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Neurotransmitters can have both toxic and trophic functions in
addition to their role in neural signaling. Surprisingly, chronic
blockade of GABAA receptor activity for 5–8 d in vitro enhanced
survival of hippocampal neurons, suggesting that GABAA re-
ceptor overactivation may be neurotoxic. Potentiating GABAA

receptor activity by chronic treatment with the endogenous
neurosteroid (3a,5a)-3-hydroxypregnan-20-one caused mas-
sive cell loss over 1 week in culture. Other potentiators of
GABAA receptors, including benzodiazepines, mimicked the
cell loss, suggesting that potentiating endogenous GABA ac-
tivity is sufficient to produce neuronal death. Neurosteroid-

treated neurons had lower resting intracellular calcium levels
than control cells and produced smaller calcium rises in re-
sponse to depolarizing challenges. Manipulating intracellular
calcium levels with chronic elevated extracellular potassium or
with the calcium channel agonist Bay K 8644 protected neu-
rons. The results may have implications for the mechanisms of
programmed cell death in the developing CNS as well as
implications for the long-term consequences of chronic GA-
BAmimetic drug use during development.
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Neurotransmitters can have acute or chronic toxic effects on
neurons in addition to roles in moment to moment signaling. A
particularly well studied example is the neurotransmitter gluta-
mate, which through excessive activation of postsynaptic recep-
tors can initiate necrotic and apoptotic neuronal death (Ankarc-
rona, 1998; Michaelis, 1998) In many cases, glutamate receptor
overactivation and resultant death are associated with patholog-
ical increases in intracellular calcium (Choi, 1995).

A potential role for other neurotransmitters, particularly inhib-
itory neurotransmitters, in mediating either normal or patholog-
ical neuronal death is unclear. Recent results suggest a rapid
neuronal death is elicited by chloride flux through GABAA and
glycine receptors in embryonic retina (Chen et al., 1998) and that
a component of the acute swelling of dendrites in response to
insults is blocked by GABAA receptor antagonists (Hasbani et al.,
1998). Also, fetal forebrain GABAergic neurons are susceptible
to death by treatment with GABA agonists (Honegger et al.,
1998). These more recent observations coupled with aforemen-
tioned excitotoxicity suggest that proper balance between excita-
tion and inhibition may be critical to cell survival in the CNS and
that overinhibition, like overexcitation, may be toxic.

We investigated the possibility that the primary inhibitory
brain neurotransmitter GABA is neurotoxic. We examined this
hypothesis in the context of studies of neurosteroid-mediated
enhancement of GABAergic neurotransmission (Wittmer et al.,

1996; Zorumski et al., 1998). Neurosteroids are progesterone and
deoxycorticosterone metabolites produced in the CNS and pe-
riphery that are putative endogenous modulators of GABAA

receptors (Majewska et al., 1986; Majewska, 1992). Of particular
interest clinically have been neurosteroids that positively modu-
late the GABAA receptor, because these compounds, adminis-
tered exogenously, are effective anesthetics, anticonvulsants, and
anxiolytics (Majewska, 1992; Lambert et al., 1995). Of many
known modulators of GABAA receptors, neurosteroids are the
clearest example of an endogenous substance capable of altering
GABA receptor activity.

Our results show that excessive GABAA receptor activation
initiates a slow form of neuronal death in cultured hippocampal
neurons. The death is slow whether immature or mature synaptic
networks are present, is not caused by direct or indirect excito-
toxic mechanisms, and may be related to depressed intracellular
calcium levels. The results are potentially relevant to diseases of
the nervous system, to normal developmental neuronal death, and
to the chronic effects of abused and therapeutic GABAmimetic
drugs on the developing nervous system.

MATERIALS AND METHODS
Hippocampal cultures. Hippocampal cells were harvested from albino
postnatal rats (days 1–3) and dissociated by papain and mechanical
dispersion as previously described (Yang et al., 1993). Cells were seeded
on the bottom of a collagen-coated culture dish at an initial plating
density of 2.1 3 10 3/mm 2, except for experiments shown in Figure 8, E
and F, in which cells were seeded at 0.7 3 10 3/mm 2. Culture medium
consisted of Eagle’s medium (Life Technologies, Gaithersburg, MD)
supplemented with heat-inactivated horse serum (5%), fetal calf serum
(5%; Life Technologies), 17 mM D-glucose, 400 mM glutamine, 50 U/ml
penicillin, and 50 mg/ml streptomycin. Cell cultures were prepared on 35
mm plastic culture dishes (Falcon) for toxicity and electrophysiology
experiments and on glass coverslips for imaging experiments. Cytosine
arabinoside (10 mM) was added on the third to fourth day in vitro (DIV
3–4). Treatment protocols were begun on DIV 3 or 4, and cell counts
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were performed on DIV 8–12, except for time course experiments (see
Fig. 2 A).

For cell counts, phase-bright neuron cell bodies present within the field
of a 203 microscope objective were counted and recorded. This proce-
dure allowed multiple assessments of the same plate. In some platings,
clusters of neuronal cell bodies were present (e.g., Fig. 1), leading to
concerns about the accuracy of counts. To determine the amount of
error, control plates containing clustered cell bodies were fixed with 4%
paraformaldehyde and stained with Hoechst 33342. Cell counts of phase-
bright neurons were compared with nuclear counts of the same cluster
under epifluorescence. The counts of phase-bright cell bodies were
within 1.3 6 3% of the nuclear counts (average cluster size, 8.8 6 0.8
neurons; n 5 8 clusters). We thus did not make correction for errors in
counting attributable to clustering of neuronal cell bodies.

All experiments were performed on at least three independent platings
of cells. Counts from 5–15 fields from an individual plating were used to
generate an average cell count for each experimental condition from a
single plating. In several experiments (n 5 5), an observer blinded to
experimental conditions performed the cell counts. This had no effect on
quantification. To account for plating-to-plating differences in cell den-
sity, the average counts of experimental groups were averaged and
normalized to the control (untreated) group from the same plating.
Comparative statistics were performed on these normalized values (vs
control) using an independent, two-tailed t test. Significant differences
are were taken as p , 0.05

Drugs and reagents. All drugs and chemicals were from Sigma (St.
Louis, MO). (3a,5a)-3-Hydroxypregnan-20-one (DHP) and lorazepam
were prepared in DMSO as concentrated stock solutions. The final
concentration of DMSO in cultures was #0.1%. Bay K 8644 stock was
prepared in methanol and diluted 1:1000 into culture medium. Other
drugs were prepared as a concentrated stock in water and were diluted
1:200–1:1000. Control experiments showed that neither DMSO nor
methanol at the concentrations used affected cell survival (data not
shown).

Electrophysiology. Whole-cell patch-clamp recordings were performed
on control or treated neurons at DIV 8–10 (5–7 d after treatment was
begun). Culture medium was exchanged for an extracellular recording
solution containing (in mM) NaCl (140), KCl (4), HEPES (10), CaCl2
(2.0), MgCl2 (1.0), glucose (10), and HEPES (10), pH 7.25. The whole-
cell pipette solution contained (in mM) Cs methane sulfonate (140) or
CsCl (140), NaCl (4), CaCl2 (0.5), EGTA (5), and HEPES (10), pH 7.25.
Data were collected using commercially available software (Pclamp 6.0;
Axon Instruments, Foster City, CA) controlling an Axopatch 1-D patch-
clamp amplifier (Axon Instruments) via a Digidata 1200 acquisition
board. Whole-cell current in response to voltage ramps (1.14 V/sec) in
the absence of GABA was subtracted from current in the presence of
GABA to generate GABA current–voltage curves (see Fig. 6).

Xenopus oocytes. For experiments examining DHP concentrations in
conditioned medium (Fig. 2C), a bioassay was developed using Xenopus
oocytes expressing recombinant GABAA receptors. cRNAs encoding the
a1, b2, and g2L subunits were obtained by in vitro transcription (mMes-
sage mMachine; Ambion, Austin, TX) from linearized plasmids and
were injected into the cytoplasm of stage V–VI oocytes. Two to 7 d after
injection, oocytes were placed into a chamber containing 100 ml of ND96
medium. ND96 contained (in mM) NaCl (96), KCl (2.5), CaCl2 (1.8),
MgCl2 (1.0), and HEPES (10), pH 7.4. Oocytes were voltage clamped at
250 mV with a two-electrode voltage-clamp configuration, and solutions
containing GABA and dilute culture medium were applied to the oocytes
via a multibarrel pipette. The steady-state current in response to each
solution was measured and recorded using an Axoclamp 2-B amplifier
and Pclamp software.

Calcium imaging. Calcium imaging was performed on cultures at DIV
8–10 (days 5–7 after GABAmimetic treatment). The culture medium was
exchanged for an extracellular recording solution with 5 mM fura-2 AM
for 45 min at 37°C, after which fura-2 AM was washed away with fresh
recording medium. Cells were returned to 37°C for an additional 45 min
to allow AM cleavage. Cells were then imaged using a Nikon (Melville,
NY) Eclipse inverted microscope equipped with a filter wheel (Sutter
Instruments, Novato, CA) and an intensified CCD camera (PTI, Mon-
mouth, NJ) interfaced to a frame grabber (Scion, Frederick, MD) and
Pentium II computer. Data were collected at room temperature in
extracellular recording solution and were analyzed using custom soft-
ware. Raw data are presented as ratios of fluorescence in response to
illumination at 340 and 380 nm. In vitro calibrations (Grynkiewicz et al.,
1985) suggested that these ratios correspond to resting calcium levels of

,50 nM in control cultures. Experiments on fura-2 AM-loaded cells were
repeated on at least three independent platings of cells except where
noted.

RESULTS
We probed the chronic effects of blocking GABAA receptors in
cultures of postnatal hippocampal cells containing both GABAer-
gic and glutamatergic neurons, as well as an underlyling mono-
layer of astrocytes. Over the course of the first 10 d in these
cultures, neurons decrease in number by ;60–80%, similar to
observations made in other culture systems (D’Mello et al., 1993).
Treatment of cultures on DIV 4 with 10 mM picrotoxinin, a
noncompetitive GABAA receptor antagonist, or with 50 mM bicu-
culline, a competitive antagonist, revealed that a percentage of
the neuronal death was prevented by blocking GABAA receptors
(Fig. 1A). Die-off still occurred in antagonist-treated cultures
(data not shown), but compared with untreated control cultures
from the same plating, both antagonists produced a statistically
significant increase in neuron numbers over control cultures (Fig.
1A). This result suggests that activation of GABAA receptors
plays a detectable role in neuronal death of cultured hippocampal
neurons.

Neurosteroids enhance neuronal death by a
GABAergic mechanism
Given the suggestion in these initial experiments that activation
of GABAA receptors is involved in a fraction of neuronal death in

Figure 1. Prevention and exacerbation of neuronal death by manipulat-
ing GABAA receptors. A, Cell survival at DIV 10–12 assessed by cell
counts of randomly selected microscopic fields after chronic treatment
begun at DIV 4 with 50 mM bicuculline (Bic; n 5 13 platings; p , 0.05) or
with 10 mM picrotoxinin (Ptxn; n 5 10 platings; p , 0.05). The GABAA
potentiating neurosteroid DHP (3 mM) depressed cell numbers evaluated
at DIV 10–13 ( p , 0.05; n 5 6 platings) Counts in this and subsequent
figures are expressed normalized to counts of control cultures from the
same plating. The dotted line in this and subsequent graphs denotes the
normalized control counts (1.0). B–E, Photomicrographs of control post-
natal hippocampal cultures (B) and cultures treated with 3 mM DHP
(C–E). The photographs were obtained at DIV 13. Treatments were
begun at DIV 4. C, Photomicrograph from a culture treated with 3 mM
DHP alone. D, Cells treated with DHP and 50 mM bicuculline. E, Cells
treated with 3 mM DHP and 0.1 mM RU486. Scale bar, 130 mm (applies to
B–E).
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culture, we examined whether positive modulators of GABAA

receptors might potentiate neuronal death in cultures. We began
our studies by examining the effect of the GABAA-potentiating
neurosteroid DHP on neuronal survival. We administered DHP
at a concentration of 3 mM either in three treatments of 1 mM at
DIV 3, 5, and 7 or in a bolus at DIV 3. Both treatment protocols
yielded a similar profile of neuronal death when cultures were
examined on DIV 10–12 (Fig. 1A–E). Neurons remaining after
DHP-induced death were usually small cells, with limited neuritic
arbors (Fig. 1C,E; see Figs. 3, 4, 8, 9). The underlying monolayer
of astrocytes was not detectably altered by chronic DHP treat-
ment (Fig. 1B–E).

To test the hypothesis that GABAA receptors are involved in
neurosteroid-induced neuronal death, we examined the effect of
GABAA receptor antagonists on death induced by DHP. Con-
sistent with a pivotal role for GABAA receptors in mediating the
slow neuronal death, bicuculline (50 mM) completely blocked the
death caused by chronic treatment with 3 mM DHP (Fig. 1B–E).
In nine experiments, neuron numbers in DHP-treated cultures
were reduced by 82 6 6% when counted at DIV 10–12, but
numbers were 177 6 42% (n 5 6 experiments) and 120 6 18%
(n 5 8 experiments) of control when DHP was co-administered
with picrotoxinin and bicuculline, respectively. In contrast, the
antiapoptotic, genomic steroid receptor antagonist RU486 did
not affect the neuronal death (Fig. 1E; n 5 3 experiments).

During the period of DHP treatment, neuronal loss usually
began at approximately DIV 7, even when DHP was adminis-
tered as a bolus on DIV 4 (Fig. 2A). DHP-induced neuronal
death was concentration-dependent, with an EC50 of 1.1 mM,
obtained by fitting the data in Figure 2B to the Hill equation. This
concentration dependence approximately parallels the acute ef-
fects of DHP on GABA-mediated synaptic currents observed in
previous studies (Zorumski et al., 1998; Fig. 2B). The concentra-
tion–response relationship was apparently not affected by steroid
metabolism. The diluted hydrophobic fraction of conditioned
medium from cells treated with DHP for 1 week produced a
similar potentiation of GABAA responses in Xenopus oocytes
heterologously expressing GABAA receptors as 3 mM DHP added
freshly to unconditioned culture medium (Fig. 2C). Fractionated
conditioned culture medium with no exogenous DHP added had
negligible effects on GABA responses in oocytes (Fig. 2C), sug-
gesting that global levels of GABAA-potentiating endogenous
neurosteroids in these cultures are negligible.

Because a primary action of DHP is to potentiate endogenous
GABA actions, we reasoned that the slow time course of neuronal
death may be related to the immature state of synaptic networks
during the first few days of the treatment regimen (Yang et al.,
1993). To test this idea, we treated cells with 3 mM DHP begin-
ning at DIV 7 rather than the typical DIV 3 and examined the
progression of neuronal death. As shown in Figure 3, progression
of death was still slow, proceeding gradually over 3–7 d in culture.
However, neuronal death was faster than when the same treat-
ment regimen was applied beginning at DIV 3 (compare Fig. 2A),
suggesting that some aspect of cell maturity, possibly synaptic
maturity, may play a role in the protracted time course of neu-
ronal death in the early treatment protocol.

Endogenous GABA activity is sufficient for
GABA toxicity
Positive neurosteroid modulators of GABAA receptors both po-
tentiate endogenous GABA actions and, at sufficiently high con-
centrations, directly activate the GABAA receptor in the absence

of GABA. We tested whether potentiation of endogenous GABA
activity is sufficient to trigger toxicity by examining the effects of
a benzodiazepine, a class of positive modulators that does not
directly activate the GABAA receptor (Macdonald and Olsen,
1994). Lorazepam (1–10 mM) administered at DIV 3 triggered a
slow death similar in time course and cell appearance to that
triggered by DHP (Fig. 4A,B,D,E). The death was completely

Figure 2. Time course and concentration dependence of DHP-mediated
neuronal death. A, The graph represents one experiment in which cell
counts were made at sequential time points during DHP treatment.
Counts of DHP-treated cultures were significantly different from control
cultures at DIV 8 and 10 (treatment days 5 and 7). In the graph, counts of
individual microscopic fields, including those of control dishes, were
expressed relative to the mean control counts; thus both control and
experimental treatment groups show error bars. B, The graph represents
the effects of treatment of cultures with 0.3, 1.5, and 3.0 mM DHP. Cell
counts were obtained at DIV 10. C, Lack of metabolism of steroids in
culture. A bioassay was used to determine the amount of steroid remain-
ing in cultures 10 d after treatment. Conditioned medium (CM ) from
DIV 14 cultures was harvested from untreated cultures or cultures treated
with 3 mM DHP. Unconditioned medium (UM ) was used as a comparison
and was either spiked immediately before use with 3 mM DHP (1DHP) or
left untreated. For all samples, hydrophobic steroids were separated from
hydrophilic molecules using a Baker 10 SPE octadecyl column. The
hydrophobic fraction was eluted with methanol, dried, and resuspended in
Xenopus oocyte recording medium to a final predicted concentration of 1
mM DHP for the DHP-treated samples (assuming no degradation in the
conditioned medium samples). This final concentration of DHP (1 mM)
was used for evaluation because it is near the EC50 for modulation of
GABAA receptors (Zorumski et al., 1998). GABA (1 mM) was added to
each of the reconstituted samples. Solutions containing GABA alone or
the diluted culture medium were applied to voltage-clamped Xenopus
oocytes. The amplitudes of responses to each solution are expressed
relative to the response to GABA alone in the bar graph. Inset, Raw traces
from a representative oocyte. Experimental conditions for the inset are in
the order shown on the bar graph.
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prevented by the GABAA receptor antagonist bicuculline (50 mM)
co-administered with lorazepam (Fig. 4D–F). In four experi-
ments, 10 mM lorazepam depressed cell numbers by 78 6 4%
( p , 0.05), and bicuculline reversed the effect to within 5 6 20%
of control ( p . 0.05). The barbiturate pentobarbital (50 mM) also
elicited neuronal death (Fig. 4C; 70 6 10% depression of cell
numbers; p , 0.05; n 5 4 platings), as did the direct agonist
muscimol (see below). These results suggest that potentiation of
endogenous GABA activity is sufficient to trigger neuronal death
and that direct activation of GABAA receptor with exogenous
agonists is also toxic.

GABA-mediated neuronal death does not result
from excitotoxicity
Although GABA is the most widespread inhibitory neurotransmit-
ter in the mature nervous system, in many immature systems,
GABAA receptor activation is excitatory by virtue of a diminished

chloride gradient across the neuronal plasma membrane (Cheru-
bini et al., 1990; Leinekugel et al., 1999). We considered the
hypothesis that if GABA is excitatory in postnatal hippocampal
cultures, potentiation of GABA actions may increase network
activity, causing excessive glutamate receptor activation and result-
ant excitotoxicity. Alternatively, GABA, if excitatory, may pro-
mote the influx of calcium through voltage-gated calcium channels,
thus directly triggering calcium-dependent excitotoxicity.

We performed several experiments to test whether GABAA

receptor-mediated excitation may underlie GABA toxicity. First,
we examined intracellular calcium responses to exogenous GABA
applications. After preloading with 5 mM fura-2 AM in the bath
solution, neither control nor DHP-treated neurons (DIV 7) re-
sponded with significant calcium rises when challenged with 100
mM GABA (Fig. 5). In the same cells, however, NMDA elicited
robust calcium rises (Fig. 5). As an additional positive control,
neurons loaded with 140 mM KCl through a whole-cell recording
pipette that also contained 60 mM fura-2 responded with clear
intracellular [Ca21] increases in response to 100 mM GABA
challenge (Fig. 5C,D). GABA challenges to untreated and DHP-
treated cultures were repeated on three independent platings of
neurons; in none of the experiments did neurons respond to
GABA applications with Ca21 increases.

In independent experiments, we examined the reversal poten-

Figure 3. Late treatment with neurosteroid also promotes slow neuronal
death. A, B, Photomicrographs (DIV 14) of hippocampal cultures treated
with vehicle (A) or with 3 mM DHP beginning on DIV 7 rather than the
usual DIV 4. Scale bar, 130 mm. C, Time course of neuronal death when
cells were acutely treated 3 mM DHP at DIV 7. Each point represents
15–21 microscopic fields.

Figure 4. Other potentiators of GABA actions at GABAA receptors also
cause slow neuronal death. A–C are from one plating; D–F are from
another plating. A, Control culture. B, Lorazepam (10 mM). C, Pentobar-
bital (50 mM). D, Culture treated with bicuculline (50 mM) alone. E,
Lorazepam (5 mM). F, Culture treated with 5 mM lorazepam plus 50 mM
bicuculline. Photomicrographs were obtained at DIV 10–11, and treat-
ments were begun at DIV 4. Scale bars, 130 mm (bar in C applies to A–C;
bar in F applies to D–F ).
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tial of GABA currents using whole-cell electrophysiological re-
cording techniques. Initial experiments with gramicidin perfo-
rated patch recordings suggested that in our hands this technique
was not reliable for obtaining good electrical access to hippocam-
pal neurons. Therefore, we adopted an alternative strategy to
estimate the endogenous reversal potential of GABAA currents.
For these experiments, we used patch pipettes that were sharper
than typical whole-cell pipettes (8–12 MV) to slow the diffusion
of the recording solution into the cell, and we performed ramp
depolarizations to obtain a GABA current–voltage curve imme-
diately on membrane rupture, when the cytoplasm should still be
relatively intact (Fig. 6). When 140 mM KCl was used in the
intracellular solution, the initial GABA current–voltage curve
exhibited a reversal potential of 255 6 5 mV (n 5 14 neurons in
three independent platings evaluated at DIV 9–10). After 30 sec
of intracellular perfusion with the pipette solution, this value was
shifted toward 0 mV, to 225 6 2 mV, as expected by the nearly
symmetrical chloride concentrations of the pipette and extracel-
lular solutions. The negative GABA reversal potential pertained
to both control and DHP-treated cells (255 6 5 mV; n 5 16
DHP-treated neurons in three different platings evaluated 5–6 d
after DHP treatment; Fig. 6).

In a final experiment to test involvement of excitotoxicity in
neurosteroid-mediated neuronal death, we examined the effect of
the AMPA receptor antagonist NBQX (1 mM) and the NMDA
receptor antagonist D-APV (50 mM) on DHP-induced neuronal
death. A clear interpretation of these results was precluded by
enhanced neuronal death in the presence of APV or NBQX
alone. Cell numbers evaluated at DIV 10–12 were reduced by
40–60% by APV and NBQX (n 5 3 experiments). These results
are consistent with recent suggestions of induction of apoptosis
by NMDA receptor antagonists (Hwang et al., 1999; Ikonomidou
et al., 1999) and are consistent with the idea that overinhibition
causes slow death of hippocampal neurons.

Evidence that low basal intracellular calcium may
trigger GABA-mediated neuronal death
Elevating intracellular calcium concentration protects neurons in
several models of neuronal death (D’Mello et al., 1993; Desh-
mukh and Johnson, 1997). We therefore tested the idea that
overactivation of GABAA receptors may be associated with de-
pressed intracellular calcium concentrations. Consistent with the
idea that depressed calcium signals may at least partially underlie
the demise of postnatal hippocampal neurons exposed to GABA
potentiators, we found that calcium signaling was significantly
diminished in DHP-treated cultures (Fig. 7A). We found that, on
average, peak KCl-evoked calcium transients measured in the
absence of DHP were 41 6 11% of control (n 5 4 experiments).
Significantly depressed Ca21 signals were observed in each of the
four independent experiments. In addition, in four of eight ex-
periments, basal resting Ca21 levels were significantly lower than
control in the DHP-treated cells. In one separate experiment in

4

added Mg 21 and 5 mM glycine to confirm the ability of neurons to respond
to excitation with a calcium increase. D, Summary of the calcium increases
to application of 100 mM GABA under the three conditions in A–C. Cells
were either untreated (Control; n 5 35 cells) or had been treated with
DHP on DIV 3 (DHP; n 5 37). Positive control data ( filled) came from
three neurons filled with 140 mM KCl in a whole-cell recording pipette
containing 60 mM fura-2. The data are from one plating but are repre-
sentative of three independent experiments in which no calcium response
from 100 mM GABA was observed.

Figure 5. Intracellular calcium responses suggest that GABA is not
excitatory. A–C, Calcium rises were measured in response to 100 mM
GABA applied by local perfusion to cultured neurons at DIV 8–10. Raw
traces represent ratiometric Fura-2 images from a control neuron (A),
DHP-treated neuron (B), and a control neuron loaded with 140 mM
chloride (C) using a whole-cell recording pipette. In A and B, cells were
also challenged with 300 mM NMDA in extracellular saline containing no
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which muscimol was used as the toxic agent, Ca21 responses were
significantly blunted, and basal calcium decreased (49 and 62% of
control, respectively, n 5 18–19 cells per condition). These stud-
ies demonstrate that chronic overinhibition triggers long-term
changes in calcium entry or calcium handling that result in
blunted calcium rises in response to depolarizing stimuli. The
results are consistent with the idea that depressed intracellular
calcium levels may participate in the neuronal death associated
with overinhibition, although the experiments do not directly

Figure 6. Endogenous GABA reversal potentials suggest GABA is in-
hibitory in hippocampal cultures. A, Example current–voltage curve from
an untreated cell at DIV 8. The curve was generated by subtracting the
current response to a voltage ramp in the absence of 0.5 mM GABA from
the response to the same ramp in the presence of GABA. The protocol
was performed immediately on achieving the whole-cell recording mode
(t 5 0) or 30 sec after membrane rupture (t 5 30). B, The same protocol
was performed on another cell but using methane sulfonate as the
primary anion in the pipette solution. C, The same protocol was per-
formed on a cell from the same plating but treated with DHP for 6 d.

Figure 7. Intracellular Ca 21 and GABAmimetic treatment. A, KCl-
evoked transient calcium rises are depressed by chronic DHP treatment.
Calcium influx was stimulated with a 30 sec application of 30 mM KCl.
Note that imaging was performed in the absence of DHP on cells 5 d after
initiation of DHP treatment. The depressed change in fluorescence sug-
gests depressed calcium influx in DHP-treated cells (open bar; n 5 57
cells) versus control cells (solid bar; n 5 50 cells). *p , 0.01. The data
represent one experiment from a single plating but are representative of
four replications in independent platings. B, Calcium is chronically in-
creased by growing cells in the presence of 35 mM KCl or in the presence
of 1.5 mM Bay K 8644. Bay K or KCl was added simultaneously with DHP,
and imaging was performed 48 hr after treatment (n 5 530–914 cells for
each condition, representative of results on four different plates).
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address whether decreased Ca21 signaling is a cause of or an
effect of the neuronal death program induced by GABAmimetics.

If depressed intracellular calcium levels are causally related to
the demise of hippocampal neurons exposed to GABA potenti-
ators, then it should be possible to rescue cells by elevating
intracellular calcium levels. We found that both chronic elevated
KCl (35 mM total) and Bay K 8644 (1.5 mM) effectively elevated
intracellular calcium in the presence of a toxic concentration
DHP when evaluated 2–6 d after the simultaneous addition of
drugs (Fig. 7B; average difference from control was 141 6 6% for
KCl plus DHP and 128 6 11% for Bay K 8644; p , 0.05; n 5 5
experiments). Therefore, we examined whether these agents
could render significant protection against GABAmimetic
toxicity.

We grew cultures in 35 mM extracellular potassium (30 mM

added to 5 mM potassium present in the normal medium, co-
administered with GABA mimetics) to chronically depolarize
cells. Elevated extracellular potassium completely protected neu-
rons from the insult of 3 mM DHP or 50 mM pentobarbital added
at DIV 3–4 (Fig. 8A–F). Elevated potassium treatment also
mostly prevented the normal neuronal death in control cultures
(Fig. 8). Compared with cultures in which sodium was added as an
osmostic control, 30 mM potassium added at DIV 4 produced a
327 6 35% increase in cell numbers measured at DIV 10–12 (n 5
8 experiments; p , 0.05 vs control). Addition of DHP to
potassium-treated cultures resulted in no decrease in cell num-
bers (102 6 12% of KCl alone; n 5 6 experiments; p . 0.05),
whereas in sister cultures grown in normal potassium, DHP
caused cell numbers to decrease by 68 6 2% (n 5 6 experiments;
p , 0.05 vs untreated). Protection against pentobarbital toxicity
was similar; 50 mM pentobarbital nonsignificantly increased cell
numbers by 31 6 24% in the presence of KCl ( p . 0.05 vs KCl
alone; n 5 4), whereas it depressed neuronal numbers by 72 6 2%
( p , 0.05; n 5 4) in normal medium.

Because elevated potassium protected against both spontane-
ous neuronal death and GABA-induced neuronal death, it is
possible that the apparent protective effect of KCl is attributable
to a factor related to the higher cell density produced by KCl. For
instance, the higher density of neurons in elevated potassium may
result in the accumulation of paracrine trophic support that
prevents GABA-induced toxicity. To test this idea, we plated
neurons at one-third the normal seeding density to counteract the
approximately threefold increase in cell numbers of KCl-treated
cultures and examined the ability of KCl to protect against
GABA toxicity. As shown in Figure 7, E and F, KCl still pro-
tected against DHP toxicity when the initial seeding density was
decreased. Cell counts showed DHP-treated cultures numbered
94 6 16% of KCl alone-treated cultures ( p . 0.05; n 5 3
experiments).

Although these experiments suggest that elevated potassium
rescues cells from GABAA-induced neuronal death, the results
do not indicate where in the death pathway depolarization might
act to rescue cells. For instance, chronic depolarization may lead
to presynaptic depolarization block (via inactivation of voltage-
gated sodium and calcium channels) and result in decreased
endogenous GABA release, or KCl depolarization might act
downstream of GABAA receptors to rescue cells, perhaps by
raising postsynaptic intracellular calcium concentration.

To address the hypothesis that potassium protects neurons
through an effect downstream of GABA receptor activation, we
examined whether neuronal death mediated by direct activation
of GABAA receptors was prevented by elevated potassium. We

challenged cells with 10 mM muscimol, which depressed cell
counts at DIV 10–12 similarly to GABA potentiators (Fig. 8G).
Figure 8G shows that muscimol-induced neuronal death is indeed
greatly reduced by maintaining cells in high-potassium growth
medium. This result strongly suggests that the protective effect of
KCl occurs downstream of GABAA receptor activation.

Elevated potassium is an indirect method of elevating intracel-
lular calcium. It has been proposed, for instance, that alterations
in potassium currents may be an important protective conse-
quence of KCl elevation in other systems (Yu et al., 1997). To
determine more directly whether elevated intracellular calcium
participates in the protection provided to neurons from GABA
toxicity, we co-treated cultures with Bay K 8644, an L-type
calcium channel agonist. Treatment with Bay K 8644 (1.5 mM)
enhanced survival of control neurons (Fig. 9) and partially pro-
tected cells against muscimol-induced neuronal death (Fig. 9).

Figure 8. Neuroprotective effects of elevated extracellular potassium. A,
Representative photomicrograph of a culture treated with elevated KCl
(35 mM total) on DIV 4. B, Sister culture treated with 35 mM KCl and 3
mM DHP. C, Control culture grown with normal (5 mM) potassium. D,
DHP-treated culture in normal potassium. E, F, Altered neuronal density
does not explain the effect of elevated KCl. Cells were initially plated at
one-third the normal density and treated with either elevated extracellu-
lar potassium alone ( E) or elevated potassium and 3 mM DHP (F). Scale
bars, 130 mm (bar in F applies to C–F; bar in H applies to G, H ). G, Effect
of KCl on muscimol toxicity. Bars represent normalized neuronal counts
of cultures treated with muscimol alone (10 mM), 35 mM potassium alone,
or muscimol plus KCl (n 5 4 experiments; all conditions, p , 0.05 vs
control; p 5 0.06 for KCl vs KCl plus muscimol conditions).
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Neither the effect on normal cell death nor the protection against
muscimol-induced toxicity was as pronounced as with KCl treat-
ment (Figs. 8, 9), consistent with lower basal intracellular calcium
increases produced by Bay K 8644 compared with KCl (Fig. 7B).
These results make it likely that elevation of intracellular calcium
has a direct role in the protective effects of KCl and Bay K 8644
treatments.

DISCUSSION
We have presented evidence that preventing endogenous GABA
actions at GABAA receptors blocks a fraction of the neuronal
death occurring normally in hippocampal cultures. Potentiation
of GABAA receptors with neurosteroids or other classes of po-
tentiators of GABAA receptors causes death of ;80% neurons
over the course of 1 week in vitro. The enhanced neuronal death
is prevented by including antagonists of GABAA receptors in the
culture medium. Chronic depolarization of cells with elevated
extracellular potassium or direct facilitation of calcium influx
inhibits the susceptibility of the neurons to GABA-induced death
and promotes basal cell survival. These results suggest a new
means by which neurons could be targeted for programmed cell
death during development and may have important implications
for mechanisms by which an important class of drugs, notable for
both their clinical utility and abuse potential, may promote neu-
ronal toxicity in the developing nervous system.

Mechanism of GABA-mediated neuronal death
The mechanism by which cells die by GABA toxicity in the
current paradigm is unclear and will require further investigation.
Hints may come from comparison with other models of neuron
death. Sympathetic neurons subjected to nerve growth factor
(NGF) deprivation die 2–3 d after withdrawal of trophic support.
This cell death is prevented by high-potassium medium (Koike et
al., 1989). In this model, protection has been correlated with
elevated calcium, but NGF support does not apparently act by
raising intracellular calcium, nor does NGF deprivation decrease
intracellular calcium (Franklin et al., 1995). This may be in
contrast to the present model, in which both the protection and
demise of hippocampal neurons are associated with intracellular
calcium levels.

The current model bears similarities to the cerebellar granule
cell model of neuronal death (D’Mello et al., 1993). Cultured
granule cells survive in the presence of elevated extracellular
potassium and serum but die on decreasing potassium concentra-
tion to 5 mM and withdrawing serum. A notable difference be-
tween granule cell death and GABA-induced hippocampal cell
death is that GABA protects against neurodegeneration induced
by potassium and serum deprivation in cultures of cerebellar
granule neurons (Castoldi et al., 1998).

The results of the present experiments are consistent with the
hypothesis that both the demise and the rescue of hippocampal
neurons depend on the level of intracellular calcium. By this
hypothesis, GABAA receptor activation, by inhibiting depolar-
ization, depresses calcium influx, enhancing the probability of
neuronal death. Bicuculline, elevated potassium, and Bay K 8644
all protect neurons by tipping the balance toward excitation and
elevated intracellular calcium. The depression of calcium influx in
response to depolarizing challenges in DHP-treated cultures sug-
gests that overactivation of GABAA receptors may produce
longer-term changes in calcium entry or handling that may par-
ticipate in the demise of the cells. The precise biochemical
pathways responsible for neuronal death remain to be elucidated,

Figure 9. An L-type calcium channel agonist is neuroprotective. A–D,
Representative fields from sister cultures A, Control culture. B, Muscimol
(10 mM)-treated. C, Bay K 8644 (1.5 mM). D, Bay K 8644 plus muscimol.
E, Summary data representing cell counts from four independent platings
assessed at DIV 8. Average cell counts from the Bay K 8644 treatment
alone but not the Bay K 8644 plus muscimol group were significantly
different from control ( p 5 0.04 and 0.31, respectively; n 5 6 experi-
ments). Cell numbers from the Bay K 8644 alone condition were also
significantly different from the Bay K 8644 plus muscimol condition ( p 5
0.02), suggesting only partial protection by Bay K 8644. Scale bar, 130 mm.
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and it is possible that depolarizing influences interact with other
trophic signals to mediate survival in hippocampal cells (Meyer-
Franke et al., 1995). For instance, it has recently been suggested
that NMDA-induced trophic actions in cerebellar granule cells is
mediated by induction of BDNF expression (Bhave et al., 1999).

A previous study found that GABAmimetics cause retraction
of the dendrites of cultured hippocampal neurons (Mattson and
Kater, 1989). This result may be consistent with the limited
neuritic arbors found in cells remaining after chronic GABAmi-
metic treatment in the present study. This previous study found
no effect of GABAmimetics on cell survival. This is likely be-
cause of the shorter time frame in which survival was examined in
the previous work. It is also possible that the use of postnatal
neurons in the present study rather than embryonic neurons is an
important difference if developmental issues contribute to the
effects observed. Finally, it is possible that astrocytes in our
postnatal cultures (and not present in many embryonic culture
preparations) offer trophic or other support important to the
effects observed in the present study.

Relevance to neuronal death in vivo
Although peripheral cells are acutely dependent on neurotrophic
support, and CNS neurons are responsive to neurotrophic factors,
the mechanisms of developmental neuronal death in the CNS are
still unclear (Lewin and Barde, 1996). It is possible that
neurotransmitter-induced cell death may play a role in normal
developmental programmed cell death. Consistent with the idea
that a proper balance between excitation and inhibition may help
dictate final neuron numbers in the CNS, it was recently found
that NMDA receptor antagonists promote increased apoptosis in
CNS regions undergoing natural developmental programmed cell
death (Ikonomidou et al., 1999). If GABA receptor activation per
se participates in targeting cells for programmed cell death, the
developmental switch in chloride gradient that occurs in many
CNS regions may be important for targeting particular neurons
for death.

Neurosteroids were used as neuromodulators of GABAA re-
ceptors because of the presence of these agents endogenously. In
vivo, concentrations of neurosteroids are in the nanomolar range
(Lambert et al., 1995). Our evidence (Fig. 2C) suggests that
endogenous GABAmimetic neurosteroid concentrations in the
bulk medium of hippocampal cultures are negligible. Regulation
of the production and release of neurosteroids is relatively unex-
plored, although recent evidence suggests decreased levels of
neurosteroids with clinical depression (Uzunova et al., 1998).

We found that other potentiators of GABAA receptors, notably
barbiturates and benzodiazepines, also promoted neuronal death.
These results have implications for acute and chronic use of these
drugs and suggest that neuronal death may be a consequence of
their prolonged use. Phenobarbital is a commonly used anticon-
vulsant in child neurology; therefore, understanding the in vivo
conditions under which GABAmimetics may be neurotoxic is of
prime importance. Note, however, that our experiments used
benzodiazepines and barbiturates near their anticipated maxi-
mum concentrations, likely to represent anesthetic rather than
anticonvulsant concentrations. Also, recent in vivo data showing
GABA toxicity in intact rats suggest a developmental window for
susceptibility to overinhibition-induced neuronal death (Ikono-
midou et al., 2000). Therefore, GABA-induced neuronal death
may be particularly relevant to chronic exposure to these drugs in
utero or in the early postnatal period.
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