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SUMMARY
The role of bicarbonate (HCO3

-) in GABAA receptor-mediated depolarization of human
hypothalamic hamartoma (HH) neurons was investigated using cellular electrophysiological and
calcium imaging techniques. Activation of GABAA receptors with muscimol (30 μM) provoked
neuronal excitation in over 70% of large (18-22 μM) HH neurons in HCO3

- buffer. Subsequent
perfusion of HCO3

--free HEPES buffer produced partial suppression of muscimol-induced
excitation. Additionally, 53% of large HH neurons under HCO3

--free conditions exhibited reduced
intracellular calcium accumulation by muscimol. These results suggest that HCO3

- efflux through
GABAA receptors on a subpopulation of large HH neurons may contribute to membrane
depolarization and subsequent activation of L-type calcium channels.
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Introduction
GABA (γ-aminobutyric acid) is the major inhibitory neurotransmitter in the mammalian central
nervous system. However, in immature neurons, GABA is known to exert an excitatory effect
which is mediated by chloride efflux through GABAA receptors. The principal basis of GABA-
mediated excitation involves intracellular chloride ([Cl]i) accumulation resulting from the
differential expression and activity of the cation chloride co-transporters NKCC1 and KCC2
(Staley, 2006). The potential pro-epileptic activity of GABA has been implicated in both human
and experimental animal models of epilepsy (Cohen et al., 2003; Staley, 2006).

Consistent with these observations, activation of GABAA receptors induced neuronal
excitation and secondary triggering of L-type voltage-gated calcium channels in most large
neurons found in surgically-resected human hypothalamic hamartoma (HH) tissue (Kim et al.,
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2008). This mechanism may underlie in part the intrinsic epileptogenicity of HH lesions, which
have been classically associated with gelastic seizures (Berkovic et al., 1988).

Previous studies have also implicated bicarbonate (HCO3
-) in GABAA receptor-mediated

depolarization (Staley et al., 1995; Dallwig et al., 1999), Here, we asked whether HCO3
- might

play a role in GABA-induced excitation in human HH tissue slices using gramicidin-perforated
patch recording and calcium imaging techniques.

Methods
HH tissue was obtained from 7 patients (M:F, 3:4; mean age, 7 years 4 months with a median
of 6 years, and range, 9 months to 17.1 years; see Table 1) between April and August of 2007.
Experimental procedures were modified from Kim et al., (2008). Briefly, tissue specimens
were immediately transferred upon surgical resection to ice-cold oxygenated (95% O2/5%
CO2) physiological saline (composition in mM: 124 NaCl, 1.3 MgSO4, 3 KCl, 1.25
NaH2PO4, 26 NaHCO3, 2.4 CaCl2, and 10 D-glucose; pH: 7.4). HH brain slices (300 μm) were
cut using a vibratome (The Vibratome Company, St. Louis, MO, USA). Each slice was
submerged in a recording chamber attached to a Zeiss Axioskop FS2 microscope (Carl Zeiss
Microimaging, Inc., Thornwood, NY, USA) and infused with physiological saline (32°C)
flowing at a rate of 2-3 ml/min. HH neurons were visualized with differential interference
contrast (DIC) optics and infrared illumination. Recording electrodes (resistance, 4-6 MΩ)
were backfilled with a solution containing (in mM): 135 KCl, 10 HEPES, 0.5 CaCl2, 2
MgCl2, and 5 EGTA, pH 7.25 (adjusted with KOH) for gramicidin (20 μg/ml) perforated patch
recordings. Data were acquired using a Multiclamp 700A amplifier, and were digitized and
sampled at 50 μs intervals (Digidata 1322A, pClamp V9.2 software; Axon Instruments, Union
City, CA, USA).

To deplete intracellular HCO3
-, perfusion saline containing 26 mM bicarbonate buffer was

replaced by 26 mM HEPES buffer (pH 7.4 adjusted with NaOH) without 95% O2/5% CO2
bubbling (Dallwig et al., 1999). For calcium imaging, HH slices were loaded with the calcium
indicator dye fura2-AM (10 μM, molecular probes). After 60 min, each slice was transferred
to a recording chamber fixed to an Axioskop FS2 microscope and outfitted with the Zeiss
Stallion 2 imaging system (Carl Zeiss Microimaging). Ratiometric excitation was measured
using 340 and 380 nm filter sets and controlled with a high-speed filter switching device (Sutter
Instruments, Lambda DG-4). Changes in calcium levels before, during and after drug
application in HH cells of interest were captured under fluorescence (exposure time, 50-100
ms) every 5-10 s. Changes of fluorescence ratios were measured/analyzed using slide book
software (Intelligent Imaging Innovation).

Results
Recently, we reported that the GABAA receptor agonist muscimol (30 μM) induced membrane
depolarization in large HH neurons (Kim et al., 2008). To investigate the possibility that
HCO3

- efflux through GABAA receptor may also contribute to GABA-induced neuronal
excitation (Staley et al., 1995; Dallwig et al., 1999), we initially evoked membrane
depolarization in large (18-22 μM) HH neurons using HCO3

--containing saline (31 out of 43
neurons; Fig 1), and then perfused HH slices with HCO3

--free HEPES buffer for 10 min prior
to additional muscimol treatment. This protocol (importantly, the absence of 95%O2/5%CO2
bubbling) has previously been shown to render intracellular depletion of HCO3

- within 10 min,
and hence eliminate the immediate possibility of HCO3

- efflux upon GABAA receptor
activation, until carbonic anhydrase is able to restore intracellular HCO3

- levels (Phillips et al.,
1998).
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Under these recording conditions, we observed three distinct effects induced by muscimol.
First, in a minority of cells (4 of 31; N = 5 patients; cases 1-5; see Table 1), the initial excitatory
response of HH neurons to muscimol was abolished following HEPES buffer application (Fig.
1A). Further, the L-type calcium channel blocker nifedipine (100 μM), but not the sodium
channel blocker tetrodotoxin (TTX, 1μM), fully suppressed muscimol-induced membrane
depolarization (Fig.1A), consistent with our earlier findings (Kim et al., 2008). Second, in 12
of 31 cells (N = 5 patients), muscimol-evoked neuronal excitation was incompletely but
substantially diminished in HCO3

−- free HEPES buffer (Fig. 1B). This suppressive effect was
reversed by re-exposure to HCO3

--containing saline. In contrast, a third group comprising
nearly half of the excitable large HH neurons (15 of 31 cells) was unaffected by the switch to
HCO3

−-free conditions (Fig. 1C). Together, these data indicate that HCO3
- efflux through

GABAA receptors may contribute to membrane depolarization in the slight majority of large,
excitable HH neurons.

Next, we explored whether the suppressive effects following the switch to HCO3
--free

perfusate might affect secondary activation of L-type voltage-gated calcium channels.
Consistent with our earlier findings (Kim et al., 2008), nifedipine (100 μM) fully abolished the
increase in intracellular calcium [Ca 2+]i induced by muscimol (10 of 11 cells; N = 5 patients,
cases 3 - 7; Fig. 2A). In contrast, muscimol-evoked elevations in [Ca2+]i were only partially
suppressed when slices were subsequently exposed to HCO3

--free HEPES buffer (6 of 13 cells;
N = 5 patients). Only in 1 of 13 cells did we observe a complete blockade of muscimol-induced
rise in [Ca 2+]i. This suppressive effect was easily reversed by subsequent application of
HCO3

--containing saline (Fig. 2B). As demonstrated in Fig. 2B, HEPES alone did not appear
to significantly influence [Ca 2+]i.

Discussion
The principal finding of this study is that the bicarbonate ion contributes in part to GABAA
receptor-mediated neuronal excitation in large (18-22 μM) HH neurons. Further, we found that
responses to muscimol application were clearly heterogeneous in the subpopulation of large
neurons studied. While the majority of large HH neurons responded to muscimol with
membrane depolarization, approximately 30% of tested neurons did not exhibit neuronal
excitation upon GABAA receptor activation. At present, we do not have a clear understanding
why this heterogeneity exists.

Along similar lines, the percentage of large HH neurons that exhibited either complete blockade
or partial suppression of GABA-induced excitation in HEPES buffer did not perfectly match
the numbers obtained from cells tested under either perforated patch recording conditions or
for calcium imaging. However, approximately 50% of tested neurons (16 of 31 cells) with
HEPES buffer showed suppression or block of GABA-induced hyper-excitability. In
agreement with this finding, bicarbonate-free HEPES buffer suppressed or blocked GABA-
induced calcium influx in approximately the same percentage of cells (7 of 13 cells). While
we currently cannot fully reconcile the differences in the data obtained from whole-cell
recordings and calcium imaging, one possibility is that incomplete blockade of GABA-induced
excitation in HEPES buffer may be influenced by differential distribution of intracellular
chloride concentrations among large HH neurons.

It is well established that the key determinant of GABA-mediated neuronal excitation is a
reversed chloride electrochemical gradient, which yields a more depolarized membrane
reversal potential for muscimol or GABA (Emuscimol/GABA). Importantly, the chloride
electrochemical gradient is determined by the relative expression and activity of the cation
chloride co-transporters NKCC1 and KCC2 (Palma et al., 2006; Kim et al., 2008). Despite
these observations, it is intriguing to note that the NKCC1 blocker bumetanide alone failed to
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completely block epileptiform activity in the developing brain (Dzhala et al., 2005), suggesting
that mechanisms other than chloride flux may be involved.

One alternative factor in the modulation of GABA-mediated excitation is a bicarbonate-driven
depolarizing potential. GABAA receptors are known to be permeable to both chloride and
HCO3

- ions (Bormann et al., 1987), and intracellular accumulation of HCO3
- ions from

carbonic anhydrase (CA) activity creates an outwardly directed electrochemical gradient for
HCO3

- (Staley et al., 1995). Moreover, several studies have demonstrated that HCO3
--free

HEPES buffer is able to suppress GABA-induced membrane depolarization (Staley et al.,
1995; Phillips et al., 1998; Dallwig et al., 1999), thus highlighting the relevance of HCO3

- to
the phenomenon of GABA-mediated neuronal excitation.

It is possible that HCO3
- could be affecting neuronal excitability through a mechanism other

than L-type calcium channels. A previous study suggested that the intracellular pH (pHi) in
excitable cells is higher than that would be expected solely from the normal proton
concentration, thus invoking increased intracellular bicarbonate (Thomas et al., 1977). Under
such conditions, activation of GABAA receptors would easily lead to bicarbonate efflux
through the GABAA receptor ionophore. In support of this, bicarbonate conductance through
the GABAA receptor was found to provoke a negative shift of EGABA (Dallwig et al., 1999).
Based on these findings, it is reasonable to speculate that changes in pHi under epileptic
conditions may in part account for GABA-induced neuronal excitation through bicarbonate
efflux. At present, direct evidence for this is lacking.

Clinically, carbonic anhydrase (CA) inhibitors have been successfully used as anticonvulsant
agents for over 30 years (mainly in Europe). There are several lines of experimental evidence
supporting these clinical observations. First, Staley et al. (1995) observed that acetazolamide
decreased GABAA receptor-mediated depolarizing currents induced by muscimol. Second,
seizure-like rhythmic activity in hippocampus induced by GABAA receptor-mediated
excitation was suppressed by acetazolamide (Fujiwara-Tsukamoto et al., 2003). Finally,
indanesulfonamides (which inhibit human CA isoforms) have recently been shown to block
maximal electroshock seizures in mice (Thiry et al., 2008). Although these data suggest that
CA inhibitors may be helpful in controlling gelastic seizures in HH patients, there are at present
no clinical data to support this possibility.

Notwithstanding the lack of current evidence for using CA inhibitors in HH patients, it is
important to note that nifedipine is more effective than either bumetanide or HEPES buffer in
blocking muscimol-induced neuronal excitation in large HH neurons. The present study further
supports our recently reported findings (Kim et al., 2008) and implicates a mechanistic role
for HCO3

- in GABAA receptor-mediated neuronal excitation in large HH neurons, one that
contributes importantly to subsequent activation of L-type calcium channels, and possibly
intrinsic seizure genesis in HH tissue.
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Figure 1.
Effects of HCO3

--free HEPES buffer on muscimol-induced HH neuronal excitation. (A) In 4
of 31 large HH neurons, the initial excitatory response to muscimol was fully suppressed by
pre-incubation with HEPES buffer, but was not blocked by TTX (8 of 8 cells). Further, the L-
type calcium channel blocker nifedipine strongly suppressed muscimol-induced excitation (9
of 10 cells). (B) In 12 out of 31 large HH cells, muscimol-induced neuronal excitation was
partially suppressed by a 10 min pre-incubation with HEPES buffer. The effect of HEPES
buffer was reversed by subsequent perfusion with bicarbonate-containing buffer. (C) HEPES
buffer did not affect muscimol-induced HH neuronal excitation (15 of 31 cells). Two vertical
bars in the membrane trace indicate 10 min pre-incubation with HEPES buffer. Horizontal bar
in this and following figure indicate the timing of drug infusion.
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Figure 2.
Changes in intracellular calcium levels in large HH neurons following exposure to muscimol,
co-applied with either HCO3

--free HEPES buffer or nifedipine. (A) Nifedipine prevents the
increase in calcium level induced by muscimol. Representative images (panel I to V) showing
the change of intracellular calcium fluorescence induced by muscimol with or without
nifedipine. (B) The increase in intracellular calcium levels induced by muscimol was partially
diminished by application of HEPES buffer (green trace). This effect was completely reversed
by re-perfusion of HCO3

--containing buffer.
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