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Sperm entering the epididymis are immotile and cannot respond to stimuli

that will enable them to fertilize. The epididymis is a highly complex organ,

with multiple histological zones and cell types that together change the

composition and functional abilities of sperm through poorly understood

mechanisms. Sperm take up taurine during epididymal transit, which may

play antioxidant or osmoregulatory roles. Cysteine dioxygenase (CDO) is a

critical enzyme for taurine synthesis. A previous study reported that male

CDO�/� mice exhibit idiopathic infertility, prompting us to investigate the

functions of CDO in male fertility. Immunoblotting and quantitative

reverse transcription-polymerase chain reaction analysis of epididymal seg-

ments showed that androgen-dependent CDO expression was highest in the

caput epididymidis. CDO�/� mouse sperm demonstrated a severe lack of

in vitro fertilization ability. Acrosome exocytosis and tyrosine phosphoryla-

tion profiles in response to stimuli were normal, suggesting normal func-

tioning of pathways associated with capacitation. CDO�/� sperm had a

slight increase in head abnormalities. Taurine and hypotaurine concentra-

tions in CDO�/� sperm decreased in the epididymal intraluminal fluid and

sperm cytosol. We found no evidence of antioxidant protection against

lipid peroxidation. However, CDO�/� sperm exhibited severe defects in

volume regulation, swelling in response to the relatively hypo-osmotic con-

ditions found in the female reproductive tract. Our findings suggest that

epididymal CDO plays a key role in post-testicular sperm maturation,

enabling sperm to osmoregulate as they transition from the male to the

female reproductive tract, and provide new understanding of the compart-

mentalized functions of the epididymis.

Introduction

Mammalian sperm leaving the testis are morphologi-

cally mature but must develop functionally through

two distinct maturational processes, in the epididymis

and the female reproductive tract. Epididymal matura-

tion is poorly understood, despite being essential for

enabling the signaling pathways that govern fertiliza-

tion ability, as well as for acquisition of motility and

the development of the osmoregulatory capability that

allows the sperm to move among the different fluid

environments in the male and female reproductive
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tracts [1,2]. Epididymal maturation involves complex

interactions between sperm and the intraluminal

milieu, regulated by absorptive and secretory activities

of the epididymal epithelium under androgenic con-

trol. Gene expression in the epididymal epithelium is

region specific, resulting in different compositions of

epididymal intraluminal fluid among epididymal

regions [2].

Mammalian sperm experience considerable changes

in their osmotic environment after ejaculation. For

example, murine sperm normally encounter a decrease

in osmotic pressure when they enter the uterus (os-

motic pressure, 320 mOsm) [3] from the cauda epi-

didymis (420 mOsm) [4]. This drastic change

necessitates that sperm osmoregulate to avoid excessive

changes in volume. Previous studies that characterized

the osmotic tolerance of sperm, from the caput, cor-

pus, and cauda regions, demonstrated the ability of

sperm to regulate volume changes in response to

osmotic challenges that develop during epididymal

maturation [5,6].

Epididymal intraluminal fluid contains high concen-

trations of various organic components that act as

intracellular osmolytes in other cells. Of these, taurine

is one of the most abundant [7,8] and plays important

roles in osmoregulation and antioxidant defense in sev-

eral cell types [9,10]. In fact, its precursor, hypotau-

rine, is a more potent oxygen-free radical scavenger

[11]. The roles of taurine and hypotaurine in sperm

include antioxidation [12], enhanced motility [13–16],
and increased fertilization potential [13]. Despite the

important roles of taurine and hypotaurine in regulat-

ing sperm function, the mechanisms by which these

organic components support the fertilizing potential of

sperm are poorly understood.

Taurine is synthesized via a pathway that involves

dioxygenation of cysteine into cysteine sulfinate by cys-

teine dioxygenase (CDO). Cysteine sulfinate is then

metabolized by decarboxylation to produce hypotau-

rine, which is further oxidized into taurine. This is

believed to be the major pathway for synthesizing

hypotaurine and taurine in the body [17,18]. The abun-

dance and activity of CDO respond to the availability

of cysteine in vitro and in vivo [19–21], which appears

to result from the actions of cysteine on downregula-

tion of CDO ubiquitination and degradation, as well

as post-translational production of a CDO protein

cofactor, which is dependent on substrate (cysteine)

turnover by CDO [21]. CDO is expressed in the liver,

adipose tissue, pancreas, kidneys, and lungs [22].

The physiological importance of CDO has been

investigated using CDO null (CDO�/�) mice. CDO�/�

mice have a higher incidence of postnatal mortality,

exhibit a postnatal growth deficit, have very low levels

of tissue and plasma taurine, and show signs of con-

nective tissue pathology [23]. Interestingly, severe male

infertility was observed when reproductive ability was

tested by natural mating of CDO�/� males with wild-

type (WT) females, despite the presence of mature

sperm in the epididymis [23], suggesting that CDO

may play an important role in male fertility, possibly

through the physiological actions of taurine and

hypotaurine. However, the exact mechanisms by which

loss of CDO causes male infertility remain unclear and

constitute the central objective of the current study.

In this study, we found that CDO is primarily

expressed in the caput epididymidis and essential for

epididymal taurine and hypotaurine production. Fur-

thermore, HPLC analysis of epididymal luminal fluid

and sperm cytosol showed that taurine and hypotau-

rine are taken up by sperm during epididymal transit.

Although there was no difference in sperm lipid perox-

idation between genotypes, the osmotic challenge test

showed that CDO�/� sperm resulted in tail angulation

due to defects in osmoregulation. Our results provide

new insight into epididymal maturation and sperm

function.

Results

CDO protein and mRNA expression in different

epididymal segments

Epididymal gene expression is highly regulated by

androgens [24]. To obtain the CDO expression profile

and examine the association between changes involved

in sexual maturation and CDO expression, epi-

didymides were collected from sexually mature (retired

breeder) and immature (4-week-old) mice. They were

separated into eight segments based on connective tis-

sue septae, observable with transmitted light under a

dissecting microscope (Fig. 1A), and the presence of

CDO was assessed by immunoblotting. CDO expres-

sion was very high in segments 1–3, but decreased sig-

nificantly by segment 8 (Fig. 1B top). Two distinct

bands were observed from 20–25 kDa in the epi-

didymis collected from mature mice (Fig. 1B top).

These two bands are consistent with a previous study

demonstrating the formation of a cysteine-tyrosine

cross-linked cofactor (lower band) that migrated below

the immature, noncofactor-containing form (upper

band) [21]. Interestingly, we only detected a single

CDO-immunoreactive band corresponding to the non-

cofactor form in epididymis collected from immature

mice (Fig. 1B bottom). In addition, CDO expression

levels were much lower in the epididymis of immature
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versus mature mice. No CDO was detected in sperm

by immunoblotting (data not shown).

To confirm the CDO expression pattern in the epi-

didymis of sexually mature mice, CDO mRNA levels

were also assessed in all segments using quantitative

RT-PCR. Consistent with the immunoblotting results,

these data showed a high abundance of CDO in seg-

ments 1–3 in the epididymis of mature mice (Fig. 1C).

CDO localization in the epididymis of WT and

CDO�/� mice

The epididymis is composed of several different cell

types. To determine localization of CDO within the

epididymis, immunohistochemistry was performed on

paraffin-embedded sections of whole epididymis using

anti-CDO antibody. The epididymis from CDO�/�

mice was also stained as a negative control. As a

result, high CDO expression was detected in segments

1–3, consistent with the immunoblotting and quantita-

tive RT-PCR results (Fig. 2A). When segment 1 was

observed at high magnification, CDO was detected in

multiple cell types, including narrow (arrow) and basal

cells (arrowhead) adjacent to smooth muscle cells,

which comprise the outer layer of tubules (Fig. 2B

inset). Interestingly, CDO was localized in the cyto-

plasm and nuclei of epithelial cells in segment 2

(Fig. 2C). CDO was also localized in the basal cells

(arrow heads) of segments 3 (Fig. 2D, inset) and 4

(Fig. 2E, inset). However, CDO expression was not

detected in the basal cells of segment 8, although very

faint expression was observed in the epithelial cyto-

plasm (Fig. 2F, inset). In contrast, CDO�/� epididymis

was morphologically normal but no CDO expression

was observed in the caput, corpus, or cauda regions

(Fig. 2G, H). In addition, no immunoreactivity was

detected when WT epididymis was labeled with sec-

ondary antibody alone, confirming specificity of the

anti-CDO antibody. No CDO expression was detected

in paraffin-embedded testes collected from WT mice

(data not shown).

Fertility assays with CDO null sperm in vitro

A previous study reported that mating CDO�/� males

with WT females does not result in pregnancy [23].

However, a robust analysis of male CDO�/� fertility

was not performed; thus, infertility could have resulted

from factors other than sperm function, such as behav-

ioral deficiencies, defects in ejaculation, production of

seminal plasma, etc. Therefore, we performed in vitro

fertilization (IVF) tests using WT and CDO�/� sperm.

Surprisingly, CDO�/� sperm showed significantly

lower fertility (3.5%) than that of WT (55.9%) using

cumulus-intact oocytes for IVF (P < 0.05) (Fig. 3A).

The fertilizing capability of CDO�/� sperm (36.3%)

remained significantly lower than that of WT (91.1%;

P < 0.05) when zona-free oocytes were inseminated,

Fig. 1. Characterization of epididymal cysteine deoxygenase (CDO) expression. (A) Histology of mouse epididymides collected from sexually

mature mice showing segments 1–8. (B) Comparison of CDO protein expression in the epididymis of mature and immature (4-week-old)

male mice. CDO in the liver (Lv) is shown for comparison [22]. Each lane was loaded with 100 lg epididymal proteins. Immunoblotting for

CDO revealed that CDO expression (arrow) was abundant in segments 1–3 of the caput region, but was dramatically lower in subsequent

segments toward the cauda region. Higher CDO expression was found in mature versus immature mice. CDO expression in mature mice

was accompanied by the appearance of the noncofactor (arrow) and cysteine-tyrosine cross-linked cofactor (arrow head) forms (B, top). In

contrast, only the noncofactor form of CDO was detected in immature mice (B, bottom). (C) CDO mRNA quantitation in sections of

epididymides from sexually mature mice was consistent with the high CDO expression level in the caput compared with that in the corpus

and cauda regions. Data are means � standard error (SE) of five independent replicates.
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suggesting that the principal defect was not in zona

binding or penetration. Taken together with the previ-

ous results of natural mating [23], these results clearly

demonstrate impaired fertility with CDO�/� sperm.

To examine the cause of the impaired fertilization,

we performed an acrosome exocytosis (AE) assay

using sperm coincubated with cumulus-intact oocytes

for 6 h. Cumulus cells surrounding oocytes and zona

pellucida are a physiological stimulator of AE in mur-

ine sperm [25,26]. No significant difference in the per-

centage of sperm that underwent AE before

insemination was detected between WT and CDO�/�

sperm (data not shown). Similarly, the percentage of

sperm that underwent AE was not different between

Fig. 2. CDO localization in the epididymis. Immunohistochemistry was performed in WT (A) and CDO�/� mice (G, H). The entire epididymis,

consisting of segments 1–8 (see Fig. 1), was captured using sets of tiled images. CDO was expressed specifically in the narrow (arrow) and

basal cells (arrow head) adjacent to smooth muscle cells in segment 1 (b, inset). CDO was most abundant in segment 2, consistent with

Fig. 1 (B, C). Notably, CDO was localized in both the cytoplasm and nucleus. Segment 3 exhibited less CDO expression compared with that

in segment 2 (D). CDO localization was observed in basal cells in segments 3 and 4 (arrowhead; D and E, inset). However, CDO expression

in basal cells disappeared in segment 8 (F, inset). As a control for staining specificity, CDO was not detected in either the caput (G) or

corpus and cauda regions (H) of CDO�/� epididymis. Bars = 1 mm (A, G, H), 100 lm(B, D, E, F), 50 lm (C).

1830 The FEBS Journal 285 (2018) 1827–1839 ª 2018 Federation of European Biochemical Societies

CDO regulates sperm osmoadaptation and function A. Asano et al.



WT (62.6%) and CDO�/� sperm (54.5%; Fig. 3B)

when sperm were incubated with cumulus-intact

oocytes for 6 h, suggesting that the impaired fertility

in CDO�/� mice was not due to a reduced ability of

sperm to undergo AE.

In addition, we examined the ability of CDO�/�

sperm to respond to capacitation stimuli by evaluat-

ing tyrosine phosphorylation of sperm proteins

(Fig. 3C) and hyperactivated motility (Fig. 3D). No

difference in the extent of tyrosine phosphorylation

of proteins was observed between WT and CDO�/�

sperm (Fig. 3C). Consistently, percentage of hyper-

activation in CDO�/� sperm (11.4%) did not differ

from that in WT sperm (12.0%; Fig. 3D) although

sperm representing hyperactivation motion signifi-

cantly increased in response to capacitation stimuli

(data not shown). Previous studies showed in sperm

of several species that flagellar beating pattern and

head yaw can be influenced by fluid viscosity

[27,28]. Although the hyperactivation assay of

CDO�/� sperm was conducted using a culture med-

ium which has different viscosity from the mucus,

we found the consistency of severe infertility

between our IVF experiments and previous natural

mating test [23]. This, combined with the results of

tyrosine phosphorylation status and AE assay, sug-

gests normal ability of CDO�/� sperm to undergo

capacitation.

Morphological analysis

A strict morphological comparison of sperm revealed

slightly higher percentage of abnormalities in CDO�/�

sperm compared with that in WT sperm (68.7 versus

53.8%, respectively, P < 0.05; Fig. 4A). CDO�/�

mice had a significantly increased percentage of

sperm with abnormal heads (71.9%) than that of

WT mice (59.7%; P < 0.05). Sperm head abnormali-

ties mainly included minor distortion involving the

apical and distal parts of the sperm head. No differ-

ence in the percentage of sperm carrying abnormal

mid- or principle pieces or cytoplasmic droplets was

detected (Fig. 4B). These results showed a slight

increase in the frequency of sperm head morphologi-

cal abnormalities in CDO�/� mice.

Quantitation of epididymal taurine and

hypotaurine in CDO�/� mice

Taurine and hypotaurine play roles in osmoregula-

tion and exert antioxidant effects in several cell types

[9]. They are abundant in epididymal intraluminal

fluid [7,29] and sperm [29,30]. Combined with our

immunohistochemistry and IVF results, this suggests

that taurine and hypotaurine may play roles in epi-

didymal maturation. Therefore, we measured taurine

and hypotaurine levels in epididymal intraluminal

Fig. 3. In vitro fertilization (IVF) with

cumulus-intact (CC+) and zona pellucida-free

(ZP�) oocytes. (A) CDO�/� sperm had

lower fertilizing ability compared with that

of WT sperm using either CC+ or ZP�
oocytes (*P < 0.05). Data are means � SE

of five independent replicates for each

experiment. (B) AE of WT and CDO�/�

sperm coincubated with CC+ for 6 h were

not significantly different. Data are

means � SE from four independent

replicates. (C) Tyrosine phosphorylation of

WT and CDO�/� sperm proteins after

incubation under NC or CAP conditions. No

difference was observed in the capacitation-

induced phosphorylation profile of WT and

CDO�/� sperm. A representative

immunoblot is shown from three replicate

experiments. (D) Hyperactivation of WT and

CDO�/� sperm incubated under CAP

condition. No difference was observed

between genotypes. Data are means � SE

from four independent replicates.
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fluid, as well as in sperm collected from WT and

CDO�/� mice. The levels of both were markedly

higher in epididymal intraluminal fluid from WT

mice (taurine 0.59 9 10�3 mmol�mg�1 protein;

hypotaurine, 0.31 9 10�3 mmol�mg�1 protein) com-

pared with those in CDO�/� mice (hypotaurine,

0.001 9 10�3 mmol�mg�1 protein; taurine, 0.07 9

10�3 mmol�mg�1 protein) (P < 0.05) (Fig. 5A). The

sperm cytosol revealed markedly higher levels of

both amino acids in WT (taurine, 0.54 mmol/

1 9 106 cells; hypotaurine, 0.41 9 10�3 mmol/

1 9 106 cells) versus those in CDO�/� mice (taurine,

0.09 mmol/1 9 106 cells; hypotaurine, not detected;

P < 0.05; Fig. 5B). These results suggest that

CDO�/� mice had a severe lack of taurine and

hypotaurine in their epididymal intraluminal fluid

and sperm.

Roles of taurine and hypotaurine in sperm during

fertilization

Taurine and hypotaurine are antioxidants [9,10,31]

and organic osmolytes [9,31] in several cell types. For

example, both taurine and hypotaurine prevent loss of

motility in rabbit sperm by reducing the generation of

superoxide leading to lipid peroxidation [12]. There-

fore, we examined the degree of membrane lipid perox-

idation in WT and CDO�/� sperm, but initial

experiments detected no difference in the quantity of

lipid hydroperoxides between genotypes (data not

shown).

It has been hypothesized that organic osmolytes are

important for sperm to regulate cell volume in

response to the acute osmotic change that occurs when

they move into the female reproductive tract after

Fig. 4. Morphological analysis. The morphologies of WT and

CDO�/� sperm were classified as normal, deformed sperm head

(head), midpiece deformed or bent at the distal midpiece or

annulus ring (Mid), principal piece deformed or kinked (PP), or

containing cytoplasmic droplets (CD). (A) Gross abnormalities were

higher in CDO�/� versus WT sperm (*P < 0.05). Data are

means � SE from five independent replicates. (B) Morphological

classification of abnormal sperm. CDO�/� sperm had a higher rate

of head segment abnormalities compared with WT sperm

(*P < 0.05). Data are means � SE.

Fig. 5. Quantitation of epididymal taurine and hypotaurine

contents. (A) Epididymal intraluminal fluid. CDO�/� mice had

significantly less taurine and hypotaurine in the intraluminal fluid

compared with WT mice (*P < 0.05). Data are means � SE from

four independent replicates. (B) Sperm cytosolic fraction. Cytosolic

taurine and hypotaurine contents were greater in WT versus

CDO�/� sperm. Data are means � SE of four independent

replicates.
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ejaculation. Previous studies using sperm from c-ros-

and aquaporin3-null mice demonstrated that failure to

regulate cell volume manifests as flagellar coiling or

angulation in the sperm (particularly bending at the

annulus), and that these abnormalities result in infertil-

ity [4,32]. To assess this possibility in CDO�/� mice,

we incubated sperm from knockout and WT mice

under noncapacitating (NC) conditions for 2 h and

assessed the number of sperm with bent tails. Use of

NC medium allowed us to distinguish problems in vol-

ume regulation versus flagellar bending, which can

occur in response to incubation with sterol efflux

mediators. Significantly more CDO�/� sperm had bent

tails (45.0%) compared with WT sperm (20.0%;

P < 0.05) under NC conditions, although no signifi-

cant difference between genotypes was detected at time

0 prior to incubation (Fig. 6A). These results led us to

hypothesize that the lack of taurine and hypotaurine

in CDO�/� sperm resulted in a reduced capacity to

regulate volume.

After ejaculation, sperm encounter a dramatic

decrease in osmotic pressure as they move from the

cauda epididymal fluid (420 mOsm) [4] into the uter-

ine fluid (320 mOsm) [3]. To confirm our hypothesis,

we examined the osmoadaptation capacity of WT

and CDO�/� sperm by evaluating the number of

sperm with bent tails after incubation in medium of

different osmolarities (420, 320, and 160 mOsm)

with or without 5 mM taurine. As results, no differ-

ence in tail bending was observed between WT and

CDO�/� sperm incubated in 420 mOsm medium,

which mimicked the osmolarity of the intraluminal

fluid of the cauda epididymidis (7–16%; Fig. 6B).

However, CDO�/� sperm incubated in 320 mOsm,

which mimicked the uterine fluid osmolarity, or at

160 mOsm, showed significantly increased tail bend-

ing (42.6 and 60.8% at 320 and 160 mOsm, respec-

tively) than that in WT sperm (22.5 and 33.5% at

320 and 160 mOsm, respectively). Interestingly,

5 mM taurine rescued these osmoregulatory defects

at 320 mOsm (23.3% versus 42.6%) and at

160 mOsm (25.9% versus 60.8%). These results sug-

gest that sperm take up taurine to regulate cell vol-

ume. To confirm the physiological importance of

taurine uptake in sperm, we performed IVF with

WT and CDO�/� sperm under the presence or

absence of 5 mM taurine. Same as above, CDO�/�

sperm showed significantly lower fertility than WT

sperm (3.6% versus 50.2%). However, the fertilizing

ability in CDO�/� sperm was improved to the same

level as WT sperm when 5 mM taurine was added

during both preincubation and insemination

(44.8%). These results demonstrate that infertility of

CDO�/� sperm results from lack in taurine that

causes flagellar angulation.

Discussion

We found that CDO expressed primarily in the caput

epididymidis played a key role in sperm function, by

producing taurine critical for sperm osmoregulation as

they moved from environments with different tonici-

ties, such as from the male into the female reproduc-

tive tract. These findings add to our knowledge of the

compartmentalized functions of the epididymis, as well

as providing a mechanism that explains several other

observations reported previously.

Cysteine dioxygenase is a major enzyme involved in

synthesizing taurine, which is highly abundant in epi-

didymal intraluminal fluid. Epididymal gene expression

is characterized by strong regional specificity [33]. The

absorptive and secretory activities of the epididymal

epithelium result in a unique intraluminal environment

that differs between segments. Our immunoblotting,

quantitative RT-PCR, and immunohistochemical data

from eight epididymal segments demonstrated that

CDO was most abundantly expressed in the narrow

and basal cells of segments 1 and 3 of the caput

region, and all cells in segment 2 of the caput. Interest-

ingly, immunohistochemical staining demonstrated

that CDO was abundantly localized in the cytoplasm

and nuclei of various cell types in segment 2. Consis-

tent with these findings, CDO localizes in the cyto-

plasm and nucleus in rat mammary adipocytes [34]. In

addition, taurine is localized in the cytoplasm and

nucleus of Leydig and epididymal epithelial cells [35],

showing that taurine is present in the nuclear compart-

ment. These differences among segments within the

caput region reflect the highly specialized functions

that vary from segment to segment even within the

same cell type, providing opportunities to improve our

understanding of epididymal physiology.

Consistent with our expression and localization find-

ings, a previous study reported that the next enzyme

in the taurine metabolic pathway, cysteine sulfinate

decarboxylase (CSD), is also expressed in various cell

types in the caput [36]. CDO and CSD mRNA expres-

sion decrease after orchidectomy [24,37], showing the

androgen dependence of these enzymes. Surprisingly,

immunoblotting revealed that only the noncofactor

form of epididymal CDO is present in immature mice,

whereas the cofactor-containing and noncofactor

forms can be extracted from mature mice, consistent

with the pattern seen in other mammalian tissues

[20,38,39]. Production of the cofactor-containing form

increases the catalytic efficiency and half-life of CDO
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at physiologically relevant cysteine concentrations

[21,38]. Therefore, the functional activity of epididymal

CDO may also be regulated by sexual maturation.

Phospholemman, a taurine channel, and multiple

taurine transporter isoforms are expressed at higher

levels in the caput region than in the corpus and cauda

regions [40]. This suggests that taurine is synthesized

and secreted into the intraluminal compartment at

higher levels in the caput region compared with other

areas. However, the mechanisms involved in taurine

and hypotaurine uptake into sperm during epididymal

transit remain unknown. One possibility is that the

hypertonic environment of epididymal fluid is associ-

ated with regulation of this process. Sperm of many

mammals are exposed to increasing tonicity of the

extracellular fluid as they move from the rete testis to

the cauda epididymidis [1], which reduces sperm cell

volume [41,42]. Cells that shrink due to a difference in

osmotic pressure undergo a regulatory volume increase

(RVI) to recover their volume by taking up water and

intracellular osmolytes, including taurine [43]. Incubat-

ing boar sperm under a hypertonic condition in vitro

demonstrated that RVI occurs to some extent against

osmotic shrinkage [44]. Together with previous studies

showing that taurine and hypotaurine share transport

systems in other cells [45,46], these findings suggest that

taurine and hypotaurine may be taken up by sperm

during RVI as they move toward the cauda region.

One of our most interesting findings was that

CDO�/� sperm were less capable of fertilizing oocytes

with accompanying cumulus cells and oocytes stripped

of cumulus cells and the zona pellucida. When coupled

with the ability of CDO�/� and WT mice to undergo

normal capacitation, AE and hyperactivation, these

results suggest that the infertility of CDO�/� mice

reported previously was unlikely to be due to a defect

in binding or penetration of the zona. However, it can-

not be ruled out that the ability to fuse with the

oocyte plasma membrane is deteriorated to some

extent in CDO�/� sperm. In support of this view, a

rigorous analysis of sperm morphology demonstrated

that CDO�/� mice had a slightly higher rate of sperm

head abnormalities, which is where membrane fusion

with the oocyte plasma membrane is initiated [47]. A

recent study using genetically engineered mice sug-

gested that epididymal maturation involves changes in

sperm structural elements [48]. Therefore, we examined

morphological abnormalities of testicular WT and

CDO�/� sperm and found no difference (21% versus

24%, data not shown). Considering the lack of CDO

in mature sperm and testis, and the severe infertility of

CDO�/� males mated with WT females [23], our find-

ings are consistent with the infertility phenotype being

caused by defective sperm epididymal maturation.

A long-standing hypothesis is that organic osmolytes

are taken up from the extracellular environment by

Fig. 6. Tail angulation assay as a proxy for defects in volume regulation. (A) Tail angulation in WT and CDO�/� sperm incubated for 2 h

under NC conditions (260 mOsm). Following the incubation, more CDO�/� sperm manifested bent tails compared with WT sperm

(*P < 0.05). Data are means � SE of three independent replicates. (B) Tail angulation in WT and CDO�/� sperm after a 15-min incubation in

TYH of different osmotic pressures (420, 320, or 160 mOsm). To assess whether exogenous taurine could rescue/prevent sperm tail

angulation at the lower tonicities, CDO�/� sperm were also incubated in the presence of 5 mM taurine. The number of sperm with bent tails

increased dramatically in CDO�/� compared with WT sperm when they were incubated at 320 or 160 mOsm (*P < 0.05, WT versus CDO�/

�). Supplementing with 5 mM taurine completely abolished the increased tail angulation in CDO�/� sperm at the lower osmotic pressures.

Data are means � SE from five independent replicates for the sperm tail angulation observations under different osmotic pressures, and

four independent replicates for the taurine rescue experiment. (C) IVF of WT and CDO�/� sperm. To examine the roles of taurine in sperm,

CDO�/� sperm were preincubated and inseminated under the presence or absence of 5 mM taurine. CDO�/� sperm showed lower fertility

than WT sperm. However, supplementing taurine to preincubation and insemination rescued the impaired fertility (abP < 0.05). Data are

means � SE from five independent replicates for IVF experiment.
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sperm during epididymal passage [1,49]. Our quantita-

tion of taurine and hypotaurine verified this hypothesis

by demonstrating that much less taurine and hypotau-

rine contents are in epididymal intraluminal fluid and

sperm cytosol of CDO�/� versus WT mice. Previous

analyses of sperm from c-ros null mice and transgenic

mice with Gpx5 promoter-driven expression of Simian

virus 40 large and small T-antigens indicate their infer-

tility [4,50]. Despite differences in manipulated genes,

both mice types consistently showed misshapen epi-

didymal epithelial cells at the initial segment (segment

1) and bending of the flagellum, caused by excess vol-

ume expansion of cytoplasmic droplets [4,5,32,51]. In

contrast, the histological analysis of the CDO�/� epi-

didymis in this study did not detect any morphological

abnormality in the epithelial layer, suggesting multiple

mechanisms for flagellar bending in response to failure

to regulate the volume of cytoplasmic droplets.

Based on these observations, we assessed whether

CDO�/� sperm were capable of adapting to physiologi-

cally relevant conditions with varying tonicities, as expe-

rienced when sperm move from the male to the female

reproductive tract. Incubating sperm in 420 mOsm

medium (equivalent to the osmotic conditions of the

intraluminal fluid of the cauda epididymis; [1]) did not

affect tail morphology. However, decreasing osmotic

pressure to 320 mOsm (equivalent to the osmotic condi-

tions in the uterine cavity; [3]) resulted in an increased

rate of tail angulation in CDO�/� sperm, suggesting

defective osmotic tolerance to hypo-osmotic conditions.

Reducing osmolarity to 160 mOsm resulted in an even

higher prevalence of bending, consistent with volume

regulation being the nature of the defect.

Osmotically swollen cells undergo a regulatory volume

decrease (RVD) by releasing KCl, organic osmolytes,

and water to reduce cell volume back to the original size

[52]. Although it has been hypothesized that accumu-

lated organic osmolytes in maturing sperm could be

expended for RVD after hypotonicity-induced cell swel-

ling [1], only indirect evidence demonstrates the involve-

ment of taurine and/or hypotaurine in sperm RVD. Our

data suggest that taurine acts as a critical osmoregulator

for RVD in sperm. Importantly, we demonstrated that

supplementing CDO�/� sperm with taurine abolished

defective osmotic tolerance and fertility. These results

also demonstrate that CDO�/� sperm do not have any

other unanticipated defects in volume regulation.

Our results provide mechanistic insights into epididy-

mal maturation and sperm function, showing that lumi-

nal taurine has a critical function in sperm

osmoregulation. The CDO expression and localization

data show segmental variations, associated compart-

mentalized functions, and variations from segment to

segment within the same cell types in the caput region.

Although these data improve our knowledge of epididy-

mal function and physiology, they highlight the sophis-

ticated specialization of this organ, responsible for

maturing and storing sperm, and preparing them for

their journey into the female reproductive tract.

Materials and methods

Ethics

All animal experiments were performed with approval of

the Institutional Animal Care and Use Committees of the

University of Tsukuba and Cornell University, and in

accordance with the NIH guidelines for the Care and Use

of Laboratory Animals.

Reagents and animals

An affinity-purified polyclonal anti-CDO antibody was gen-

erated and characterized previously [34]. CD-1 retired bree-

der and 4-week-old CD-1 male mice were purchased from

Charles River Laboratories (Kingston, NY, USA). CDO�/�

and WT mice were prepared by crossing heterozygous

C57BL/6 mice for CDO knockout, as described previously

[23]. All mice in the breeding colony were raised as described

previously [53].

Immunoblotting with anti-CDO antibody

Sperm were collected from the cauda epididymis by the

swim-out procedure in modified Whitten’s medium (MW)

[54]. Sperm (2 9 106) were boiled in sample buffer for

10 min and separated by SDS/PAGE.

Epididymides were excised from retired breeder and 4-

week-old male mice. Each epididymis was divided into

eight segments under a stereomicroscope, as shown in

Fig. 1A. The tissue segments were homogenized in sample

buffer containing a protease inhibitor cocktail (Roche

Applied Science, Mannheim, Germany) that lacked DTT.

Protein contents were quantified using a bicinchoninic acid

protein assay (Thermo Scientific, Rockford, IL, USA), and

100 lg protein from each segment was boiled with 100 mM

DTT and separated by SDS/PAGE [55]. CDO was detected

by transfer and immunoblotting [54].

Immunohistochemistry

Mice were anesthetized using isoflurane. Epididymides were

fixed using intracardial perfusion with 4% (v/v)

paraformaldehyde in PBS for 15 min. The tissues were

excised, embedded in paraffin, and sectioned. Immunostain-

ing was performed as described previously [56], and images

were captured using an inverted microscope (Axio

1835The FEBS Journal 285 (2018) 1827–1839 ª 2018 Federation of European Biochemical Societies

A. Asano et al. CDO regulates sperm osmoadaptation and function



Observer; Carl Zeiss, Gottingen, Germany). Serial images

depicting the entire epididymis were captured and assem-

bled using Axio Vision Microscopy software (Carl Zeiss).

RNA extraction and quantitative reverse

transcription-polymerase chain reaction (RT-PCR)

Epididymides were excised immediately and placed on ice.

Epididymal segments 1–8 (depicted in Fig. 1A) were dis-

sected under a stereoscope and frozen immediately in liquid

nitrogen. RNA was extracted as described previously [57],

reverse transcribed using the High Capacity Reverse Tran-

scription Kit (Life Technologies, Carlsbad, CA, USA), and

quantified using Power SYBR (Life Technologies) and the

LightCycler�480 with ADVANCED RELATIVE QUANTITATION

software (ver. 1.5; Roche Applied Science, Indianapolis,

IN, USA). Values for mRNA abundance are reported rela-

tive to the amount of mRNA in segment 8.

In vitro fertilization (IVF)

In vitro fertilization was performed as described previously

[57]. The zona pellucida was removed by exposure to Tyr-

ode’s solution (Irvine Scientific, Santa Ana, CA, USA), and

the resulting zona-free oocytes were washed and used for

IVF. For taurine rescue experiment, CDO�/� sperm were

preincubated and inseminated under the presence or

absence of 5 mM taurine.

Acrosome exocytosis (AE) assay

Acrosome exocytosis was stimulated by coincubating sperm

with cumulus-oocyte complexes for IVF. Sample prepara-

tion, Coomassie Blue staining, and microscopy were per-

formed as described previously [57]. Acrosomal status was

assessed from at least 200 sperm [58].

Tyrosine phosphorylation assay for sperm

capacitation

Sperm (1 9 106) were incubated for 60 min under either

NC (MW supplemented with 5.5 mM D-glucose) or capaci-

tating (CAP) (MW supplemented with 5.5 mM D-glucose,

10 mM NaHCO3, and 3 mM 2-OHCD) conditions. CAP

conditions have been demonstrated to stimulate capacita-

tion-associated tyrosine phosphorylation and in vitro fertil-

ity [59]. After incubation, the samples were processed for

SDS/PAGE, and phosphotyrosine residues were detected

by immunoblotting.

Hyperactivated motility analysis

The proportion of sperm representing hyperactivated

motion was determined using the Sperm Motility Analyzer

System (SMAS; DITECT Co. Ltd., Tokyo, Japan). Sperm

(1 9 106) were incubated under NC or CAP conditions for

60 min and loaded into a standard counting chamber (Leja,

Nieuw-Vennet, the Netherlands). At least 200 sperm were

analyzed by the SMAS according to parameters previously

identified as hyperactivated motion in mouse: curvilinear

velocity > 90 lm�s�1, linearity < 20%, and an amplitude of

lateral head > 7 lm [60].

Measurement of taurine and hypotaurine

contents

Epididymides were excised from the 0.8-inch section

along the vas deferens connected to the distal cauda

region. Cauda epididymides were wiped carefully to

remove blood and divided at the tissue septa separating

segments 7 and 8 (Fig. 1A) under a stereoscope. The vas

deferens was cannulated using a microcannula (0.4 mm

OD 9 0.2 mm ID; Kent Scientific Co., Torrington, CT,

USA) connected to a 1-mL syringe filled with 500 lL
PBS. The tissue was perfused manually at a flow rate of

200 lL�min�1 to extrude the intraluminal contents. The

intraluminal contents were centrifuged at 10 000 g for

10 min at 4 °C to separate the supernatant (diluted intra-

luminal fluid) from the sperm pellet. The sperm cytosol

was extracted from 2.3 9 106 sperm by sonication on ice

followed by centrifugation at 10 000 g for 10 min at

4 °C to obtain the supernatant, which contained the

sperm cytosol. Taurine and hypotaurine contents of the

intraluminal fluid and sperm cytosol fractions were ana-

lyzed by high-performance liquid chromatography

[53]. Data are expressed as the amount of taurine or

hypotaurine per mg protein in epididymal intraluminal

fluid, and values for sperm cytosol were expressed as

quantity per 1 9 106 sperm.

Sperm morphology

Sperm were fixed in 4% paraformaldehyde and 0.1% glu-

taraldehyde in PBS containing 5 mM CaCl2 [61], and

sperm morphology was assessed using a phase-contrast

microscope (91000 magnification). Sperm morphology

was scored as normal (no obvious deformation), head

abnormality (deformed sperm head), midpiece abnormality

(deformed midpiece or hairpin shape in distal midpiece or

at the annulus ring), principal piece abnormality (deforma-

tion or kink in the principal piece), or the presence of

cytoplasmic droplets (residual cytoplasm in the proximal

or distal midpiece). At least 200 sperm were evaluated

from each sample. Gross abnormality was calculated by

dividing the number of abnormal sperm by the total num-

ber of sperm examined. The segmental abnormalitiy was

calculated by dividing the number of sperm with each

regional abnormality by the total number of abnormal

sperm.
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Lipid peroxidation analysis

Taurine and hypotaurine have a scavenging effect against

oxygen-free radicals, leading to membrane lipid peroxida-

tion in sperm [12]. Therefore, lipid peroxidation status in

sperm was determined using the Lipid Hydroperoxide

Assay Kit (Cayman Chemical, Ann Arbor, MI, USA),

according to the manufacturer’s instructions. Sperm were

incubated under NC conditions for 1 h. Sperm (1 9 107)

lipids at 0 and 1 h postincubation were extracted using

extraction R saturated methanol and chloroform, and frac-

tionated by centrifugation at 1500 g for 5 min at 0 °C. The
bottom layer, enriched in lipids, was collected and pro-

cessed to measure hydroperoxide content by spectropho-

tometry at an absorbance of 500 nm.

Measuring sperm tail angulation

Angulation of the sperm flagellum was assessed as an indi-

cation of cell swelling [62]. Sperm (2 9 106) were incubated

under NC or CAP conditions for 2 h, which is the length

of time required for sperm to penetrate the oocyte [63].

Sperm (15 lL) were examined under a phase-contrast

microscope (9400 magnification) equipped with a slide hea-

ter at 0 and 2 h postincubation. At least 100 live sperm

were counted, and the shapes of their tails were classified

as straight (no angulation) or bent (including angulation

and hairpin).

Assessment of the sperm tail response to

different osmotic stresses

The change in tail angulation in response to different

osmotic conditions was examined. TYH medium was used

to prepare 420, 320, and 160 mOsm solutions by adding

the appropriate NaCl concentration [63]. Sperm were

recovered and washed in 420 mOsm solution. Sperm

(2 9 106 in 15 lL) were added to 285 lL TYH media and

incubated for 15 min at 37 °C. To assess the effects of tau-

rine compensation, 5 mM taurine was added to these media

prior to adding sperm. Sperm tail angulation was assessed

as described above.

Statistical analysis

Pairwise comparisons between groups were performed

using the t-test. Multiple comparisons were performed

using two-way analysis of variance and Tukey’s HSD test

when Bartlett’s test and the Kolmogorov–Smirnov/Lil-

liefors test confirmed equal variation and normality.
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