucose 6-phosphatase activity in principal cells 
of the mouse epididymis. Anat Rec 1983; 207: 289–295. [Medline]  [CrossRef]

	70.	 Goyal HO, Vig MM. Histochemical activity of alkaline phosphatase and acid phospha-
tase in the epididymis of mature intact and androgen-deprived bulls. Am J Vet Res 1984; 
45: 444–450. [Medline]

	71.	 Mongkolsirikieat S, Chulavatnatol M. Phosphorylated secretory proteins from rat 
epididymis and their androgenic control. J Reprod Fertil 1984; 72: 423–428. [Medline]  
[CrossRef]

	72.	 Rajalakshmi M. Hormonal regulation of specific proteins in the rat epididymis. Arch 
Androl 1985; 14: 181–185. [Medline]  [CrossRef]

	73.	 Nemetallah BR, Ellis LC. Prostaglandin dehydrogenase activity of rat and rabbit tes-
ticular tissues and accessory glands before and after castration. J Androl 1985; 6: 97–101. 
[Medline]  [CrossRef]

	74.	 Arslan M, Haider MZ, Qazi MH. Characterization and androgen dependence of specific 
proteins in the epididymis of adult rhesus monkey (Macaca mulatta). Arch Androl 1986; 
16: 67–74. [Medline]  [CrossRef]

	75.	 Brooks DE, Means AR, Wright EJ, Singh SP, Tiver KK. Molecular cloning of the 
cDNA for two major androgen-dependent secretory proteins of 18.5 kilodaltons synthe-
sized by the rat epididymis. J Biol Chem 1986; 261: 4956–4961. [Medline]  [CrossRef]

	76.	 Brooks DE, Means AR, Wright EJ, Singh SP, Tiver KK. Molecular cloning of the 
cDNA for androgen-dependent sperm-coating glycoproteins secreted by the rat epididy-
mis. Eur J Biochem 1986; 161: 13–18. [Medline]  [CrossRef]

	77.	 de las Heras MA, Calandra RS. Androgen-dependence of ornithine decarboxylase in the 
rat epididymis. J Reprod Fertil 1987; 79: 9–14. [Medline]  [CrossRef]

	78.	 Abou-Haïla A, Fain-Maurel MA. Postnatal differentiation and endocrine control of es-
terase isoenzymes in the mouse epididymis. J Reprod Fertil 1987; 79: 437–446. [Medline]  
[CrossRef]

	79.	 Klepp O, Magnus K. Some environmental and bodily characteristics of melanoma 
patients. A case-control study. Int J Cancer 1979; 23: 482–486. [Medline]  [CrossRef]

	80.	 Brooks DE. Developmental expression and androgenic regulation of the mRNA for major 
secretory proteins of the rat epididymis. Mol Cell Endocrinol 1987; 53: 59–66. [Medline]  
[CrossRef]

	81.	 Mboungou JR, Junera HR, Dadoune JP, Fain-Maurel MA. Characterization and 
hormonal regulation of tissue and fluid proteins in the mouse epididymis. Reprod Nutr 
Dev 1988; 28: 1275–1282. [Medline]  [CrossRef]

	82.	 Holland MK, Orgebin-Crist MC. Characterization and hormonal regulation of protein 
synthesis by the murine epididymis. Biol Reprod 1988; 38: 487–496. [Medline]  [Cross-
Ref]

	83.	 Dacheux F, Dacheux JL. Androgenic control of antagglutinin secretion in the boar epi-
didymal epithelium. An immunocytochemical study. Cell Tissue Res 1989; 255: 371–378. 
[Medline]  [CrossRef]

	84.	 Ghyselinck NB, Jimenez C, Courty Y, Dufaure JP. Androgen-dependent messenger 
RNA(s) related to secretory proteins in the mouse epididymis. J Reprod Fertil 1989; 85: 
631–639. [Medline]  [CrossRef]

	85.	 Agrawal YP, Vanha-Perttula T. Gamma-glutamyl transpeptidase in rat epididymis: 
effects of castration, hemicastration and efferent duct ligation. Int J Androl 1989; 12: 
321–328. [Medline]  [CrossRef]

	86.	 Ghyselinck NB, Jimenez C, Lefrançois AM, Dufaure JP. Molecular cloning of a cDNA 
for androgen-regulated proteins secreted by the mouse epididymis. J Mol Endocrinol 
1990; 4: 5–12. [Medline]  [CrossRef]

	87.	 Nass SJ, Miller DJ, Winer MA, Ax RL. Male accessory sex glands produce heparin-
binding proteins that bind to cauda epididymal spermatozoa and are testosterone depen-
dent. Mol Reprod Dev 1990; 25: 237–246. [Medline]  [CrossRef]

	88.	 Grima J, Zwain I, Lockshin RA, Bardin CW, Cheng CY. Diverse secretory patterns 
of clusterin by epididymis and prostate/seminal vesicles undergoing cell regression after 
orchiectomy. Endocrinology 1990; 126: 2989–2997. [Medline]  [CrossRef]

	89.	 Vreeburg JT, Holland MK, Cornwall GA, Orgebin-Crist MC. Secretion and transport 
of mouse epididymal proteins after injection of 35S-methionine. Biol Reprod 1990; 43: 
113–120. [Medline]  [CrossRef]

	90.	 Walker JE, Jones R, Moore A, Hamilton DW, Hall L. Analysis of major androgen-
regulated cDNA clones from the rat epididymis. Mol Cell Endocrinol 1990; 74: 61–68. 

http://www.ncbi.nlm.nih.gov/pubmed/16641146?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.105.047811
http://www.ncbi.nlm.nih.gov/pubmed/29101242?dopt=Abstract
http://dx.doi.org/10.1042/BSR20171059
http://www.ncbi.nlm.nih.gov/pubmed/731142?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.0790157
http://www.ncbi.nlm.nih.gov/pubmed/728083?dopt=Abstract
http://dx.doi.org/10.1042/bj1740741
http://www.ncbi.nlm.nih.gov/pubmed/747783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/663981?dopt=Abstract
http://dx.doi.org/10.1016/0039-128X(78)90030-2
http://www.ncbi.nlm.nih.gov/pubmed/621698?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0520059
http://www.ncbi.nlm.nih.gov/pubmed/1003064?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.0710355
http://www.ncbi.nlm.nih.gov/pubmed/182156?dopt=Abstract
http://dx.doi.org/10.1042/bj1560527
http://www.ncbi.nlm.nih.gov/pubmed/385990?dopt=Abstract
http://dx.doi.org/10.1016/0022-4731(79)90098-0
http://www.ncbi.nlm.nih.gov/pubmed/513008?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0570073
http://www.ncbi.nlm.nih.gov/pubmed/519541?dopt=Abstract
http://dx.doi.org/10.1139/y79-149
http://www.ncbi.nlm.nih.gov/pubmed/158625?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.0820305
http://www.ncbi.nlm.nih.gov/pubmed/490085?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.0820293
http://www.ncbi.nlm.nih.gov/pubmed/7440005?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2605.1980.tb00124.x
http://www.ncbi.nlm.nih.gov/pubmed/7470065?dopt=Abstract
http://dx.doi.org/10.1042/bj1900505
http://www.ncbi.nlm.nih.gov/pubmed/7417682?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod23.2.423
http://www.ncbi.nlm.nih.gov/pubmed/6454401?dopt=Abstract
http://dx.doi.org/10.3109/01485018108987357
http://www.ncbi.nlm.nih.gov/pubmed/7205780?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0610347
http://www.ncbi.nlm.nih.gov/pubmed/6258908?dopt=Abstract
http://dx.doi.org/10.1210/endo-108-4-1538
http://www.ncbi.nlm.nih.gov/pubmed/6171265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6171265?dopt=Abstract
http://dx.doi.org/10.1042/bj1960105
http://www.ncbi.nlm.nih.gov/pubmed/6800576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7326301?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod25.5.1099
http://www.ncbi.nlm.nih.gov/pubmed/7082727?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod26.4.559
http://www.ncbi.nlm.nih.gov/pubmed/6808589?dopt=Abstract
http://dx.doi.org/10.1016/S0065-1281(82)80092-5
http://www.ncbi.nlm.nih.gov/pubmed/7054486?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0640001
http://www.ncbi.nlm.nih.gov/pubmed/7156495?dopt=Abstract
http://dx.doi.org/10.1051/rnd:19820406
http://www.ncbi.nlm.nih.gov/pubmed/7118273?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2605.1982.tb00264.x
http://www.ncbi.nlm.nih.gov/pubmed/7175810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7175810?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0660547
http://www.ncbi.nlm.nih.gov/pubmed/6684901?dopt=Abstract
http://dx.doi.org/10.3109/01485018308987456
http://www.ncbi.nlm.nih.gov/pubmed/6847305?dopt=Abstract
http://dx.doi.org/10.3109/01485018308990171
http://www.ncbi.nlm.nih.gov/pubmed/6832062?dopt=Abstract
http://dx.doi.org/10.1210/endo-112-5-1590
http://www.ncbi.nlm.nih.gov/pubmed/6354399?dopt=Abstract
http://dx.doi.org/10.1139/o83-096
http://www.ncbi.nlm.nih.gov/pubmed/6864656?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0680401
http://www.ncbi.nlm.nih.gov/pubmed/6316810?dopt=Abstract
http://dx.doi.org/10.1002/ar.1092070207
http://www.ncbi.nlm.nih.gov/pubmed/6711972?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6512766?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0720423
http://www.ncbi.nlm.nih.gov/pubmed/4062414?dopt=Abstract
http://dx.doi.org/10.3109/01485018508988296
http://www.ncbi.nlm.nih.gov/pubmed/2985527?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.1985.tb00823.x
http://www.ncbi.nlm.nih.gov/pubmed/3718061?dopt=Abstract
http://dx.doi.org/10.3109/01485018608986924
http://www.ncbi.nlm.nih.gov/pubmed/2420796?dopt=Abstract
http://dx.doi.org/10.1016/S0021-9258(19)89198-6
http://www.ncbi.nlm.nih.gov/pubmed/3780731?dopt=Abstract
http://dx.doi.org/10.1111/j.1432-1033.1986.tb10118.x
http://www.ncbi.nlm.nih.gov/pubmed/3820186?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0790009
http://www.ncbi.nlm.nih.gov/pubmed/3572878?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0790437
http://www.ncbi.nlm.nih.gov/pubmed/437925?dopt=Abstract
http://dx.doi.org/10.1002/ijc.2910230407
http://www.ncbi.nlm.nih.gov/pubmed/3666293?dopt=Abstract
http://dx.doi.org/10.1016/0303-7207(87)90192-4
http://www.ncbi.nlm.nih.gov/pubmed/3253899?dopt=Abstract
http://dx.doi.org/10.1051/rnd:19880808
http://www.ncbi.nlm.nih.gov/pubmed/3358982?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod38.2.487
http://dx.doi.org/10.1095/biolreprod38.2.487
http://www.ncbi.nlm.nih.gov/pubmed/2924338?dopt=Abstract
http://dx.doi.org/10.1007/BF00224120
http://www.ncbi.nlm.nih.gov/pubmed/2704000?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0850631
http://www.ncbi.nlm.nih.gov/pubmed/2572565?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2605.1989.tb01320.x
http://www.ncbi.nlm.nih.gov/pubmed/2322385?dopt=Abstract
http://dx.doi.org/10.1677/jme.0.0040005
http://www.ncbi.nlm.nih.gov/pubmed/2331373?dopt=Abstract
http://dx.doi.org/10.1002/mrd.1080250305
http://www.ncbi.nlm.nih.gov/pubmed/2351105?dopt=Abstract
http://dx.doi.org/10.1210/endo-126-6-2989
http://www.ncbi.nlm.nih.gov/pubmed/2393684?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod43.1.113


KIYOZUMI112

[Medline]  [CrossRef]
	91.	 Faure J, Ghyselinck NB, Jimenez C, Dufaure JP. Specific distribution of messenger 

ribonucleic acids for 24-kilodalton proteins in the mouse epididymis as revealed by in situ 
hybridization: developmental expression and regulation in the adult. Biol Reprod 1991; 
44: 13–22. [Medline]  [CrossRef]

	92.	 de las Heras MA, Calandra RS. S-adenosyl-L-methionine decarboxylase activity in the 
rat epididymis: ontogeny and androgenic control. J Androl 1991; 12: 209–213. [Medline]  
[CrossRef]

	93.	 Viger RS, Robaire B. Differential regulation of steady state 4-ene steroid 5 alpha-reduc-
tase messenger ribonucleic acid levels along the rat epididymis. Endocrinology 1991; 128: 
2407–2414. [Medline]  [CrossRef]

	94.	 Abou-Haïla A, Fain-Maurel MA. Selective action of androgens on the molecular forms 
of esterases characterized by two-dimensional gel electrophoresis in the epididymis and 
vas deferens of the mouse. Int J Androl 1991; 14: 209–222. [Medline]  [CrossRef]

	95.	 Carles C, Fournier-Delpech S, Ribadeau-Dumas B. Purification of an ovine, androgen-
dependent epididymal protein. Evidence for a strong amino acid sequence homology with 
serum albumin. Reprod Nutr Dev 1992; 32: 277–284. [Medline]  [CrossRef]

	96.	 Cyr DG, Hermo L, Blaschuk OW, Robaire B. Distribution and regulation of epithelial 
cadherin messenger ribonucleic acid and immunocytochemical localization of epithelial 
cadherin in the rat epididymis. Endocrinology 1992; 130: 353–363. [Medline]  [CrossRef]

	97.	 Girotti M, Jones R, Emery DC, Chia W, Hall L. Structure and expression of the rat epi-
didymal secretory protein I gene. An androgen-regulated member of the lipocalin super-
family with a rare splice donor site. Biochem J 1992; 281: 203–210. [Medline]  [CrossRef]

	98.	 Cyr DG, Robaire B. Regulation of sulfated glycoprotein-2 (clusterin) messenger ribo-
nucleic acid in the rat epididymis. Endocrinology 1992; 130: 2160–2166. [Medline]

	99.	 Holland MK, Vreeburg JT, Orgebin-Crist MC. Testicular regulation of epididymal 
protein secretion. J Androl 1992; 13: 266–273. [Medline]  [CrossRef]

	100.	Jimenez C, Lefrancois AM, Ghyselinck NB, Dufaure JP. Characterization and hormon-
al regulation of 24 kDa protein synthesis by the adult murine epididymis. J Endocrinol 
1992; 133: 197–203. [Medline]  [CrossRef]

	101.	Cornwall GA, Orgebin-Crist MC, Hann SR. Differential expression of the mouse 
mitochondrial genes and the mitochondrial RNA-processing endoribonuclease RNA by 
androgens. Mol Endocrinol 1992; 6: 1032–1042. [Medline]

	102.	Liu HW, Sun GH, Shy SR, Shyu HY. Postnatal development and testosterone-
dependence of GP-83 and GP-49, two sperm maturation-related glycoproteins in BALB/c 
mouse epididymis. Cell Tissue Res 1992; 269: 189–194. [Medline]  [CrossRef]

	103.	Zwain IH, Grima J, Cheng CY. Rat epididymal retinoic acid-binding protein: develop-
ment of a radioimmunoassay, its tissue distribution, and its changes in selected androgen-
dependent organs after orchiectomy. Endocrinology 1992; 131: 1511–1526. [Medline]  
[CrossRef]

	104.	Cornwall GA, Orgebin-Crist MC, Hann SR. The CRES gene: a unique testis-regulated 
gene related to the cystatin family is highly restricted in its expression to the proximal 
region of the mouse epididymis. Mol Endocrinol 1992; 6: 1653–1664. [Medline]

	105.	Rigaudière N, Ghyselinck NB, Faure J, Dufaure JP. Regulation of the epididymal glu-
tathione peroxidase-like protein in the mouse: dependence upon androgens and testicular 
factors. Mol Cell Endocrinol 1992; 89: 67–77. [Medline]  [CrossRef]

	106.	Lefrançois AM, Jimenez C, Dùfaure JP. Developmental expression and androgen 
regulation of 24 kDa secretory proteins by the murine epididymis. Int J Androl 1993; 16: 
147–154. [Medline]  [CrossRef]

	107.	Regalado F, Esponda P, Nieto A. Temperature and androgens regulate the biosynthesis 
of secretory proteins from rabbit cauda epididymidis. Mol Reprod Dev 1993; 36: 448–453. 
[Medline]  [CrossRef]

	108.	Gupta G, Srivastava A, Setty BS. Activities and androgenic regulation of kreb cycle 
enzymes in the epididymis and vas deferens of rhesus monkey. Endocr Res 1994; 20: 
275–290. [Medline]  [CrossRef]

	109.	Palladino MA, Hinton BT. Expression of multiple gamma-glutamyl transpeptidase mes-
senger ribonucleic acid transcripts in the adult rat epididymis is differentially regulated by 
androgens and testicular factors in a region-specific manner. Endocrinology 1994; 135: 
1146–1156. [Medline]  [CrossRef]

	110.	Hermo L, Barin K, Oko R. Developmental expression of immobilin in the rat epididy-
mis. Anat Rec 1994; 240: 86–103. [Medline]  [CrossRef]

	111.	 Hermo L, Barin K, Oko R. Developmental expression of sulfated glycoprotein-2 in the 
epididymis of the rat. Anat Rec 1994; 240: 327–344. [Medline]  [CrossRef]

	112.	Winer MA, Wolgemuth DJ. The segment-specific pattern of A-raf expression in the 
mouse epididymis is regulated by testicular factors. Endocrinology 1995; 136: 2561–2572. 
[Medline]  [CrossRef]

	113.	Uchendu CN. Renin-like activity in the rat epididymis. Indian J Physiol Pharmacol 1995; 
39: 204–208. [Medline]

	114.	Gupta G, Setty BS. Activities and androgenic regulation of lysosomal enzymes in the 
epididymis of rhesus monkey. Endocr Res 1995; 21: 733–741. [Medline]  [CrossRef]

	115.	Viger RS, Robaire B. The mRNAs for the steroid 5 alpha-reductase isozymes, types 1 
and 2, are differentially regulated in the rat epididymis. J Androl 1996; 17: 27–34. [Med-
line]  [CrossRef]

	116.	Hermo L, Papp S. Effects of ligation, orchidectomy, and hypophysectomy on expres-
sion of the Yf subunit of GST-P in principal and basal cells of the adult rat epididymis 
and on basal cell shape and overall arrangement. Anat Rec 1996; 244: 59–69. [Medline]  
[CrossRef]

	117.	Bérubé B, Lefièvre L, Coutu L, Sullivan R. Regulation of the epididymal synthesis of 

P26h, a hamster sperm protein. J Androl 1996; 17: 104–110. [Medline]  [CrossRef]
	118.	Cyr DG, Hermo L, Laird DW. Immunocytochemical localization and regulation of 

connexin43 in the adult rat epididymis. Endocrinology 1996; 137: 1474–1484. [Medline]  
[CrossRef]

	119.	Abou-Haila A, Tulsiani DR, Skudlarek MD, Orgebin-Crist MC. Androgen regulation 
of molecular forms of beta-D-glucuronidase in the mouse epididymis: comparison with 
liver and kidney. J Androl 1996; 17: 194–207. [Medline]  [CrossRef]

	120.	Kalla NR, Kaur S, Ujwal N, Mehta U, Joos H, Frick J. alpha-Glucosidase activity in 
the rat epididymis under different physiological conditions. Int J Androl 1997; 20: 92–95. 
[Medline]  [CrossRef]

	121.	Cornwall GA, Hsia N. ADAM7, a member of the ADAM (a disintegrin and metallopro-
tease) gene family is specifically expressed in the mouse anterior pituitary and epididymis. 
Endocrinology 1997; 138: 4262–4272. [Medline]  [CrossRef]

	122.	Rudolph DB, Hinton BT. Stability and transcriptional regulation of gamma-glutamyl 
transpeptidase mRNA expression in the initial segment of the rat epididymis. J Androl 
1997; 18: 501–512. [Medline]  [CrossRef]

	123.	Pera I, Derr P, Yeung CH, Cooper TG, Kirchhoff C. Regionalized expression of CD52 
in rat epididymis is related to mRNA poly(A) tail length. Mol Reprod Dev 1997; 48: 
433–441. [Medline]  [CrossRef]

	124.	Abou-Haila A, Orgebin-Crist MC, Skudlarek MD, Tulsiani DR. Identification and 
androgen regulation of egasyn in the mouse epididymis. Biochim Biophys Acta 1998; 
1401: 177–186. [Medline]  [CrossRef]

	125.	Sorrentino C, Silvestrini B, Braghiroli L, Chung SS, Giacomelli S, Leone MG, Xie Y, 
Sui Y, Mo M, Cheng CY. Rat prostaglandin D2 synthetase: its tissue distribution, changes 
during maturation, and regulation in the testis and epididymis. Biol Reprod 1998; 59: 
843–853. [Medline]  [CrossRef]

	126.	Schwaab V, Faure J, Dufaure JP, Drevet JR. GPx3: the plasma-type glutathione peroxi-
dase is expressed under androgenic control in the mouse epididymis and vas deferens. Mol 
Reprod Dev 1998; 51: 362–372. [Medline]  [CrossRef]

	127.	Fouchécourt S, Dacheux F, Dacheux JL. Glutathione-independent prostaglandin D2 
synthase in ram and stallion epididymal fluids: origin and regulation. Biol Reprod 1999; 
60: 558–566. [Medline]  [CrossRef]

	128.	Sivashanmugam P, Richardson RT, Hall S, Hamil KG, French FS, O’Rand MG. 
Cloning and characterization of an androgen-dependent acidic epididymal glycoprotein/
CRISP1-like protein from the monkey. J Androl 1999; 20: 384–393. [Medline]  [Cross-
Ref]

	129.	Kaunisto K, Fleming RE, Kneer J, Sly WS, Rajaniemi H. Regional expression and 
androgen regulation of carbonic anhydrase IV and II in the adult rat epididymis. Biol 
Reprod 1999; 61: 1521–1526. [Medline]  [CrossRef]

	130.	Syntin P, Dacheux JL, Dacheux F. Postnatal development and regulation of proteins 
secreted in the boar epididymis. Biol Reprod 1999; 61: 1622–1635. [Medline]  [CrossRef]

	131.	Hermo L, Xiaohong S, Morales CR. Circulating and luminal testicular factors affect 
LRP-2 and Apo J expression in the epididymis following efferent duct ligation. J Androl 
2000; 21: 122–144. [Medline]  [CrossRef]

	132.	Leung PS, Wong TP, Lam SY, Chan HC, Wong PY. Testicular hormonal regulation 
of the renin-angiotensin system in the rat epididymis. Life Sci 2000; 66: 1317–1324. 
[Medline]  [CrossRef]

	133.	Hamil KG, Sivashanmugam P, Richardson RT, Grossman G, Ruben SM, Mohler JL, 
Petrusz P, O’Rand MG, French FS, Hall SH. HE2beta and HE2gamma, new members 
of an epididymis-specific family of androgen-regulated proteins in the human. Endocri-
nology 2000; 141: 1245–1253. [Medline]  [CrossRef]

	134.	Mathur PP, Marshall A, Cheng CY. Protein profiles in various epididymal segments of 
normal and castrated rats. Asian J Androl 2000; 2: 57–64. [Medline]

	135.	Desai KV, Kondaiah P. Androgen ablation results in differential regulation of transform-
ing growth factor-beta isoforms in rat male accessory sex organs and epididymis. J Mol 
Endocrinol 2000; 24: 253–260. [Medline]  [CrossRef]

	136.	Cheuk BL, Leung PS, Lo AC, Wong PY. Androgen control of cyclooxygenase expres-
sion in the rat epididymis. Biol Reprod 2000; 63: 775–780. [Medline]  [CrossRef]

	137.	Cyr DG, Dufresne J, Pillet S, Alfieri TJ, Hermo L. Expression and regulation of 
metallothioneins in the rat epididymis. J Androl 2001; 22: 124–135. [Medline]  [CrossRef]

	138.	Gregory M, Dufresne J, Hermo L, Cyr D. Claudin-1 is not restricted to tight junctions 
in the rat epididymis. Endocrinology 2001; 142: 854–863. [Medline]  [CrossRef]

	139.	Lareyre JJ, Winfrey VP, Kasper S, Ong DE, Matusik RJ, Olson GE, Orgebin-Crist 
MC. Gene duplication gives rise to a new 17-kilodalton lipocalin that shows epididymal 
region-specific expression and testicular factor(s) regulation. Endocrinology 2001; 142: 
1296–1308. [Medline]  [CrossRef]

	140.	Ezer NN, Robaire B. Gene expression is selectively affected along the epididymis after 
orchidectomy. ScientificWorldJournal 2001; 1: 56. [Medline]  [CrossRef]

	141.	Andonian S, Adamali H, Hermo L. Expression and regulation of H+K+ATPase in lyso-
somes of epithelial cells of the adult rat epididymis. Mol Reprod Dev 2001; 58: 398–410. 
[Medline]  [CrossRef]

	142.	Nonaka MI, Wang G, Mori T, Okada H, Nonaka M. Novel androgen-dependent 
promoters direct expression of the C4b-binding protein alpha-chain gene in epididymis. J 
Immunol 2001; 166: 4570–4577. [Medline]  [CrossRef]

	143.	Yang G, Gregory CW, Shang Q, O’Brien DA, Zhang YL. Differential expression of 
CCAAT/enhancer-binding protein-delta (c/EBPdelta) in rat androgen-dependent tissues 
and human prostate cancer. J Androl 2001; 22: 471–480. [Medline]  [CrossRef]

	144.	Cornwall GA, Collis R, Xiao Q, Hsia N, Hann SR. B-Myc, a proximal caput epididymal 

http://www.ncbi.nlm.nih.gov/pubmed/2282980?dopt=Abstract
http://dx.doi.org/10.1016/0303-7207(90)90205-M
http://www.ncbi.nlm.nih.gov/pubmed/2015344?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod44.1.13
http://www.ncbi.nlm.nih.gov/pubmed/1917684?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.1991.tb00252.x
http://www.ncbi.nlm.nih.gov/pubmed/2019258?dopt=Abstract
http://dx.doi.org/10.1210/endo-128-5-2407
http://www.ncbi.nlm.nih.gov/pubmed/2066165?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2605.1991.tb01083.x
http://www.ncbi.nlm.nih.gov/pubmed/1449611?dopt=Abstract
http://dx.doi.org/10.1051/rnd:19920307
http://www.ncbi.nlm.nih.gov/pubmed/1727709?dopt=Abstract
http://dx.doi.org/10.1210/endo.130.1.1727709
http://www.ncbi.nlm.nih.gov/pubmed/1731756?dopt=Abstract
http://dx.doi.org/10.1042/bj2810203
http://www.ncbi.nlm.nih.gov/pubmed/1547732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1601747?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.1992.tb00314.x
http://www.ncbi.nlm.nih.gov/pubmed/1613422?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.1330197
http://www.ncbi.nlm.nih.gov/pubmed/1508219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1423487?dopt=Abstract
http://dx.doi.org/10.1007/BF00319608
http://www.ncbi.nlm.nih.gov/pubmed/1324164?dopt=Abstract
http://dx.doi.org/10.1210/endo.131.3.1324164
http://www.ncbi.nlm.nih.gov/pubmed/1280328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1301385?dopt=Abstract
http://dx.doi.org/10.1016/0303-7207(92)90212-O
http://www.ncbi.nlm.nih.gov/pubmed/8514427?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2605.1993.tb01168.x
http://www.ncbi.nlm.nih.gov/pubmed/7508235?dopt=Abstract
http://dx.doi.org/10.1002/mrd.1080360407
http://www.ncbi.nlm.nih.gov/pubmed/7995257?dopt=Abstract
http://dx.doi.org/10.1080/07435809409035864
http://www.ncbi.nlm.nih.gov/pubmed/7915228?dopt=Abstract
http://dx.doi.org/10.1210/endo.135.3.7915228
http://www.ncbi.nlm.nih.gov/pubmed/7810918?dopt=Abstract
http://dx.doi.org/10.1002/ar.1092400109
http://www.ncbi.nlm.nih.gov/pubmed/7825730?dopt=Abstract
http://dx.doi.org/10.1002/ar.1092400306
http://www.ncbi.nlm.nih.gov/pubmed/7750478?dopt=Abstract
http://dx.doi.org/10.1210/endo.136.6.7750478
http://www.ncbi.nlm.nih.gov/pubmed/8550111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8582324?dopt=Abstract
http://dx.doi.org/10.1080/07435809509030487
http://www.ncbi.nlm.nih.gov/pubmed/8833738?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8833738?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.1996.tb00583.x
http://www.ncbi.nlm.nih.gov/pubmed/8838424?dopt=Abstract
http://dx.doi.org/10.1002/(SICI)1097-0185(199601)244:1<59::AID-AR6>3.0.CO;2-A
http://www.ncbi.nlm.nih.gov/pubmed/8723433?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.1996.tb01758.x
http://www.ncbi.nlm.nih.gov/pubmed/8625926?dopt=Abstract
http://dx.doi.org/10.1210/endo.137.4.8625926
http://www.ncbi.nlm.nih.gov/pubmed/8792210?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.1996.tb01775.x
http://www.ncbi.nlm.nih.gov/pubmed/9292319?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2605.1997.t01-1-00039.x
http://www.ncbi.nlm.nih.gov/pubmed/9322939?dopt=Abstract
http://dx.doi.org/10.1210/endo.138.10.5468
http://www.ncbi.nlm.nih.gov/pubmed/9349748?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.1997.tb01965.x
http://www.ncbi.nlm.nih.gov/pubmed/9364437?dopt=Abstract
http://dx.doi.org/10.1002/(SICI)1098-2795(199712)48:4<433::AID-MRD3>3.0.CO;2-R
http://www.ncbi.nlm.nih.gov/pubmed/9531973?dopt=Abstract
http://dx.doi.org/10.1016/S0167-4889(97)00117-1
http://www.ncbi.nlm.nih.gov/pubmed/9746734?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod59.4.843
http://www.ncbi.nlm.nih.gov/pubmed/9820194?dopt=Abstract
http://dx.doi.org/10.1002/(SICI)1098-2795(199812)51:4<362::AID-MRD2>3.0.CO;2-L
http://www.ncbi.nlm.nih.gov/pubmed/10026099?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod60.3.558
http://www.ncbi.nlm.nih.gov/pubmed/10386818?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.1999.tb02532.x
http://dx.doi.org/10.1002/j.1939-4640.1999.tb02532.x
http://www.ncbi.nlm.nih.gov/pubmed/10569998?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod61.6.1521
http://www.ncbi.nlm.nih.gov/pubmed/10570012?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod61.6.1622
http://www.ncbi.nlm.nih.gov/pubmed/10670527?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2000.tb03283.x
http://www.ncbi.nlm.nih.gov/pubmed/10755467?dopt=Abstract
http://dx.doi.org/10.1016/S0024-3205(00)00439-2
http://www.ncbi.nlm.nih.gov/pubmed/10698202?dopt=Abstract
http://dx.doi.org/10.1210/endo.141.3.7389
http://www.ncbi.nlm.nih.gov/pubmed/11228939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10750026?dopt=Abstract
http://dx.doi.org/10.1677/jme.0.0240253
http://www.ncbi.nlm.nih.gov/pubmed/10952920?dopt=Abstract
http://dx.doi.org/10.1093/biolreprod/63.3.775
http://www.ncbi.nlm.nih.gov/pubmed/11191077?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2001.tb02162.x
http://www.ncbi.nlm.nih.gov/pubmed/11159859?dopt=Abstract
http://dx.doi.org/10.1210/endo.142.2.7975
http://www.ncbi.nlm.nih.gov/pubmed/11181548?dopt=Abstract
http://dx.doi.org/10.1210/endo.142.3.8045
http://www.ncbi.nlm.nih.gov/pubmed/30147522?dopt=Abstract
http://dx.doi.org/10.1100/tsw.2001.187
http://www.ncbi.nlm.nih.gov/pubmed/11241776?dopt=Abstract
http://dx.doi.org/10.1002/1098-2795(20010401)58:4<398::AID-MRD7>3.0.CO;2-4
http://www.ncbi.nlm.nih.gov/pubmed/11254714?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.166.7.4570
http://www.ncbi.nlm.nih.gov/pubmed/11330648?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2001.tb02204.x


BUSULFAN-ADMINISTERED MOUSE EPIDIDYMIS 113

protein, is dependent on androgens and testicular factors for expression. Biol Reprod 
2001; 64: 1600–1607. [Medline]  [CrossRef]

	145.	Ibrahim NM, Young LG, Fröhlich O. Epididymal specificity and androgen regulation of 
rat EP2. Biol Reprod 2001; 65: 575–580. [Medline]  [CrossRef]

	146.	Nixon B, Hardy CM, Jones RC, Andrews JB, Holland MK. Rabbit epididymal secre-
tory proteins. III. Molecular cloning and characterization of the complementary DNA for 
REP38. Biol Reprod 2002; 67: 147–153. [Medline]  [CrossRef]

	147.	Leung PS, Wong TP, Chung YW, Chan HC. Androgen dependent expression of AT1 
receptor and its regulation of anion secretion in rat epididymis. Cell Biol Int 2002; 26: 
117–122. [Medline]  [CrossRef]

	148.	Turner TT, Bomgardner D. On the regulation of Crisp-1 mRNA expression and protein 
secretion by luminal factors presented in vivo by microperfusion of the rat proximal caput 
epididymidis. Mol Reprod Dev 2002; 61: 437–444. [Medline]  [CrossRef]

	149.	Luedtke CC, McKee MD, Cyr DG, Gregory M, Kaartinen MT, Mui J, Hermo L. 
Osteopontin expression and regulation in the testis, efferent ducts, and epididymis of rats 
during postnatal development through to adulthood. Biol Reprod 2002; 66: 1437–1448. 
[Medline]  [CrossRef]

	150.	Badran HH, Hermo LS. Expression and regulation of aquaporins 1, 8, and 9 in the testis, 
efferent ducts, and epididymis of adult rats and during postnatal development. J Androl 
2002; 23: 358–373. [Medline]  [CrossRef]

	151.	Pastor-Soler N, Isnard-Bagnis C, Herak-Kramberger C, Sabolic I, Van Hoek A, 
Brown D, Breton S. Expression of aquaporin 9 in the adult rat epididymal epithelium is 
modulated by androgens. Biol Reprod 2002; 66: 1716–1722. [Medline]  [CrossRef]

	152.	Nixon B, Jones RC, Hansen LA, Holland MK. Rabbit epididymal secretory proteins. 
I. Characterization and hormonal regulation. Biol Reprod 2002; 67: 133–139. [Medline]  
[CrossRef]

	153.	Tong MH, Song W-C. Estrogen sulfotransferase: discrete and androgen-dependent 
expression in the male reproductive tract and demonstration of an in vivo function in the 
mouse epididymis. Endocrinology 2002; 143: 3144–3151. [Medline]  [CrossRef]

	154.	Palladino MA, Mallonga TA, Mishra MS. Messenger RNA (mRNA) expression for the 
antimicrobial peptides beta-defensin-1 and beta-defensin-2 in the male rat reproductive 
tract: beta-defensin-1 mRNA in initial segment and caput epididymidis is regulated by an-
drogens and not bacterial lipopolysaccharides. Biol Reprod 2003; 68: 509–515. [Medline]  
[CrossRef]

	155.	Fouchécourt S, Lareyre J-J, Chaurand P, DaGue BB, Suzuki K, Ong DE, Olson GE, 
Matusik RJ, Caprioli RM, Orgebin-Crist MC. Identification, immunolocalization, 
regulation, and postnatal development of the lipocalin EP17 (epididymal protein of 17 
kilodaltons) in the mouse and rat epididymis. Endocrinology 2003; 144: 887–900. [Med-
line]  [CrossRef]

	156.	Hsia N, Cornwall GA. Cres2 and Cres3: new members of the cystatin-related epididymal 
spermatogenic subgroup of family 2 cystatins. Endocrinology 2003; 144: 909–915. [Med-
line]  [CrossRef]

	157.	Ezer N, Robaire B. Gene expression is differentially regulated in the epididymis after 
orchidectomy. Endocrinology 2003; 144: 975–988. [Medline]  [CrossRef]

	158.	Hu Y, Zhou Z, Xu C, Shang Q, Zhang Y-D, Zhang Y-L. Androgen down-regulated and 
region-specific expression of germ cell nuclear factor in mouse epididymis. Endocrinol-
ogy 2003; 144: 1612–1619. [Medline]  [CrossRef]

	159.	Joshi SA, Shaikh S, Ranpura S, Khole VV. Postnatal development and testosterone 
dependence of a rat epididymal protein identified by neonatal tolerization. Reproduction 
2003; 125: 495–507. [Medline]  [CrossRef]

	160.	Li Y, Friel PJ, McLean DJ, Griswold MD. Cystatin E1 and E2, new members of male 
reproductive tract subgroup within cystatin type 2 family. Biol Reprod 2003; 69: 489–500. 
[Medline]  [CrossRef]

	161.	Andonian S, Hermo L. Immunolocalization of the Yb1 subunit of glutathione S-
transferase in the adult rat epididymis following orchidectomy and efferent duct ligation. 
J Androl 2003; 24: 577–587. [Medline]  [CrossRef]

	162.	Cooper TG, Wagenfeld A, Cornwall GA, Hsia N, Chu ST, Orgebin-Crist MC, Drevet 
J, Vernet P, Avram C, Nieschlag E, Yeung CH. Gene and protein expression in the 
epididymis of infertile c-ros receptor tyrosine kinase-deficient mice. Biol Reprod 2003; 
69: 1750–1762. [Medline]  [CrossRef]

	163.	Hermo L, Adamali HI, Trasler JM. Postnatal development and regulation of beta-hex-
osaminidase in epithelial cells of the rat epididymis. J Androl 2004; 25: 69–81. [Medline]  
[CrossRef]

	164.	Zhu H, Ma H, Ni H, Ma X-H, Mills N, Yang Z-M. Expression and regulation of 
lipocalin-type prostaglandin d synthase in rat testis and epididymis. Biol Reprod 2004; 70: 
1088–1095. [Medline]  [CrossRef]

	165.	Kappler-Hanno K, Kirchhoff C. Rodent epididymal cDNAs identified by sequence 
homology to human and canine counterparts. Asian J Androl 2003; 5: 277–286. [Medline]

	166.	Zhang H, Jones R, Martin-DeLeon PA. Expression and secretion of rat SPAM1(2B1 
or PH-20) in the epididymis: role of testicular lumicrine factors. Matrix Biol 2004; 22: 
653–661. [Medline]  [CrossRef]

	167.	Chauvin TR, Griswold MD. Androgen-regulated genes in the murine epididymis. Biol 
Reprod 2004; 71: 560–569. [Medline]  [CrossRef]

	168.	Hermo L, Krzeczunowicz D, Ruz R. Cell specificity of aquaporins 0, 3, and 10 expressed 
in the testis, efferent ducts, and epididymis of adult rats. J Androl 2004; 25: 494–505. 
[Medline]  [CrossRef]

	169.	Turner TT, Bomgardner D, Jacobs JP. Sonic hedgehog pathway genes are expressed 
and transcribed in the adult mouse epididymis. J Androl 2004; 25: 514–522. [Medline]  

[CrossRef]
	170.	Zhu H, Ma H, Ni H, Ma X-H, Mills N, Yang Z-M. L-prostaglandin D synthase ex-

pression and regulation in mouse testis and epididymis during sexual maturation and 
testosterone treatment after castration. Endocrine 2004; 24: 39–45. [Medline]  [CrossRef]

	171.	Maróstica E, Avellar MCW, Porto CS. Effects of testosterone on muscarinic acetylcho-
line receptors in the rat epididymis. Life Sci 2005; 77: 656–669. [Medline]  [CrossRef]

	172.	Li Y, Putnam-Lawson CA, Knapp-Hoch H, Friel PJ, Mitchell D, Hively R, Griswold 
MD. Immunolocalization and regulation of cystatin 12 in mouse testis and epididymis. 
Biol Reprod 2005; 73: 872–880. [Medline]  [CrossRef]

	173.	Carroll M, Hamzeh M, Robaire B. Expression, localization, and regulation of inhibitor 
of DNA binding (Id) proteins in the rat epididymis. J Androl 2006; 27: 212–224. [Med-
line]  [CrossRef]

	174.	Yuan H, Liu A, Zhang L, Zhou H, Wang Y, Zhang H, Wang G, Zeng R, Zhang Y, 
Chen Z. Proteomic profiling of regionalized proteins in rat epididymis indicates consis-
tency between specialized distribution and protein functions. J Proteome Res 2006; 5: 
299–307. [Medline]  [CrossRef]

	175.	Yenugu S, Chintalgattu V, Wingard CJ, Radhakrishnan Y, French FS, Hall SH. 
Identification, cloning and functional characterization of novel beta-defensins in the rat 
(Rattus norvegicus). Reprod Biol Endocrinol 2006; 4: 7. [Medline]  [CrossRef]

	176.	Shayu D, Rao AJ. Expression of functional aromatase in the epididymis: role of andro-
gens and LH in modulation of expression and activity. Mol Cell Endocrinol 2006; 249: 
40–50. [Medline]  [CrossRef]

	177.	Sipilä P, Pujianto DA, Shariatmadari R, Nikkilä J, Lehtoranta M, Huhtaniemi IT, 
Poutanen M. Differential endocrine regulation of genes enriched in initial segment and 
distal caput of the mouse epididymis as revealed by genome-wide expression profiling. 
Biol Reprod 2006; 75: 240–251. [Medline]  [CrossRef]

	178.	Yenugu S, Hamil KG, Grossman G, Petrusz P, French FS, Hall SH. Identification, 
cloning and functional characterization of novel sperm associated antigen 11 (SPAG11) 
isoforms in the rat. Reprod Biol Endocrinol 2006; 4: 23. [Medline]  [CrossRef]

	179.	Jalkanen J, Kotimäki M, Huhtaniemi I, Poutanen M. Novel epididymal protease 
inhibitors with Kazal or WAP family domain. Biochem Biophys Res Commun 2006; 349: 
245–254. [Medline]  [CrossRef]

	180.	Davies B, Behnen M, Cappallo-Obermann H, Spiess A-N, Theuring F, Kirchhoff C. 
Novel epididymis-specific mRNAs downregulated by HE6/Gpr64 receptor gene disrup-
tion. Mol Reprod Dev 2007; 74: 539–553. [Medline]  [CrossRef]

	181.	Turner TT, Johnston DS, Finger JN, Jelinsky SA. Differential gene expression among 
the proximal segments of the rat epididymis is lost after efferent duct ligation. Biol Reprod 
2007; 77: 165–171. [Medline]  [CrossRef]

	182.	Primiani N, Gregory M, Dufresne J, Smith CE, Liu YL, Bartles JR, Cyr DG, Hermo 
L. Microvillar size and espin expression in principal cells of the adult rat epididymis are 
regulated by androgens. J Androl 2007; 28: 659–669. [Medline]  [CrossRef]

	183.	Prabagaran E, Hegde UC, Moodbidri SB, Bandivdekar AH, Raghavan VP. Postnatal 
expression and androgen regulation of HOXBES2 homeoprotein in rat epididymis. J 
Androl 2007; 28: 755–771. [Medline]  [CrossRef]

	184.	Hamzeh M, Robaire B. Identification of early response genes and pathway activated 
by androgens in the initial segment and caput regions of the regressed rat epididymis. 
Endocrinology 2010; 151: 4504–4514. [Medline]  [CrossRef]

	185.	Ding N-Z, He M, He C-Q, Hu J-S, Teng J, Chen J. Expression and regulation of FAAP 
in the mouse epididymis. Endocrine 2010; 38: 188–193. [Medline]  [CrossRef]

	186.	Ma L, Li W, Zhu H-P, Li Z, Sun Z-J, Liu X-P, Zhao J, Zhang JS, Zhang YQ. Local-
ization and androgen regulation of metastasis-associated protein 1 in mouse epididymis. 
PLoS One 2010; 5: e15439. [Medline]  [CrossRef]

	187.	Xu B, Abdel-Fattah R, Yang L, Crenshaw SA, Black MB, Hinton BT. Testicular lu-
micrine factors regulate ERK, STAT, and NFKB pathways in the initial segment of the rat 
epididymis to prevent apoptosis. Biol Reprod 2011; 84: 1282–1291. [Medline]  [CrossRef]

	188.	Sipilä P, Krutskikh A, Pujianto DA, Poutanen M, Huhtaniemi I. Regional expression 
of androgen receptor coregulators and androgen action in the mouse epididymis. J Androl 
2011; 32: 711–717. [Medline]  [CrossRef]

	189.	Rajesh A, Madhubabu G, Yenugu S. Identification and characterization of Wfdc gene 
expression in the male reproductive tract of the rat. Mol Reprod Dev 2011; 78: 633–641. 
[Medline]  [CrossRef]

	190.	Suryawanshi AR, Khan SA, Joshi CS, Khole VV. Epididymosome-mediated acquisi-
tion of MMSDH, an androgen-dependent and developmentally regulated epididymal 
sperm protein. J Androl 2012; 33: 963–974. [Medline]  [CrossRef]

	191.	Li X, Zhan X, Liu S, Hu S, Zhu C, Hall SH, French FS, Liu Q, Zhang Y. Cloning and 
primary characterizations of rLcn9, a new member of epididymal lipocalins in rat. Acta 
Biochim Biophys Sin (Shanghai) 2012; 44: 876–885. [Medline]  [CrossRef]

	192.	Silva EJR, Patrão MTCC, Tsuruta JK, O’Rand MG, Avellar MCW. Epididymal 
protease inhibitor (EPPIN) is differentially expressed in the male rat reproductive tract 
and immunolocalized in maturing spermatozoa. Mol Reprod Dev 2012; 79: 832–842. 
[Medline]  [CrossRef]

	193.	Carvelli L, Bannoud N, Aguilera AC, Sartor T, Malossi E, Sosa MA. Testosterone 
influences the expression and distribution of the cation-dependent mannose-6-phosphate 
receptor in rat epididymis. Implications in the distribution of enzymes. Andrologia 2014; 
46: 224–230. [Medline]  [CrossRef]

	194.	Li K, Liu Y, Xia X, Wang L, Lu M, Hu Y, Xu C. Bactericidal/permeability-increasing 
protein in the reproductive system of male mice may be involved in the sperm-oocyte 
fusion. Reproduction 2013; 146: 135–144. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/11369584?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod64.6.1600
http://www.ncbi.nlm.nih.gov/pubmed/11466228?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod65.2.575
http://www.ncbi.nlm.nih.gov/pubmed/12080011?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod67.1.147
http://www.ncbi.nlm.nih.gov/pubmed/11779228?dopt=Abstract
http://dx.doi.org/10.1006/cbir.2001.0830
http://www.ncbi.nlm.nih.gov/pubmed/11891914?dopt=Abstract
http://dx.doi.org/10.1002/mrd.10115
http://www.ncbi.nlm.nih.gov/pubmed/11967208?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod66.5.1437
http://www.ncbi.nlm.nih.gov/pubmed/12002438?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2002.tb02243.x
http://www.ncbi.nlm.nih.gov/pubmed/12021052?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod66.6.1716
http://www.ncbi.nlm.nih.gov/pubmed/12080009?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod67.1.133
http://www.ncbi.nlm.nih.gov/pubmed/12130580?dopt=Abstract
http://dx.doi.org/10.1210/endo.143.8.8943
http://www.ncbi.nlm.nih.gov/pubmed/12533413?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.102.008953
http://www.ncbi.nlm.nih.gov/pubmed/12586765?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12586765?dopt=Abstract
http://dx.doi.org/10.1210/en.2002-220932
http://www.ncbi.nlm.nih.gov/pubmed/12586767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12586767?dopt=Abstract
http://dx.doi.org/10.1210/en.2002-220890
http://www.ncbi.nlm.nih.gov/pubmed/12586775?dopt=Abstract
http://dx.doi.org/10.1210/en.2002-220705
http://www.ncbi.nlm.nih.gov/pubmed/12639946?dopt=Abstract
http://dx.doi.org/10.1210/en.2002-220915
http://www.ncbi.nlm.nih.gov/pubmed/12683920?dopt=Abstract
http://dx.doi.org/10.1530/rep.0.1250495
http://www.ncbi.nlm.nih.gov/pubmed/12700194?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.102.014100
http://www.ncbi.nlm.nih.gov/pubmed/12826697?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2003.tb02709.x
http://www.ncbi.nlm.nih.gov/pubmed/12890734?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.103.017566
http://www.ncbi.nlm.nih.gov/pubmed/14662788?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2004.tb02760.x
http://www.ncbi.nlm.nih.gov/pubmed/14668211?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.103.022079
http://www.ncbi.nlm.nih.gov/pubmed/14695977?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15062858?dopt=Abstract
http://dx.doi.org/10.1016/j.matbio.2003.11.010
http://www.ncbi.nlm.nih.gov/pubmed/15115731?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.103.026302
http://www.ncbi.nlm.nih.gov/pubmed/15223838?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2004.tb02820.x
http://www.ncbi.nlm.nih.gov/pubmed/15223840?dopt=Abstract
http://dx.doi.org/10.1002/j.1939-4640.2004.tb02822.x
http://www.ncbi.nlm.nih.gov/pubmed/15249702?dopt=Abstract
http://dx.doi.org/10.1385/ENDO:24:1:039
http://www.ncbi.nlm.nih.gov/pubmed/15921997?dopt=Abstract
http://dx.doi.org/10.1016/j.lfs.2004.12.031
http://www.ncbi.nlm.nih.gov/pubmed/15972886?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.105.040238
http://www.ncbi.nlm.nih.gov/pubmed/16304207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16304207?dopt=Abstract
http://dx.doi.org/10.2164/jandrol.05098
http://www.ncbi.nlm.nih.gov/pubmed/16457595?dopt=Abstract
http://dx.doi.org/10.1021/pr050324s
http://www.ncbi.nlm.nih.gov/pubmed/16457734?dopt=Abstract
http://dx.doi.org/10.1186/1477-7827-4-7
http://www.ncbi.nlm.nih.gov/pubmed/16569475?dopt=Abstract
http://dx.doi.org/10.1016/j.mce.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16641146?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.105.047811
http://www.ncbi.nlm.nih.gov/pubmed/16643671?dopt=Abstract
http://dx.doi.org/10.1186/1477-7827-4-23
http://www.ncbi.nlm.nih.gov/pubmed/16930550?dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2006.08.023
http://www.ncbi.nlm.nih.gov/pubmed/17034053?dopt=Abstract
http://dx.doi.org/10.1002/mrd.20636
http://www.ncbi.nlm.nih.gov/pubmed/17377138?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.106.059493
http://www.ncbi.nlm.nih.gov/pubmed/17409466?dopt=Abstract
http://dx.doi.org/10.2164/jandrol.107.002634
http://www.ncbi.nlm.nih.gov/pubmed/17494099?dopt=Abstract
http://dx.doi.org/10.2164/jandrol.106.002394
http://www.ncbi.nlm.nih.gov/pubmed/20660069?dopt=Abstract
http://dx.doi.org/10.1210/en.2010-0023
http://www.ncbi.nlm.nih.gov/pubmed/21046479?dopt=Abstract
http://dx.doi.org/10.1007/s12020-010-9371-z
http://www.ncbi.nlm.nih.gov/pubmed/21082030?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0015439
http://www.ncbi.nlm.nih.gov/pubmed/21311037?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.110.090324
http://www.ncbi.nlm.nih.gov/pubmed/21764902?dopt=Abstract
http://dx.doi.org/10.2164/jandrol.110.012914
http://www.ncbi.nlm.nih.gov/pubmed/21796715?dopt=Abstract
http://dx.doi.org/10.1002/mrd.21361
http://www.ncbi.nlm.nih.gov/pubmed/22207704?dopt=Abstract
http://dx.doi.org/10.2164/jandrol.111.014753
http://www.ncbi.nlm.nih.gov/pubmed/23017836?dopt=Abstract
http://dx.doi.org/10.1093/abbs/gms072
http://www.ncbi.nlm.nih.gov/pubmed/23070980?dopt=Abstract
http://dx.doi.org/10.1002/mrd.22119
http://www.ncbi.nlm.nih.gov/pubmed/23290006?dopt=Abstract
http://dx.doi.org/10.1111/and.12065
http://www.ncbi.nlm.nih.gov/pubmed/23740083?dopt=Abstract
http://dx.doi.org/10.1530/REP-13-0127


KIYOZUMI114

	195.	Pujianto DA, Loanda E, Sari P, Midoen YH, Soeharso P. Sperm-associated antigen 
11A is expressed exclusively in the principal cells of the mouse caput epididymis in an 
androgen-dependent manner. Reprod Biol Endocrinol 2013; 11: 59. [Medline]  [CrossRef]

	196.	Rengaraj D, Hwang YS, Liang XH, Deng WB, Yang ZM, Han JY. Comparative ex-
pression and regulation of TMSB4X in male reproductive tissues of rats and chickens. J 
Exp Zool A Ecol Genet Physiol 2013; 319: 584–595. [Medline]  [CrossRef]

	197.	Wang C-M, Hu S-G, Ru Y-F, Yao G-X, Ma W-B, Gu Y-H, Chu C, Wang SL, Zhou 
ZM, Liu Q, Zhou YC, Zhang YL. Different effects of androgen on the expression of 
Fut1, Fut2, Fut4 and Fut9 in male mouse reproductive tract. Int J Mol Sci 2013; 14: 
23188–23202. [Medline]  [CrossRef]

	198.	Rengaraj D, Gao F, Liang X-H, Yang Z-M. Expression and regulation of type II integral 
membrane protein family members in mouse male reproductive tissues. Endocrine 2007; 
31: 193–201. [Medline]  [CrossRef]

	199.	Rengaraj D, Liang X-H, Gao F, Deng W-B, Mills N, Yang Z-M. Differential expression 
and regulation of integral membrane protein 2b in rat male reproductive tissues. Asian J 
Androl 2008; 10: 503–511. [Medline]  [CrossRef]

	200.	Snyder EM, Small CL, Li Y, Griswold MD. Regulation of gene expression by estro-
gen and testosterone in the proximal mouse reproductive tract. Biol Reprod 2009; 81: 
707–716. [Medline]  [CrossRef]

	201.	Hu S-G, Zou M, Yao G-X, Ma W-B, Zhu Q-L, Li X-Q, Chen ZJ, Sun Y. Androgenic 
regulation of beta-defensins in the mouse epididymis. Reprod Biol Endocrinol 2014; 12: 
76. [Medline]  [CrossRef]

	202.	Liu X, Wang W, Liu F. New insight into the castrated mouse epididymis based on com-
parative proteomics. Reprod Fertil Dev 2015; 27: 551–556. [Medline]  [CrossRef]

	203.	Ribeiro CM, Queiróz DBC, Patrão MTCC, Denadai-Souza A, Romano RM, Silva 
EJR, Avellar MC. Dynamic changes in the spatio-temporal expression of the β-defensin 
SPAG11C in the developing rat epididymis and its regulation by androgens. Mol Cell 

Endocrinol 2015; 404: 141–150. [Medline]  [CrossRef]
	204.	Xin A, Zhao Y, Yu H, Shi H, Diao H, Zhang Y. Characterization of β-defensin 42 

expressed in principal cells at the initial segment of the rat epididymis. Acta Biochim 
Biophys Sin (Shanghai) 2015; 47: 861–869. [Medline]  [CrossRef]

	205.	Li Y, Wang H, Qin Y, Liu J, Li N, Ji Z, Li J. Deep sequencing reveals microRNA 
signature is altered in the rat epididymis following bilateral castration. Genes Genomics 
2019; 41: 757–766. [Medline]  [CrossRef]

	206.	Pujianto DA, Muliawati D, Rizki MD, Parisudha A, Hardiyanto L. Mouse defensin 
beta 20 (Defb20) is expressed specifically in the caput region of the epididymis and 
regulated by androgen and testicular factors. Reprod Biol 2020; 20: 536–540. [Medline]  
[CrossRef]

	207.	Carvelli L, Aguilera AC, Zyla L, Pereyra LL, Morales CR, Hermo L, Sosa MA. Cas-
tration causes an increase in lysosomal size and upregulation of cathepsin D expression in 
principal cells along with increased secretion of procathepsin D and prosaposin oligomers 
in adult rat epididymis. PLoS One 2021; 16: e0250454. [Medline]  [CrossRef]

	208.	Pujianto DA, Permatasari S. Mouse CD52 is predominantly expressed in the cauda 
epididymis, regulated by androgen and lumicrine factors. J Hum Reprod Sci 2021; 14: 
350–355. [Medline]  [CrossRef]

	209.	Wijayarathna R, Genovese R, Meinhardt A, Loveland KL, Groome NP, Hinton 
BT, Hedger MP. Examination of testicular lumicrine regulation of activins and immu-
noregulatory genes in the epididymal caput. Andrology 2022; 10: 190–201. [Medline]  
[CrossRef]

	210.	Jones RC, Stone GM, Hinds LA, Setchell BP. Distribution of 5 alpha-reductase in the 
epididymis of the tammar wallaby (Macropus eugenii) and dependence of the epididymis 
on systemic testosterone and luminal fluids from the testis. J Reprod Fertil 1988; 83: 
779–783. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/23815807?dopt=Abstract
http://dx.doi.org/10.1186/1477-7827-11-59
http://www.ncbi.nlm.nih.gov/pubmed/24039044?dopt=Abstract
http://dx.doi.org/10.1002/jez.1820
http://www.ncbi.nlm.nih.gov/pubmed/24284406?dopt=Abstract
http://dx.doi.org/10.3390/ijms141123188
http://www.ncbi.nlm.nih.gov/pubmed/17873332?dopt=Abstract
http://dx.doi.org/10.1007/s12020-007-0027-6
http://www.ncbi.nlm.nih.gov/pubmed/18097506?dopt=Abstract
http://dx.doi.org/10.1111/j.1745-7262.2008.00360.x
http://www.ncbi.nlm.nih.gov/pubmed/19553595?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.109.079053
http://www.ncbi.nlm.nih.gov/pubmed/25099571?dopt=Abstract
http://dx.doi.org/10.1186/1477-7827-12-76
http://www.ncbi.nlm.nih.gov/pubmed/24513102?dopt=Abstract
http://dx.doi.org/10.1071/RD13323
http://www.ncbi.nlm.nih.gov/pubmed/25657045?dopt=Abstract
http://dx.doi.org/10.1016/j.mce.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26363282?dopt=Abstract
http://dx.doi.org/10.1093/abbs/gmv089
http://www.ncbi.nlm.nih.gov/pubmed/30859493?dopt=Abstract
http://dx.doi.org/10.1007/s13258-019-00803-z
http://www.ncbi.nlm.nih.gov/pubmed/33060057?dopt=Abstract
http://dx.doi.org/10.1016/j.repbio.2020.09.003
http://www.ncbi.nlm.nih.gov/pubmed/33914781?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0250454
http://www.ncbi.nlm.nih.gov/pubmed/35197679?dopt=Abstract
http://dx.doi.org/10.4103/jhrs.jhrs_29_21
http://www.ncbi.nlm.nih.gov/pubmed/34415685?dopt=Abstract
http://dx.doi.org/10.1111/andr.13099
http://www.ncbi.nlm.nih.gov/pubmed/3411567?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0830779

