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g-Hydroxybutyrate (GHB), an anesthetic adjuvant analog of
g-aminobutyrate (GABA), depresses cell excitability in hippo-
campal neurons by inducing hyperpolarization through the
activation of a prominent inwardly rectifying K1 (Kir3) conduc-
tance. These GABA type B (GABAB)-like effects are clearly shown
at high concentrations of GHB corresponding to blood levels
usually reached during anesthesia and are mimicked by the
GABAB agonist baclofen. Recent studies of native GABAB recep-
tors (GABABRs) have favored the concept that GHB is also a
selective agonist. Furthermore, cloning has demonstrated that
GABABRs assemble heteromeric complexes from the GABABR1
and GABABR2 subtypes and that these assemblies are activated
by GHB. The surprisingly high tissue content, together with
anti-ischemic and protective effects of GHB in the heart, raises
the question of a possible influence of GABAB agonists on
excitable cardiac cells. In the present study, we provide electro-
physiological evidence that GHB activates an inwardly rectifying
K1 current in rat ventricular myocytes. This effect is mimicked by
baclofen, reversibly inhibited by GABAB antagonists, and pre-
vented by pertussis toxin pretreatment. Both GABABR1 and
GABABR2 are detected in cardiomyocytes by Western blotting
and are shown to coimmunoprecipitate. Laser scanning confocal
microscopy discloses an even distribution of the two receptors
in the sarcolemma and along the transverse tubular system.
Hence, we conclude that GABABRs are distributed not only in
neuronal tissues but also in the heart, where they can be
activated and induce electrophysiological alterations through
G-protein-coupled inward rectifier potassium channels.

A structural analog of g-aminobutyrate (GABA) synthe-
sized locally in the brain, g-hydroxybutyrate (GHB),

exhibits GABA-like neuropharmacological properties and was
primarily used to induce sedation, sleep, and eventually anes-
thesia in various animals and humans (1). Systemic GHB
application has been shown to produce absence-like seizures
(2) and inhibit neurotransmitter release (3). Although the role
for GHB as neurotransmitter remains controversial, it is
recognized that it has strong neuromodulatory properties
(3–7). Binding assays have cast some doubt on the hypothesis
that GHB acts directly through postsynaptic GABA type B
(GABAB) receptors (GABABRs) to produce absence seizures
(8). However, several reports suggest a direct interaction of
GHB with native GABABRs; these comprise binding studies
(9), as well as electrophysiological studies on dopaminergic
(10, 11), thalamocortical (12), and hippocampal neurons
(13). Moreover, following the cloning of the GABAB receptor
that functions as a heterodimer coupling GABABR1 and
GABABR2 (14–18), it has been demonstrated that GHB acts
like an agonist toward recombinant heterologously expressed
GABABRs (19).

Millimolar concentrations of GHB are required to cause
dose-dependent hyperpolarizations through the activation of an
outward K1 conductance that could be inhibited by GABAB
receptor antagonists (10–13, 19). In contrast, the GABAB

agonist baclofen induces quite similar effects, with an EC50 of
3–5 mM for GABABR-activated inwardly rectifying K1 currents
(20, 21). As a matter of fact, several studies have borne out the
conclusion that inwardly rectifying K1 channels of subfamily 3
(Kir3) are prominent postsynaptic effectors of GABAB recep-
tors in neuronal tissue (19–25).

Surprisingly, GHB has also been found in nonneural tissue
such as the heart, in which its concentration may be 5- to 6-fold
that of brain (26). In addition, experimental data argue in favor
of anti-ischemic cardioprotective effects when energy supplies
are limited (3, 27, 28). Taken together, these observations raise
the question of a possible role of GHB in cardiomyocytes,
although very little evidence for any physiological function for
GABAB mechanisms has been reported in peripheral organs
(29). Pharmacological doses required to induce anesthesia in
humans (100–200 mgykg) raise GHB blood levels from the
micromolar (3) to the millimolar range (30, 31), in keeping with
concentrations that are able to produce significant electrophys-
iological changes in neurons (10–13, 19). We were interested in
looking for electrophysiological alterations induced by these
GHB concentrations in other excitable cells, namely mammalian
cardiomyocytes.

In isolated rat ventricular myocytes, we provide electrophys-
iological evidence that GHB can activate an inwardly rectifying
K1 current. Because GHB-binding sites are reportedly absent
from the heart (4), we assumed that this effect could be produced
through GABABRs present in rat ventricular cell membranes.
Indeed, this effect was mimicked by baclofen, reversibly inhib-
ited by GABAB antagonists, and prevented by pertussis toxin
pretreatment. Furthermore, both GABABR1 and GABABR2
were detected in cardiomyocytes by Western blotting and con-
focal imaging. Therefore, these results show that GABABRs not
only are distributed in cardiac sarcolemmal membranes but also
can elicit drug-induced electrophysiological changes in mamma-
lian cardiomyocytes.

Materials and Methods
Electrophysiology. Ventricular cardiomyocytes from Wistar rats
(250 g) were isolated as described (32). Whole-cell patch-clamp
recording was performed with soft glass capillaries pulled to a tip
resistance of 1.5–2 MV (Sutter Instruments, Novato, CA).
Signals were recorded at room temperature (22°C) with an
Axopatch 200A (Axon Instruments, Foster City, CA) interfaced
to a personal computer through a 125-kHz Labmaster board
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(Axon Instruments). Membrane currents were sampled at 1–2
kHz and low-pass filtered at 2 kHz. Series resistance (Rs 5 7.0 6
1.0 MV) was compensated by '80%. Voltage commands, data
acquisition, and analysis were performed by using PCLAMP 6.0.
Solutions used were (in mM) 130 NaCl, 5.4 KCl, 1.1 MgCl2, 2
CaCl2, 1.8 NaH2PO4, 20 Hepes, 11 glucose, and 20 taurine (pH
adjusted to 7.4 with NaOH) for the bath and 110 potassium
aspartate, 20 KCl, 1 MgCl2, 10 Hepes, 5 EGTA, 0.4 Na2GTP, 5
Mg2ATP, and 5 disodium creatine phosphate (pH adjusted to 7.2
with NaOH), for the pipette. A series of cells were tested after
a 4-h incubation at 35°C in the bath solution supplemented with
300 ngzml21 pertussis toxin. Ca21 current was inhibited by 2 mM
Co21 and the transient outward current, by 3 mM 4-aminopyr-
idine. In some experiments 1 mM Ba21 was used to inhibit the
background rectifier current. GHB (sodium salt), (6)-baclofen,
and pertussis toxin were obtained from Sigma. In most cases, 2
mM GHB was used because this concentration correlates with
blood levels clinically reached by this hypnotic during anesthesia
(30, 31). The specific antagonist GABABR CGP36742 was from
Ciba–Geigy. Cells were voltage-clamped to a holding potential
(Vh) of 260 mV. Test potentials of 900-ms duration and ranging
from 2110 to 120 mV were delivered in 10-mV increments at
a frequency of 0.2 Hz; 100-ms prepulses to 220 mV were applied
to inactivate sodium current. The steady-state current (Iss) was
taken as the current measured at the end of the pulses and
normalized to membrane capacitance. Iss–V curves were then
used to estimate the value of the slope conductance for the
inward rectifier current. Slope conductances (Gss) for voltages
negative to the reversal potential were calculated from linear
regressions fitted to the experimental data.

Western Blot, Immunoprecipitation, and Northern Blot Analysis. For
Western blot analysis, whole-cell lysates were prepared from frozen
hippocampus and freshly isolated adult cardiomyocytes in NET
buffer, which contains (in mM) 150 NaCl, 5 EDTA, 50 TriszHCl
(pH 8.0), supplemented with 1% Nonidet-P40, 50 mM NaF, 0.1
mM phenylmethylsulfonyl fluoride, and 10 mgzml21 leupeptin.
After 10 min of incubation on ice, the lysate was spun down for 30
min at 12,000 3 g. The lysate was then diluted and subjected to
immunoprecipitation, using either the Ab174.1 or the AbC22
polyclonal antibodies. Ab174.1 was directed against carboxyl-
terminal epitopes of GABABR1ayb (33), whereas AbC22 was
raised against amino acids 806–907 of the carboxyl-terminal se-
quence of GABABR2 (17). Immunoblots with or without coim-
munoprecipitation were subsequently probed with either antibody
according to previously described techniques (32).

To detect GABABR isoform mRNAs, approximately 2 million
freshly isolated cardiac cells were purified on a Percoll gradient
consisting of two density layers (1.06 and 1.08 gzml21) centri-
fuged for 10 min at 400 3 g to remove remaining nonmyocyte
cells. Brains were rapidly removed from pentobarbital-
anesthetized rats, rinsed briefly in ice-cooled PBS, and freeze-
clamped with the blood remaining in situ. Total RNA was
extracted from the cardiomyocytes and brain by the method of
Chomczynski and Sacchi (34). RNA samples were treated with
RNase-free DNase before reverse transcription, to avoid ampli-
fication from contaminating genomic DNA. Reverse transcrip-
tion with PCR (RT-PCR) was performed as described (35).
Oligonucleotide sequences were chosen from the 59 end of the
open reading frames of the GABABR1a and -1b sequences (14)
specific for each mRNA isoform. For GABABR1a, the sense and
antisense primer sequences were 59-CAA GTC TTA TTT GAC
CCT GG and 59-TTG ACA AGG CTG GTG AAC TGG AGC,
complementary to nucleotides 300–319 and 800–820, respec-
tively, of the 1a-coding sequence. The same antisense primer was
used to amplify the GABABR1b isoform, paired with an alter-
native sense primer, 59-TGC TGG TGA TGG CGG CTG GGG
TGG, representing nucleotides 50–73 of the 1b-coding se-

quence. These were predicted to yield cDNAs of 524 and 426 bp
for 1a and 1b isoforms, respectively. Confirmation of the identity
of the RT-PCR products was obtained by restriction digestion of
the RT-PCR products for 2 h with either HindIII or Sau3AI,
followed by agarose gel fractionation to determine the size of the
digested fragments.

Epitope-Tagged Receptors and Confocal Microscopy. Freshly disso-
ciated cells were fixed for 15 min in 3% paraformaldehyde in
PBS, incubated in 50 mM NH4Cl for 10 min, permeabilized with
0.3% Triton X-100 for 15 min, and then incubated for 1 h with
primary antibodies. GABABR1 polyclonal guinea pig antibody
(PharMingen) was coupled with Alexa Fluor 546 goat anti-
guinea pig conjugate (Molecular Probes). GABABR2 polyclonal
rabbit antibody (17) was coupled with Alexa Fluor 488 goat
anti-rabbit conjugate (Molecular Probes). Both primary and
secondary antibodies were applied sequentially for 1 h at a 1:50
dilution. Fluorescent images were recorded on a Zeiss LSM 510
laser scanning confocal system coupled to a Zeiss Axiovert
inverted microscope (633, numerical aperture 5 1.2, water-
immersion objective). Monophotonic molecular excitation was
performed with an argon (488 nm) and a heliumyneon (543 nm)
laser.

Data Analysis. Results are expressed as means 6 SEM.
The statistical significance of differences between two means
was evaluated with paired or unpaired nonparametric tests
(Wilcoxon or Mann–Whitney). A two-tailed P , 0.05 was
considered statistically significant.

Results
Electrophysiological Effects of GABAB Agonists. Superfusion of iso-
lated rat ventricular myocytes with a 2 mM GHB-containing
solution induced changes in the steady-state currents (Iss) elic-
ited by hyperpolarizing steps negative to the reversal potential
(Vrev ' 270 mV), as shown in Fig. 1. GHB-induced currents
exhibited a strong inward rectifier pattern similar to that of
control background currents (Fig. 1 A–C). The GHB-evoked
response was characterized by a delayed time course with no
effect within 1–2 min and full activation after 5–7 min. Then the
effect remained stable, and it was not reversible, even after
prolonged washout for 15–20 min. Analysis of current–voltage
relationships obtained in control conditions and in the presence
of 2 mM GHB (Fig. 1D) revealed that GHB increased the mean
Iss at 2110 mV from 4.14 6 0.55 to 28.24 6 1.06 pAypF (P 5
0.01), whereas mean Gss increased from 112.2 6 15.6 to 202.6 6
23.2 pSypF (P , 0.01) (Fig. 1E). No significant change was
observed for mean Vrev, in contrast to hyperpolarizations re-
corded in neurons after GHB or baclofen applications (10, 13,
20, 36). The concentration dependence of GHB effects on Iss
recorded at 7 min is shown in Fig. 1F. The threshold for
activation of GHB-induced current was around 0.2 mM, and the
maximal effect was at '2 mM. Increasing GHB concentration to
5, 10, and 20 mM did not alter the mean response significantly.
The half-maximal activation of Iss occurred at 828 mM, and the
Hill coefficient was 1.2. The application of 1 mM Ba21 induced
a rapid inhibition of both the control background and GHB-
induced currents; the remaining Ba21-insensitive current was
very weak and was characterized by a flat linear conductance
reversing at about 0 mV (data not shown).

The GHB-induced electrophysiological effects in cardiomyo-
cytes were mimicked by baclofen, a selective GABAB agonist
(20, 21), and reversibly inhibited by GABAB antagonists, a
response pattern already detected in neurons (10, 12, 13). After
control recordings (Fig. 2A), 2 mM GHB was applied. Traces
displayed in Fig. 2B were recorded 6 min later. The further
application of 500 mM CGP36742, a selective GABAB receptor
antagonist, abolished the action of GHB after 2 min (Fig. 2C).
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The inhibitory effect of CGP36742 was fully reversed 5 min after
its removal while 2 mM GHB superfusion continued (Fig. 2D).
Similar results were obtained in three other cardiomyocytes, and
we ensured that CGP36742 did not cause any electrophysiolog-
ical effect in the absence of exogenous agonist (n 5 5; data not
shown). The application of baclofen and CGP36742 in another
set of cardiomyocytes yielded identical response patterns (Fig. 2
E–G). Baclofen, which exhibits an EC50 of 3–5 mM for GABAB
receptor-activated inwardly rectifying K1 currents in neurons
(20, 21), was used at 20 mM concentration. From control
conditions (Fig. 2E), the background current increased 3-fold 5
min after baclofen superfusion was started (Fig. 2F). Then the
further addition of 500 mM CGP36742 induced a clear, although
partial, inhibition of the baclofen effect (Fig. 2G). The inhibitory
effect of CGP36742 was reversible on washout within 5 min.
Comparable results were obtained in three other cells. As a
whole, the 20 mM baclofen-induced increases in Iss and Gss were
comparable to those caused by 2 mM GHB superfusion (n 5 4).
Iss increased from 26.2 6 1.8 to 211.7 6 2.4 pAypF, and Gss
increased from 155.3 6 40.0 to 290.5 6 67.5 pSypF in the
presence of baclofen. GHB and baclofen were not additive,
inasmuch as their coapplication showed no further increase in
the current response induced by the individual agonists (data not
shown).

Assuming that GHB- and baclofen-induced effects were me-
diated by cardiac GABAB receptor isoforms, we tested the
hypothesis that, as in neurons, pertussis toxin-sensitive G pro-
teins are required for coupling to the potassium conductance
(20, 21). Accordingly, cardiomyocytes were preincubated for 4 h
in a pertussis toxin-containing solution before being tested with
either 2 mM GHB or 20 mM baclofen. In neither case was an
increase in potassium conductance observed in these pretreated
cells. Current density at 2110 mV was 28.3 6 2.5 pAypF in
control conditions and 27.8 6 1.5 pAypF during GHB super-

fusion; Gss was 195.7 6 58.7 and 189.3 6 50.2 pSypF before and
during GHB superfusion, respectively (n 5 3). Very similar
results were observed with 20 mM baclofen (n 5 3).

Receptor Protein Expression and mRNA Detection. The presence of
GABAB receptors was demonstrated by Western blot analysis of
whole-cell lysates prepared from isolated cardiomyocytes and
hippocampus, using Ab174.1 and AbC22 antibodies specific for
GABABR1 and GABABR2 proteins, respectively (Fig. 3A). Im-
munoprecipitation with antibody incubation was required before
Western blotting to obtain evidence of protein expression in
cardiomyocytes. In contrast, no such procedure was needed be-
forehand to reveal GABAB proteins in hippocampal tissue. The
existence of heteromeric (and hence functional) complexes assem-
bling GABABR1 and GABABR2 was confirmed in coimmuno-
precipitation experiments. Immunoprecipitation of GABABR2
from solubilized cell fractions with anti-GABABR2 antibody led to
detection of GABABR1 with anti-GABABR1 antibody (lane 1).
Conversely, GABABR2 was detected with anti-GABABR2 anti-
body in material immunoprecipitated with antibody specific for
GABABR1 protein (lane 2). As expected (14, 17, 33), two proteins
of about 100 kDa and 130 kDa denoting GABABR1a and
GABABR1b isoforms (lane 3) and a band around 100 kDa signaling
GABABR2 (lane 4) were identified in the hippocampus. As only
one band at about 100 kDa, putatively corresponding to the
GABABR1b brain isoform, was visualized in cardiomyocytes (lane

Fig. 1. GHB increases the whole-cell inward rectifier current in rat ventricular
myocytes. (A) Current recordings in control conditions; voltage clamps from a
holding potential of 260 mV to test potentials ranging from 2110 to 120 mV
in 10-mV steps were 900 ms in duration. (B) After exposure to 2 mM GHB for
5 min. (C) GHB-induced currents obtained by subtracting control traces from
traces recorded in the presence of GHB. (D) Current–voltage relations (Iss–V;
n 5 7) in the absence (E) and presence (F) of 2 mM GHB. *, At 2110 mV, P 5
0.01. (E) Mean slope conductances (Gss) calculated from the linear portion of
Iss–V relations during control and after exposure to 2 mM GHB. , P , 0.01. (F)
Concentration–response relation for GHB activation of Iss at 2110 mV, ex-
pressed as the percentage increase from the control level. GHB concentration
is represented in mM. Each point is the average response from three to seven
cells 6 SEM. The sigmoidal line is the best least-squares fit to Emaxy(1 1
(EC50y[GHB])n), where Emax is the maximum effect of GHB, EC50 is the half-
maximally effective concentration of GHB, and n is the Hill coefficient. Emax

was 132%, and EC50 was 828 mM, with a Hill coefficient of 1.2.
Fig. 2. Reversibility of GHB- and baclofen-induced current changes with a
specific GABAB antagonist. (A) Control conditions before GHB application. (B)
Currents recorded after exposure to 2 mM GHB for 6 min. (C) Recordings
obtained after a 2-min superfusion with a solution containing both 2 mM GHB
and 500 mM CGP36742. (D) Washout with a 2 mM GHB solution for 5 min. (E)
Control conditions before baclofen application. (F) Currents recorded after
exposure to 20 mM baclofen for 5 min. (G) Recordings after a 3-min superfu-
sion with a solution containing both 20 mM baclofen and 500 mM CGP36742.
Arrows indicate the zero level.
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1), we wondered whether transcription follows a similar pattern in
heart. Because cardiac mRNA for the GABABR1 receptor was not
detected by Northern blotting (14), we used the more sensitive
method of RT-PCR to detect mRNA expression. Oligonucleotide
primers, designed to selectively amplify from the unique 59 ends of
the GABABR1a or -1b mRNAs, detected both splice isoforms in
whole brain total RNA (Fig. 3B). The identity of the amplified
cDNAs was confirmed by size fractionation of restriction digestion
products (data not shown). Both products were also detected after
RT-PCR of total RNA extracted from freshly isolated adult cardiac
myocytes, although the yield of PCR product seemed to indicate
that the levels of mRNA encoding GABABRs 1a and 1b were
considerably lower in the heart than in the brain. Therefore, these
data suggest a differential expression of GABAB R1 receptors in
the heart in which only one GABABR1 isoform appears to be
expressed at the protein level.

Spatial Distribution of GABABRs in the Cardiomyocyte. We further
studied the subcellular distribution of GABABRs by laser scan-
ning confocal microscopy, using fluorescent antibodies. GAB-
ABR1 (Fig. 4A) and GABABR2 (Fig. 4B) were colabeled with
two specific primary antibodies, tagged with secondary antibod-

ies emitting a fluorescent signal at wavelengths of 575 nm and
520 nm, respectively. The focal plane passed close to the
middepth of the cell. Images disclosed an approximately rect-
angular array in which transverse striations showed a sarcomeric
distribution, with a distance between striations of 1.85 6 0.01 mm
(n 5 11) that is similar to the sarcomere length usually measured
in resting cells. This transverse and longitudinal striated pattern
closely resembled the picture of the transverse-axial tubular
system (37). Hence, both receptors are expressed on the sarco-
lemma and the t-system, and this accounts for the electrophys-
iological results described above. The superimposition of the two
fluorescent signals (Fig. 4C) resulted in a predominant yellow
tone image reflecting an identical membrane distribution of the
two receptors. This observation is in agreement with the func-
tional colocalization and coexpression of GABABR1yR2 as
described in neurons (17).

Discussion
The present study demonstrates that GABAB agonists can induce
significant electrophysiological alterations in isolated mammalian
cardiomyocytes. Millimolar concentrations of GHB, similar to
levels commonly observed during anesthesia in humans (30, 31),
and micromolar doses of baclofen clearly increase the background
inward rectifier conductance. This effect is reversibly inhibited by
GABAB antagonists, prevented by pertussis toxin pretreatment,
and appears to be mediated by GABABR1 and GABABR2 recep-
tors colocalized within the sarcolemma and the transverse axial-
tubular system of the cardiomyocyte.

Cardiac Electrophysiological Effects of GABAB Agonists. Our findings
are reminiscent of observations reported for neurons or heter-
ologous expression vectors (10, 13, 19–25, 36), in that both GHB
(at millimolar concentrations) and baclofen (at micromolar

Fig. 3. Detection of GABABR expressions and GABABR1 transcripts in heart
and brain. (A) In whole-cell lysates of rat cardiomyocytes, AbC22 directed
against GABABR2 coprecipitates GABABR1 detected on the immunoblot with
Ab174.1 antibody (lane 1), whereas Ab174.1 directed against GABABR1 co-
precipitates GABABR2 detected with AbC22 antibody (lane 2). IP, immuno-
precipitation; WB, Western blot. Thin bars point to protein bands attributed
to GABABR1 (R1) and GABABR2 (R2) subtypes. a-R1 and a-R2, antibodies
directed against R1 and R2, respectively. In whole-cell lysates from hippocam-
pal cells, immunoblots confirmed the presence of GABABR1a (R1a) and
GABABR1b (R1b) isoforms (lane 3) and GABABR2 (lane 4) receptor. (B) North-
ern blot analysis of GABABR1a and -R1b transcripts in rat cardiomyocytes
(Heart) and hippocampal tissue (Brain). Receptor mRNAs were amplified by
RT-PCR, using primers specific to the different 59 ends of the two isoforms, and
the products were size fractionated on 2% agarose gels for comparison with
a 100-bp DNA ladder (first lane). The expected product sizes for R1a and R1b
isoforms were 524 and 426 bp, respectively. Each blot is representative of three
experiments.

Fig. 4. Distribution and colocalization of GABABR1 and GABABR2 on a rat
ventricular myocyte by dual-wavelength laser scanning confocal microscopy.
Images are from a focal plane sampled at mid-cell depth. (A) Distribution of
GABABR1 revealed by the emitted fluorescence of the secondary antibody
Alexa Fluor 546. (B) Distribution of GABABR2 revealed by the emitted fluo-
rescence of the secondary antibody Alexa Fluor 488. (C) Dual-channel image
of the same cell discloses a predominant yellow tone due to the identical
distribution of the fluorescent labels for GABABR1 and GABABR2. (Scale bar:
10 mm.)
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concentrations) increase an inwardly rectifying K1 conductance
in a dose-dependent manner. Thus, GHB elicits specific
GABAB-type responses in neurons in the same way as baclofen,
but with lower affinity at GABABRs (19). We exclusively used
the very specific GABAB agonist baclofen instead of GABA.
The two compounds share similar binding constants and effec-
tive concentrations at GABABRs (21, 38); however, GABA also
binds with equal affinity to GABAA receptors, and a specific
GABAB activation with GABA can be obtained only in the
presence of GABAA antagonists (20). Our assumption that
GABABRs are present and behave like targets for GABAB
agonists in cardiomyocytes was founded on two facts. First,
specific GHB binding sites are activated by micromolar concen-
trations of GHB in neurons (3) but are absent in the myocardium
(4). Second, EC50 values in the same millimolar range were
found both at native GABAB receptors on dopaminergic neu-
rons (10) and in our experiments when GHB-induced electro-
physiological changes were measured; EC values were even
much greater in heterologous expression vectors (19). Other
features pertaining to the neuronal behavior of GABABR-
induced inward rectifier current are also observed in cardiomy-
ocytes; they include sensitivity to Ba21 ions (20, 21), reversible
inhibition of GHB or baclofen effects by specific GABAB
antagonists (9, 10, 12, 13, 20, 36), and suppression of electro-
physiological GABABR-mediated alterations by pertussis toxin
pretreatment of neurons (20). Comparable responses to GABAB
antagonists after GHB or baclofen applications have been
obtained in heterologous expression of GABABRs and Kir3
channels (19). Indeed, the electrophysiological changes after
GABAB agonist application, and the strong inwardly rectifying
property of the GHB-induced current (Fig. 1C) together with its
sensitivity to Ba21, suggest that this current might be caused by
the opening of Kir3 channels as described for postsynaptic
inhibition after GABABR activation (20–25). Assuming that
Kir3 channels might be the final effectors in cardiomyocytes
could have been in contradiction to the classical notion that these
channels are absent from mammalian ventricle (39). In fact,
ample experimental evidence has recently been accumulated
that Kir3 channel density is far from negligible in mammalian
tissues, including human ventricle (40–42).

However, the long delay required (5–7 min) to reach full
current activation in cardiomyocytes after GHB or baclofen is
applied is unexpected if we accept the assumption of a short-cut
membrane delimited pathway for current gating through per-
tussis toxin-sensitive G protein-coupled receptors (20). In fact,
the involvement of second messenger systems affected by G
protein subunits released by GABABR activation may also result
in delayed responses occurring only after several minutes in
hippocampal cells (20, 43). We may only speculate that such a
mechanism is also present in cardiac cells.

Expression and Subcellular Distribution of GABABRs. Western blots
of whole-cell lysates from isolated cardiomyocytes exhibit
bands at molecular weights slightly lower than those cor-
responding to brain isoforms (Fig. 3A). Besides possible

artifacts, this pattern could be related to the existence of other
GABABR splice variants in the myocardium. As concerns the
levels of GABABR1a and -R1b transcripts, the compared yield
of RT-PCR in brain versus cardiomyocytes suggests that
mRNA expression is much lower in the heart. This is in keeping
with the results of Northern blot analyses previously per-
formed by Kaupmann et al. (14, 24). Indeed, by using RT-PCR
techniques it has been shown lately that GABABR1a and -R1b
transcripts are expressed not only in brain and heart but also
in a wide range of peripheral organs (44). In the same view,
the need for immunoprecipitation with antibody incubation
before Western blotting, to obtain evidence of protein expres-
sion in cardiomyocytes in contrast to hippocampal neurons,
supports the idea that GABABR expression is also less in the
heart than in nerve tissue. Up to now there was little evidence
for any physiological function for GABAB mechanisms in
peripheral organs (29). In the present work, we demonstrate
that GABABR1 and GABABR2 are actually colocalized, func-
tional, and identically distributed along the sarcolemma and
the t-system of cardiomyocytes (Fig. 4), following a pattern
very similar to that found for other cardiac sarcolemmal
proteins (32, 45).

Physiological and Clinical Significance. Our results indicate that
heteromeric GABABR1yR2 receptors are present in mamma-
lian heart and appear to be functionally coupled to G proteins
of the Gai class. We know of no other description of a GABAB-
dependent activation in nonneural excitable cells, even though
GABAB binding sites have been reported in rabbit oviduct and
uterus (46). Kir3 channels, which were demonstrated to be
present in mammalian ventricle (40–42), are likely the main
effectors of the system. As their activation plays an important
role in cardiac excitability, we speculate that GABABRs are
possibly involved in this property. Endogenous GHB levels
relatively higher in the heart than in brain (26) might raise the
question of a possible activation of cardiac Kir3 channels through
a hypothetical autocrineyparacrine process, although there is as
yet no experimental evidence for such a mechanism. In contrast,
endogenous GHB might assume a cardioprotective function, as
suggested by a previously demonstrated GHB hypoxia-sparing
effect (27, 28).

In the clinical field, it is of great interest that hypnotic doses of
GHB required to induce anesthesia in humans are able to produce
significant electrophysiological alterations in excitable cardiac cells.
Further deleterious effects on cellular mechanisms are likely to
occur in the course of intoxication by GHB overdose, inasmuch as
bradycardia, hypotension, and ECG abnormalities have been re-
ported in these clinical settings (47, 48).
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