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Abstract: y-Aminobutyric acid (GABA) and its synthetic en-
zyme, glutamate decarboxylase (GAD), are not limited to the
nervous system but are also found in nonneural tissues. The
mammalian brain contains at least two forms of GAD
(GADy; and GADgs), which differ from each other in size,
sequence, immunoreactivity, and their interaction with the
cofactor pyridoxal 5'-phosphate (PLP). We used cDNAs and
antibodies specific to GADgs and GADg; to study the mo-
lecular identity of GADs in peripheral tissues. We detected
GAD and GAD mRNAs in rat oviduct and testis. In oviduct,
the size of GAD, its response to PLP, its immunoreactivity,
and its hybridization to specific RNA and DNA probes all

indicate the specific expression of the GADys gene. In contrast,
rat testis expresses the GADg; gene. The GAD in these two
reproductive tissues is not in neurons but in nonneural cells.
The localization of brain GAD and GAD mRNAs in the
mucosal epithelial cells of the oviduct and in spermatocytes
and spermatids of the testis shows that GAD is not limited
to neurons and that GABA may have functions other than
neurotransmission. Key Words: Glutamate decarboxylase—
y-Aminobutyric acid—Oviduct—Testis—mRNAs. Tillak-
aratne N. J. K. et al. Glutamate decarboxylases in nonneural
cells of rat testis and oviduct: Differential expression of GADys
and GADy;. J. Neurochem. 58, 618--627 (1992).

y-Aminobutyric acid (GABA) is a multifaceted
molecule. It 1s the major inhibitory neurotransmitter
in the vertebrate brain and may also serve as a neu-
rotransmitter in the vertebrate PNS (Jessen et al., 1979).
GABA is also involved as a neurotrophic factor during
neural development (Redburn and Schousboe, 1987).
GABA is not limited to the nervous system, however,
but is present in many nonneural tissues, where it may
serve diverse physiological functions (for reviews, see
Erdo and Kiss, 1986; Erdé and Wolff, 1990). For ex-
ample, in the pancreas, GABA produced in 8 cells in-
hibits glucagon secretion by «a cells (Rorsman et al.,
1989), and in the testes GABA stimulates production
of testosterone (Ritta et al.,, 1987). GABA thus is an
important signaling molecule in both neural and non-
neural systems.

The synthesis of GABA in brain depend mainly on
the activity of glutamate decarboxylase (GAD; L-glu-
tamic 1-carboxylase; E.C. 4.1.1.15). Several groups
have demonstrated GAD heterogeneity with respect to

molecular size, interaction with pyridoxal phosphate
(PLP), and subcellular localization (Denner and Wu,
1985; Spink et al., 1985; Legay et al., 1987; Chang and
Gottlieb, 1988; reviewed by Martin, 1987; Erlander
and Tobin, 1991). This laboratory has recently estab-
lished that rat brain contains two forms of GAD, with
molecular sizes of 65,000 and 67,000. These GADs
(GADgs and GADg,, respectively) are the products of
two genes, each of which is present in a single copy in
the rat genome (Erlander et al., 1991).

The molecular identity of nonneural GAD, however,
remains obscure. Reports from the last 22 years indicate
that properties of nonneural GADs resemble brain
GAD:s to differing extents, depending on the tissue ex-
amined. For example, immunological and enzymatic
studies suggest that GADs in oviduct, adrenal chro-
maffin cells, and pancreatic 8 cells are similar to brain
GAD, whereas GAD species in heart, kidney, and liver
are different (Wu and Roberts, 1973; Wu, 1977, Wu
et al., 1978, 19865b; Vincent et al., 1983; Apud et al.,
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1984; Erdo et al., 1984, 1989; Kataoka et al., 1984;
Baekkeskov et al., 1990). An antiserum to rat brain
GAD (Qertel et al., 1981b) shows immunoreactivity
with the mucosal epithelial cells in the rat oviduct (Erd6
et al., 1989). GAD activity in renal cortex does not
depend on PLP to the same extent as in brain, adrenal
chromaffin cells, and oviduct (Whelan et al., 1969;
Oertel et al., 1981a; Goodyer et al., 1982; Kataoka et
al., 1984; Erdo et al., 1984).

Isolation and characterization of a brain GAD ¢cDNA
(Kaufman et al., 1986) allowed us to study nonneural
GAD using molecular hybridization techniques. Using
this cDNA (which encodes GADs;), we have demon-
strated the presence of GADg; RNASs in the testes of
rats (Tillakaratne and Tobin, 1986; Tobin, 1989).
GADg; RNAs are also present in mice, guinea pigs,
monkeys, and humans and are specifically localized in
the germ cells of the rat testis (Persson et al., 1990).
Furthermore, GAD-like immunoreactivity is present
in spermatozoa.

Our laboratory has recently found a second form of
GAD (GADg;) in brain (Erlander et al., 1991). In view
of this finding, we asked whether these two forms of
GAD are also present in other tissues. To address this
question, we used cDNAs and antibodies specific to
either GADgs or GADg; to study the size, distribution,
and localization of GAD in nonneural tissues.

MATERIALS AND METHODS

Isolation of rat tissues

Adult and prepubertal Wistar rats were killed after halo-
thane anesthesia, and the tissues were quickly frozen in liquid
nitrogen and stored at —70°C. Female animals were randomly
cycling.

Cell isolation and culture

Sertoli cell cultures were prepared from 22-day-old rats by
the method of Dorrington and Fritz (1975) and cultured at
32°C in Ham’s F-12 medium supplemented with 9 mAM
HEPES (pH 7.45), 215 ug/ml of L-glutamine, 50 U/ml of
penicillin, 50 ug/ml of streptomycin, 50 ug/m! of gentamicin,
and amphotericin B 0.625 ug/ml of (Fungizone). Peritubular
(myoid) cultures were prepared from adult testis as described
before (Morales et al., 1987) and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 3% horse serum
at 37°C. Germinal cells were isolated using sequential col-
lagenase and trypsin treatment, resuspended in F-12 medium
supplemented with 6 mAf pyruvate and 3 ma/ lactate, and
fractionated on 1-4% bovine serum albumin gradients in F-
12 medium at unit gravity in a Staput apparatus (Miestrish
et al., 1973). Isolated cells were routinely monitored by phase-
contrast microscopy and usually contained <2% contami-
nation by Sertoli, Leydig, or peritubular cell types.

TM-4, a Sertoli cell line, and LC-540, a Leydig cell line
derived from mouse testes, were purchased from the Amer-
ican Type Culture Collection and grown according to their
culture conditions.

RNA isolation

Tissues were homogenized in 4 M guanidinium thiocya-
nate, and total RNA was isolated by the method of Chirgwin
et al. (1979). Poly(A)* RNA was isolated by affinity chro-

matography by two rounds of binding to an oligo(dT) cel-
lulose (Collaborative Research or BRL) as previously de-
scribed (Wood et al., 1986).

Northern blot hybridization

RNA was treated with formaldehyde, separated by gel
electrophoresis in 1% agarose, and transferred to Biotrans
nylon membranes (Maniatis et al., 1982). When DNA probes
were used, membranes were prehybridized for 4-12 h at 42°C
in 50% formamide, 5X saline-sodium citrate (SSC; | X SSC
comprises 0.15 M NaCl and 0.015 M sodium citrate, pH
7.0), 50 mM sodium phosphate (pH 6.5), 5X Denhardt’s so-
lution, 0.5% sodium dodecyl sulfate (SDS), and 250 ug/ml
of heat-denatured salmon sperm DNA (Segovia et al., 1990).
Hybridizations proceeded for 18-24 h at 42°C in the same
solution. After hybridization, blots were washed at room
temperature three times for 5 min each in 2X SSC and 0.1%
SDS, followed by two 30-min washes at 50°C in 0.1X SSC
and 0.1% SDS. Filters were then exposed to Kodak XAR-5
film for -3 days at —70°C.

When RNA probes were used, membranes were prehy-
bridized for 2-6 h at 60°C in 400 mM sodium phosphate
(pH 7.2), | mM EDTA, 1 mg/ml of bovine serum albumin
(fraction V; Sigma), and 50% formamide (Church and Gilbert,
1984; Khrestchatisky et al., 1991). The *’P-labeled RNA
probe was added to the prehybridization solution, and, after
hybridization at 60°C overnight, the membranes were washed
twice for 30 min at room temperature in 2X SSC and 0.1%
SDS and twice for 2 h in 0.1X SSC and 0.1% SDS at 72°C.
32p.labeled cDNA probes or RNA probes were added to the
hybridization solution at a concentration of >1-3 X 10® cpm/
ml. After exposure to film, the probe was removed from the
blots by washing at 65°C in 50% formamide and 10 mAM
sodium phosphate (pH 6.5) for 1 h. The stripped blots were
rinsed in 2X SSC and 0.1% SDS and exposed to film to check
for complete removal of probe.

Preparation of cDNA probes

c¢DNAs were labeled by random priming (Feinberg and
Vogelstein, 1984). The GADg; cDNA probe used in this study
was isolated from a Agt-11 library of a rat whole brain using
the feline GADg, cDNA (Kaufman et al., 1986; Kobayashi
et al., 1987). This clone contained all of the coding region,
0.1 kb of the 5" untranslated region, and 1.0 kb of the 3
untranslated region. Rat GADg; cDNA contains all the coding
region, 0.07 kb of the 5’ untranslated region, and 0.4 kb of
the 3’ untranslated region (Erlander et al., 1991).

In situ hybridization

Testes and oviduct were immediately removed from ani-
mals killed with halothane and placed in O.C.T. (Tissue-
Tek) in embedding molds. Blocks were frozen on dry ice and
either sectioned immediately or stored at —70°C. Transfer
sections (10 pm) were cut using a cryostat and thaw-mounted
onto gelatin-coated slides as previousty described (Wuenschell
etal., 1986). After air-drying, slides were postfixed for 30 min
in 4% paraformaldehyde in phosphate-buffered saline, rinsed,
dehydrated, and stored at —70°C with desiccant until pro-
cessed for in situ hybridization, 3°S-labeled cRNA transcripts
were prepared from rat GADgs and GADg; cDNAs according
to the technique of Wuenschell et al. (1986). Both sense and
antisense probes were prepared and subjected to limited al-
kaline hydrolysis to give probes of 100-200 bases. Probe (3~
5 ng) was added in 50 ul of solution. Each slide was then
coverslipped and incubated for 16 h at 50°C.
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Measurement of GAD activity

GAD activity was measured according to the procedure
of Krieger and Heller (1984). The production of '*CO, from
decarboxylation of L-[1-*C]glutamate (52.6 Ci/mmol; NEN)
was determined in tissue homogenates in the presence or
absence of 100 mAf PLP. Each homogenate was assayed at
least in triplicate. The ratio of induction by PLP was deter-
mined for each homogenate by dividing total cpm per mil-
ligram of protein per hour in the presence of PLP by the
corresponding value in the absence of PLP. GAD activity in
immunoprecipitated tissue homogenates was measured as
above. Protein concentrations were determined by the Brad-
ford colorimetric method (Bio-Rad) using bovine serum al-
bumin as the standard (Bradford, 1976).

Western blots

Tissue homogenates or immunoprecipitated tissue samples
were separated by electrophoresis on a 10% acrylamide-SDS
gel and electrophoretically transferred to nitrocellulose using
a Transblot cell (Bio-Rad) as previously described (Erlander
et al., 1991). Blots were incubated with 2% bovine serum
albumin (fraction V), 1% gelatin, and 1% Triton X-100 in
phosphate-buffered saline for 1 h followed by primary anti-
serum K-2, which mainly recognizes GADs; (Kaufman et
al., 1991), or GAD-6, which only recognizes GADgs (Chang
and Gottlieb, 1988). For immunoblotting, all antisera were
used at dilutions of 1:2,000. GAD-6 was used as a 1:2,000
dilution of ascites fluid. Filters were extensively washed and,
in the case of GAD-6, incubated with rabbit anti-mouse IgG
(Cappel). After the unbound secondary antibody was washed
off, the filters were incubated with '**I-protein A and exposed
to Kodak XARS film.

Immunoprecipitation

Tissue homogenates (100 ul) were incubated at 0°C for
40 min with K-2 antiserum (2 ul) or with GAD-6 ascites fluid
(0.1 ul), followed by incubation (20 min) with rabbit anti-
mouse IgG for the GAD-6 antibody, and precipitated with
CL-4B Sepharose-protein A beads (CL-4B Sepharose; Phar-
macia) (Kaufman et al., 1991).

Immunohistochemistry

Adult rat females were anesthetized with pentobarbital so-
dium (Nembutal) and perfused through the aorta with 4%
paraformaldehyde in 0.12 M phosphate buffer (pH 7.3). Ovi-
ducts were dissected and immersed in 20% sucrose overnight.
Tissue was embedded in OCT compound and frozen on dry
ice. Sections were cut at 10 um using a cryostat microtome
at —20°C, placed on gelatin-coated slides (room temperature),
and stored at —70°C with desiccant for later use. Immuno-
histochemical detection was carried out as described by
Kaufman et al. (1991). The sections were rinsed in 0.1 M
Tris buffer containing 1% NaCl (wash buffer) and then
blocked with normal goat serum diluted 1:30 for | h. K-2
antiserum and preimmune serum were used at 1:1,000, 1:
2,000, and 1:4,000 dilutions. The tissue sections were incu-
bated in the primary antiserum for ~4 h at room temperature
and overnight at 4°C. Tissue sections were rinsed in wash
buffer and incubated for 1 h in goat anti-rabbit IgG at 1:100
in 1% normal goat serum. After rinsing with wash buffer, the
immunoreactivity was detected through the peroxidase-an-
tiperoxidase method. Immunohistochemical immunoreac-
tivity with GAD-6 monoclonal antibody was also detected
through the peroxidase-antiperoxidase method, with 1:500
and 1:1,000 dilutions of GAD-6 and goat anti-mouse IgG at
1:75. Control sections were processed similarly, except for
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the substitution of preimmune rabbit serum or the omission
of the GAD-6 antibody; controls showed no specific staining.

RESULTS

Both GADg; and GADgs RNAs are present in
oviduct and testis

We first determined which peripheral tissues ex-
pressed GADgs and GADg; mRNAs. Of the 12 pe-
ripheral tissues examined, only oviduct and testis con-
tained RNAs that hybridized to GADg and GADg;
cDNAs (Fig. 1). In contrast to the single 3.7-kb GADg;
RNA in brain, testis and oviduct expressed multiple
species of GADg; RNA (Fig. 1A). Testis contained six
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FIG. 1. Northern blots of RNA from rat tissues hybridized to (A)
GADs; and (B) GADgs cDNA. Each lane contains 10 ug of poly(A)*
RNA except that the cerebellum (Cb) lane contains 0.3 ug. Lv,
liver; K, Kidney; A, adrenal gland; P, pancreas; T, testis; OD, oviduct;
U, uterus; Ov, ovary; H, heart; L, lung; Pl, placenta; Wb, whole
brain; M, RNA fadder.
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species of GADg; RNA, whereas oviduct had two. In
adult testis, GADg; cDNA hybridized to RNAs of 3.4,
2.8, 2.3, 1.9, 1.5, and 1.1 kb. Oviduct contained 3.4-
and 1.7-kb RNAs. Testis and oviduct thus shared only
the 3.4-kb GAD¢; RNA. GADgs cDNA hybridized to
a 5.7-kb RNA species in oviduct, the same size as
GADgs mRNA in brain, and to a rare 1.8-kb RNA in
testis (Fig. 1B). Hybridization of both GADg; and
GADy; probes persisted even at high stringency (0.1X
SSC and 0.1% SDS at 72°C), a result showing strong
sequence similarities among GAD RNAs in testis, ovi-
duct, and brain.

GAD activity responds differently to PLP in oviduct
and testis

GAD activity was present in homogenates of several
tissues, at levels lower than in brain, including (in order
of decreasing specific activity) kidney, oviduct, liver,
testis, lung, ovary, pancreas, adrenal gland, and spleen
(Table 1).

In all tissues except the oviduct and cerebellum, ad-
dition of PLP to the assay did not affect GAD activity.
The stimulatory effect of PLP was greater in the oviduct
(3.2-fold) than in the adult cerebellum (twofold). The
increase of GAD activity with exogenously added PLP
reflects the presence of apo-GAD (inactive GAD, no
PLP bound), most of which is GADgs (Martin, 1987;
Erlander and Tobin, 1991; Kaufman et al., 1991). Of
the GAD activity in oviduct, 87% was immunoprecip-
itated by GAD-6 antiserum, which is specific to GADj;s
(Chang and Gottlieb, 1988), whereas only 12% was
precipitated by K-2, which is specific to GADg; (Kauf-
man et al., 1991). In testis, 30% of GAD activity was
precipitated by K-2. No significant decrease of GAD
activity was seen in any other tissues after immuno-
precipitation using these two antibodies. Immunopre-
cipitation data thus support the conclusion that most
of the GAD in oviduct is GADys, whereas testis GAD
is predominantly GADs;.

TABLE 1. PLP dependence and immunoprecipitation of
GAD activities in peripheral tissues

% of GAD
GAD Activity activity

(nmol of Stimulation (fold)  precipitated by

CO,/mg of of GAD activity I —

Tissue protein/h) by added PLP K-2  GAD-6
Brain 219.2 £ 4.1 2.0 75 77
Oviduct 11.0+0.16 3.2 12 86
Ovary 3.4 +0.05 1.2 10 8
Testis 6.2 £0.62 1.0 30 6
Liver 7.9+ 045 1.1 9 6
Kidney 233+ 34 1.1 5 2

K-2 and GAD-6 antiserum were used to immunoprecipitate se-
lectively GADg; or GADgs, respectively, from tissue homogenates as
described in Materials and Methods. The enzymatic activity of the
remaining form of GAD in solution was examined with and without
the addition of exogenous PLP cofactor. Data are mean *+ SD values
(n=4).
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FIG. 2. Immunobilots of GADs; and GADgs proteins in peripheral
tissues. Each lane except cerebelium (Cb) contains proteins im-
munoprecipitated with either (A) K-2 or (B) GAD-6 and detected
with the same antibody. A, adrenal; T, testis; OD, oviduct; Ov,
ovary; Lv, liver. The Cb lane contains 100 ug of protein of direct
tissue homogenate. GADg; immunoreactivity was seen in OD at
longer exposures of the autoradiogram. The immunoreactivity seen
below (indicated by arrows) GADgs; and GADg;s is due to immuno-
globulins used in the immunoprecipitations. The bands that cor-
respond to immunoglobulins are also present in the control im-
munoprecipitation reactions with preimmune sera.

The molecular size of GAD is 65,000 in oviduct and
67,000 in the testis

We did not detect immunoreactive GADgs or GAD¢4
protein in extracts of liver, kidney, spleen, adrenal
gland, pancreas, ovary, heart, and lung by western blot
analysis (using tissue homogenates containing 100 ug
of protein per lane) or after immunoprecipitation with
K-2 and GAD-6. Rat oviduct contained mainly
GADg;s, with low levels of GADg; (Fig. 2). In contrast,
testis contained only GADg;. The sizes of the GADys
and GADg; in oviduct and testis are the same as in
brain,

GADgs and GADg; RNAs and immunoreactivity is
present in the mucosal epithelium of rat oviduct

We localized GAD and GAD mRNAs in the oviduct
by immunohistochemistry and in situ hybridization.
We observed both GADgs and GADg; immunoreac-
tivity in the mucosal epithelium of the rat oviduct,
with intense GADgs immunoreactivity in the mucosal
epithelial cells (Fig. 3). The ampulla (the part of the
oviduct closer to ovary) contains more immunoreactive
cells than the isthmus (closer to the uterus). Some
GADg; immunoreactivity was also seen in the cells of
the oviductal epithelium.

In situ hybridization revealed that GADgs RNAs are
in the mucosal epithelium of the rat oviduct. Muscle
and serosa layers of the oviduct did not contain either
GAD RNA (Fig. 4). Mucosal epithelial cells also con-
tained low levels of GADg; RNA.

Germ line cells in testis contain GADg; RNAs and
GAD activity

To determine which cells in the testis contain GAD,
we performed cell fractionation using unit gravity bo-
vine serum albumin gradients. The purity of the cell
populations isolated by this method was previously es-
tablished (Collard et al., 1990). We then analyzed the

J. Neurochem., Vol. 58, No. 2, 1992
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FIG. 3. GADgs immunoreactivity in the mucosal epithelium of the rat oviduct. A: GADgs immunoreactivity in various parts of the rat oviduct.
More immunoreactivity is present in the oviductal ampulia than in the isthmus. B: GADgs immunoreactivity is present in the epithelial cells
(E) of the oviduct. In A and B, immunoreactivity was detected with GAD-6 antibody. C: Control.

separated cells for GAD activity and GAD mRNAs
(by northern blotting).

Our data show that GADg; RNAs are in germinal
cells but not in somatic cells (Fig. 5). For example,
GAD¢; RNAs were present in total germinal cells,
spermatocytes, and round spermatids but not in peri-
tubular, Leydig, or Sertoli cells. Isolated germ cells also
contained GAD activity (Table 2). As in the case of
whole testis, addition of PLP to the assay did not affect
the GAD activity. In situ hybridization to sections of
testis showed GADg; RNA associated with the semi-
niferous epithelium, with signal in spermatocytes and
spermatids but not in interstitial cells (data not shown).

Levels of individual GADg; RNAs change during
postnatal testicular development

GADg; RNAs were undetectable in the testes at S
days after birth (Fig. 6). The first detectable GADg,
RNA in the testes was the 1.9-kb species, which ap-
peared at postnatal day 10. The level of this species
was highest at postnatal day 20 but remained promi-
nent throughout the first 10 weeks of postnatal life.
Other GAD RNAs (3.4, 2.8, and 2.3 kb) appeared at
postnatal day 34. We first detected the 1.1-kb species
at postnatal day 54 and the 1.5-kb species at postnatal
day 72.

J. Neurochem., Vol. 58, No. 2, 1992

The relative proportions of individual GADs- tran-
scripts in older rats (6 months) were different from those
of 72-day-old rats. The 2.3-kb GAD¢; RNA was more
prominent in older than in younger rats.

DISCUSSION

Rat oviduct GAD is primarily GADgs

The sizes of the GAD polypeptides and mRNAs in-
dicate that both brain GADs (GADgs and GADg;) are
present in the oviduct, with GADgs being the predom-
inant form. Our findings are in agreement with many
reports that GABA production in the rat oviduct de-
pends on a GAD similar to that in brain. For example,
biochemical properties, such as coenzyme requirement,
thermosensitivity, substrate kinetics, and pH depen-
dence of oviductal GAD, are similar to those of brain
(Erdo et al., 1984). An antiserum to rat brain GAD
(Oertel et al., 19815) immunoprecipitated GAD activ-
ity in rat oviduct and posterior pituitary but not in
liver, anterior pituitary, kidney, or ovary (Celotti et al.,
1986). Using the same antiserum, Erdo et al. (1989)
found GAD immunoreactivity in the mucosal epithe-
lial cells of rat oviduct. The antiserum used in these
studies, however, recognizes both GADg¢s and GADg-
(Kaufman et al., 1986, 1991).
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FIG. 4. Localization of GAD RNAs in the oviduct by in situ hybridization. Transverse sections of oviduct hybridized with **S-labeled GADg;
(A-anti-sense, C-sense) and GADgs (B-anti-sense, D-sense). L, lumen of the oviduct; E, epithelial cells of the oviduct. Arrows indicate labeled

epithelial cells. Bar = 10 um.

Celloti et al. (1986) and Fernandez et al. (1985) have
suggested that GABA and GAD in the rat oviduct may
derive from GABA neurons, because denervation re-
duces both GABA and GAD activity. Immunocyto-
chemistry reveals, however, that most of the GABA
and GAD are not in neurons but in oviductal epithe-
lium (Erdo et al., 1989). Our in situ hybridizations and
immunohistochemical staining show that GADgs and
GADg; are made in the mucosal epithelial cells of rat
oviduct, a conclusion confirming the nonneural origin
of GABA and GAD.

Rat testis contains GADg;

In contrast to the oviduct, the testis does not contain
PLP-dependent GAD activity. We detected strong hy-
bridization of brain GADg; ¢cDNA to multiple RNA
species in the testis, a finding suggesting that testis and
brain GAD derive from the same gene. In fact, Persson
et al. (1990) showed that a stretch of 69 amino acids
derived from a GAD cDNA isolated from human testis
using our feline GADg; is identical to that of the rat
brain.

Germ cells, including spermatocytes and round
spermatids, contain GADg; RNA, also in agreement
with the results of Persson et al. (1990). These, as well
as elongated spermatids, also contain GAD activity,
an observation showing that the GAD RNAs make
functional protein. The presence of elevated GAD ac-

tivity but low GAD RNA levels in elongating sper-
matids suggests GAD RNAs are degraded after round
spermatid development whereas GAD protein persists.
We have observed a similar pattern of mRNA synthesis
and protein production for proenkephalin (M. W. Col-
lard, unpublished data).

The major species of GADg; RNA in the brain is
3.7 kb long, whereas the longest GADg; RNA in the
testis is ~ 3.4 kb. Like GAD mRNA, the mRNAs en-
coding the opioid peptide precursors preproenkephalin,
proopiomelanocortin, and dynorphin show different
transcript sizes in brain and testis (Chen et al., 1984;
Pintar et al., 1984; Kilpatrick et al., 1985). The mul-
tiple, testis-specific GADg; RNAs may result from dif-
ferential promoter usage or from differential splicing
of a single GADg; pre-mRNA.

We do not yet know which transcripts encode en-
zymatically active GADy;. The 3.4-, 2.8-, 2.3~ and 1.9-
kb species are long enough to encode a full-length
(67,000-M,) GAD polypeptide, but the 1.1- and 1.5-
kb species are not.

GAD¢; RNAs appear differentially during postnatal
testicular development

Six distinct GADg; RNAs are differentially expressed
during the postnatal development of rat testis. All of
these RNAs occur at elevated levels in isolated germ
cells relative to whole testis or other testicular cell types.

J. Neurochem., Vol. 58, No. 2, 1992



624 N. J. K. TILLAKARATNE ET AL.

BTLUPSS G SpRSES
w W
” ul"_!?“

‘!E'r

S b

L4 ¢

FIG. 5. Cellular localization of GADg; RNAs in fractionated rat tes-
ticular cefls. Each fane of this northern blot contains 10 xg of total
RNA from brain (B), testis (T), acutely isolated Leydig cells (L),
peritubular or myoid cells (P), Sertoli cells cultured in the absence
(lane 5) and presence (lane 6) of 100 uM dibutyryl cAMP (8), total
germinal cells (G), spermatocytes (Sp), round spermatids (RS), and
elongating spermatids (ES). The blot was hybridized with a %P-
labeled GADg; antisense RNA probe.

The 1.9-kb GAD RNA, the first RNA species to appear,
is detected at postnatal day 10, when it accounts for at
least 0.003% of the poly(A)" RNA.

In addition to the 1.9-kb GAD RNA, several other
GAD RNAs are sequentially expressed between post-
natal days 34 and 72. During pubertal development,
the 1.9-kb GAD RNA predominates. In the adult,
however, the predominant GAD RNA is the 2.3-kb
species. This developmental switch resembles that re-
ported for the two forms of proenkephalin mRNA,
which are also differentially regulated during the de-
velopment of testis (Kilpatrick and Borland, 1987).

GADg; RNAs are present at higher levels at postnatal
days 54 and 72 than at postnatal day 34 and at their
highest level in 6-month-old rats. Low levels of GAD
RNAs in the prepubertal animals may be due to the
low number of germ cells compared with the adults,
because degeneration of germ cells occurs during the
pubertal development of the rat (Russell et al., 1987).
As development progresses, fewer germ cells degener-
ate. A progressive increase in content of GAD RNAs
may result from this increased survival.

Function of GABA in oviduct and testis

The function of GABA and GAD in the oviduct and
the testis is unknown. Erdo and Wolff (1990) suggested
a morphogenetic role for GABA in the oviduct. This
inference is based on the ability of benzodiazepines to
block the migration of basal bodies during ciliogenesis
in the oviduct (Boisvieux-Ulrich et al., 1987) and the
appearance of GABA-like immunoreactivity in basal
bodies of ciliated cells in the oviduct (Erdo et al., 1986).

GABA may also play a role in secretion in the ovi-
duct. GADy;s is present at high levels in secretory cells
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TABLE 2. GAD activities in testicular cells

GAD activity

(nmol of Stimulation (fold)
CO,/mg of of GAD activity
Tissue protein/h) by added PLP
Brain 219.2 £ 4.1 2.0
Spermatocytes 3.67 £ 0.66 0.95
Round spermatids 4.58 £ 0.61 1.0
Elongating spermatids 6.09 = 0.16 1.0
TM-4 (Sertoli cell line) 2.5 £0.32 1.1
L.C-540 (Leydig cell
line) 0.23 £ 0.03 1.1

GAD activity in these homogenates was measured with and without
the addition of exogenous PLP cofactor. Data are mean + SD values
(n = 4).

of the oviductal epithelium, which are also the pre-
dominant cells that accumulate GABA (Erdé and
Amenta, 1986). Ovarian hormones, estrogen, and pro-
gesterone regulate the structural and biochemical
characteristics of the oviduct (Karkun, 1979). Secretory
and ciliary changes occur in the mucosal epithelium
during the reproductive cycle. Significant changes in
GABA and GAD levels also occur in the oviduct during
the estrous cycle and gestation and after ovariectomy
(Del Rio, 1981; Erdo, 1984; Fernandez-Pardal et al.,
1984; Duvilanski et al., 1985; Celotti et al., 1986, 1987,
Louzan et al., 1986; Murashima and Kato, 1986).
The presence of both forms of GAD in the oviduct
may reflect different functional roles for each form.
For example, one form may be involved in ciliary mo-
tility, whereas the other form is involved in secretory
function. These forms may be subject to differential

@]
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FIG. 6. GADg; RNAs in postnatal testicular development. Each
lane of the northern blot contains 3 ug of poly(A)* RNA from testes
at different stages of postnatal development except the rat brain
(B) lane, which contains 1 ug of poly(A)* RNA. Postnatal days 5,
10, 20, 34, 54, 72, and 190, PS5, P10, P20, P34, P54, P72, and
P190, respectively.
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regulation by PLP, by other metabolites that may effect
GAD-PLP interactions, or by ovanian hormones
themselves.

GABA may also participate in the endocrine func-
tfion in testis. GABA stimulates the production of tes-
tosterone in whole decapsulated testis (Ritta et al.,
1987) and in testicular interstitial cell membranes
(Ritta et al., 1991). Binding assays show the presence
of GABA 4 and GABA g receptors in testicular intertitial
cells and purified Leydig cells (Ritta et al., 1991). We
find mRNAs of the «, subunit of the GABA , receptor
expressed in the Leydig cell line LC-540 (N. J. K. Til-
lakaratne, unpublished data). GABA may also have a
direct effect on spermatozoa because GABA,-type
binding sites are present on seminal membranes (Erd6
and Wekerle, 1990). Persson et al. (1990) suggested
GABA as an energy source for flagellar action. This is
based on presence of GAD-like immunoreactivity in
the midpiece of spermatozoa, which also contains a
sheaf of mitochondria. In support of this idea, sodium
valproate (an inhibitor of GAD and GABA transam-
inase) decreases sperm number and sperm motility in
rats (Cohn et al., 1982).

Are GADs in nonneural tissues the same as
brain GADs?

Oviduct and testis contain GADs that are similar to
those in brain both with respect to common epitopes
and common coding sequences as detected by high-
stringency hybridization. If the nonneural GADs are
similar to the two brain GAD forms (GADg; and
GADgs), one would expect to see a similarity between
GAD RNAs or proteins. We did not detect any GAD
RNAs or proteins to both forms of GAD in liver, kid-
ney, heart, adrenal gland, uterus, intestine, lung, or
pancreas. GAD forms similar to that in brain may be
present only in a few specialized cells in these peripheral
tissues, thus being undetected when whole organs or
tissues are assayed. This is certainly the case for 3 cells
in the pancreas, where this laboratory has shown im-
munoreactivity to both GADgs and GADg; forms (D.
L. Kaufman et al., manuscript submitted; N. J. K. Til-
lakaratne, unpublished data). GAD activity in liver and
kidney is higher than that of the oviduct and testis.
The presence of GABA and GAD is well documented
in isolated hepatocytes (Minuk, 1986) and in kidney
tubules (Goodyer et al., 1980, 1982). GAD activity in
these nonneural tissues might derive from other GAD
forms, such as those reported by Wu et al. (1986a),
Denner et al. (1987), and Huang et al. (1990).

The molecular biological, immunological, and en-
zymological data presented here show that GADgs and
GADg-, at least, are present in a restricted set of non-
neural cells. Our results thus lend strong support for
the suggestion that GABA plays a physiological role
other than neurotransmission.
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