The Journal of Neuroscience, April 15, 2000, 20(8):2758–2765

Genetic Inactivation of the Serotonin1A Receptor in Mice Results in
Downregulation of Major GABAA Receptor ␣ Subunits, Reduction
of GABAA Receptor Binding, and Benzodiazepine-Resistant Anxiety
Etienne Sibille,1 Constantine Pavlides,2 Dietmar Benke,3 and Miklos Toth1
Department of Pharmacology, Weill Medical School of Cornell University, New York, New York 10021, 2Laboratory of
Neurophysiology, Rockefeller University, New York, New York 10021, and 3Institute of Pharmacology, University of Zurich,
CH-8057 Zurich, Switzerland

1

Anxiety is a common psychiatric illness often treated by benzodiazepines (BZs). BZs, such as Valium, bind to the ␣ subunit of the
pentameric GABAA receptor and increase inhibition in the CNS.
There is considerable evidence for abnormal GABAA receptor function in anxiety, and a significant proportion of anxiety patients has a
reduced sensitivity to BZs. Here, we show that serotonin1A (5-HT1A )
receptor knock-out mice display BZ-resistant anxiety. Consistent
with this finding, binding of both BZ and non-BZ GABAA receptor
ligands were reduced and GABAergic inhibition was impaired in
mutant mice. These changes were reflected by abnormal ␣ subunit

expression in the amygdala and hippocampus, two important limbic
regions involved in fear and anxiety. These data suggest a pathological pathway, initiated by a 5-HT1A receptor deficit, leading to abnormalities in GABAA receptor composition and level, which in turn result
in BZ-insensitivity and anxiety. This model mechanistically links together the 5-HT and GABA systems, which both have been implicated in anxiety. A related mechanism may underlie reduced BZ
sensitivity in certain forms of anxiety.
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Brain 5-HT is implicated in the etiology of neuropsychiatric disorders, such as anxiety and depression (Murphy, 1990; Andrade, 1992).
Recent work from our and other laboratories revealed that mice
lacking the 5-HT1A receptor display marked anxiety (Heisler et al.,
1998; Parks et al., 1998; Ramboz et al., 1998). Other lines of evidence
also support the correlation between 5-HT1A receptor hypofunction
and anxiety. McKittrick et al. (1995) reported that subordinate rats
in a dominance hierarchy show severe stress and anxiety accompanied by a reduced 5-HT1A receptor level. Other stressors have also
been associated with the downregulation of the 5-HT1A receptor
(Watanabe et al., 1993; Flugge, 1995; Lopez et al., 1998). In human
studies, Lesch (1991) reported the association of 5-HT1A receptor
hypofunction (measured as an attenuated endocrine response to
receptor agonists) with panic, a form of anxiety disorders. Together,
these data indicate that 5-HT1A receptor knock-out (KO) mice
could provide a useful model to study a 5-HT-related pathogenic
pathway leading to anxiety.
The 5-HT1A receptor is expressed both presynaptically and
postsynaptically. Presynaptic 5-HT1A receptors are expressed on the
soma and dendrites of 5-HT neurons located in the dorsal and
medial raphe nuclei (Blier et al., 1988; Hamon, 1997). Activation of
these autoreceptors reduces the firing rate of serotonergic neurons
(Aghajanian and Lakoski, 1984; Blier et al., 1988; Jolas et al., 1993)
and suppresses 5-HT synthesis, turnover, and release (Kennett et al.,
1987; Bohmaker et al., 1993). Postsynaptic 5-HT1A receptors are
found in the terminal fields of the 5-HT neurons that include

hippocampus, lateral septum, cortex, and amygdala (Pazos and Palacios, 1985; Jacobs, 1997). It has been suggested that abnormalities
in 5-HT release and presynaptic 5-HT1A receptor function could
lead to anxiety (Lucki et al., 1994; De Vry, 1995). However, in vivo
microdialysis studies showed that the absence of presynaptic receptors does not alter 5-HT dynamics in receptor KO mice (M. He,
E. Sibille, T. Shippenberg, and M. Toth, unpublished observations). This indicates that the anxiety phenotype of the receptor
KO mice is probably attributable to the lack of receptors at the
postsynaptic sites.
Surprisingly, when injected with the classical benzodiazepine
(BZ) diazepam to relieve anxiety, 5-HT1A receptor KO mice appeared to be insensitive to the anxiolytic effect of the drug. The
known interaction of BZs with GABAA receptors prompted us to
investigate these receptors in 5-HT1A receptor KO mice. GABAA
receptors are ligand-gated chloride channels. Currently, there are at
least 19 related GABAA receptor subunits in mammals (six ␣, four
␤, three ␥, three , one ␦, one ⑀, and one  subunits) (Barnard et al.,
1998). Generally, pentameric CNS GABAA receptors are combinations of at least one ␣ and one ␤, with one or more ␥, ␦, or ⑀ subunit
(Sieghart, 1995). Here, we show that inactivation of the 5-HT1A
receptor in mice results in alterations in the expression of GABAA
receptor subunits in amygdala, cerebral cortex, and hippocampus.
We propose that these GABAA receptor subunit changes are responsible for the reduced BZ responsiveness and anxiety of 5-HT1A
receptor KO mice.
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MATERIALS AND METHODS
Animals. 5-HT1A receptor-deficient mice were generated by targeted
gene disruption (Parks et al., 1998). First, the 5-HT1A receptor gene was
inactivated by homologous recombination in embryonic stem (ES) cells
derived from 129 sv mice. Targeted ES cells were injected into blastocysts,
which were then implanted into pseudopregnant females. Because the
129 sv genetic background is not particularly suitable for behavioral
testing, ES cell chimeras were bred with Swiss-Webster mice to obtain
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heterozygotes (129 sv ⫻ Swiss-Webster). Homozygous F2 mutants were
obtained by crossbreeding F1 animals (Parks et al., 1998). A similar
breeding scheme was followed with wild-type (W T) 129 sv and SwissWebster mice to generate genetically matching control animals. To avoid
a disequilibrium of genes that are linked to the 5-HT1A receptor locus,
W T F2 progeny with two W T 129 sv 5-HT1A receptor alleles were
selected by single-strand-length polymorphism (Parks et al., 1998). By
using this method, we generated control mice that matched the homozygous mice in background, but their 5-HT1A receptor gene was not
inactivated.
Behavioral studies. The elevated plus maze was performed using a cross
maze with 12 ⫻ 2 inch arms. The percentage of entries into or time spent
in the open arm versus total entries into or time spent in open and closed
arms were calculated for a period of 10 min as markers of anxiety
behavior. The open field test used a 15 ⫻ 21 inch black box, divided into
12 even-sized (4 ⫻ 3 inch) rectangles. The time spent in and number of
entries into the two rectangles at the center of the field were recorded for
10 min to evaluate anxiety. Diazepam (Research Biochemicals, Natick,
M A and Sigma, St. L ouis, MO) was injected intraperitoneally 30 min
before the test. For the “loss of righting reflex,” mice were injected with
an intraperitoneal dose of pentobarbital (65 mg / kg) and monitored for
the duration of the loss of reflex. Mice were placed on their back and
were judged to have regained the reflex when able to turn themselves
three times within 30 sec. For deep anesthesia, mice were injected with
a 65 mg / kg bolus of pentobarbital, followed by 6.5 mg / kg increments of
the drug every 10 min, until they failed to respond to a deep pain
(hindpaw squeeze).
Diazepam measurements. Trunk blood was collected 30 min after diazepam
(3 mg/kg) from four WT and KO mice (Azzam et al., 1998). Other groups
of WT and KO mice were injected with saline before collecting blood.
Organic compounds were chloroform-extracted from serum, dehydrated under a stream of nitrogen, and resuspended in ethanol. Samples (10 l) were
injected on a Vydac reverse-phase C18 column (250 ⫻ 4.6 mm) in a Water
600 HPLC system with a photodiode array detector set at 232 nm. The
mobile phase was methanol–acetonitrile–dihydrogenphosphate buffer, 0.05
M (50:10:40, v/v), with a pH of 3.5 and a flow rate of 1.0 ml/min.
Autoradiography. GABAA receptor autoradiography was performed on 20
m coronal sections in the presence of 6.5 nM 3H-SR 95531 (DuPont NEN,
Boston, MA) in 50 mM TRIS–citrate (Ashworth-Preece et al., 1997). Nonspecific binding was determined in the presence of 10 mM GABA. BZ sites
on the GABAA receptor were measured with 2 nM methyl- 3H-flunitrazepam
(DuPont NEN) (Thielen et al., 1997). Nonspecific binding was determined in
the presence of 2 mM diazepam. Sections were exposed to Hyperfilm (Amersham, Arlington Heights, IL) for 4 weeks. Computerized densitometry was
performed with the NIH Image program. Quantification was based on a
series of [ 3H] autoradiographic internal standards (Amersham).
Electrophysiology. Transverse hippocampal slices (300 m) were obtained
on a McIllwain tissue chopper and kept submerged in artificial CSF (in mM:
124.0 NaCl, 5.0 KCl, 2.4 CaCl2, 1.3 MgSO4, 10 NaHCO3, 1.25 NaH2PO4,
and 10.0 glucose) for 1 hr at room temperature. Extracellular field potentials
were recorded on an interface chamber maintained at 32°C with glass
micropipettes filled with 3 M NaCl with a 2–3 M⍀ tip resistance. The field
potentials were amplified with an AC differential amplifier with low-pass filter
set at 3 kHz and high-pass at 30 Hz and stored using the Labview program
on a Apple Computers (Cupertino, CA) MacIntosh computer for analysis.
An input–output curve was taken between minimum and maximum responses. The test stimulus was chosen at approximately half maximum
response. The stimulation and recording positions were determined by mapping the slice for optimal stimulus response. For the paired-pulse experiments, two stimuli were applied to the slice with a delay ranging from 10 to
90 msec.
Kinetic quantitative reverse transcription-PCR. Total RNA was isolated from
micropunches (two per mouse, three mice per sample) by using TRIZOL
reagent (Life Technologies, Gaithersburg, MD). The isolated RNA was
DNase I-treated and reverse transcribed by reverse primers (Liu and Burt,
1998) [␣1, 5⬘-CGGGCTGGCTCTCTGGTCCACTC-3⬘; ␣2, 5⬘-AAATTGTTAAGTCGAAGGATATTC -3⬘; ␣ 4 , 5⬘-TGCCATTTC TCATAATTCTAA-3⬘; ␤1, 5⬘- TGCTCCCTCTCCTCCATTCCA-3⬘; ␤2, 5⬘GTCTCCAAGTCCCATTACTGCTTC-3⬘; ␥2L (and S), 5⬘-CAAAAGGCGGTAGGGAAGAAGATCCGAGCA-3⬘; ␤-actin, 5⬘-ATTTGCGGTGCACGATGGAGGGGCCGGAC T-3⬘; and non-neuronal enolase
(NNE), 5⬘-AGGTGCGAATCCACCCTCATCA-3⬘]. PCR amplification
was performed in the presence of reverse and forward primers (␣1, 5⬘-ATCTTTGGGCCTGGACCCTCATTCT-3⬘; ␣2, 5⬘-GAAGACAAAATTGAGCACATGCA-3⬘; ␣4, 5⬘-TTTAAACGAATCCCCAGGACAGAA-3⬘; ␤1,
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5⬘-ACAGCTCCAATGAACCCAGCAA-3⬘; ␤2, 5⬘-GGAGTGACAAAGATTGAGCTTCCT-3⬘; ␥2, 5⬘-GTGGAGTATGGCACCCTGCATTATTTTGTC -3⬘; ␤ -actin, 5⬘-CACCACAGC TGAGAGGGAAATCGTGCGTGA-3⬘; and NNE, 5⬘- ACTCCGAGACAATGATAAGACCC-3⬘)
with the Advantage cDNA Polymerase mix (Clontech, Palo Alto, CA).
PCR products were trace-labeled with 32P-dCTP [␣1, 580 bp; ␣2, 345 bp; ␣4,
389 bp; ␤1, 521 bp; ␤2, 564 bp; ␥2L (and S), 335 (311); ␤-actin, 517 bp; and
NNE, 504 bp) and quantified on a STORM 860 Phosphorimager (Molecular Dynamics, Sunnyvale, CA). Efficacy of amplification was similar for
the actin and subunit mRNAs (see similar slopes for ␣2 subunit and actin
mRNAs in Fig. 3B). Subunit RNA levels were normalized to the expression
level of actin.
Western blots. Aliquots of crude membrane samples were subjected to
SDS-PAGE. Proteins were transferred onto nitrocellulose membranes in a
semidry electroblotting apparatus (Trans Blot; Bio-Rad, Hercules, CA). For
immunodetection, the blots were blocked for 1–2 hr in 0.1% v/v Tween 20 in
TBS containing 5% nonfat dry milk at room temperature, followed by
incubation with affinity-purified antisera overnight at 4°C in TBST–5%
nonfat dry milk. Incubation with secondary antibodies (horseradish
peroxidase-conjugated goat anti-rabbit IgG diluted 1:5000 in TBST–5%
nonfat dry milk; Promega, Madison, WI) was performed for 1 hr at room
temperature. Immunoreactivity was detected by the chemiluminescence
method (Western Blot Chemiluminescence Reagent Plus; DuPont NEN).
Quantification of immunoreactive bands was performed with a highresolution computer-based image analysis system (MCID M2; Imaging Research, Ontario, Canada). To ensure an analysis in the linear ranges, x-ray
films were exposed to Western blots of increasing protein concentrations
(5–30 g) for various times.

RESULTS
5-HT1A receptor KO mice are insensitive to the
anxiolytic effect of BZ
We and others have shown previously that inactivation of the
5-HT1A receptor gene results in anxiety in mice (Heisler et al., 1998;
Parks et al., 1998; Ramboz et al., 1998) (Fig. 1A–D, insets). Surprisingly, we found that 5-HT1A receptor KO mice are insensitive to the
anxiolytic effect of diazepam, a classical BZ. Experiments in the
elevated plus maze, a highly reliable test to identify anxiolytic BZ
compounds, showed that 0.1 and 1 mg/kg diazepam significantly
increased the number of entries into and the time spent in the open
arm of the WT, but not KO, mice (Fig. 1A,B). These doses of
diazepam had no effect on the total locomotor activity, measured as
total number of entries, of either WT or KO mice (data not shown).
In the open field test of anxiety, 0.1 mg/kg diazepam increased the
number of entries into and the time spent in the center of the field
of WT, but not KO, mice (Fig. 1C,D). Diazepam, up to 1 mg/kg, had
no effect on the total locomotor activity, measured as total number
of crosses, of WT mice (Fig. 1E). Diazepam (1 mg/kg) caused a
moderate increase in total locomotor activity of receptor KO mice
(Fig. 1E). However, this effect was not reproducible because another
group of 10 KO mice displayed no increased locomotor activity after
the injection of 1 mg/kg diazepam. We concluded that 5-HT1A
receptor KO mice are insensitive to the anxiolytic effect of
diazepam.

5-HT1A receptor KO mice are less sensitive to the
sedative effect of BZ and barbiturate
When higher doses of diazepam (3 and 10 mg/kg) were tested on
open field behavior, total locomotor activity was reduced in both
groups of animals, indicating a sedative effect (Fig. 1E). However,
KO mice were less sensitive than WT animals to the sedative effect
of diazepam. Whereas the locomotor activity of WT mice was
already reduced by 3 mg/kg diazepam, only the larger 10 mg/kg
dose was sedative in receptor KO mice (Fig. 1E). Generally, sedated
animals, after placing them into the center, moved to the periphery
of the field and stayed there immobile. This effect led to a reduction
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Figure 1. Lack of anxiolytic-like effect of diazepam in 5-HT1A receptor KO mice demonstrated in elevated plus maze (A, B) and in open field (C, D). Number
of animals for each dose and treatment were as follows: WT, n ⫽ 8; KO, n ⫽ 8 for the elevated plus maze; and WT, n ⫽ 7; KO, n ⫽ 7 for the open field. Insets
display the increased anxiety of KO mice (open bars) compared with WT animals ( filled bars) measured as a decrease in the number of entries into the open
arm (inset in A) and time spent in the open arm ( B), as well as a decrease in the number of entries into the center ( C) and time spent in the center ( D). Total
locomotor activity, measured in open field, is represented by the total number of crosses ( E). Decreased sensitivity to the sedative effect of pentobarbital,
measured as time to regain righting reflex after a 65 mg/kg dose ( F) and as a cumulative dose of the drug required for deep anesthesia ( G). Number of WT
and KO animals per group in the experiments displayed in F and G were n ⫽ 9 and n ⫽ 14, respectively. *p ⬍ 0.05 represents significant difference between
KO and WT animals.

in the number of entries into and the time spent in the center of the
field as shown in Figure 1C, D.
We also tested the sedative–anesthetic effect of pentobarbital, a
non-BZ compound, on WT and 5-HT1A receptor KO mice. The
sedative–anesthetic effect of pentobarbital was measured by monitoring the duration of the “loss of righting reflex” after a single drug
injection (65 mg/kg) and also by measuring the cumulative dose
required to achieve deep anesthesia (loss of pain reaction). Receptor
KO mice showed a significant reduction in the duration of the loss of
righting reflex and required more pentobarbital to reach deep anesthesia (Fig. 1F,G). We concluded that 5-HT1A receptor KO mice
have a reduced sensitivity to the sedative effect of diazepam. KO
mice were also less sensitive to the sedative–anesthetic effect of
pentobarbital.

BZ receptor binding is reduced in the amygdala of
5-HT1A receptor KO mice
Insensitivity to the anxiolytic and reduced sensitivity to the sedative
effect of BZ could be based on several mechanisms. For example, an

increased drug metabolism in KO mice may cause reduced responses to BZ. However, this is not likely because plasma drug levels
in WT and KO mice, after a 3 mg/kg diazepam injection, were not
different (WT, 65.8 ⫾ 3.9 M; KO, 66.9 ⫾ 0.6 M). It was more likely
that the insensitivity of KO mice to the anxiolytic action of diazepam was attributable to a reduction in some of the BZ-sensitive
GABAA sites. The reduced pentobarbital sensitivity could also be
explained by such a mechanism because this drug also binds to
GABAA receptors.
As Table 1 shows, binding of the BZ-specific ligand methyl- 3Hflunitrazepam was reduced ⬃16% in amygdala. The reduced flunitrazepam binding in this region is particularly interesting because
amygdala has been shown to be the main site of action for the
anxiolytic effect of BZs in conflict-based behavioral assays, such as
the elevated plus maze (Kataoka et al., 1987). Cortical regions
showed smaller reductions (8%) in flunitrazepam binding. Total
GABAA receptor binding (BZ- and non-BZ-sensitive sites), as measured by 3H-SR95531, was not reduced in the amygdala and cortex
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Table 1. BZ-sensitive and total GABAA receptor binding in different brain regions of 5-HT1A KO and WT mice
Binding (fmol/mg wet tissue)
BZ (3H-Flunitrazepam)
WT

KO

Parietal cortex
Layer II–IV

72.77 ⫾ 2.25

66.41 ⫾ 3.05

Layer V–VI

45.95 ⫾ 1.26

42.70 ⫾ 1.19

Hippocampus
Dentate gyrus

48.69 ⫾ 1.01

CA1
CA3
Amygdala
Central nucleus
Basolateral nucleus
Hypothalamus
Paraventricular nucleus
Ventral Hypothalamus
Dorsal raphe
Median raphe
Central gray

GABA (3H-SR 95531)
Changes
(p value)

Changes
(p value)

WT

KO

⫺8.71%
ns (0.06)
⫺8.10%
(0.04)

65.59 ⫾ 9.76

63.88 ⫾ 11.78

ns

28.79 ⫾ 5.72

31.1 ⫾ 8.77

ns

47.60 ⫾ 1.38

ns

82.99 ⫾ 5.6

62.08 ⫾ 8.52

46.86 ⫾ 0.8

44.48 ⫾ 1.49

ns

93.33 ⫾ 7.19

71.71 ⫾ 8.52

45.00 ⫾ 1.38

43.71 ⫾ 1.35

ns

60.04 ⫾ 6.82

47.24 ⫾ 5.48

⫺25.20%
(0.03)
⫺23.20%
(0.04)
⫺23.30%
ns (0.09)

48.85 ⫾ 1.52

40.78 ⫾ 1.67

46.48 ⫾ 7.02

42.36 ⫾ 8.30

ns

30.12 ⫾ 1.09

25.71 ⫾ 1.04

⫺16.50%
(0.02)
⫺15.50%
(0.02)

62.95 ⫾ 4.04

51.49 ⫾ 9.40

ns

28.88 ⫾ 1.28
41.97 ⫾ 2.46
27.13 ⫾ 0.38
30.75 ⫾ 0.98
48.69 ⫾ 1.01

27.49 ⫾ 1.90
41.29 ⫾ 1.70
26.37 ⫾ 0.7
28.64 ⫾ 1.39
47.60 ⫾ 1.38

ns
ns
ns
ns
ns

21.62 ⫾ 5.27
40.74 ⫾ 7.09
53.76 ⫾ 3.85
38.98 ⫾ 4.74
55.02 ⫾ 4.76

24.14 ⫾ 3.64
34.13 ⫾ 5.12
48.79 ⫾ 7.12
38.63 ⫾ 5.0
54.96 ⫾ 6.44

ns
ns
ns
ns
ns

ns, Not significant; p ⬎ 0.1 are not displayed and labeled only as ns.

of KO mice, suggesting that receptor changes in these regions are
limited to the BZ-sensitive GABAA receptors and that the reduction
in BZ-sensitive GABAA receptors is undetectable in the larger total
GABAA receptor pool. Conversely, the reduced total GABAA receptor (measured by 3H-SR95531) and normal BZ-specific receptor
binding (measured by methyl- 3H-flunitrazepam) in the CA1 region
and dentate gyrus of the hippocampus of KO mice indicated a
change in BZ-insensitive but not in BZ-sensitive GABAA receptors
in these brain regions (Table 1).

GABAergic inhibition is reduced in the hippocampus of
5-HT1A receptor KO mice
The reduction in GABAA receptor binding in the hippocampus
prompted us to asses GABAergic inhibition in this brain region. In
WT animals, a single electrical pulse, followed within 10 msec by a
pulse of an equal intensity (paired-pulse), induces a response of
decreased amplitude (Rock and Taylor, 1986) (Fig. 2). This inhibition was impaired in the CA1 region of the hippocampus of KO
animals (Fig. 2). Because paired-pulse inhibition of pyramidal cell
activity is believed to reflect the strength of GABAergic transmission and because this inhibition may be mediated predominantly by
GABAA receptors (Rock and Taylor, 1986), the impaired pairedpulse inhibition in the CA1 region of the hippocampus of KO mice
suggested a functional GABAA receptor deficit.

Expression of GABAA receptor ␣1 and ␣2 subunits is
downregulated in the amygdala of 5-HT1A KO mice
Reduced BZ binding in amygdala could be caused by structural
changes in GABAA receptors. These receptors are pentamers and

are assembled mostly from ␣, ␤, and ␥ subunits (MacDonald and
Olsen, 1994; Sieghart, 1995). We measured subunits that are highly
expressed and that participate in the assembly of BZ-sensitive
GABAA receptors (thus could explain the reduced BZ sensitivity of
KO mice). Among the ␣ subtypes, ␣1, ␣2, and ␣3 subunits were
measured by Western blotting. The ␣5 subtype, which may also be
considered, was not included in these studies because ␣5-containing
receptors generally contribute to a small subset of GABAA receptors. We also measured the expression of the ␥2 subunit because this
subunit is an essential component of the BZ-sensitive GABAA
receptor (Gunther et al., 1995). In addition, expression of ␤ subunits
was followed by using antibody recognizing both the ␤2 and ␤3
subunits. We analyzed these subunits in four different brain regions
(amygdala, hippocampus, parietal cortex, and raphe) in WT and KO
mice (Fig. 3).
Western blotting indicated that both ␣1 and ␣2 subunits were
downregulated in amygdala and cortex (Fig. 3 A, B, top panels).
Levels of other subunits, such as ␣3, ␤2/3, and ␥2, were unchanged
in these regions in KO mice. Western blotting with serial dilutions
of protein samples confirmed the downregulation of the ␣1 and ␣2
subunits in amygdala and cortex of KO mice (␣1 subunit levels in
KO amygdala and cortex were 56 ⫾ 16 and 68 ⫾ 14% of the
W T level, respectively, and ␣2 subunit levels in KO amygdala
and cortex were 59 ⫾ 18 and 47 ⫾ 17% of the W T level,
respectively) (Fig. 3 A, B, bottom panels). None of the investigated subunits showed changes in hippocampus and raphe of
KO mice (Fig. 3C, D).
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Figure 2. Impaired paired-pulse inhibition in the CA1 region of the hippocampus of 5-HT1A receptor KO mice. A–D, Representative field potentials
induced by paired-pulse stimuli presented at 10 (A, C) and 50 (B, D) msec intervals of WT (A, B) and KO (C, D) hippocampal slices. Paired-pulse
inhibition–facilitation was measured as a percentage of the second to the first stimulus. E, Paired-pulse inhibition–facilitation in the CA1 hippocampal
field of WT and KO mice, as a function of interpulse interval. The number of slices investigated per group were as follows: 10 mice/group; 2–3 slices
per mouse; and 30 slices for WT and 22 for KO mice. *p ⬍ 0.05 represents significant differences between KO and WT animals.

Levels of GABAA receptor ␣ subunit mRNAs are
altered in 5-HT1A KO mice
Levels of a number of GABAA receptor subunit mRNAs were
also analyzed in amygdala, hippocampus, parietal cortex, and
raphe in WT and KO mice (Fig. 4). Subunit mRNA levels were
measured by kinetic quantitative reverse-transcription PCR
(QRT-PCR) using endogenous actin and NNE mRNAs as internal standards (Freeman et al., 1999) (Fig. 4 A, B). Again, only ␣
subunit mRNAs showed changes in KO mice (Fig. 4C). Whereas
the ␣1 subunit mRNA level was increased, the level of the ␣2
subunit mRNA was decreased in both amygdala and cortex of KO
mice. Specifically, ␣1 mRNA levels were 185 ⫾ 4% (n ⫽ 5) and
225 ⫾ 66% (n ⫽ 5) of the WT level in KO amygdala and cortex,
respectively. ␣2 subunit mRNA levels were 54 ⫾ 9% (n ⫽ 5) and
54 ⫾ 21% (n ⫽ 5) of the WT level in KO amygdala and cortex,
respectively. In addition, the level of the ␣4 subunit mRNA was
decreased in the hippocampus of KO mice.

DISCUSSION
Lack of 5-HT1A receptor elicits the downregulation of
the ␣1 and ␣2 GABAA subunits in amygdala
A major finding of this report is that inactivation of the 5-HT1A
receptor in mice results in alterations in the expression of the ␣1 and
␣2 subunits of GABAA receptor in amygdala. The ⬃50% reduction
in both mRNA and protein of the ␣2 subunit in KO mice in
amygdala and cortex indicates that the downregulation of this subunit is primarily attributable to a transcriptional and/or posttranscriptional mechanism. The increased steady-state level of ␣1
subunit mRNA in amygdala and cortex is also attributable to a
transcriptional–post-transcriptional mechanism. However, the reduced ␣1 subunit levels in the presence of increased mRNA levels in
amygdala and cortex of KO mice indicates an additional, presumably
translational and/or post-translational perturbation in the expression
of this subunit in mutant animals.
These data show that expression of certain GABAA receptor
subunits are under serotonergic control exerted by 5-HT1A receptors
in amygdala, cortex, and hippocampus. The 5-HT1A receptormediated regulation of ␣1 and ␣2 subunit expression in amygdala is
particularly interesting given the BZ-insensitive anxiety of receptor

KO mice and because the amygdala is believed to serve as an
interface between the environment and effector organs generating
behavioral responses associated with fear and anxiety. How is the
expression of the ␣1 and ␣2 subunits regulated by the 5-HT1A
receptor in amygdala? The basic neuronal network and its modulation by 5-HT in amygdala has been described recently (Stutzmann et
al., 1998; Rainnie, 1999; Stutzmann and LeDoux, 1999). Glutamatergic afferents impinge on projection neurons in amygdala, and
activation from these afferents is inhibited by GABA interneurons.
5-HT exerts an additional inhibitory input on projection neurons by
directly activating 5-HT1A receptor. We suggest that lack of 5-HT1A
receptors in these cells in the amygdala eliminates an important
5-HT input, which is otherwise necessary to maintain a proper
expression of the ␣1 and ␣2 subunits. 5-HT modulation of hippocampal circuits is similar (Gulyas et al., 1999); thus, a comparable
5-HT-mediated regulation of the ␣4 subunit could also be proposed.
The 5-HT1A receptor is coupled to inward-rectifying K ⫹ channels
through G␤␥ (Andrade, 1992), indicating that genetic inactivation of
the receptor could alter the cellular membrane potential and the
frequency and duration of electrical impulses (Aghajanian and Lakoski, 1984; Corradetti et al., 1996; Ehrengruber et al., 1997) leading
to depolarization and an increase in depolarization-evoked Ca 2⫹
influx (Cheng et al., 1998). In addition, the 5-HT1A receptor is
negatively coupled to adenyl cyclase (via G␣i and/or G␣o), raising
the possibility that genetic inactivation of the receptor leads to a rise
in cAMP and activation of the linked protein kinase A pathway
above a normal physiological level. Also, G␣i activates the mitogenactivated protein kinase cascade; thus, in the absence of the 5-HT1A
receptor, this signaling could also be altered. We propose that lack of
the 5-HT1A receptor, by altering these signaling pathways, results in
changes in the expression of genes, including the GABAA receptor
␣1, ␣2, and ␣4 subunits in amygdala and hippocampus.

Decreased BZ binding in amygdala of 5-HT1A receptor
KO mice is consistent with the reduced expression of
the ␣1 and ␣2 GABAA subunits
The reduced ␣1/␣2 subunit levels can explain the attenuated BZ

binding in amygdala and cortex. GABAA receptor subunit composition influences the sensitivity of binding sites to BZ (Belzung et al.,
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Figure 3. Expression of GABAA receptor subunits in amygdala ( A), cortex ( B),
hippocampus ( C), and raphe ( D), measured by Western blotting. Downregulation of the ␣1 and ␣2 subunits in amygdala
and cortex were calculated by using six
independent blots with increasing protein
concentrations (see graphs in A and B). In
these experiments, a total of three pools
of tissues (3 mice per pool) were analyzed
for each genotype. Representative blots
with serial dilutions of samples are also
shown for ␣1 and ␣2 subunits in amygdala
and cortex.

1987; MacDonald and Olsen, 1994). The BZ recognition site is
located predominantly in the ␣ subunit, and the different ␣ subtypes
confer major pharmacological differences with respect to BZ. The ␣1
and ␣2 subunits are major components of the BZ-specific GABAA
receptors (MacDonald and Olsen, 1994; Sieghart, 1995); thus, a loss
in ␣1 and ␣2 subunits can lead to the assembly of less BZ receptors.
However, the reduction in ␣1/␣2 subunit expression (⬃50%) was
larger than the reduction in BZ binding (⬃16%) in the amygdala of
KO mice. One possibility to explain this difference is that ␣1 and ␣2
subunit-containing receptors represent only part of the total BZ–
GABAA receptor pool (␣3 and ␣5 subunits also participate in assembly). Also, changes in intracellular subunit levels may not be
directly proportional with changes in binding because subunits in
assembled receptors represent only a fraction of the total intracellular subunit pool.
The decline in BZ binding was less pronounced in cortex than in
amygdala, despite a comparable reduction in ␣1/␣2 subunit expression in these brain regions. This indicates that downregulation of the
␣1/␣2 subunit expression can differentially affect overall BZ binding
in amygdala and cortex. It is possible that, depending on the size of
the intracellular pool of unassembled subunits, downregulation of
the subunits affects the number of assembled receptors more or less
profoundly. Also, other ␣ subunits may compensate for the loss of
the ␣1 and ␣2 subunits differently in amygdala and cortex.
Hippocampus, in contrast to amygdala–cortex, showed a change
in the expression of the ␣4 subunit mRNA in KO mice. Downregulation of this subtype mRNA is consistent with the reduced GABAA

and unchanged BZ receptor binding in this region, because ␣4
subunit forms BZ-insensitive GABAA receptors. However, to support this notion, it will be necessary to measure the expression of the
␣4 subunit by Western blotting.

Changes in GABAA receptor subunit expression and
BZ binding can explain the lack of anxiolytic effect of
BZ in 5-HT1A receptor KO mice
Because ␣1/␣2 subunits represent major ␣ subtypes in amygdala and

because amygdala is believed to be the site of the anxiolytic action
of BZ, we propose that the downregulation of the ␣1/␣2 subunits in the amygdala of KO mice is important and probably
essential for the development of the BZ insensitivity. Recently,
it was proposed that GABAA receptors containing ␣2, ␣3, and/or
␣5 subunits are responsible for the anxiolytic activity of BZs
(Rudolph et al., 1999). The downregulation of the ␣2 subunit in
5-HT1A receptor KO mice and their insensitivity to the anxiolytic
action of diazepam are consistent with this notion. Because the ␣3
subunit is unchanged in 5-HT1A receptor KO mice and because
the ␣5 is a minor subtype in amygdala, we propose that the
anxiolytic action of BZ is specifically mediated by GABAA receptors containing ␣2 subunits.
The impaired sedative effect of diazepam in 5-HT1A receptor KO
mice could also be explained by alterations in GABAA receptor
subunits. Rudolph et al. (1999) have found that a point mutation in
the BZ binding site of the ␣1 subunit results in a reduced sensitivity
to the sedative but not the anxiolytic action of BZs in mice. Thus,
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Figure 4. Expression of GABAA receptor subunit mRNAs in amygdala, hippocampus, cortex, and raphe measured
by kinetic QRT-PCR. Top left, Comparison of actin and ␣2 subunit RNA levels
in the amygdala of WT and KO mice in
a phosphorimager scan. PCR products
from amplification cycles 24, 26, 28, 30,
and 32, resolved on a 1.5% agarose gel,
are shown. Top right, Radioactivity in
bands (displayed in A) are plotted as a
function of cycle numbers. Bottom, Relative subunit mRNA levels in amygdala,
hippocampus, cortex, and raphe. *p ⬍
0.05 represents significant difference between KO and WT animals.

the reduced level of this subtype in 5-HT1A receptor KO mice could
be specifically responsible for the impaired sedative effect of diazepam. Effects of barbiturates are less subtype-specific, and it is more
likely that the reduced sedative–anesthetic effect of pentobarbital in
receptor KO mice is attributable to the downregulation of both the
␣1 and ␣2 subunits.

Downregulation of the ␣1 and ␣2 GABAA subunits may
also underlie the anxiety of 5-HT1A receptor KO mice
The relevance of the GABA system and GABAA receptors in
anxiety disorders has long been implicated. Competitive and noncompetitive GABAA receptor antagonists and BZ inverse agonists
elicit anxiety (Belzung et al., 1987; Dalvi and Rodgers, 1996). The
GABAA receptors themselves have been implicated in the pathogenesis of anxiety. Indeed, reduced BZ receptor binding was found
in anxiety (Marczynski and Urbancic, 1988; Sundstrom et al., 1997).
Importantly, altered GABAA receptor binding in the limbic system
has been correlated with increased anxiety in both humans (Schlegel
et al., 1994; Kaschka et al., 1995; Sundstrom et al., 1997) and animals
(Rainnie et al., 1992). Currently, it is believed that certain forms of
anxiety, such as that associated with drug withdrawal, can be linked
to changes in the subunit composition of the BZ receptor (Mahmoudi et al., 1997; Smith et al., 1998). We propose that the downregulation of the ␣1/␣2 subunits in amygdala is responsible, at least
partly, for the expression of the anxiety phenotype in the 5-HT1A
receptor KO mice.

A link between the 5-HT and GABA systems and its
implication in anxiety disorders
A novel feature of the 5-HT1A receptor KO mouse anxiety model is
that it mechanistically links together two important neurotransmitter
systems, the 5-HT and GABA systems. Both of these systems have
been implicated in anxiety disorders. Specifically, the 5-HT1A receptor KO mice provides a model to study a pathogenic pathway leading
to BZ-insensitive forms of anxiety. A significant portion of patients
suffering from generalized anxiety have a reduced sensitivity to the
anxiolytic action of BZs. Patients with panic anxiety have a reduced
BZ binding and a reduced responsiveness to BZs (Schlegel et al.,
1994; Kaschka et al., 1995; Roy-Byrne et al., 1996). However, BZ
insensitivity may not be specific for panic disorder (Roy-Byrne et al.,
1996; Sundstrom et al., 1997) but rather could reflect a more general
aspect of anxiety disorders.
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