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 GABA B1  Knockout Mice Reveal Alterations 
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Reproduction     was    signifi cantly    compromised    in    
 GABA B1  

–/–  females, with a signifi cantly lower proportion 
of mice (37.5%) getting pregnant during the fi rst 30 days 
of mating as compared with wild-type controls (87.5%). 
Moreover, only 14% of vaginal plug positive GABA B1  

–/–  
females had successful pregnancies as compared with 
75% in the controls. In addition, the postovariectomy LH 
rise was signifi cantly advanced in GABA B1  

–/–  mice, while 
the response to estradiol feedback was similar in both 
genotypes. In conclusion, our endocrine analysis of 
GABA B1  

–/–  mice reveals that GABA B  receptors are in-
volved in the regulation of basal prolactin titers. More-
over, the hypothalamic-hypophyseal-ovarian axis is seri-
ously disturbed, with alterations in cyclicity, postcastra-
tion LH increase, and fertility indexes. The molecular 
mechanism underlying these hormonal disturbances re-
mains to be addressed. 

 Copyright © 2005 S. Karger AG, Basel 

 Introduction 

  � -Aminobutyric acid (GABA) is the main inhibitory 
neurotransmitter in the central nervous system (CNS). 
GABA participates in the control of hypophyseal secre-
tion, by infl uencing hypothalamic neural circuits and by 
a direct action on the pituitary  [1, 2] . Pituitary GABA 

 Key Words 
  � -Aminobutyric acid  �   � -Aminobutyric acid receptors  � 
Gonadotropins  �  Prolactin  �  Sex behavior  �  Puberty  �  
Ovariectomy 

 Abstract 
  � -Aminobutyric acid (GABA) has been implicated in the 
control of hypophyseal functions. We evaluated whether 
the constitutive loss of functional GABA B  receptors in 
GABA B1  knockout (GABA B1  

–/– ) mice alters hormonal lev-
els, under basal and stimulated conditions, and repro-
ductive function. The serum hormone levels were mea-
sured by radioimmunoassay, the estrous cyclicity was 
evaluated by vaginal lavages, and the mating behavior 
was determined by the presence of vaginal plugs. A 
moderate hyperprolactinemic condition was observed, 
in which prolactin increase and thyroid-stimulating hor-
mone decrease were similar between genotypes. Basal 
luteinizing hormone (LH), follicle-stimulating hormone, 
thyroid-stimulating hormone, and growth hormone lev-
els were similar between genotypes in each sex. Anal-
ysis of the gonadotropin axis revealed no differences 
in puberty onset between female genotypes. In con -  
trast, the estrous cyclicity was signifi cantly disrupted in 
GABA B1  

–/–  female mice, showing signifi cantly ex tended 
periods in estrus and shortened periods in proestrus. 
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derives from tuberoinfundibular GABA, neurointerme-
diate pituitary lobe GABAergic axons, other hypothalam-
ic GABAergic systems, and local synthesis, since the ex-
pression of glutamic acid decarboxylase (GAD), its bio-
synthetic enzyme, was demonstrated in the pituitary  [3, 
4] . GABA acts on ionotropic GABA A/C  receptors and 
metabotropic GABA B  receptors (GABA B Rs). The latter 
were originally described by Bowery et al.  [5]  over two 
decades ago. We and others demonstrated the participa-
tion of GABA B Rs in the regulation of prolactin (PRL) and 
gonadotropin secretion in developing and adult rats  [6–
15] . The presence of GABA B Rs in somatotropes has also 
been described  [4] . 

 It has been demonstrated  [16, 17]  that GABA B Rs are 
G-protein-coupled receptors, in which heterodimeric as-
sembly of a GABA B1  with a GABA B2  subunit confers 
functionality. Results from our laboratory  [18, 19]  estab-
lished that GABA B R subunits have particular ontogenic 
expression patterns in hypothalamus and pituitary, de-
creasing throughout postnatal development in both sexes 
and being more abundant in female than in male infantile 
rats. This dimorphic sexual expression pattern in the pi-
tuitary is the consequence of early testosterone imprint-
ing in males  [20] . In addition, we have demonstrated  [21]  
that pituitary GABA B Rs are coupled Gi/0-type G-pro-
teins and that their activation initiates the same intracel-
lular signaling pathways as in the CNS. 

 Recently, two strains of mice defi cient in either the 
GABA B1  subunit  [22]  or the GABA B2  subunit  [23]  were 
developed, both of which suffer from spontaneous sei-
zures, hyperalgesia, hyperlocomotor activity, and severe 
memory impairment. This demonstrates that most 
 GABA B  functions depend on heterodimerization be-
tween the GABA B1  and GABA B2  subunits. However, 
GABA B2  

–/–  mice, but not GABA B1  
–/–  animals, still ex-

hibit atypical electrophysiological GABA B  responses. 
This indicates that in vivo GABA B1 , but not GABA B2 , 
can be functional in the absence of the partner subunit 
 [23] . 

 In the past, studies addressing the physiological roles 
of GABA B Rs in hypophyseal regulation relied on the use 
of selective agonists and antagonists. The aim of the pres-
ent work was to analyze the endocrine consequences of a 
constitutive loss of GABA B  responses in GABA B1  

–/–  mice, 
with emphasis on the hypothalamic-pituitary-gonadal 
unit. 

 Materials and Methods 

 Animals 
 GABA B1  

–/–  mice  [22]  generated in the BALB/C inbred strain 
were obtained by intercrossing heterozygous animals. DNA iso-
lated from fi ngertips biopsies (performed for identifi cation pur-
poses) was genotyped by polymerase chain reaction analysis, as 
described  [22] . The animals were given free access to laboratory 
chow and tap water. All studies were performed according to pro-
tocols for animal use, approved by the Institutional Animal Care 
and Use Committee (IBYME-CONICET) and by the NIH. 

 Female and male mice from both genotypes were weighed from 
birth to adulthood every 5 days until 60 days of age and every 10 
days thereafter (90 days); 6–15 animals per group were used. 

 Anterior Pituitary Function Evaluation 
 Several groups of adult mice from both sexes and genotypes 

were sacrifi ced by decapitation between 09.00 and 11.00 h. Pitu-
itaries were dissected and weighed; trunk blood samples were col-
lected to determine serum PRL, luteinizing hormone (LH), follicle-
stimulating hormone (FSH), thyroid-stimulating hormone (TSH), 
and growth hormone (GH) levels by radioimmunoassay (RIA). 
Number of animals per group: 6–12. Ovaries and testes were also 
dissected and collected for other determinations (see below). 

 PRL and TSH Responses to Immobilization Stress 
 Adult male mice from both genotypes were sacrifi ced by de-

capitation under basal conditions (control group) or submitted to 
15-min immobilization stress and sacrifi ced thereafter by decapita-
tion. Trunk blood samples were collected to determine serum PRL 
and TSH levels by RIA. Number of animals per group: 7–8. 

 Hypothalamic-Pituitary-Gonadal Axis Evaluation in Female 
Wild-Type and GABA B1  

–/–  Mice 
  Puberty Onset and Cyclicity.  Female knockout and wild-type 

mice were checked for vaginal opening, as an index of puberty on-
set, from day 16 of life onwards, and they were weighed on the day 
of vaginal opening. Starting at 60 days of age, vaginal lavages were 
obtained daily for assessment of the estrous cyclicity for a 50-day 
period. Number of animals per group: 18–22. 

  Reproductive Function.  Female, virgin adult mice of both geno-
types were mated with males of known fertility. One wild-type and 
1 knockout female were put into a cage with a heterozygous male. 
The percentage of female mice pregnant after 30 days, the days to 
fi rst delivery, and the number of pups/litter were recorded. Number 
of animals per group: 8. In a second set of wild-type and knockout 
virgin females, estrous cycles were recorded, and the mice were 
mated on the day of proestrus with a male of known fertility. The 
next morning, the animals were checked for the presence of a vag-
inal plug. If present, this was designated day 1 of pregnancy. The 
percentage of successful pregnancies reaching parturition was de-
termined. Number of animals per group: 7–8. 

  LH and FSH Responses to Withdrawal and Reinstatement of the 
Estradiol Feedback Action.  Female knockout and wild-type adult 
mice were anesthetized between 09.00 and 11.00 h with ketamine/
xylazine, jugular blood samples for basal serum LH and FSH de-
terminations were taken, and they were then ovariectomized 
(OVX). Thereafter, 1-cm Silastic capsules (0.04 in inner diameter, 
0.085 in outer diameter; Dow Corning, Midland, Mich., USA) con-
taining 2.5  � g 17 � -estradiol (Sigma-Aldrich, St. Louis, Mo., USA) 
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mixed into silicone type A medical adhesive were placed subcuta-
neously. Controls were implanted with capsules containing no es-
tradiol  [24] . One ovary from each mouse was dissected and weighed 
(n = 12–16). At 19.00 h of the 7th day after OVX, the mice were 
sacrifi ced by decapitation, and trunk blood samples were collected 
for determination of serum LH and FSH levels by RIA. Number 
of animals per group: 6–8. 

 Participation of GABA B Rs in the Postcastration Rise in 
Gonadotropins in Female and Male Wild-Type and Knockout 
Mice 
 Female and male mice from both genotypes were castrated be-

tween 09.00 and 11.00 h under ketamine/xylazine anesthesia. One 
ovary or testicle from each mouse was dissected and weighed. Jug-
ular blood samples were collected on the day prior to castration 
(day 0) and on days 1, 3, 4, 5, and 7 after castration under anesthe-
sia. On day 9 after castration, the mice were sacrifi ced by decapita-
tion, trunk blood was collected, and serum LH and FSH levels were 
determined. Number of animals per group: 8–15 females and 6–9 
males. 

 Gonadal Parameters in Wild-Type and GABA B1  
–/–  Mice 

 Testes and ovaries from mice from both genotypes were weighed 
and homogenized to determine testosterone, progesterone, and es-
tradiol contents by RIA after ethyl ether extraction. Steroid hor-
mone levels were expressed relative to protein ( � g) measured by 
Lowry’s method in aliquots of tissue homogenates. Number of an-
imals per group: 13–20. 

 Radioimmunoassays 
 Mouse serum   LH, FSH, PRL, TSH, and GH were analyzed by 

RIA using kits obtained through the National Hormone and Pep-
tide Program (Dr. A.F. Parlow, Harbor-UCLA Medical Center, 
Torrance, Calif., USA). LH and FSH were determined with the rat 
kits, and the results were expressed in terms of RP-3 and RP-2 rat 
LH and FSH standards, respectively. PRL, TSH, and GH were 
determined using the mouse kits, and results were expressed in 
terms of mPRL-AFP-6476C, mTSH/LH-AFP51718MP, and 
mGH-AFP-10783B standards, respectively. Assay sensitivities, 
calculated as the dilution factor of samples multiplied by the lowest 
dose of the standard curve, were 0.18 ng/ml for LH, 2.14 ng/ml for 
FSH, 0.95 ng/ml for PRL, 9.8 ng/ml for TSH, and 0.66 ng/ml for 
GH. Intra- and interassay coeffi cients of variation were for LH 7.2 
and 11.4%, for FSH 8.0 and 13.2%, for PRL 7.8 and 12.4%, for 
TSH 8.3 and 13.5%, and for GH 8.4 and 13.3%, respectively. 

 Testosterone, estradiol, and progesterone testicular contents 
were determined by RIA using specifi c antisera kindly provided by 
Dr. G.D. Niswender (Colorado State University, Fort Collins, 
Colo., USA) after ethyl ether extraction  [20] . Labeled hormones 
were purchased from PerkinElmer (Wellesley, Mass., USA). Assay 
sensitivities were for testosterone 125 pg, for estradiol 11.3 pg, and 
for progesterone 500 pg. Intra- and interassay coeffi cients of varia-
tion were 7.8 and 12.3% for testosterone, 6.8 and 11.7% for estra-
diol, and 7.1 and 12.15% for progesterone, respectively. 

 Statistics 
 The differences between mean values of two groups were ana-

lyzed by Student’s t test. Differences between mean values of more 
than two groups were analyzed by one-way, two-way, or three-way 
ANOVA, followed by Tukey’s honestly signifi cant difference test 

for unequal numbers. Percentages were subjected to arcsine trans-
formation before statistical analysis to convert them from a bino-
mial to a normal distribution. Frequency distributions were ana-
lyzed using the  �  2  test. Data are presented as mean  8  SEM. p  !  
0.05 was considered statistically signifi cant. 

 Results 

 Somatic Growth from Birth to Adulthood in Female 
and Male Wild-Type and GABA B1  

–/–  Mice 
 The absence of GABA B1 R expression did not compro-

mise somatic growth, as body weights did not vary be-
tween wild-type and knockout mice from birth to adult-
hood in either sex ( fi g. 1 ). Body weights were signifi cant-
ly higher in males than in females from 35 days 
onwards. 

 Anterior Pituitary Function Evaluation 
 First, we evaluated the pituitary function in adulthood 

under basal conditions. The pituitary weights were sig-
nifi cantly higher in females than in males, without differ-
ences between genotypes ( table 1 ). The serum PRL levels 
were signifi cantly elevated in knockout males with regard 
to wild-type controls ( fi g. 2 a); females did not show sig-
nifi cant differences between genotypes ( fi g. 2 b). Serum 
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  Fig. 1.  Body weight from birth to adulthood in female and male 
wild-type and GABA B1  

–/–  mice. The animals were weighed every 
5 days until 60 days of age and every 10 days thereafter. Three-way 
ANOVA. Main factors genotype, sex, and age. Triple interaction: 
NS; double interaction genotype and sex: NS; double interaction 
genotype and age: NS; double interaction sex and age: p  !  0.001. 
* Signifi cantly different from females at that age. 



 PRL and LH Alterations in GABA B1  
Knockout Mice 

 Neuroendocrinology 2005;82:294–305 297

LH, FSH, and TSH levels were higher in males than in 
females, without differences between genotypes ( table 1 ). 
GH did not show signifi cant differences between sexes or 
genotypes ( table 1 ). 

 PRL and TSH Responses to Immobilization Stress 
 As the basal PRL level was increased in GABA B1  

–/–  
males as compared with their wild-type controls, we next 
evaluated whether the PRL secretion was also altered un-
der stress-stimulated conditions. Both wild-type and 
knockout mice responded to immobilization stress with 
an increase in PRL ( fi g. 3 a). The overall PRL levels were 
higher in GABA B1  

–/–  males when compared to wild-type 
controls (two-way ANOVA: interaction NS; main effects 
genotype p  !  0.01). However, the percent increase above 
basal levels was similar between genotypes (% increase: 
wild-type 333.1  8  107.4 vs. GABA B1  

–/–  331.1  8  94.2; 
n = 3 independent experiments, NS). 

 TSH was also evaluated under basal and stress condi-
tions in adult males, as immobilization stress has been 
reported to reduce the TSH levels in rodents  [25, 26] . 
Both genotypes responded to immobilization stress with 
a similar decrease in TSH levels ( fi g. 3 b). 

 Hypothalamic-Pituitary-Gonadal Axis Evaluation in 
Wild-Type and GABA B1  

–/–  Female Mice 
 Next we evaluated the hypothalamic-pituitary-gonad-

al axis in female mice by recording parameters of puber-
ty onset, ovarian weight, and steroid contents at adult-
hood. Neither the day of vaginal opening nor the body 
weight at the time of vaginal opening differed between 
wild-type and knockout mice [vaginal opening (days): 
wild-type 21.9  8  0.7 (n = 18) vs. knockout 20.8  8  0.7 
(n = 11), NS; body weight at vaginal opening (g): wild-
type 11.2  8  0.4 (n = 18) vs. knockout 10.0  8  0.8 (n = 
11)]. No differences were observed in ovary weight or es-
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  Fig. 2.  Basal prolactinemia in female ( a ) 
and male ( b ) wild-type and GABA B1  

–/–  
mice. * p  !  0.01 as compared with wild-type 
males. 

  Table 1.  Pituitary weights and serum basal pituitary hormone levels in adult wild-type and GABA B1  
–/–  female and male mice 

                        Females                         Males p

GABAB1
+/+ GABAB1

–/– GABAB1
+/+ GABAB1

–/–

Pituitary weight, mg 2.1580.24 (6) 1.7180.34 (7) 1.0480.05 (12) 1.0680.10 (11) <0.01
LH, ng/ml 0.2180.02 (16) 0.2180.02 (15) 0.7580.17 (8) 0.8180.11 (8) <0.001
FSH, ng/ml 3.6980.59 (14) 3.3480.68 (13) 13.3082.44 (6) 14.5781.95 (9) <0.001
TSH, ng/ml 16.9683.61 (14) 11.6581.81 (12) 25.1284.39 (23) 28.1484.19 (25) <0.01
GH, ng/ml 6.9681.59 (14) 6.2881.91 (12) 11.4382.70 (29) 11.2782.76 (32) NS

Data were analyzed by two-way ANOVA. No differences between genotypes were observed; differences between sexes are shown. 
Number of animals in parentheses.
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tradiol, progesterone, or testosterone contents between 
genotypes at adulthood ( table 2 ). 

 In contrast to this lack of GABA B R participation at 
onset of puberty or in ovarian parameters, the estrous 
cyclicity was signifi cantly disrupted in knockout mice. 
Female GABA B1  

–/–  mice exhibited an extended estrus 
(p  !  0.001) and a reduced proestrus period (p  !  0.001) 
( fi g. 4 ) as compared with wild-type controls; a decrease in 
time spent in diestrus did not attain statistical signifi -
cance (p  !  0.110). Representative estrous cycle profi les 
demonstrating these differences are depicted in  fi gure 4 . 
In addition to the alterations in cyclicity, the reproductive 
function of female GABA B1  

–/–  mice was signifi cantly 
compromised ( fi g. 5 ). The number of mice becoming 
pregnant within the fi rst 30 days of mating was signifi -
cantly reduced in knockout animals (% of pregnancies in 
the fi rst 30 days: wild-type 87.5, n = 8, vs. GABA B1  

–/–  
37.5, n = 8;  �  2  test p  !  0.05;  fi g. 5 a), while the interval 
between exposing female mice to a male and delivery of 
the fi rst litter was lengthened, although this difference in 
comparison with wild-type mice did not attain statistical 
signifi cance (p  !  0.11;  fi g. 5 b). No difference in the num-
ber of pups per litter between genotypes was detected 
( fi g. 5 c). 

 In the previous set of experiments, the difference in 
the pregnancy index could not discriminate between a 
possible lack of mating behavior, length of time in getting 
into proestrus, or pregnancy interruption in knockout 
with regard to wild-type females. Therefore, a new group 
of females from both genotypes was cycled and, on the 
day of proestrus, they were mated with a male of known 
fertility; the next day, the presence of a vaginal plug (in-
dex of positive mating behavior) was recorded. No differ-
ences between genotypes were observed, as 100% of the 
mice which mated on proestrus showed the vaginal plug 
( fi g. 6 ). Nevertheless, a signifi cant difference was ob-
served when successful pregnancies were evaluated, as 6 
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  Fig. 3.  PRL ( a ) and TSH ( b ) responses to immobilization stress in 
male wild-type and GABA B1  

–/–  mice. PRL: two-way ANOVA. 
Main factors genotype and treatment. Double interaction: NS; 
main effect genotype: p  !  00.1, * signifi cantly different from wild-
type mice; main effect treatment: p  !  0.001,  a  signifi cantly different 
from basal levels. TSH: two-way ANOVA. Main factors genotype 
and treatment. Double interaction: NS; main effect genotype: NS; 
main effect treatment: p  !  0.001,  b  signifi cantly different from bas-
al levels. 

  Table 2.  Ovary weights and estradiol, progesterone, and testosterone contents in adult wild-type and GABA B1  
–/–

  females 

Ovaries Ovary weight
mg

Estradiol
pg/�g protein

Progesterone
pg/�g protein

Testosterone
pg/�g protein

GABAB
+/+ 5.280.4 (20) 0.01980.003 (16) 36.986.6 (16) 0.10680.019 (16)

GABAB
–/– 4.680.4 (21) 0.01880.004 (17) 42.585.0 (20) 0.13280.020 (16)

Data were analyzed by Student’s t test. No differences between genotypes were observed. Number of animals 
in parentheses.
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of 8 plug-positive wild-type mice reached parturition, 
while only 1 of 7 did so in knockout females ( �  2  test: p  !  
0.03). 

 As cyclicity and reproductive function were altered in 
female GABA B1  

–/–  mice, we next evaluated the function-
ality of the gonadotropin axis in females. We determined 
LH and FSH levels in female mice under basal condi-
tions, 7 days after OVX, and after reinstatement of the 
estradiol-negative feedback action by estradiol adminis-
tration (Silastic capsule containing 2.5  � g 17 � -estradiol; 
OVX-E 2 ). No differences were observed between geno-
types [LH (ng/ml): wild-type basal 0.31  8  0.06, OVX 
4.54  8  1.06, and OVX-E 2  0.87  8  0.21 (n = 6) vs. knock-
out basal 0.22  8  0.03, OVX 4.02  8  0.59, and OVX-E 2  

0.55  8  0.13 (n = 5); two-way ANOVA: interaction NS, 
main effect genotype NS, main effect treatment p  !  
0.001]. FSH showed a similar response (not shown). 

 Participation of GABA B Rs in the Postcastration Rise 
in Gonadotropins in Wild-Type and Knockout Mice 
of Both Sexes 
 GABA, through activation of GABA A  and GABA B 

  receptors, has been proposed to participate in the post-
castration delay in the rise of LH in female rodents as 
opposed to males  [27] . We evaluated the gonadotropin 
level increase in mice from both sexes and both genotypes 
the fi rst 9 days after castration. The LH rise was signifi -
cantly advanced in female GABA B1  

–/–  mice when com-
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–/–  mice. Days of es-
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pared to wild-type controls, without signifi cant differenc-
es between male genotypes ( fi g. 7 a, b). No differences in 
the postcastration rise in FSH were observed between 
genotypes of either sex ( fi g. 7 c, d). 

 Testicular Parameters in Wild-Type and GABA B1  
–/–  

Mice 
 Since the testis expresses the GABA biosynthetic en-

zyme GAD, as well as GABA A  and GABA B  receptors, and 
since a physiological role for GABA in Leydig cell func-
tion has been proposed  [28] , testis weight and testis ste-

roid hormone contents were determined in adult wild-
type and knockout mice. No signifi cant differences in 
these parameters were observed between genotypes [testis 
weight (mg): wild-type 0.136  8  0.006 (n = 23) vs. knock-
out 0.126  8  0.004 (n = 21), NS; testosterone (pg/ � g pro-
tein): wild-type 0.40  8  0.06 (n = 14) vs. knockout 0.68 
 8  0.15 (n = 14), NS; estradiol (pg/ � g protein): wild-type 
0.005  8  0.001 (n = 12) vs. knockout 0.004  8  0.001 (n = 
13), NS; progesterone (pg/ � g protein): wild-type 0.99  8  
0.17 (n = 16) vs. knockout 0.78  8  0.12 (n = 17), NS]. 
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 Discussion 

 Constitutive gene ablation has become a key technique 
to study role and regulation of genes in the context of the 
intact animal, without the need of pharmacological agents 
which, in addition to their proposed actions, may present 
lack of cell specifi city, toxicity, and undesirable nonspe-
cifi c effects. 

 This is the fi rst study addressing the role of GABA B Rs 
in neuroendocrine functions in constitutive GABA B1  

–/–  
mice which completely lack functional GABA B Rs. The 
results demonstrate altered PRL levels in males and com-
promise of the gonadotropin axis and reproduction im-
pairment in females and thus support previous reports 
that GABA also regulates the hypothalamic-pituitary unit 
through GABA B Rs. 

 During the CNS development, early activation of 
GABA A  and GABA B  receptors appears to account for the 
regulation of proliferation, migration, and differentiation 
of cells, prior to their roles in neurotransmission  [29, 30] . 
GABA B Rs are already expressed in the pituitary early in 
development  [18] ; nevertheless, their absence does not 
seem to seriously infl uence pituitary development, as the 
gland weight is normal in adulthood. The sex difference 
observed in pituitary weight is in agreement with previ-
ous data  [31] . 

 We have previously shown that GABA B Rs are impli-
cated in the control of PRL secretion, acting both at the 
CNS level and directly in the pituitary. In vivo ,  GABA B R 
stimulation resulted in inhibition of PRL secretion under 
stimulated conditions, such as stress or suckling, in rats 
 [6, 32, 33] , with no signifi cant effect on basal PRL titers. 
In vitro stimulation of GABA B Rs in anterior pituitary 
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  Fig. 7.  Postcastration serum LH ( a ,  b ) and FSH ( c ,  d ) levels in adult 
female and male wild-type and GABA B1  

–/–  mice, evaluated over 9 
days after gonadectomy. Data were analyzed by two-way ANOVA. 
Main effects: genotype and days. LH in females, interaction: p  !  
0.001, * signifi cantly different from wild-type mice at that date, 
 a  signifi cantly different from initial levels in GABA B1  

+/+  mice,  b  sig-
nifi cantly different from initial levels in GABA B1  

–/–  mice. FSH in 
females, interaction: NS, main effect genotype: NS, main effect 

days: p  !  0.01,  a  signifi cantly different from all other dates. LH in 
males, interaction: NS, main effect genotype: NS, main effect days: 
p  !  0.001,  a  days 1, 3, 5, 7, and 9 signifi cantly different from day 0 
(p  !  0.001 or less),  b  day 1 levels signifi cantly different from day 3 
(p  !  0.004). FSH in males, interaction: NS, main effect genotype: 
NS, main effect days: p  !  0.001,  a  signifi cantly different from all 
other dates. 
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cultures inhibited PRL secretion, both under basal and 
stimulated conditions, and this was reverted by specifi c 
antagonists  [7] . On the other hand, the stimulatory effects 
of baclofen, a GABA B  agonist  [5] , on PRL release were 
demonstrated in prepubertal rats, acting probably at the 
CNS     [9, 10] . When evaluating basal PRL levels in 
 GABA B  

–/–  mice, we observed a moderate hyperprolactin-
emic condition only in males. The more robust dopami-
nergic PRL-inhibitory tone characteristic of females  [31, 
34]  may mask this response in PRL titers in knockout 
females.     Although     the     PRL     levels     were    higher    in    
 GABA B  

–/–  males than in controls, absence of GABA B Rs 
did not modify the hyperprolactinemic response to im-
mobilization stress, as the percent increase was similar 
for both genotypes. Results in GABA B  

–/–  mice confi rm 
that GABA B Rs are involved in the regulation of PRL se-
cretion and point to a contribution in the control of bas-
al secretion. As compared with the previous results ob-
tained by pharmacological manipulation, our new fi nd-
ings are best explained by assuming that baclofen 
administration does not increase an already tonic inhibi-
tion of basal PRL by GABA through GABA B Rs. On the 
other hand, the inhibitory effect of baclofen on stress-in-
duced PRL secretion observed previously may have been 
a pharmacologic effect, as GABA B Rs do not appear to be 
involved in the regulation of PRL release under stress in 
GABA B  

–/–  mice. 
 GABA has also been involved in the regulation of TSH 

secretion in mice and rats, mainly through activating 
GABA A/C Rs  [35–37] . We have previously reported that 
a suckling-induced TSH increase is abolished by baclofen 
administration in the rat  [6] , suggesting a participation of 
GABA B Rs in TSH regulation. In addition, stress was 
shown to infl uence the TSH secretion, increasing or de-
creasing its levels, depending on the stressor used  [25, 26] . 
We, therefore, evaluated basal TSH levels and their re-
sponse to immobilization stress in null mutant and wild-
type mice. Basal titers were similar in knockout and wild-
type animals of both sexes, being higher in males than in 
females. Immobilization induced a similar decrease in 
TSH in both male genotypes. Taken together, our results 
suggest that GABA B Rs are not involved in the control of 
either basal or the stress-modifi ed TSH levels, in agree-
ment with previous reports  [8, 9] . 

 Although stimulation of the GH secretion by baclofen 
has been well characterized in healthy humans and in 
psychiatric patients  [38] , little is known about GABA B R 
regulation of the GH secretion in rodents. The presence 
of GABA B Rs has been demonstrated in rat somatotropes 
and GH3 cells  [4] ; in addition, in GH3 cells, baclofen 

stimulated the GH secretion  [4] . Others  [39]  failed to ob-
serve an effect of baclofen on the GH secretion in super-
fused anterior pituitaries. Here, we observed no differ-
ences in basal GH levels between adult wild-type and 
knockout mice, suggesting that GABA B Rs are not in-
volved in the regulation of the basal somatotropin secre-
tion. In agreement with these results, similar growth 
curves for both genotypes in each sex were recorded. 
However, a compensation of possible alterations due to 
absence of GABA B Rs may take place, as the GH secretion 
is under a very complex multifactor regulation  [40] . 

 Testes express the GABA biosynthetic enzyme GAD 
 [28, 41] , GABA A  and GABA B  receptors  [28, 42, 43],  as 
well as GABA transporters  [28, 44] . Furthermore, a phys-
iological role for GABA in the control of Leydig cell pro-
liferation and steroid synthesis has been proposed  [28, 
45] . In this context, we studied testis weight and steroid 
hormone contents in testes of adult knockout and wild-
type mice. None of these parameters differed between 
wild-type and GABA B1  

–/–  males, suggesting that these re-
ceptors are not critically involved in growth of testes or 
their endocrine function. 

 GABA has been shown to infl uence the hypothalamic-
hypophyseal-ovarian axis through GABA A  and GABA B  
receptor activity  [11–14, 46–48] . Furthermore,  GABA B Rs 
are expressed in gonadotropin-releasing hormone (GnRH) 
neurons  [49, 50] , in the pituitary  [7, 18, 20] , and in the 
ovary  [16, 51, 52] . When evaluating the hypothalamic-
pituitary-ovarian axis in female mice, the parameters of 
puberty onset did not show signifi cant differences be-
tween genotypes. In contrast, the estrous cyclicity was 
signifi cantly disrupted in knockout mice, presenting lon-
ger periods in estrus and shorter periods in proestrus than 
wild-type controls. In addition, the fertility parameters 
were also compromised, as the number of GABA B  

–/–  fe-
males getting pregnant within the fi rst 30 days of mating 
was signifi cantly reduced with regard to wild-type con-
trols. At this point, we could not discriminate between a 
possible lack of mating behavior, length of time in getting 
into proestrus, or pregnancy interruption in knockout fe-
males with regard to wild-type animals. The second breed-
ing experiment demonstrated that knockout females 
show a normal mating behavior once they get into proes-
trus, as 100% showed vaginal plugs the next morning. 
Nevertheless, in addition to less frequent proestrus occur-
rence, a diffi culty in ovulation, fertilization, and/or preg-
nancy progression was also evidenced, as only 1 of 7 plug-
positive knockout mice delivered pups. Regarding the 
participation of GABA B Rs in these processes, GABA B Rs 
are present in the ovary  [53, 54] , Kaupmann et al.  [16]  
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described their presence in the rat placenta, and their ex-
pression in human, rabbit, and rat oviduct and myome-
trium has also been demonstrated, participating in the 
modulation of the contractility in both tissues  [55–59] . 
Therefore, a thorough investigation will be undertaken to 
determine in which process or processes the absence of 
GABA B Rs interferes with pregnancy outcome. 

 As cyclicity and reproductive function were compro-
mised in GABA B  

–/–  mice, we evaluated the functionality 
of the gonadotropin axis. It has been proposed that ba-
clofen blocks the estrogen- and progesterone-induced go-
nadotropin surge in OVX rats  [11]  while increasing 
GnRH mRNA in the preoptic/anterior hypothalamic 
area  [47] . Baclofen was also shown to inhibit naloxone-, 
glutamic-acid-, or noradrenaline-induced LH increases in 
rats  [12, 14, 46] . Moreover, Akema and Kimura  [13]  have 
proposed that GABA B Rs are involved in the estrogen 
feedback response in castrated female rats  [13] , while 
Wagner et al.  [48]  suggested that attenuation of presyn-
aptic GABA B  autoreceptor function occurs as a conse-
quence of an estrogen negative-feedback action. In addi-
tion, sex differences in gonadotropin increases after go-
nadectomy in rats  [60, 61]  have been attributed to GABA 
 [62]  acting at both GABA A  and GABA B  receptors  [27] . 
As a consequence, we fi rst evaluated the gonadotropin 
response to estrogen withdrawal (castration plus empty 
Silastic capsules) and reinstatement of the estradiol nega-
tive feedback (castration plus estradiol-fi lled Silastic cap-
sules) in wild-type and knockout females. High gonado-
tropin levels on day 7 after castration were similar be-
tween genotypes (see below). The fact that we observed 
no differences in the negative-feedback action of estra-
diol on castration-induced gonadotropin levels between 
female genotypes is in agreement with the hypothesis that 
GABA B Rs are inactivated during estradiol feedback ac-
tion, as suggested by others  [48] ; in this situation the in-
hibitory action of GABA is probably exerted through 
GABA A Rs and, therefore, should be similar between 
GABA B  knockout and wild-type females. In agreement 
with the above hypothesis, we have also shown that 
 GABA B Rs are downregulated and/or desensitized by es-
tradiol in the hypothalamus and in the pituitary in the rat 
[unpubl. results]. We next evaluated the early gonadotro-
pin postcastration rise in male and female wild-type and 
knockout mice. In males, both gonadotropins increased 
markedly already 24 h after castration, without signifi -
cant differences between genotypes; in contrast, in wild-
type females, LH rose signifi cantly only on day 7 after 
castration, similar to what was described in the rat  [27] . 
A striking difference in this delay in the LH rise was ob-

served between knockout females and wild-type controls. 
In GABA B1  

–/–  females, the LH titers increased markedly 
on day 5 after OVX, reaching fourfold higher levels than 
on day 4 after OVX and eightfold higher titers than wild-
type controls on the same day. LH reached similar levels 
in both female genotypes on day 7 after OVX. These ob-
servations were specifi c for LH, as FSH increased in fe-
males from the 1st day after castration in both genotypes 
in a similar way, though more gradually than in males. 
Therefore, in the early maintenance of low LH levels in 
OVX females, GABA B Rs must be playing a signifi cant 
role. In the rat, the hypothalamic GABA content had been 
described to increase after castration in females, while 
decreasing in males  [63] , justifying the ongoing GnRH 
and LH inhibition in females and the immediate increase 
of these parameters in males. This effect of GABA was 
reversed by GABA A  and GABA B  antagonists in females, 
suggesting the participation of both kinds of receptors 
 [27] . The early increase in LH in OVX knockout females 
corroborates the participation of GABA B Rs in this re-
sponse in the mouse and demonstrates that in the absence 
of estradiol GABA B Rs are active in the control of LH se-
cretion in the OVX wild-type female, as was suggested 
previously  [15]  in the rat. A further effect in the initial 
suppression of LH increase in females is probably exerted 
through GABA A Rs, since in female GABA B1  

–/–  mice LH 
did not increase as early as in males, although other fac-
tors may also be playing a role. The lack of differences in 
the FSH levels between female genotypes shows that this 
hormone is less dependent on GnRH stimulation and 
probably more dependent on the reduction of circulating 
inhibin after OVX. 

 Taken together, certain features in the GABA B1  
–/–  fe-

male, such as the lack of change in puberty onset, the al-
terations in the estrous cycles and in the postcastration 
gonadotropin increase, and a reduced reproductive func-
tion, are similar to the fi ndings by the groups of Ojeda 
and coworkers  [64, 65]  in female rodents, with an over-
expression of GAD-67 in median eminence  [64]  or in 
GnRH neurons  [65] . In the above-mentioned studies, the 
endocrine functions are disturbed by alterations in the 
GABA homeostasis, while in our study, the GABA B R sig-
naling was impaired. Future experiments will have to ad-
dress whether in GABA B1  knockout mice the output of 
GABA or GnRH is altered during development or in 
adulthood. In addition, one should take into consider-
ation that in the knockout mice some developmental 
compensatory phenomena may have occurred which may 
obscure the function of the GABA B Rs in the adult. Fur-
ther work using adult animals with conditional GABA B1  
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knockout, antisense techniques, etc. will be required to 
rule out this possibility. 

 In conclusion, our study of GABA B1  knockout mice 
suggests that GABA B Rs are involved in regulating basal 
PRL release. Furthermore, the hypothalamic-hypophy-
seal-ovarian axis is compromised in these mice, with sig-
nifi cant alterations in cyclicity, postcastration LH in-
crease, and reproduction indexes. Future studies will ad-
dress the molecular events underlying these alterations. 
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