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ABSTRACT: g-Aminobutyric acid (GABA), which is a major inhibi-
tory neurotransmitter in the brain, is also found in many peripheral
nonneuronal tissues, including male reproductive organs. However,
the distribution of GABAergic cells in various organs is not known.
The GAD67-GFP knock-in mouse is a useful model for studying the
distribution and morphology of GABAergic neurons in the brain. We
examined the male reproductive organs of GAD67-GFP knock-in
mice by fluorescence microscopy and found cells with strong green
fluorescent protein (GFP) signal exclusively in the epithelium of the
initial segment and proximal caput of the epididymis. The charac-
teristic cell morphology suggested that these were narrow cells.
These GFP-positive narrow cells also expressed GAD67 and GABA.
Reverse transcription polymerase chain reaction (RT-PCR) analysis
showed that the predominant glutamic acid decarboxylase (GAD)
isoform expressed in the epididymis is GAD67. RT-PCR analysis

also revealed that mRNAs encoding the GABAA and GABAB receptor
subunits necessary for the assembly of functional receptors are ex-
pressed in the epididymis. GABAA receptor subunit mRNAs detected
in the proximal epididymis included a2, b1, g1, and g3, and both the
R1 and R2 subunit mRNAs of GABAB receptors were detected. Im-
munohistochemical analysis of GABAA receptor subunit proteins re-
vealed that a2, b1, and g subunits expressed in spermatozoa,
whereas we did not detect these GABAA receptor subunits in epi-
thelial cells. GABAB receptors were produced by narrow cells and
spermatozoa of GAD67-GFP knock-in and wild-type Jcl:ICR mice.
Our data suggest that the GABA system might have important func-
tional roles in narrow cells and on spermatozoa in the lumen.
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ceptor, GABAB receptor.
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g-Aminobutyric acid (GABA) is a principal inhibitory
neurotransmitter in the adult mammalian brain.

GABA is also detected in many peripheral nonneuronal
tissues (Watanabe et al, 2002). High levels of GABA have
been observed in the male reproductive system, particu-
larly in the testis, epididymis, vas deferens, seminal ves-
icle, and prostate gland (Erdö et al, 1983; Erdö and Kiss,
1986; Leader et al, 1992; Frungieri et al, 1996). It has
been suggested that GABA participates in endocrine func-
tion in the testis. GABA stimulates production of testos-
terone in the testis (Ritta and Calandra, 1986; Ritta et al,
1991) and might also be important in the regulation of
sperm activities, including agglutination and motility
(Barna and Boldizsár, 1996; Calogero et al, 1996). GABA
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exerts its effects through 2 types of receptors: ionotropic
GABAA and GABAC receptors and metabotropic G-pro-
tein–coupled GABAB receptors.

GABAA receptors have been detected on sperm, sug-
gesting that these receptors mediate the progesterone-ini-
tiated acrosome reaction (Hu et al, 2002a,b). This receptor
is also found in seminal vesicles and the lateral lobe of
the prostate gland (Napoleon et al, 1990; Collier et al,
1992). GABAB receptor mRNAs were detected in rat tes-
tis and sperm by reverse transcription-polymerase chain
reaction (RT-PCR), and it is thought that these receptors
contribute to the ability of spermatozoa to fertilize eggs
and are involved in induction of the acrosome reaction
(He et al, 2001, 2003). Despite significant amounts of data
for GABA receptors in the male reproductive system,
there is no information regarding localization of GA-
BAergic cells in the male accessory reproductive organs.

GABA is synthesized primarily from glutamic acid by
a decarboxylation reaction catalyzed by glutamic acid de-
carboxylase (GAD). Mammals express 2 isoforms of
GAD, GAD65, and GAD67, which are encoded by 2 dis-
tinct genes (Watanabe et al, 2002). In the brain, GAD67
is responsible for synthesis of more than 90% of GABA
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and is a soluble cytosolic protein, whereas GAD65 is
preferentially localized near neuronal synaptic vesicles
(Soghomonian and Martin, 1998). To study the precise
distribution, morphology, electrophysiologic properties,
and development of GABAergic neurons, a GAD67–
green fluorescent protein (GFP) knock-in mouse
(GAD67-GFP knock-in mouse) was developed (Tama-
maki et al, 2003; Tanaka et al, 2003; Jiang et al, 2004).
We examined the male reproductive organs of this trans-
genic mouse by fluorescence microscopy and observed
cells with strong GFP signals in the initial segment and
proximal caput of the epididymis. Here, we characterize
expression of GAD67, GABA, and GABA receptors in
GFP-positive cells in the epididymis of GAD67-GFP
knock-in mice.

Materials and Methods

Animals
The generation of the GAD67-GFP knock-in mice (Dneo) used
in this study is described by Tamamaki et al (2003). In brief, a
cDNA encoding enhanced GFP (EGFP; Clon Tech, Palo Alto,
Calif) was introduced into exon 1 of the GAD67 gene by ho-
mologous recombination to express EGFP specifically in
GAD67-positive cells of the transgenic mice. Recombinant em-
bryonic stem cells were used to generate chimeric mice by 8–
cell stage injection. GAD67-GFP knock-in mice were obtained
by breeding chimeric male mice with C57BL/6 female mice. The
GAD67-GFP knock-in mice, which retain a loxP-flanked neo-
mycin-resistant cassette (PGK-Neo), were mated with CAG-cre
transgenic mice (Sakai and Miyazaki, 1997) to delete the PGK-
neo sequences. The resultant GAD67-GFP knock-in (Dneo) mice
lack the PGK-Neo cassette, and the expression of EGFP in
GAD67-GFP knock-in (Dneo) mouse brain is higher than that
of EGFP in GAD67-GFP knock-in mouse brain (Tamamaki et
al, 2003). In this study, we used the GAD67-GFP knock-in
(Dneo) mice and refer to them simply as GAD67-GFP knock-in
mice. EGFP was found to be expressed specifically in GAD67-
positive neurons (ie, GABA neurons) of GAD67-GFP knock-in
mice (Tamamaki et al, 2003). These mice are maintained at the
Department of Anatomy, Osaka Medical College (Osaka, Japan).
Male wild-type Jcl:ICR and C57BL/6 mice (8 weeks old) were
obtained from Clea Japan (Osaka, Japan). All animals were
housed in a temperature-controlled room (238C) and allowed wa-
ter and regular food (CE-2, Clea Japan) ad libitum. A standard
dark/light schedule of 12/12 hours was used. All animal exper-
iments were reviewed and approved by the Ethics Review Com-
mittee for Animal Experimentation of Osaka Medical College.

GFP Fluorescence Observation
Thirty adult male GAD67-GFP knock-in mice aged 4 weeks to 4
months and 3 mice aged 7 months were used for analysis of the
distribution of GFP in reproductive organs, including the testis,
epididymis, vas deferens, prostate gland, and preputial gland.
Mice were anesthetized with pentobarbital (50 mg/kg intraperi-
toneally) and perfused with Ringer solution via the left ventricle

and then with 4% formaldehyde in 0.1 M phosphate-buffered sa-
line (PBS, pH 7.4). The reproductive organs were removed and
postfixed for 5 hours in the same fixative at 48C. The specimens
were then rinsed with PBS and immersed in 30% sucrose for
cryoprotection. Specimens were embedded in OCT compound
(Miles, Elkhart, Ind). The blocks were cut into 10 sections (30
mm thick) with a cryostat (Leica CM3050, Nussloch, Germany),
air-dried at room temperature, and mounted with aqueous/dry
mounting medium (Crystal/Mount, Biomeda, Foster City, Calif).
Some sections were stained with propidium iodide (Molecular
Probes, Eugene, Ore) after treatment with 0.01% RNase (Type
IIIA, Sigma, St Louis, Mo) in PBS for 60 minutes at 378C. To
identify epididymal segments, such as the initial segment, proxi-
mal caput, distal caput, corpus, and cauda, and cells with GFP
signal, the epididymis was stained with toluidine blue, hematox-
ylin-eosin, and the periodic acid-Schiff reaction.

Fluorescence was observed and photographed with a fluores-
cence microscope (Nikon Eclipse E600, Tokyo, Japan) equipped
with a digital camera (Leica DC300F, Leica) or with a confocal
laser microscope (Radiance 2000, Bio-Rad Laboratories, Her-
cules, Calif, or LSM510, Carl Zeiss Co, Ltd, Oberkochen, Ger-
many).

RNA Isolation and RT-PCR
For RT-PCR analysis of GAD65, GAD67, and GABAA and GA-
BAB receptor subunits, total RNA was isolated from whole ep-
ididymis and whole brain of 8-week-old male GAD67-GFP
knock-in mice with an RNeasy Mini Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. For GABAA

and GABAB receptor subunits, epididymides sectioned into ini-
tial segment, caput, corpus, and cauda regions were also ana-
lyzed. Total RNA from 30 mg of tissue was finally eluted with
50 mL of RNase-free water. Subsequently, cDNA was synthe-
sized with AMV Reverse Transcriptase First-strand cDNA Syn-
thesis Kit (Life Sciences, St Petersburg, Fla) according to the
manufacturer’s instructions. Briefly, total RNA solution (17 mL)
was incubated with Oligo-d(T)12–18 primer (0.05 mg) at 708C for
10 minutes. Reverse transcription was carried out at 418C for 60
minutes in 25 mL of the supplied buffer containing 17 mL of the
RNA-primer mixture, 0.25 mM dithiothreitol, 12.5 U of RNase
inhibitor, and 25 U of AMV reverse transcriptase. An aliquot of
the cDNA was subjected to PCR amplification. The reaction
mixture (50 mL) consisted of 1 U Ex Taq polymerase (Takara
Shuzo, Shiga, Japan), 0.2 mM dNTP mixture, 3 mL cDNA so-
lution, and 0.2 mM of each primer. The sequences of primer pairs
for mouse GAD65, GAD67, and GABAA and GABAB receptor
subunits are shown in Table 1. Reactions were amplified in a
GeneAmp PCR System 9700 (Applied Biosystems, Foster City,
Calif) with preincubation at 948C for 2 minutes followed by 30
cycles of 948C for 30 seconds, 608C for 50 seconds, and 728C
for 100 seconds. The amplification finished with a single 7-mi-
nute incubation at 728C. The PCR products were separated on
1.5% agarose gels. Gels were stained with 0.1% ethidium bro-
mide, visualized by ultraviolet transillumination, and document-
ed with black and white instant film.

Immunohistochemistry of GAD67, GABA, and GABA
Receptor Subunits
Eight-week-old male GAD67-GFP knock-in and Jcl:ICR mice
(n 5 3 each strain) were anesthetized with pentobarbital. For
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Table 1. Primer sequences used for reverse transcription polymerase chain reaction of mouse GAD65, GAD67, and GABAA and GABAB

receptor subunits

Primer Sequences Product Size, bp GenBank Accession No.

GAD65

GAD67

a1

F 59-AGCCTTAGGGATTGGAACAG-39
R 59-TTCCGGGACATCAGTAAC-39
F 59-GATACTTGGTGTGGCGTAGCCC-39
R 59-ACGGGTGCAATTTCATATGTGAACATA-39
F 59-CAGCAAGAACTGTCTTTGGAG-39
R 59-GCATACCCTCTCTTGGTGAA-39

258

575

190

L16980

Y12257

NMp010250

a2

a3

a5

F 59-TCAGTGCTCGAAATTCCCT-39
R 59-GTATCATGACGGAGCCTTTC-39
F 59-ATGTCGTCATGACAACCCA-39
R 59-GTTTCTGGCACTGATACTCAAG-39
F 59-GTCTCCCTCTCAACAACCT-39
R 59-GTAGAGAAGCGTGCCATCA-39

195

197

140

NMp008066

NMp008067

AF540386

a6

b1

b2

F 59-TGGGCAAACAGTTTCTAGTG-39
R 59-AGCACTGATGCTTAAGGTG-39
F 59-TGGCTATACCACGGATGAC-39
R 59-AGTGTGGAAGGCATGTAGG-39
F 59-GGCTACTTCATCCTGCAGA-39
R 59-GAAGGGCCATAAAGACGAAG-39

238

222

235

NMp008068

NMp008069

NMp008070

b3

g1

g2

F 59-GCCATCGACATGTACCTGA-39
R 59-GAATTCCTGGTGTCACCAAC-39
F 59-CGGATGGGCTATTTCACGA-39
R 59-CATTGCTGTCACGTAAGAAACC-39
F 59-ACTTCCCAATGGATGAACAC-39
R 59-TGTCATGGTCAGGACAGTAG-39

260

195

375

NMp008071

NMp010252

M86572

g3

d

R1a

F 59-TCAAGCTGTCGAAAGCCA-39
R 59-GTCTTTGCCATCCAGACACT-39
F 59-GCCAGAGTATCTCTAGGCA-39
R 59-CGTTCCTCACATCCATCTC-39
F 59-GAAGGTGGCATCAGG-39
R 59-CTTGGAGCAGATTCGG-39

219

244

195

NMp008074

NMp008072

AF114168

R1b

R2

F 59-TGCCTCTTCTGCTGGTGATG-39
R 59-TCTCTGCGGCTGTTAACGTC-39
F 59-TCCATCATGGGCCTCATG-39
R 59-TCGCAGGTCCAGGAAGTA-39

210

138

AF120255

AF058795

GAD67, GABA, and GABAB receptor immunostaining, the
anesthetized mice were perfused with 4% paraformaldehyde
(and 0.1% glutaraldehyde for GABA) in PBS. Epididymides
were dissected and immersed in the same fixatives for 4 hours
at 48C. Specimens were rinsed with PBS and then immersed in
30% sucrose. For GABAA receptor immunostaining, epididy-
mides were dissected from the anesthetized mice without per-
fusion, frozen in liquid N2, cryosectioned, throw-mounted on
glass slides, air-dried, fixed with 4% paraformaldehyde in PBS
for 5 minutes, and rinsed with PBS. After preparing the 10-mm-
thick sections as described above, sections for GAD67 and GA-
BAA receptor subunit immunostaining were incubated with
Block Ace (Dainippon Pharmaceutical, Osaka, Japan) for 60
minutes at 378C in a humidified chamber to control for nonspe-
cific reactions. Sections were then incubated at 48C overnight
with rabbit anti-GAD67 polyclonal antibody (diluted 1:1000;
Chemicon International, Temecula, Calif) or goat anti-GABAA

receptor a2, b1, g1/2/3 polyclonal antibodies (diluted 1:100;
Santa Cruz Biotechnology Inc, Santa Cruz, Calif). For GABA
immunostaining, 10-mm-thick sections were preincubated with
1% sodium borohydride in PBS for 30 minutes at room tem-
perature, washed in PBS, and incubated with Block Ace. The

sections were then incubated with rabbit anti-GABA polyclonal
antibody (diluted 1:2000; Chemicon International) overnight at
48C. After incubation with primary antibody, all sections were
rinsed in PBS and incubated with Alexa 488–conjugated goat
anti-rabbit IgG or Alexa 546–conjugated goat anti-rabbit IgG
(diluted 1:300; Molecular Probes) for 60 minutes at room tem-
perature. GABAB subunit immunostaining was performed as de-
scribed previously (Kanbara et al, 2005). Some sections were
stained with propidium iodide as described above. As negative
controls for immunostaining, sections were incubated with non-
immune serum instead of primary antibody. All controls showed
the expected negative results.

Results

Distribution of GFP-Positive Cells
In reproductive organs of 4-week- to 3-month-old
GAD67-GFP knock-in mice, GFP-positive cells were
found exclusively in the initial segment and proximal ca-
put of the epididymis (Figure 1), and no GFP fluorescence
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Figure 1. Low-power fluorescent micrograph montage illustrating the
subdivisions of the proximal end of the epididymis and distribution of
green fluorescent protein (GFP)–positive cells in GAD67-GFP knock-in
mouse (8 weeks old). Nuclei are stained red with propidium iodide (PI).
The initial segment (IS), proximal caput (PCap, * in inset), distal caput
(DCap), and corpus (Corp) are indicated. Note strong GFP fluorescence
(green) is observed exclusively in the initial segment and proximal caput
of the epididymis. Scale bars 5 1 mm; 250 mm in inset.

Figure 2. Enlarged micrographs of green fluorescent protein (GFP)–pos-
itive cells in the initial segment of the epididymis of GAD67-GFP knock-
in mouse (8 weeks old). (a) GFP fluorescence (green); (b) Propidium
iodide (PI) staining of nuclei (red); (c) differential interference contrast
image; (d) merged image of Panels a–c. GFP-positive cells have the
morphology characteristic of narrow cells. These cells are goblet-shaped
with a basal foot (arrowhead in Panel a) and a thin infranuclear region.
The nucleus is located more apically than in other cell types. The apical
portion of the cells protrudes into the lumen (arrows in a, d). Scale bar
5 50 mm.

was observed in the testis, vas deferens, seminal vesicle,
prostate gland, or preputial gland. GFP fluorescence was
not observed in the epithelium of distal caput, corpus, and
cauda of the epididymis.

The GFP-positive cells were goblet shaped, with a bas-
al foot and a thin infranuclear region (Figure 2). The nu-
cleus was located more apically than in other cell types
(Figure 2b and d). The apical portion of the cells pro-
truded into the lumen (Figure 2d). The GFP-positive cells
in the serial section were stained intensely with toluidine
blue, as has been observed by Sun and Flickinger (1980).
On the basis of this morphology, these cells were iden-
tified as narrow cells. The distribution and fluorescence
intensity of these GFP-positive narrow cells were un-
changed from 4 weeks to 4 months. GFP fluorescence was
not observed in any region of the epididymal epithelium
in 7-month-old GAD67-GFP knock-in mice (data not
shown).

GAD67 and GABA in Narrow Cells
We investigated colocalization of GFP with GAD67 and
GABA in 8-week-old GAD67-GFP knock-in mice. Al-
most all GFP-positive cells were immunopositive for
GAD67 (Figure 3) and GABA (Figure 4), and all
GAD67- or GABA-positive cells in the epididymis ex-
pressed GFP. Epididymal epithelium from wild-type Jcl:
ICR mice contained GABA-positive cells, and the mor-
phologic appearance was similar to that in GAD67-GFP
knock-in mice (Figure 5).

Analysis of GAD65 and GAD67 mRNAs in
Mouse Epididymis
RT-PCR analysis revealed that GAD67 was expressed in
GAD67-GFP knock-in mouse epididymis (Figure 6).
However, expression of GAD65 mRNA was faint when
compared with that of GAD67. In samples from whole
brain, mRNAs for 2 isoforms of GAD, GAD65, and
GAD67 were expressed.

Analysis of GABA Receptor Subunit mRNAs in
Mouse Epididymis
By RT-PCR analysis, GABAA receptor subunit a1, a2,
a5, b1, g1, and g3 mRNAs and GABAB receptor subunit
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Figure 3. Green fluorescent protein (GFP)–positive cells in the GAD67-
GFP knock-in mouse epididymis (8 weeks old) immunostained with rab-
bit anti-GAD67 antibody. (a) GAD67 (red); (b) merged image of Panel a
and GFP fluorescence image. Arrows indicate typical examples of
GAD67-positive cells. Scale bar 5 25 mm.

Figure 4. Green fluorescent protein (GFP)–positive cells in GAD67-GFP
knock-in mouse epididymis (8 weeks old) immunostained with rabbit
anti–g-aminobutyric acid (anti-GABA) antibody. (a) GABA (red); (b)
merged image of Panel a and GFP fluorescence image. Arrows indicate
typical examples of GABA-positive cells. Scale bar 5 25 mm.

Figure 5. Wild-type Jcl:ICR mouse epididymis immunostained with rabbit
anti–g-aminobutyric acid (anti-GABA) antibody. (a) GABA (red); (b) neg-
ative control. GABA immunoreactive cells are present in wild-type mouse
caput epididymis, and the cells resemble the green fluorescent protein
(GFP)–positive cells in shape (arrows). Scale bar 5 25 mm.

Figure 6. Glutamic acid decarboxylase (GAD) expression in GAD67-
GFP knock-in mouse epididymis and brain. Reverse transcription poly-
merase chain reaction (RT-PCR) results show GAD67 is the predominant
isoform in the mouse epididymis.

R1a, R1b, and R2 mRNAs were present in mouse epi-
didymis (Figure 7). Expression of GABA receptor subunit
mRNAs in 4 epididymal segments is summarized in Table
2. Among of the GABAA receptor subunit mRNAs, a2
and b1 subunits were expressed in all 4 epididymal seg-
ments, and the level of expression of the b1 subunit was
very high, whereas g1 and g3 were expressed in only the
initial segment and caput epididymis. GABAB receptor
subunit R1b and R2 mRNAs were expressed in all 4 ep-
ididymal segments.

Immunohistochemical Analysis of GABA Receptor
Subunits in the Epididymis
Immunostaining of epididymides was done for GABAA

receptor subunits a2, b1, and g1/2/3 and GABAB receptor

subunits R1 and R2 that were detected by RT-PCR. In
the initial segment and proximal caput of GAD67-GFP
knock-in and wild type Jcl:ICR mice, we did not detect
immunoreactivity of GABAA receptor a2, b1, and g sub-
units in the epithelial cells (Figure 8). Spermatozoa, how-
ever, produced all GABAA receptor subunits examined
(Figure 8). The GABAB receptor R1 and R2 subunit im-
munoreactivities were clearly detected in narrow cells of
both GAD67-GFP knock-in and wild-type Jcl:ICR mice
(Figure 9). Intense R1 subunit immunoreactivity was seen
around nuclei, in the basal feet, and in apical portions of
narrow cells in GAD67-GFP knock-in mice (Figure 9a).
In the distal caput of the epididymis, moderate R1 subunit
immunoreactivity was seen around the nuclei of principal
cells (Figure 9a). Intense R1 subunit staining was also
detected in narrow cells of wild-type Jcl:ICR mouse ep-
ididymis (Figure 9b). Spermatozoa in the epididymal lu-
men also showed strong R1 subunit immunoreactivity
(Figure 9a and b). Localization of GABAB R2 immuno-
reactivity differed from that of GABAB R1. Weak to mod-
erate immunoreactivity for the R2 subunit was seen in the
narrow cell cytoplasm (Figure 9c through e), and intense
reactivity was seen in the apical portion forming a circular
band both in GAD67-GFP knock-in and Jcl:ICR mice
(Figure 9d and f). No immunoreactivity was observed in
control sections (Figure 9g).

Discussion

The epithelium of the mammalian epididymis contains 5
types of cells: principal, basal, narrow, clear, and halo.
The clear (light) cells are located in the cauda epididymis,
and halo cells are lymphocytes or macrophages (Hoffer
et al, 1973; Dym and Romrell, 1975; Wang and Holstein,
1983). Principal cells are columnar, and the nuclei are
located within the basal third of the cells. Basal cells con-
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Figure 7. Reverse transcription polymerase chain reaction (RT-PCR) analysis of g-aminobutyric acid (GABA)A and GABAB receptor subunit mRNAs
from GAD67-GFP knock-in mouse total epididymis and brain as a positive control. In the mouse epididymis, a1, a2, a5, b1, g1, and g3 GABAA

receptor subunits and R1b and R2 GABAB receptor subunits are detected.

Table 2. GABAA and GABAB receptor subunit mRNA expression in
mouse epididymis*

Subunit
Initial

Segment Caput Corpus Cauda Brain

a1
a2
a3
a5
a6

2
1
2
1
2

6
1
2
2
2

2
1
2
2
2

2
1
2
1
2

1
1
2
1
1

b1
b2
b3
g1
g2

1
2
2
1
2

1
2
2
1
2

1
2
2
2
2

1
2
2
2
2

1
1
1
1
1

g3
d
R1a
R1b
R2

1
2
2
1
1

1
2
2
1
1

2
2
2
1
1

2
2
6
1
1

1
1
1
1
1

* 1 indicates positive; 2, negative; and 6, faint.

tain an elongated nucleus parallel to the basal lamina or
a prismatic nucleus (Abou-Haila and Fain-Maurel, 1984).
The narrow type has a characteristic morphology. Narrow
cells contain apically located nuclei and are goblet-shaped
with a large basal foot and thin infranuclear region
(Abou-Haila and Fain-Maurel, 1984; Adamali and Her-

mo, 1996; Hermo and Robaire, 2002). The proximal part
of the epididymis contains another cell type: apical cells
with an apically located nucleus (Robaire and Hermo,
1988; Hermo and Robaire, 2002). It has been reported
that apical and narrow cells are distinct cell types (Ada-
mali and Hermo, 1996; Hermo et al, 2000), and they can
be differentiated on the basis of the large basal foot of
narrow cells that contacts the basement membrane (Ada-
mali and Hermo, 1996). Furthermore, in this study, GFP-
positive cell cytoplasm was stained deeply with toluidine
blue, as has been reported elsewhere: the narrow cells can
be distinguished readily from apical cells by the staining
(Sun and Flickinger, 1980). Therefore, the GFP-positive
cells found in the GAD67-GFP knock-in mouse epidid-
ymal epithelium were narrow cells. Narrow cells (mito-
chondrial goblet cells in Abou-Haila and Fain-Maurel,
1984) contain a large number of mitochondria and show
high succinate dehydrogenase activity (Abou-Haila and
Fain-Maurel, 1984; Martinez-Garcia et al, 1994), sug-
gesting an active tricarboxylic acid cycle that is closely
associated with GABA synthesis through the so-called
GABA shunt (Watanabe et al, 2002). Although the mor-
phology, histochemistry, distribution, differentiation, and
possible function of narrow cells in the mammalian epi-
didymis have been reviewed (Martinez-Garcia et al,
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Figure 8. Confocal images of g-aminobutyric acid (GABAA) receptor a2,
b1, and g subunits immunostaining in the proximal part of the epididy-
mides of wild-type Jcl:ICR mice. (a) Immunoreactivity for GABAA a2 sub-
unit (green) can be seen in spermatozoa, but not in the epithelial cells.
(b) GABAA b1 activity (green) is also evident in spermatozoa, but not in
the epithelial cells. (c) Immunoreactivity for GABAA g subunit (green) is
present in spermatozoa, but not in the epithelial cells. (d) Negative con-
trol. Sections were stained with propidium iodide. Scale bars 5 50 mm.

Figure 9. Confocal images of g-aminobutyric acid (GABA)B receptor sub-
unit immunostaining in the proximal part of epididymides of GAD67-GFP
knock-in and wild-type Jcl:ICR mice. (a) Immunoreactivity for GABAB R1
subunit (red) is present in green fluorescent protein (GFP)–positive nar-
row cells (arrows), in principal cells in the distal caput (arrowhead), and
in spermatozoa in the lumen of GAD67-GFP knock-in mouse. (b) GABAB

R1 activity (green) is also evident in Jcl:ICR mouse narrow cells (arrow).
(c–f) GABAB R2 immunostaining. GFP-positive narrow cells are intensely
reactive for the GABAB R2 subunit (red) in the apical region (arrows in
c, d). Spermatozoa in the lumen are reactive for GABAB R2 (d). GABAB

R2 activity (green) is also observed in Jcl:ICR mouse narrow cells (ar-
rows in e, c). GABAB R2 activity in the apical region of narrow cells form
a circular band (d, f). (g) Negative control. Scale bars 5 50 mm.

1994), the function of narrow cells is not fully under-
stood. Proposed functions include uptake of secretions
from other cells (Sun and Flickinger, 1980; Cooper et al,
1988), synthesis and secretion of sperm maturation anti-
gen 4 (Feuchter et al, 1987), and acidification of epidid-
ymal fluid (Levine and Marsh, 1971; Cohen et al, 1976;
Hermo et al, 2000).

In this study, we found that narrow cells in the epithe-
lium of the initial segment and proximal caput of the ep-
ididymis expressed GAD67 and GABA. Our RT-PCR
data indicate that GAD67 is the predominant GAD iso-
form in mouse epididymis. Narrow cells of GAD67-GFP
knock-in mice exhibited strong GFP fluorescence and
GAD67 immunoreactivity. Furthermore, the GFP-positive
narrow cells were also positive for GABA. In this study,
almost all of the GFP-positive cells expressed GAD67
and GABA, and all GAD67- and GABA-positive cells in
the epididymis of GAD67-GFP knock-in mice expressed
GFP. In the brain, almost all GFP-positive cells are
GABA immunoreactive (Tamamaki et al, 2003; Furuta et
al, 2004). These results indicate that the GAD67-GFP
knock-in mouse is a powerful tool for detecting and an-
alyzing the GABA-positive cells. We confirmed, by im-
munostaining wild-type Jcl:ICR mouse epididymis, that
expression of GAD67 in the GAD67-GFP knock-in
mouse epididymis was not specific to the transgenic

mouse. Anti-GAD67 antibody was also localized in cells
in the epididymis of the wild-type Jcl:ICR mouse that
have the same morphologic characteristics as narrow
cells.

GABA mediates its effects through 2 types of recep-
tors: ionotropic (GABAA and GABAC) and metabotropic
(GABAB; Bowery, 1993; Rabow et al, 1995; Mehta and
Ticku, 1999; Couve et al, 2000; Watanabe et al, 2002).
GABAA receptors are pentameric assemblies derived from
a combination of at least 16 subunits, and most studies in
heterologous expression systems have shown that the
functional GABAA receptor contains at least 1 a, 1 b, and
1 g subunit (Levitan et al, 1988; Watanabe et al, 2002).
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Because RT-PCR revealed that mRNAs of GABAA re-
ceptor subunits a2, b1, g1, and g3 were expressed in ep-
ididymis, we hypothesized that functional GABAA recep-
tors might be present in the initial segment and caput
epididymis. However, immunohistochemical analysis
showed that in the proximal epididymis, epithelial cells
exhibited no immunoreactivity for a2, b1, and g subunits.
From the results obtained, it is thought that functional
GABAA receptors are not present in the epithelial cells.

GABAB receptors are coupled to G proteins, and active
functional GABAB receptors could be a heterodimer of
GABAB R1 and GABAB R2 subunits (Jones et al, 1998;
Kaupmann et al, 1998; White et al, 1998; Kunner et al,
1999; Ng et al, 1999). Both GABAB receptor subunit
mRNAs were expressed in all 4 epididymal segments.
The immunohistochemical analysis of this study showed
that GABAB receptor subunit proteins are expressed in
GFP-positive narrow cells, indicating colocalization of
GABA and its receptors. Thus, GABA could function in
narrow cells in an autocrine fashion. In this study, we
also showed that GABAB R1 subunit protein is expressed
around the nuclei of principal cells in the distal caput. In
contrast to GABAB R1, GABAB R2 is not expressed in
principal cells. However, the functional significance of
GABAB receptors in the principal cells cannot be ruled
out because it has recently been reported that GABAB R1
might be functional in the absence of GABAB R2 in the
central nervous system (Gassmann et al, 2004; Villemure
et al, 2005).

The functional significance of the GABA system in
narrow cells and principal cells is not clear. It is known,
however, that activation of GABAB receptors provokes
diverse cellular and biochemical responses through mod-
ulation of adenylyl cyclase activity or Ca21 or K1 chan-
nels (Cunningham and Enna, 1996; Couve et al, 2000;
Onali et al, 2003). Recent findings regarding the GABA
system in nonneuronal peripheral cells suggest that
GABA contributes to cell proliferation via GABAB re-
ceptors in osteoblasts (Fujimori et al, 2002) and in murine
embryonal carcinoma-derived ATDC5 cells (Tamayama
et al, 2005). Furthermore, in rat testis, GABA might con-
tribute to spermatogenesis via GABAB receptors (Kanbara
et al, 2005).

The effects of GABAergic narrow cells might not be
limited to the interaction with epididymal epithelial cells.
GABA in narrow cells might have physiological effects
on spermatozoa in the lumen. Spermatozoa enter the ep-
ididymal tubule from the testis and, during transit, un-
dergo a process of maturation that confers motility and
the ability to fertilize an egg (Yanagimachi, 1994; Ong et
al, 2000; Cornwall et al, 2002; Hermo and Robaire,
2002). In this study, we showed that the lumen of the
proximal epididymis contains strong GFP-positive narrow
cells and abundant packaged spermatozoa. These data

suggest that there is a significant interaction between
GFP-positive cells and spermatozoa in the proximal epi-
didymis, especially in the initial segment and proximal
caput. As noted in this study, GABAB receptors are ex-
pressed in spermatozoa (Calogero et al, 1999; He et al,
2001, 2003; Hu et al, 2002a). It has been reported that
GABA restores the motility of spermatozoa immobilized
by glutamate (Barna and Boldiasár, 1996). In addition,
glutamate receptors and transporters have been identified
in mouse and human spermatozoa (Hu et al, 2004). In-
terestingly, glutamate is an important excitatory neuro-
transmitter, and GABA is a major inhibitory neurotrans-
mitter. Glutamate is catalyzed by GAD to form GABA
(Watanabe et al, 2002). Barna and Boldiasár (1996) also
reported that GABA causes agglutination of spermatozoa
in neutral solution. These findings suggest that GFP-pos-
itive narrow cells have functional significance because the
lumen of the proximal epididymis contained spermatozoa,
and this coincided with the appearance of GFP-positive
cells. However, Skandhan (2004) suggested that the epi-
didymis inhibits motility of spermatozoa and that factors
are present in the epididymis that make spermatozoa slug-
gish and inactive. One function of GABA in peripheral
nonneuronal tissues is modulation of smooth muscle con-
traction. GABA inhibits nerve-mediated smooth muscle
contraction in the rabbit and human urinary bladder (San-
ticioli et al, 1984; Chen et al, 1992, 1994) and rat gas-
troduodenum (Krantis et al, 1998). In contrast, GABA
causes contraction of smooth muscle in the female repro-
ductive organs (Erdö et al, 1984; Riesz and Erdö, 1985).
Opposing effects of GABA on the contractile activity of
the urinary bladder (Maggi et al, 1985) and small intestine
(Fargeas et al, 1988) have been reported. In the acrosome
reaction, GABA has a biphasic effect (Hu et al, 2002a).
This biphasic action is due to the differential interaction
of GABA with GABAA and GABAB receptors. Opposing
effects of GABA or other ligands with GABA receptors
are thought to be involved in embryogenesis (Sedlácek,
1988), hormone release (Tapia-Arancibia et al, 1987;
Roussel et al, 1988), myenteric cholinergic transmission
(Roberts et al, 1993), and embryonic kidney function (Na-
gata et al, 1994). In this study, a2, b1, g1, and g3 subunit
mRNAs were expressed in the proximal part of the epi-
didymis. We detected production of all the subunit pro-
teins in spermatozoa in the lumen.

In this study, we provide evidence for GABA system
activity in the reproductive tract of male mice. Further
studies are needed to clarify the functions of GABA, es-
pecially in the narrow cells that express GABA, GAD,
and GABAB receptors.
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