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NEUROENDOCRINOLOGY

Gonadotropin-Releasing Hormone Stimulates the
Biosynthesis of Pregnenolone Sulfate and
Dehydroepiandrosterone Sulfate in the Hypothalamus

Delphine Burel,* Jian Hua Li,* Jean-Luc Do-Rego, Ai Fen Wang, Van Luu-The,
Georges Pelletier, Yves Tillet, Catherine Taragnat, Hyuk Bang Kwon,
Jae Young Seong, and Hubert Vaudry
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Gwangju 500-757, Korea; Research Center in Molecular Endocrinology, Oncology and Genetics (V.L.T.,
G.P., H.V.), Laval University Hospital Center, Québec, Ontario, G1V4G2, Canada; Laboratory of
Reproductive Physiology and Behaviors (Y.T., C.T.), Unité Mixte de Recherche MR 6175 Institut National
de la Recherche Agronomique-Centre National de la Recherche Scientifique, University of Tours-Haras
Nationaux, 37380 Nouzilly, France; and Laboratory of G-Protein-Coupled Receptors (J.Y.S), Graduate
School of Medicine, Korea University, Seoul 136-705, Korea

The sulfated neurosteroids pregnenolone sulfate (A°PS) and dehydroepiandrosterone sulfate
(DHEAS) are known to play a role in the control of reproductive behavior. In the frog Pelophylax
ridibundus, the enzyme hydroxysteroid sulfotransferase (HST), responsible for the biosynthesis of
A5PS and DHEAS, is expressed in the magnocellular nucleus and the anterior preoptic area, two
hypothalamic regions that are richly innervated by GnRH1-containing fibers. This observation
suggests that GnRH1 may regulate the formation of sulfated neurosteroids to control sexual
activity. Double labeling of frog brain slices with HST and GnRH1 antibodies revealed that GnRH1-
immunoreactive fibers are located in close vicinity of HST-positive neurons. The cDNAs encoding
3 GnRH receptors (designated riGnRHR-1, -2, and -3) were cloned from the frog brain. RT-PCR
analyses revealed that riGNRHR-1 is strongly expressed in the hypothalamus and the pituitary whereas
riGNRHR-2 and -3 are primarily expressed in the brain. In situ hybridization histochemistry indicated
that GnRHR-1 and GnRHR-3 mRNAs are particularly abundant in preoptic area and magnocellular
nucleus whereas the concentration of GhRHR-2 mRNA in these 2 nuclei is much lower. Pulse-chase
experiments using tritiated AP and DHEA as steroid precursors, and 3’-phosphoadenosine 5’-phos-
phosulfate as a sulfonate moiety donor, showed that GnRH1 stimulates, in a dose-dependent manner,
the biosynthesis of A°PS and DHEAS in frog diencephalic explants. Because A>PS and DHEAS, like GnRH,
stimulate sexual activity, our data strongly suggest that some of the behavioral effects of GnRH could be
mediated via the modulation of sulfated neurosteroid production. (Endocrinology 154: 2114-2128, 2013)

he two sulfated neurosteroids pregnenolone sulfate
T(A5 PS) and dehydroepiandrosterone sulfate (DHEAS)
are known to play a major role in the regulation of neu-
rophysiological and behavioral processes (for reviews, see
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Refs. 1-3). Specifically, A’PS is implicated in long-term
potentiation (4), learning (5), and cognition (6) whereas
DHEAS exerts various neuroprotective effects (7, 8), im-
proves memory deficits after brain injury (9), and de-
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creases the nociceptive threshold in mice (10). The syn-
thesis of these sulfated 3-hydroxysteroids is catalyzed by
a cytosolic enzyme termed hydroxysteroid sulfotrans-
ferase (HST), which transfers the sulfonate moiety from
the donor molecule 3’-phosphoadenosine 5’-phosphosul-
fate (PAPS) onto the 3-hydroxy acceptor site of preg-
nenolone (A°P) and dehydroepiandrosterone (DHEA). In
mammals, the occurrence of HST in the central nervous
system (CNS) and the biosynthesis of sulfated steroids in
situ in the brain are currently a matter of debate. Although
early studies had shown the presence of high amounts of
ASPS and DHEAS (11-13) and HST activity (14, 15) in the
brain, more recent reports, based on specific ELISA tech-
niques and nano-HPLC/mass spectroscopy analytical
methods, have cast doubt on the presence of A’PS and
DHEAS in the brain of rodents (16-19). In agreement
with these latter reports, attempts to localize HST in the
rat brain have been unsuccessful (20).

In contrast, the amphibian brain represents a very suit-
able model in which to investigate the regulation of sul-
fated neurosteroid biosynthesis. First, the distribution and
biologic activity of HST have been studied in detail in the
frog CNS (21-23). Second, the rate of biosynthesis of sul-
fated neurosteroids in the frog brain is so high that it is
possible to investigate the mode of action of inhibitory
neurotransmitters or neuropeptides on HST-expressing
neurons. Thus, it has been demonstrated that neuropep-
tide Y (NPY), acting through Y1 receptors, inhibits the
biosynthesis of A°PS and DHEAS by frog hypothalamic
explants (24). These data indicate that the frog brain has
the capability of synthesizing sulfated neurosteroids and
that the activity of HST is finely tuned by regulatory
neuropeptides.

GnRH has been initially isolated from the mammalian
hypothalamus on the basis of its ability to stimulate go-
nadotropin biosynthesis and secretion (25, 26). In most
vertebrates, at least 2, and usually 3, molecular forms of
GnRH appear to coexist in each single species: 1) a species-
specific form generally termed GnRH1; 2) an evolution-
ary-conserved form that has been first isolated from the
chicken brain and thus termed chicken GnRH2 and now
referred to as GnRH2; and 3) a salmon GnRH form des-
ignated GnRH3 (for review see Ref. 27). In the frog Rana
ridibunda, now renamed Pelophylax ridibundus (28), the
two GnRH isoforms correspond to mammalian GnRH
(GnRH1) and chicken GnRH2 (GnRH2) (29). Neurons
expressing GnRH1, which are restricted to the anterior
preoptic area (Poa), project through the ventral dienceph-
alon toward the median eminence, whereas neurons ex-
pressing GnRH2 are widely distributed throughout the
frog brain (30). GnRHs exert their action through inter-
action with GnRH receptors (GnRHRs) that belong to the
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G protein-coupled receptor family. GnRHRs have now
been cloned in a number of species from fish to human
(27). Thus, 4 or 5 isoforms have been characterized in
teleost fish (31, 32) whereas 2 types of GaRHRs have been
identified in monkey (33) and 3 forms in frog (34, 35).

Interestingly, HST, the enzyme responsible for the bio-
synthesis of sulfated neurosteroids, is expressed in frog
brain regions that are richly innervated by GnRH1-con-
taining fibers, notably in the dorsal magnocellular nucleus
(Mgd) and Poa (21, 30). Moreover, sulfated neuros-
teroids, in very much the same manner as GnRH, are im-
plicated in the control of sexual behavior in various ver-
tebrates (36—38). Finally, it has been demonstrated that, in
frog, the amount of A’PS in the brain increases during the
breeding period and decreases during hibernation (39).
These observations suggest that GnRH1 and sulfated neu-
rosteroids may interact to regulate reproductive function
in amphibians. In the present study, we have thus inves-
tigated the distribution of the 3 mRNAs encoding Gn-
RHRs in the brain of the European green frog Pelophylax
ridibundus, and we have studied the possible implication
of GnRHI1 in the regulation of HST activity.

Materials and Methods

Animals

Adult male frogs (Pelophylax ridibundus; body weight
30-40 g) were purchased from a commercial supplier (Coué-
tard, St-Hilaire de Riez, France). The animals were housed in a
temperature-controlled room (8 = 0.5°C) under running water,
ona 12-hour dark, 12-hour light regimen (lights on from 6:00 AM
to 6:00 pm), for at least 1 week before use. In order to limit
possible variations due to circadian rhythms (40), all animals
were killed between 9:30 AM and 10:30 AM. Animal manipula-
tions were performed according to the recommendations of the
French Ethical Committee and under the supervision of autho-
rized investigators.

Antibodies, chemicals, and plasmids

The antiserum against sulfotransferase was raised by immu-
nizing rabbits with a synthetic peptide corresponding to the se-
quence 180-192 of rat liver HST (41). This antiserum has been
used previously to localize HST-immunoreactive neurons in the
frog brain (21, 24). The antiserum against GnRH1 was raised in
sheep (42). Texas Red-conjugated donkey antirabbit (DAR)
v-globulins were supplied by GE Healthcare Europe GmbH (Vel-
izy-Villacoublay, France). Alexa 488-conjugated donkey anti-
sheep y-globulins (DAS/Alexa 488) were from Invitrogen (Cergy
Pontoise, France).

Testosterone sulfate (TS) and estrone sulfate (ES) were pur-
chased from Steraloids, Inc (Newport, Rhode Island). A°P, A°PS,
DHEA, DHEAS, 3-aminobenzoic acid ethyl ester (MS 222), and
GnRH1 were supplied by Sigma (St Louis, Missouri). Tritiated
ASP (7-[PHJA’P; 21 Ci/mmol), tritiated DHEA (1,2,6,7-[*H]D-
HEA; 60 Ci/mmol), and 3°S-labeled PAPS (3'-[>*S]PAPS; 1.13
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Ci/mmol) were obtained from Du Pont-New England Nuclear
(Les Ulis, France). Propylene glycol, HEPES, dichloromethane,
hexane, and tetrahydrofuran (THF) were from Sigma-Aldrich
(Saint Quentin Fallavier, France). BSA (Fraction V) was from
Boehringer (Mannheim, Germany).

The pcDNA3 expression vector was purchased from Invit-
rogen (Carlsbad, California). The pPCMV 3-Gal plasmid was pur-
chased from CLONTECH Laboratories, Inc (Palo Alto, Cali-
fornia). The CRE-luc vector that contains 4 copies of the cAMP
response element (CRE, TGACGTCA) was obtained from Strat-
agene (La Jolla, California). The c-fos-luc vector containing the
—711 ~ +45 sequence of the human c-fos promoter constructed
in the pFLASH vector, was a kind gift from Dr R. Prywes (Co-
lumbia University, New York, New York).

Isolation of GnRHR cDNAs

Total RNA was extracted from pituitary and brain by Trire-
agent (Sigma). The first strand of cDNA was synthesized by using
1 pg of total RNA, oligo-dT primer, and SuperScript II Ribo-
nuclease H™ reverse transcriptase (Life Technologies, Gaithers-
burg, Maryland). The sequences of the specific primers from
Rana dybowskii (35) used to amplify the cDNAs encoding Gn-
RHR open reading frames in Pelophylax ridibundus (designated
riGnRHR) are indicated in Supplemental Table 1 published on
The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org.

To amplify the full-length open reading frame of each riGn-
RHR, Vent DNA Taq polymerase (New England Biolabs, Herts,
United Kingdom) was used. PCR conditions were set as follows:
denaturation at 95 °C for 4 minutes, followed by 32 cycles at
94°C for 20 seconds, at 55°C for 30 seconds, and at 72°C for 2
minutes. PCR products of the expected size were excised, puri-
fied, and cloned into the EcoRI and Xbal sites of pcDNA3 (In-
vitrogen), generating pc-riGnRHR-1, pc-riGnRHR-2, and pc-
riGnRHR-3. Positive clones were isolated and purified using a
QIAGEN plasmid Mini kit (QIAGEN, Chatsworth, California).
DNA sequences were confirmed by the dideoxy chain termina-
tion method using a Sequenase Version 2 kit (USB Corp, Cleve-
land, Ohio) or the Dye Terminator Cycle Sequencing Ready Re-
action Kit (Perkin-Elmer, Boston, Massachusetts).

RT-PCR analysis

One microgram of total RNA prepared from various tissues
was reverse-transcribed and 1 ul of 20 ul was subjected to PCR.
Because there are 2 introns located in the transmembrane do-
main (TM) IV and between TMV and TM VI (33, 43-45), prim-
ers that span at least 1 intron were employed to avoid genomic
contamination. The sequences of these primers are indicated in
Supplemental Table 1.

The PCR conditions were set as follows: denaturation at 95°C
for 30 seconds, followed by 32 cycles (37 for iGnRHR-2) at 94°
C for 20 seconds, 58°C for 30 seconds, and 72°C for 30 seconds.
The PCR products were separated by agarose gel followed by
ethidium bromide staining. Internal controls were performed as
previously described (46).

Cell culture, transient transfection, and luciferase
assay

CV-1 cells were maintained at 37°C in DMEM with 10%
heat-inactivated fetal bovine serum, 1 mM glutamate, 100 U
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penicillin, and 100 ug/mL streptomycin. Cells were cultured in
24-well plates, and transfection was performed using the Super-
Fect transfection kit (QIAGEN) according to the manufacturer’s
instructions. For each transfection, 100 ng of each receptor
c¢DNA, and 200 ng of CRE-luc or c-fos-luc vector along with 200
ng of internal control plasmid pCMVB-Gal were used. One day
after transfection, cells were serum starved for 24 hours and then
challenged with GnRH1 and GnRH2 for 6 hours. Cells were
harvested, and the luciferase activity in the cell extract was de-
termined according to standard methodsina Lumat LB9501 (EG
& G Berthold, Bad Wildbad, Germany). Luciferase activities
were normalized using B-galactosidase values. Transfection ex-
periments were performed in duplicate and repeated 3 to 5 times.
The GnRH concentrations inducing half-maximal stimulation
(ECs,) were calculated using the PRISM2 software (GraphPad
Software, Inc., San Diego, California).

Riboprobe synthesis

The ¢DNA fragments containing the sequences 888~1224
for iGnRHR-1, 660~1110 for riGnRHR-2, and 933~1275 for
riGnRHR-3 were amplified and cloned into the pGEMT easy
vector (Promega Corp, Madison, Wisconsin). The plasmid
pGEM-T containing riGnRHR-1, riGnRHR-2, or riGnRHR-3
c¢DNA was linearized with Sall or Ncol to synthesize sense or
antisense riboprobes, respectively. Four hundred nanograms of
the linearized plasmid was incubated at 37°C for 1 hour in a
solution containing transcription buffer, ATP, CTP, GTP (1 mM
each), 140 uCi *>°S-UTP (Amersham Pharmacia Biotech, Buck-
inghamshire, UK), RNase inhibitor, and 2.5 U of the appropriate
RNA polymerase (Roche Molecular Biochemicals, Mannheim,
Germany). The DNA template was digested by 5 U DNase at 37°
C for 15 minutes. The probe was extracted by phenol/chloro-
form. The supernatant was further purified on a Sephadex G50
column equilibrated with loading buffer (0.1% sodium dodecyl
sulfate, 10 mM Tris-HCI, pH 7.5, EDTA 1 mM). The radioac-
tivity of the fraction was determined in a B-counter.

In situ hybridization

In situ hybridization was performed as previously described
(47). Briefly, adult frogs were anesthetized by immersionin 0.1 %
MS 222 and perfused transcardially with 4% paraformaldehyde.
Brain sections were cut at 12 wm in the frontal plane in a cryo-
microtome (Frigocut 2700, Leica, Nussloch, Germany) and
mounted on poly-L-lysine- and gelatin-coated slides. Sections
were incubated for 10 minutes in 0.1 M triethanolamine/0.9 %
NaCl (pH 8.0)/0.25 acetic anhydride, rinsed in 2 X saline sodium
citrate (SSC), and covered for 60 minutes with prehybridization
buffer (pH 7.5) containing 50% formamide, 0.6 M NaCl, 10
mM Tris-HCI (pH 7.5), 1X Denhart, 1 mM EDTA (pH 8.0), 550
pg/mL denatured salmon sperm DNA, and 50 pg/mL yeast
tRNA. Hybridization was performed overnight at 50°C in the
same buffer (except for salmon sperm DNA, the concentration of
which was lowered to 60 ug/mL) supplemented with 10 mM
dithiothreitol, 10% dextran sulfate,and 1.5 X 10”7 cpm/mL heat-
denatured RNA sense or antisense riboprobes. Slices were then
washed in 2X SSC at 50°C and treated with ribonuclease A (50
ug/mL) at 37°C for 60 minutes. High-stringency washes were
performed at 55 °Cin 0.01X SSC containing 14 mM B-mercap-
toethanoland 0.05 % sodium pyrophosphate. The tissue sections
were dehydrated in ethanol and exposed onto Biomax MR Film
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(Eastman Kodak, Rochester, New York) for 1 week. Tissue slices
were subsequently dipped into an NTB2 (Kodak) liquid emul-
sion at 42°C, exposed for 2 months and developed. To identify
anatomic structures, the sections were stained with hematoxylin/
eosin and observed with a Zeiss microscope (Axioskop 2) using
Magna Fire SP (Optronics, Goleta, California).

Immunofluorescence procedure

Frogs were anesthetized and perfused transcardially with 50
mL of 0.1 M PBS (pH 7.4). The perfusion was carried on with 50
mL of Bouin’s fixative, cryoprotected and frozen at —80°C.
Brain sections were cut at 7 wm in the frontal or sagittal plane in
a cryomicrotome. Tissue sections were incubated overnight at
4°C in a humid atmosphere with both HST (1:100) and GnRH1
(1:500) antisera diluted in PBS containing 0.3% Triton X-100
and 1% BSA. The sections were then rinsed for 1 hour in PBS, and
incubated for 1.5 hours at room temperature with DAR/Texas
Red and DAS/Alexa 488 (10 wg/mL each). Finally, the sections
were rinsed for 1 hour in PBS and mounted with PBS/glycerol
(vol/vol) before examination under a confocal laser scanning
microscope (CLSM, Leica). To study the specificity of the im-
munoreaction, the following controls were performed: 1) sub-
stitution of the HST or GnRH antiserum with PBS; 2) incubation
with nonimmune rabbit serum; 3) preincubation of the HST
antiserum with the synthetic peptide hapten (5 X 107¢ M); and
4) preincubation of the GnRH antiserum with graded concen-
trations of synthetic GaRH1 or GnRH2 (10~? to 10~ * M). Neu-
roanatomic nomenclature was based on the atlas of Neary and
Northcutt (48).

Measurement of HST activity

For each experiment, 5 frog hypothalami were rapidly dis-
sected, sliced, and preincubated at 24°C for 30 minutes in the
presence of [>*S|PAPS (4.5 X 10~ ° M) diluted in 1 mL of Ringer’s
solution consisting of 15 mM HEPES, 112 mM NaCl, 15 mM
NaHCO;, 2 mM CaCl,, and 2 mM KClI, supplemented with 2
mg of glucose/mL and 0.3 mg of BSA/mL. The incubation me-
dium was gassed with a 95% 0,/5% CO, mixture and the pH
was adjusted to 7.4. Hypothalamic slices were then incubated at
24°C for 2 hours in 500 pL of Ringer’s medium containing 10~°
M [PH]A’P or 10~7 M [*H|DHEA, 4.5 X 10~ M [>*S|PAPS,
and 4% propylene glycol, in the absence or presence of graded
concentrations of GnRH1 (108 to 10> M). At the end of the
incubation period, the medium was removed, the reaction was
stopped by adding 1 mL of ice-cold Ringer’s medium, and the
tissues were homogenized. Sulfated and unconjugated steroids
were extracted 3 times with 1 mL of dichloromethane (21). The
aqueous phase containing sulfated steroids was evaporated in a
Speed Vac concentrator (Savant, Hicksville, New York), and the
dry extract was prepurified on a Sep-Pak C, ¢ cartridge (Waters
Associates, Milford, Massachusetts) equilibrated with hexane.
Sulfated steroids were eluted with 3 mL of a solution made of
70% hexane and 30% THF. The solvent was evaporated in a
Speed Vac concentrator, and the dry extract was kept at 4°C until
HPLC analysis.

HPLC

Sep-Pak-prepurified diencephalic extracts were analyzed by
reversed-phase HPLC on a Gilson liquid chromatograph (Un-
ipoint System, Villiers-le-Bel, France) equipped with a 0.39 X
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30-cm Nova-Pak C,4 column (Waters Associates) equilibrated
with 100% hexane. Radioactive steroids were eluted at a flow
rate of 1 mL/min using a gradient of THF (0%-100% over 45
min) including three isocratic steps at 0% (0-10 min), 2% (15-20
min), and 100% (35-45 min). Fractions were collected at 0.5-
minute intervals. A 400-uL aliquot of each HPLC fraction was
mixed with 4 mL of liquid scintillator (Aquasafe 300 Plus, Zimer
Analytic, Frankfurt, Germany) and counted in a double-channel
liquid scintillation counter (1211 Minibeta, LKB Wallac, Gaith-
ersburg, Maryland) using the specific windows for *H and 3°S.
Synthetic steroids used as reference standards were chromato-
graphed under the same conditions as the tissue extracts, and
their elution position was determined by ultraviolet (UV)
absorption.

Quantification of steroid biosynthesis and
statistical analysis

The amounts of radioactive sulfated steroids formed by con-
version of [*H]AP or [’ H|DHEA were expressed as a percentage
of the total radioactivity contained in all peaks resolved by
HPLC, including [*H]A’P or [’ H]DHEA for the *H-labeled neo-
synthesized steroids, or including [**S|PAPS for the 3*S-labeled
neosynthesized steroids. Each value is the mean of 3 independent
experiments. Statistical significance was determined using un-
paired # test, and comparisons among groups were performed by
ANOVA, with post hoc Tukey’s test using the Instat version 3.01
program (GraphPad Inc).

Results

Isolation of three types of GnRHR from Pelophylax
ridibundus

Sequence analysis of the open reading frame of each
riGnRHR ¢DNA revealed that riGnRHR-1, riGnRHR-2,
and riGnRHR-3 encode 407-, 371-, and 424-amino acid
proteins, respectively. These sequence data have been sub-
mitted to the GenBank databases under accession number
AY260153 for riGnRHR-1, AY260154 for riGnRHR-2,
and AY260155 for riGnRHR-3. All 3 riGnRHRs showed
typical characteristics of G protein-coupled receptors,
such as 7 hydrophobic TM domains, N-terminal and C-
terminal tails (Figure 1). The percentages of amino acid
sequence identity between riGnRHRs and GnRHRs from
various vertebrate species are indicated in Table 1. RiGn-
RHR-1 shares 95% identity with bullfrog Rana catesbei-
ana GnRHR-1 whereas riGnRHR-2 and riGnRHR-3
share 96 % identity with bullfrog GnRHR-2 and bullfrog
GnRHR-3, respectively. Moreover, riGnRHR-2 shows
high sequence identity with chicken GnRHR (57%), fol-
lowed by fish GnRHRs (49 %-50%), monkey GnRHR-2
(39%-40%), and rat GnRHRs (35%) whereas riGn-
RHR-1 and riGnRHR-3 have the highest homology with
monkey GnRHR-2 (43%-46%), followed by chicken
GnRHR (40%-43%), fish GnRHRs (39%), and rat
type-I GnRHR (31%-33%) (Table 1). However, the de-
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rGnRHR-1 MN I'§ - - - - - - - - - - - - KEVSIKGCNNAQWLSSSCDLDVNMTSTNGTHTHEFQLPTVEFSPAAKARAIITFVIFTL 60
riGnRHR-2 MAMQLAIVNQSHLVVP - - DANVSAS-GFPGPWREPTFTAAAKVRVGVTCCFFLI 51
rGnRHR-3 MNASDQPMEDGEAALPGLCAFKGFNLSCVHTNGFE PHGPNITFLNEDHEFVLPTFSTAAKIRVAITCVLETIS 72
™1 ™o
fnGnRHR-1 S ATCNLAALWSAARTSRKKRSHVRILILNLTTADL VTFIVMPLDAIWNITVQWHAGDIACRILMFLKLLSM 132
fnGnRRHR-2 A SCSNVAVLCSIS--GKRCKSHLRILILSLSIADL VTLLVMPLDAMWNIMIQWYADELSCKILNFGKLTFAM 121
riGnRHR-3 'S AC FNMATLWT I T YKYRKKSHIRILIINLVAADL ITFVVMPLDAVWNVTIQWYAGDVACRILMFLKLYVAM [43
T™ 1T ™ IV

rnGnRHR-1 ¥ SCAFVTVVISVDRQSA LNPLAINDAKKKNKIML VAWLMNAVLSLPQLFLFHTVTITEPHNFTQCTTRGS 204
nGnRHR2 ¥ SAALVLVVISLDRHWAILYPLSFTSAGQRNRIML TAWIGSLLLASPQLP FLFRLRTVSEAN-FTQCATHGS 192
fnGnRHR-3 ¥ S SAFVTVVISLDRHAAILNPLGIGDAKKKNKTML ITAWTLSLLLATPQLFVFHTVSRSQPVHFVQCATLGS 215
nGnRHR-I FQQ HWQETVYNMVSFVCLFLLPLLIMIFCYSRILL ISKRMSKGTLSSKEVYLRCSKN-NIPKARMRTLKYVS 275
rnGnRHR-2 'F PQRWQKTTYNMEFTFCTLFVTPLSVMIVCYTRILW IGKQMNHKNELAR- - - - - - SKNDLISKARLKTLKMT 258
rGnRHR-3 'FKAHWLETLYNMEFETFCCFFLLPLLIMVFECYGRILL ISRKMKKAEASSREVNLRRSYN-INIPRARMRTF FKMS 286

T™ VI T™ VII 346
MGnRHR-I T VIVSSFIICWTPYFFLGLWYWFYPEIMKEKI-PQSTTHILFIFGLVNACLDPITYGLFTIHFRKSLQRYCG )
nGnRHR-2 L VIVISFMVCWTPYYLLGIWYWFQPEMIHLT --PEYVHHSLFLFGLLHTCTDPLVYGLYTPSFKEDLRTWL - 327
HGRHR3 ILVIVLTFEFIVCWTPYYLLGIWYWESPEMLTSRRVPPSLSHIPFLEGLFNTCLDPIIYGLFTIHFRRETIRRV[ER 358

riGnRHR-1 G G RTSDADTSSSVITGSFRCSMSSFRAKKMIVLNQ - - -
rnGnRHR-2 - - RRLGGLLTRKAKNSKPLADSEMNIKDTFTS SMDG - - -
niGnRHR-3 CATQGKDADATSLGTGS FRVSTAAVPLKRSAGYSGGSC

NGNENNPEFRLNGLGTSCL 407
V' Q S VIE 371
VGLHSGKCEHCKRQIVESFM gy

Figure 1. Alignment of Amino Acid Sequences of riGNnRHRs Identical amino acids are shaded. Amino acid numbers are indicated on the right.
Gaps introduced for optimal alignment are indicated as dashes. The predicted TM domains are indicated on the top of the sequences. riGnRHR-1,
Pelophylax ridibundus type | GNnRHR; riGNRHR-2, P. ridibundus type Il GnRHR; riGnRHR-3, P. ridibundus type Il GNRHR.

gree of sequence homology among riGnRHRs is relatively
low. Thus, riGnRHR-1 shows 51% and 39% identity
with riGhRHR-3 and riGnRHR-2, respectively, and ri-
GnRHR-3 shows 40% identity with both riGnRHR-1 and
riGnRHR-2.

Ligand specificity and signal transduction of
riGnRHRs

The effects of the 2 native GnRH forms, GnRH1 and
GnRH2, on CV-1 cells transfected with plasmids contain-
ing each riGnRHR were studied using the CRE-luc or c-
fos-luc reporter systems. Both GnRH1 and GnRH2 sig-
nificantly increased luciferase activity in either CRE-luc-
or c-fos-luc-cotransfected cells. In cells expressing riGn-
RHR-1and riGnRHR-3, GnRHs induced 2~ 3 fold higher
c-fos promoter-driven luciferase activity than CRE-driven
luciferase activity. In cells expressing riGnRHR-2, GnRHs
induced CRE- and c-fos promoter-driven luciferase activ-
ity with similar strength. Regarding ligand sensitivity, ri-
GnRHR-1 was slightly more sensitive to GnRH2 than

GnRHT1 in both CRE-luc and c-fos-luc assay systems. For
riGnRH-2 and riGnRH-3, GnRH2 was 447 times and 74
times more potent than GnRH1 in the c-fos-luc assay sys-
tem, and 776 times and 40 times more potent than GnRH1
in the CRE-luc reporter system, respectively (Figure 2 and
Supplemental Table 2).

Tissue expression of the 3 riGnNRHR mRNAs

To examine the tissue distribution of each riGnRHR,
RT-PCR was performed by using total RNAs isolated
from olfactory lobe, telencephalon, hypothalamus, mes-
encephalon, cerebellum, rhombencephalon, spinal cord,
distal lobe and neurointermediate lobe of the pituitary,
testis, liver, kidney, adrenal gland, and lung. Because there
are two introns located in TM IV and at the border be-
tween TM V and TM VI (33, 43-45), primers that span 2
introns were employed. As shown in Supplemental Figure
1, the 3 riGnRHR mRNAs were amplified in all brain
regions as well as in the testis. In contrast, GnRHR-1
mRNA was selectively expressed in the distal lobe of the

Table 1. Amino Acid Identity among GnRHRs
riGnRHR-1 (%) RiGNRHR-2 (%) riGnRHR-3 (%)
Human GnRHR 32 35 31
Rat GnRHR-1 33 35 32
Marmoset GnRHR-2 43 40 45
Green monkey GnRHR-2 43 39 46
Goldfish GnRHR-1A 39 50 39
Goldfish GnRHR-1B 39 49 39
Chicken GnRHR 43 57 40
Bullfrog GnRHR-1 95 38 52
Bullfrog GnRHR-2 38 96 39
Bullfrog GnRHR-3 52 39 96

Amino acid identity was determined using the CLUSTAL W(1.4) alignment program.
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Figure 2. CRE- and c-fos-Promoter Driven Transcriptional Activity of riGnRHRs. CV-1 cells were
cotransfected with 100 ng of each receptor construct and 200 ng of c-fos-luc or CRE-luc reporter
plus 100 ng pCMVB-gal plasmid. After 24 hours of transfection, cells were serum starved for 24
hours and then incubated with graded concentrations of GnRH1 (A) or GnRH2 (M) for 6 hours.
Cells were lysed and subjected to luciferase assay. Data were normalized over basal activity.

pituitary whereas GnRHR-2 and GnRHR-3 mRNAs were
detected only in the adrenal gland and the liver, respec-
tively (Supplemental Figure 1).

Brain distribution of the 3 riGnRHR mRNAs

The distribution of each riGnRHR mRNA in the frog
brain was determined by in situ hybridization. The results
are summarized in Table 2. In the telencephalon, strong
hybridization signals for iGnRHR-1 and -3 mRNAs were
observed in the pallium, the septum, and the striatum (Fig-
ure 3A). Moderate signals for iGnRHR-1 and -3 mRNAs
were seen in the internal granular layer and the nucleus
accumbens. Weak to moderate signals for riGnRHR-2
mRNA were detected in the postolfactory eminence, the
lateral pallium, the dorsal pallium, and the nucleus ac-
cumbens. Other regions, such as the accessory olfactory
bulb, the vomeronasal nerve, and the entopeduncular nu-
cleus, were totally devoid of signal.

fasciculus were intensely labeled by
the 3 riGnRHR probes (Figure 3D).
The pretectal gray and the pretoral
gray were also labeled by the 3
probes although with variable inten-
sity (Figure 3D). riGnRHR-1 and -3
mRNA signals were seen throughout the tegmental nu-
cleus (Figure 3D). The nucleus reticularis isthmi expressed
only riGnRHR-1 mRNA (Figure 3D), whereas the nucleus
cerebelli expressed only riGnRHR-3 mRNA. No hybrid-
ization signal was detected in the nucleus of the posterior
commissure, the nucleus of the lentiformis mesencephali,
the nucleus interpeduncularis, and the nucleus isthmi.

In the metencephalon, weak hybridization signals for
riGnRHR-1 and -3 mRNAs were seen in the cerebellar
region, whereas no positive signal for iGnRHR-2 mRNA
was detected in this region. In the rhombencephalon, mod-
erate to strong signals for the three receptor mRNAs were
observed in the nucleus of the trigeminal nerve, the nucleus
of the abducent nerve, the nucleus of the facial nerve, the
nucleus of the stato-acusticus nerve, and the sulcus limi-
tans (Figure 3E). Faint signal for riGnRHR-1 mRNA was
also detected in the fasciculus solitarius.
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Table 2.

Comparative Localization and Relative Abundance of the 3 Types of riGnRHR mRNAs in the Brain

Structure

riGnRHR-1

riGnRHR-2

riGnRHR-3

Telencephalon

Olfactory bulb, internal granular
layer (IGL)

Olfactory bulb, extragranular
plexiform layer (EPL)

Olfactory bulb, mitral cellular layer
(ML)

Olfactory bulb, glomerular layer
(GL)

Accessory olfactory bulb (AOB)
Vomeronasal nerve (VN)
Postolfactory eminence (PE)
Lateral pallium (LP)

Dorsal pallium (DP)

Medial pallium (MP)

Lateral septum (LS)

Ventral striatum (Vst)

Dorsal striatum (Dst)

Nucleus of the diagonal band of
Broca (NDB)

Nucleus accumbens (NA)

Medial amygdala (MA)

Medial septum (MS)

Lateral amygdala (LA)

Anterior entopeduncular nucleus
(Ea)

Posterior entopeduncular nucleus
(Ep)

Bed nucleus of the pallial
commissure (BN)

Diencephalon

Anterior preoptic area (Poa)
Magnocellular preoptic nucleus,
dorsal part (Mgd)

Magnocellular preoptic nucleus,
ventral part (Mgv)

Organum vasculosum (OV)
Suprachiasmatic nucleus (SC)
Dorsal hypothalamic nucleus (DH)
Ventral hypothalamic nucleus
(VH)

Lateral hypothalamic nucleus (LH)
Posterior tuberculum (TP)

Nucleus of the periventricular organ

(NPv)

Epiphysis (E)

Thalamic eminence (TE)
Habenular commissure (Hc)
Dorsal habenular nucleus (Hd)
Ventral habenular nucleus (Hv)
Bed nucleus of the stria medullaris
(BM)

Neuropil of Bellonci (B)
Nucleus of Bellonci (NB)
Ventrolateral thalamic nucleus,
dorsal part (VId)

Ventrolateral thalamic nucleus,
ventral part (VIv)

J’_

A+

|+ + +

I+ + 1 ++++  + ++

I+ 4+

+ +

+++ 1T+ 4+

+ 4+

+ 4+

T4+

+

LI+

I+ 1+

+

I+ +++++ + |

|+ + + +
++ 4+

+ +
+ +

+
+

++ 4+

++ 4+

+ +
+ +

o+

4+ +++

++ +

++ +

(Continued )
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Table 2. Continued

Structure riGnRHR-1 riGnRHR-2 riGnRHR-3
Ventromedial thalamic nucleus + + + +
(VM)
Anterior thalamic nucleus (A) + — + +
Superficial ventral thalamic - - +

nucleus (Vs)

Corpus geniculatum thalamicum — - -

(CP)

Lateral thalamic nucleus, anterior * - —

division (La)

Lateral thalamic nucleus, — — =

posterodorsal division (Lpd)

Lateral thalamic nucleus, — — —

posteroventral division (Lpv)

Central thalamic nucleus (CNT) + - + +

Posterior thalamic nucleus (P) + + + + +

Subcommissural organ (CO) — - —

Uncinate neuropil (U) — — —

Optic chiasma (OC) - - —

Optic nerve (ON) — - —
Mesencephalon

Optic tectum (OT) + + + + + + +
Tectal lamina six (6) + + + + +
Nucleus of the posterior - - -
commissure (NPC)

Nucleus lentiformis mesencephali - - -
(NLM)

Nucleus of the medial longitudinal + + + + + + + +
fasciculus (NMLF)

Basic optic nucleus (BON) + -

Nucleus profundus mesencephali + - -
(NPM)

Pretectal gray (PtG) + =+ +
Pretoral gray (PtrG) + + + +
Oculomotor and trochlear nuclei + + + + + + +
(I

Torus semicircularis (TS) + + + + + +
Anterodorsal tegmental nucleus + + + + + +
(AD)

Anteroventral tegmental nucleus + + + + + +
(AV)

Posterodorsal tegmental nucleus + - + +
(PD)

Posteroventral tegmental nucleus + — +
(PV)

Nucleus reticularis isthmi (RIS) + - —

Nucleus interpeduncularis (NIP) - — _

Nucleus isthmi (NI) — — _

Nucleus cerebelli (Cer) - — T+
Metencephalon

Molecular cell layer of the - - _

cerebellum (MC)

Purkinje cell layer of the + - -
cerebellum (PC)
Granular cell layer of the + - +

cerebellum (GC)
Auricular lobe of the cerebellum - — —
(CAL)
(Continued )




2122 Burel et al Effect of GnRH on HST Activity in the Brain

Endocrinology, June 2013, 154(6):2114-2128

Table 2. Continued

Structure

riGnRHR-1

riGnRHR-2 riGnRHR-3

Rhombencephalon
Choroid plexus (Pch) —
Sulcus limitans (SL) + +
Griseum central rhombencephali -
(Go)
Raphe nucleus (Ra) -
Nucleus reticularis inferior (Ri) —
Nucleus reticularis medius (Rm) —
Fasciculus solitarius (FS) +
Nucleus of the trigeminal nerve +
V)
Nucleus of the abducent nerve + +
(V1)
Nucleus of the facial nerve (VII)

+
Dorsal nucleus of the stato-acusticus + + +

nerve (VI d)

Ventral nucleus of the stato- + + +

acusticus nerve (VI v)

Nucleus of the glossopharyngeal -
nerve (IX)

Nucleus of the hypoglossal nerve -
(X1l

(E
+
+

Signal density: +++, very high; ++, high; +, moderate; =, low;

Double labeling of HST and GnRH1 in the frog
diencephalon

Double labeling of diencephalic slices with the rabbit
HST antiserum and the sheep GnRH1 antiserum, com-
bined with dual-channel CLSM analysis, revealed the
presence of GnRH1-positive varicosities in close vicinity
with HST-immunoreactive cell bodies in Poa (Figure 4, A
and B). Similarly, in Mgd, HST-positive perikarya were
apposed by beaded GnRH-immunoreactive processes
(Figure 4C). No fluorescence was observed in the negative
controls (data not shown). Preincubation of the GnRH1
antiserum with graded concentrations of synthetic
GnRH1 (107 to 10~* M) resulted in a dose-dependent
decrease of the immunoreaction with total extinction at a
concentration of 107> M whereas the immunolabeling
persisted after preincubation with synthetic GnRH2 (Sup-
plemental Figure 2).

Effect of GnRH1 on biosynthesis of sulfated
neurosteroids

Frog hypothalamic slices were incubated for 2 hours
with both [’H]A’P as a steroid precursor and [>*S|PAPS as
a sulfate donor, and the tissue extracts were analyzed by
reversed-phase HPLC. The HPLC gradient used made it
possible to resolve several double-labeled metabolites (sul-
fated steroids) including [*H,**S]A’PS, [°H,*’S|TS, and
[*H,>S]ES (Figure SA). Addition of GnRH1 (10~° M) to
the incubation medium markedly increased the conver-

, background level.

sion of [PH]JA’P into [°H,*’S]A°PS and reduced the
formation of [*H,**S|TS, and [*H,**S|ES (Figure SB). Incu-
bation of frog diencephalic slices with graded concentrations
of GnRH1 (107® M to 10~° M) induced a bell-shaped in-
crease of [°H,*’S]A’PS production with a maximum re-
sponse at a concentration of 107 M (Figure 5C).

When [PH]DHEA was used as a precursor, the forma-
tion of [*H,>’SIDHEAS and [*H,>’S]ES was observed
(Figure 6A). Addition of GnRH1 (10~° M) to the incu-
bation medium enhanced the conversion of [PH]DHEA
into [*H,**S|DHEAS and had no effect on [*H,**S]ES (Fig-
ure 6B). Incubation of frog diencephalic slices with graded
concentrations of GnRH1 (10 ¥ M to 10™° M) induced a
dose-dependent increase of the conversion of [’ H|DHEA
into [*H,**S|DHEAS with a maximum effect at a concen-
tration of 10> M (Figure 6C).

Discussion

There is ample evidence that steroid hormones and neu-
rosteroids modulate the activity of GnRH neurons (for
reviews, see Refs. 49 and 50). In particular, A°PS stimu-
lates GnRH release from hypothalamic neurons through
allosteric modulation of N-methyl-p-aspartate receptors
(51) whereas DHEAS decreases y-aminobutyric acid-in-
duced activation of GnRH neurons via y-aminobutryic
acid A receptors (52). In contrast, the possible effect of
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Figure 3. In Situ Hybridization Localization of riGnRHR mRNAs in the Brain A-E, Brain sections
were hybridized with 3°S-labeled antisense riboprobes for riGnRHR-1 (R-1), riGnRHR-2 (R-2), or
riGnRHR-3 (R-3), or riGNRHR-1 sense probe (CTL). The antero-posterior position of the different
sections is indicated in the sagittal representation of the frog brain. For abbreviations, see Table 2.

GnRH on the production of neurosteroids has never been
investigated. Here, we show that GnRH1 stimulates the
biosynthesis of the neurosteroids A’PS and DHEAS in the
frog diencephalon. Because previous studies describing
the cartography of GnRH (30) and HST (21) have been
conducted in male frogs, the present experiments were
also performed on male animals. In this respect, it has
already been reported that the distribution and activity of
17B-HSD, an enzyme implicated in the biosynthesis of tes-
tosterone, are similar in the brain of male and female frogs
(53), suggesting that sex steroids do not affect the expression
of neurosteroidogenic enzymes in amphibians.

endo.endojournals.org 2123

Anatomic relationship between
HST-immunoreactive neurons
and GnRH-containing nerve
fibers

A comparison of the localization
patterns of HST- and GnRH1-im-
munoreactive elements (21, 29) re-
vealed that, in the frog diencephalon,
Poa and Mgd, where HST-positive
neurons are located, contain a high
density of GnRH1-immunoreactive
nerve fibers (30). Here, we show by
double immunohistochemical label-
ing that, in these 2 diencephalic nu-
clei, many HST-expressing per-
ikarya are surrounded by GnRH1-
immunoreactive nerve terminals.
This observation provided a neuro-
anatomic clue suggesting that
GnRHI1 could be involved in the reg-
ulation of the biosynthesis of sul-
fated 3-hydroxy-steroid in the frog
diencephalon.

Expression of GnRHRs in the
diencephalic nuclei containing
HST-immunoreactive neurons

We have cloned the cDNAs encod-
ing three distinct GnRHRs in P. ridi-
bundus. riGnRHR-1 and -3 appear to
couple preferentially to G,/;; whereas
riGnRHR-2 has equal potential to
activate G- and Gg/q;-mediated
signaling pathways. RT-PCR anal-
ysis revealed that the 3 riGnRHRs
are expressed in all brain regions
investigated as well as in the testis,
whereas riGnRHR-2 and riGn-
RHR-3 mRNAs were specifically
found in the adrenal gland and in
the liver, respectively. In P. ridi-
bundus as in R. castebeiana (34), riGnRHR-1 is in-
tensely expressed in the distal lobe of the pituitary, sug-
gesting that this receptor plays a major role in the
regulation of gonadotrope cells.

The distribution of each receptor mRNA was then de-
termined in the brain by in situ hybridization histochem-
istry. The results showed that riGnRHR-1 and riGn-
RHR-3 are actively expressed in the telencephalon and
diencephalon, whereas riGnRHR-2 mRNA is mainly lo-
calized in the mesencephalon. In fact, the mRNAs for ri-
GnRHR-1 and riGnRHR-3 overlapped in many brain re-
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Figure 4. Dual Channel Confocal Laser Scanning Microscope Analysis
Of Frontal Sections Of The Frog Brain lllustrating The Distribution of
HST- and GnRH1-like immunoreactivity in the Poa (A, X700; B, X500)
and the Mgd (C, X700). Each brain section was labeled with a rabbit
antiserum against HST revealed with DAR/Texas Red and a sheep
antiserum against GnRH1 revealed with DAS/Alexa 488. The Texas Red
and Alexa 488 fluorescence signals were analyzed separately using a
long-pass filter (A > 610 nm) and a band-pass filter (\ = 535 nm),
respectively, and the 2 acquisitions were superimposed on the same
image. Arrows point to beaded GnRH1-immunoreactive nerve fibers
that are located in the close vicinity of HST-positive neurons. lll, third
ventricle.

gions. Interestingly, we found that riGnRHR-1 and
riGnRHR-3 are actively expressed in Poa and Mgd where
HST-immunoreactive neurons are located. These data
suggested that GnRH1 might regulate the activity of HST

Endocrinology, June 2013, 154(6):2114-2128
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Figure 5. HPLC analysis of Radioactive Metabolites Formed during a
2-hour Incubation Of Frog Hypothalamic Explants with the [2H]-
Labeled Steroid Precursor AP and the [3°S]-Labeled Sulfate Donor
PAPS. A and B, Frog hypothalamic slices were incubated with 107 M
[PH]A®P together with 4.5 X 10~ M [?>S]PAPS, in the absence (A) or
presence (B) of 107 M GnRH1. The tissues were homogenized and
the radioactive metabolites were analyzed using a hexane/THF
gradient. The ordinates indicate the radioactivity (*H and 3°S)
measured in the HPLC fractions (0.4 mL each). The dashed lines
represent the gradient of secondary solvent (% THF). The arrows
indicate the elution position of standards: TS, testosterone sulfate.
C[b], Effect of graded concentrations of GnRH1 on the conversion of
[®H]A®P into [?H,3>S]A°PS by frog hypothalamic explants. The values
were obtained from experiments similar to those presented in A and B.
Gray circles represent the relative amounts of [°HJA®PS compared with
the total amount of [*H]-labeled compounds resolved by HPLC analysis
(X 100). Black circles represent the relative amounts of [2°S]A®PS
compared with the total amount of [3*S]-labeled compounds resolved
by HPLC analysis (X 100). Each value is the mean (= SEM) of three
independent experiments. x, P < .05; *, P < .01.
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Figure 6. HPLC Analysis of Radioactive Metabolites Formed during a
2-hour Incubation of Frog Hypothalamic Explants with the [®H]-Labeled
Steroid Precursor DHEA and the [3°S]-Labeled Sulfate Donor PAPS. A
and B, Frog hypothalamic slices were incubated with 1077 M
[®HIDHEA together with 4.5 X 1076 M [*S]PAPS, in the absence (A) or
presence (B) of 107 M GnRH1. The tissues were homogenized and
the radioactive metabolites were analyzed using a hexane/THF
gradient. The ordinates indicate the radioactivity (°*H and °S)
measured in the HPLC fractions (0.4 mL each). The dashed lines
represent the gradient of secondary solvent (% THF). The arrows
indicate the elution position of standards ES, estrone sulfate. C, Effect
of graded concentrations of GnRH1 on the conversion of [PHIDHEA
into [*H,3>SIDHEAS by frog hypothalamic explants. The values were
obtained from experiments similar to those presented in A and B. Gray
circles represent the relative amounts of [PH]DHEAS compared with the
total amount of [*H]-labeled compounds resolved by HPLC analysis

(X 100). Black circles represent the relative amounts of [2°>S]DHEAS
compared with the total amount of [3*S]-labeled compounds resolved
by HPLC analysis (X 100). Each value is the mean (= SEM) of 3
independent experiments. *, P < .05.
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neurons through activation of riGnRHR-1 or riGnRHR-3
receptors.

Effect of GnRH1 on sulfated neurosteroid
biosynthesis

GnRH1 and GnRH2 are both able to bind and activate
the 3 receptors present in hypothalamic nuclei. In agree-
ment with previous results obtained in R. catesbeiana and
R. dybowskii (34, 35), GnRH1 exhibited higher potency
on riGnRHR-1 than on riGnRHR-2 and riGnRHR-3, and
GnRH2 was slightly more potent than GnRH1 in stimu-
lating c-fos-luc activity in riGnRHR-1-transfected cells.
However, because HST-expressing neurons were inner-
vated by GnRH1-containing fibers, we have focused our
study on the effect of the GnRHT1 isoform on the biosyn-
thesis of sulfated neurosteroids.

Using a pulse-chase approach with [’H]AP or [°H]|D-
HEA as a steroid precursor and [*°S]PAPS as a sulfate
donor (21), we found that GnRHT1 stimulates the biosyn-
thesis of [PH]A’PS and [PH]DHEAS in a concentration-
dependent manner. The maximum effect of GnRH1 was
observed ata concentration of 10~” M for the biosynthesis
of A°’PSand 10> M for the biosynthesis of DHEAS. Like-
wise, it has been previously reported that NPY inhibits
A°PS and DHEAS formation with different potencies (24).
These differential effects of GnRH and NPY on A°PS and
DHEAS synthesis may be ascribed to the existence of two
HSTisoformsin the frog brain. One isoform, more specific
for A°P, would be activated by moderate concentrations of
GnRH1 whereas the other isoform, more specific for
DHEA, would require higher concentrations of GnRH1 to
be stimulated. To the best of our knowledge, this is the first
report demonstrating that GnRH stimulates the biosyn-
thesis of steroids in the CNS. The observation that GnRH-
immunoreactive fibers were apposed onto HST-express-
ing cells is in favor of a direct action of GnRH1 on HST
neurons although an indirect effect via intermediate neu-
rons cannot be ruled out. As a matter of fact, a recent
report indicates that GnRH1 directly activates steroido-
genesis in human neuroblastoma and human neuroblast
cell lines (54), suggesting that GnRH1 may also exert a
stimulatory effect on neurosteroid biosynthesis in the
brain of mammals.

The intense expression of iGnRHR-1 and riGnRHR-3
in Poa and Mgd strongly suggests that GnRH1 stimulates
the biosynthesis of sulfated neurosteroids through activa-
tion of one of these 2 receptors. Our data also revealed the
presence of GnRHR-1 and GnRHR-2 mRNAs in the testis
and adrenal gland, two major sites of DHEAS production
at the periphery. Whether GnRH can also regulate the
activity of HST and thus the biosynthesis of sulfated neu-
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rosteroids in these steroidogenic glands remains to be
determined.

Functional significance

The wide distribution of the 3 GnRHRs in the frog
brain is consistent with the multiple roles of GnRH as a
neuromodulator and neurotransmitter. Thus, the occur-
rence of the 3 receptors in the striatum suggests that GnRH
could modulate various sensory pathways. In amphibians,
the striatum actually receives visual, olfactory, and audi-
tory information and represents the major telencephalic
output to the mesencephalon (55). The presence of Gn-
RHRs in the tegmentum, optic tectum, oculomotor, and
trochleas nuclei, as well as in the nucleus of the medial
longitudinal fasciculus, indicates that GnRH may influ-
ence amphibian visually guided behaviors (56) as previ-
ously demonstrated in fish (57) and birds (58). Moreover,
the expression of all riGnRHRs in the nucleus of the stato-
acusticus nerve and in the torus semicircularis provides
additional evidence for an auditory-endocrine circuit that
involves GnRH1 and GnRH2 systems (59, 60). Finally,
the presence of riGnRHRs in the pallium and the medial
amygdala, considered as olfactory centers in frog, sup-
ports the hypothesis of a role of GnRH1 and/or GnRH2 in
olfaction in amphibians (61, 62). Concerning reproduc-
tive behavior, the occurrence of riGnRHR-1 and riGn-
RHR-3 in the ventral telencephalon, an area known to be
involved in spawning behavior (63), may account for the
stimulatory effect of GnRH2 on female spawning behav-
ior (64).

Unlike the lipophilic nonconjugated steroid hormones
that can enter easily into the brain, steroid ester sulfates,
due to their hydrophilic nature, can hardly cross the
blood-brain barrier. In fact, the concentration of A’PS in
frog brain tissue is 3 to 15 times higher than in plasma (39),
indicating that sulfated steroids present in the CNS are
synthesized locally. It has also been reported that, in frog,
the concentration of A°PS in the brain undergoes seasonal
variations that are totally dissociated from plasma A°PS
levels (39), suggesting the existence of a tight regulation of
the activity of the enzymes responsible for the production
of steroid sulfates in the CNS. Consistent with this hy-
pothesis, we have previously shown that, in the frog di-
encephalon, NPY inhibits the formation of sulfated ste-
roids through activation of Y1 receptors (24). The present
datanow indicate that GnRH1 stimulates the biosynthesis
of A°PS and DHEAS likely through activation of riGn-
RHR-1 and/or GnRHR-3. Because the concentrations of
GnRH1 and A°PS are elevated in the brain of amphibians
atthe beginning of the breeding season (38, 65), itis tempt-
ing to speculate that the stimulatory effect of GnRH1 on
amplexus behavior (66) is mediated by A°PS. Recipro-
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cally, A°PS and DHEAS modulate the activity of GnRH
neurons (51, 52), suggesting the existence of a short feed-
back regulatory loop between the two neuronal systems.
In conclusion, the frog brain contains 3 different types
of GnRHRs. The widespread distribution of these riGn-
RHRSs supports the view that GnRH acts as a neurotrans-
mitter and neuromodulator in addition to its well-known
neuroendocrine functions. In agreement with this hypoth-
esis, our data show that GnRH stimulates the biosynthesis
of A°PS and DHEAS in the frog hypothalamus, suggesting
that some of the neurobiologic effects of GnRH can be
accounted for by stimulation of HST bioactivity.
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