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GABA is the dominant inhibitory neurotransmitter in the CNS. By
opening Cl2 channels, GABA generally hyperpolarizes the mem-
brane potential, decreases neuronal activity, and reduces intracel-
lular Ca21 of mature neurons. In the present experiment, we show
that after neuronal trauma, GABA, both synaptically released and
exogenously applied, exerted a novel and opposite effect, depo-
larizing neurons and increasing intracellular Ca21. Different types
of trauma that were effective included neurite transection, replat-
ing, osmotic imbalance, and excess heat. The depolarizing ac-
tions of GABA after trauma increased Ca21 levels up to fourfold in
some neurons, occurred in more than half of the severely injured
neurons, and was long lasting (.1 week). The mechanism for the
reversed action of GABA appears to be a depolarized Cl2 reversal
potential that results in outward rather than inward movement of

Cl2, as revealed by gramicidin-perforated whole-cell patch-clamp
recording. The consequent depolarization and resultant activation
of the nimodipine sensitive L- and conotoxin-sensitive N-type
voltage-activated Ca21 channel allows extracellular Ca21 to enter
the neuron. The long-lasting capacity to raise Ca21 may give
GABA a greater role during recovery from trauma in modulating
gene expression, and directing and enhancing outgrowth of re-
generating neurites. On the negative side, by its depolarizing
actions, GABA could increase neuronal damage by raising cyto-
solic Ca21 levels in injured cells. Furthermore, the excitatory ac-
tions of GABA after neuronal injury may contribute to maladaptive
signal transmission in affected GABAergic brain circuits.
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GABA plays a widespread role as the major inhibitory transmitter
in the brain, particularly in the hypothalamus (Tappaz et al., 1982;
van den Pol, 1985; Randle et al., 1986; Decavel and van den Pol,
1992; Kim and Dudek, 1992) where GABAergic axons account for
half of all presynaptic boutons (Decavel and van den Pol, 1990). In
mature neurons in vivo or in vitro, GABA plays an inhibitory role,
reducing electrical activity and lowering intracellular Ca21 (Ob-
rietan and van den Pol, 1995a,b; van den Pol et al., 1995).
Many different factors contribute to secondary consequences of

neuronal trauma aside from the death of neurons at the time of
injury. These secondary factors can lead to neuronal incapacita-
tion or cell death or can contribute to faulty information process-
ing. A central second messenger in this regard is cytosolic Ca21;
sustained increases in Ca21 can lead to compromised cell health
and even to cell death. Ca21 also is critically involved in gene
expression, as a second messenger in intracellular information
processing, and plays an essential role in synaptic transmitter
release. Neurite outgrowth, for instance during recovery after
injury, is dependent on specific cytosolic Ca21 levels (Mattson and
Kater, 1989).
Neurons can be injured not only by direct physical damage to

the cell body but also by damage to processes, by temperature
rises as in high fevers, by alterations in osmotic pressure owing to
ischemia or problems with blood flow and edema after head
trauma, and by excitotoxic responses to high levels of glutamate
released by injury. We used in vitro models to study altered

responses of traumatized neurons to both exogenously applied
and synaptically released GABA under conditions in which we
could rigorously control factors that might complicate interpreta-
tion of responses to injury in vivo.
In the present study, we used digital imaging with Fura-2 to

study unusual Ca21 rises in response to GABA after neuronal
injury. Gramicidin-perforated whole-cell recording also was used
to test the hypothesis that the mechanism of GABA excitation was
attributable to a depolarized Cl2 reversal potential, resulting in
Cl2 exodus rather than entry at GABA receptor activation. Un-
like conventional whole-cell recording, gramicidin perforations
allow analysis of GABA responses dependent on Cl2 channel
opening without artifactually altering intracellular Cl2 levels
(Meyers and Haydon, 1972; Reichling et al., 1994; Ebihara et
al., 1995).

MATERIALS AND METHODS
Fura-2 digital imaging. Cells were loaded with 5 mM Fura-2 AM ester
(Molecular Probes, Eugene, OR). Ca21 calibration was done with Ca21

standards (Molecular Probes) according to the procedure of Grynkiewicz
et al. (1985). Cells were imaged using a 403 Olympus objective with high
340/380 nm light transmittance on a Nikon Diaphot 300 inverted micro-
scope. Ratiometric excitation was provided by a 150 W xenon lamp
filtered sequentially through 340 and 380 nm filters in a Sutter filter wheel
driven by a Lambda-10 microprocessor controlled by a Universal Imaging
computer and software. Agonists and antagonists were perfused over cells
in a 180 ml microscope chamber with a standard buffer containing (in
mM): NaCl 137, glucose 25, KCl 5, HEPES 10, MgCl2 1, CaCl2 3, pH 7.4.
Chemicals were from Sigma (St. Louis, MO) except nimodipine and
conotoxin (Research Biochemicals, Natick, MA). Additional procedural
details of our use of Fura-2 Ca21 imaging can be found elsewhere
(Obrietan and van den Pol, 1995a,b).
Whole-cell patch-clamp recording. All electrophysiology experiments

used gramicidin-perforated whole-cell patch-clamp recording. The
gramicidin-perforated channels are relatively impermeable to Cl2 anions
(Meyers and Haydon, 1972; Reichling et al., 1994; Ebihara et al., 1995),
making gramicidin ideal for studying the reversal potential of GABA-
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evoked Cl2 currents without interfering with the intracellular Cl2 con-
centration. The recording chamber was perfused continuously at a rate of
2 ml/min with a bath solution containing (in mM): 162.5 NaCl, 2.5 KCl, 2
CaCl2, 10 glucose, 10 HEPES, pH 7.3. The pipette solution contained (in
mM): KMeSO4 145, MgCl2 1, EGTA 1.1, HEPES 10, pH 7.3. Gramicidin
was used at concentration of 20–50 mg/ml in the pipette solution. GABA
(50 mM) was applied to the cell through a micropipette with a tip diameter
of 2–3 mm positioned 2–3 mm away from the cell using a Narishige
(Tokyo, Japan) microinjector. A flow pipe with an outer diameter of 380
mm was aimed at the recorded neuron and continuously perfused the cell
with bath solution to quickly wash off the GABA. Data were acquired
with an AxoClamp-2B amplifier interfaced to a Macintosh computer
using AxoData software and analyzed by Axograph and Igor (Wavemet-
rics) software. The sampling rate was 5 KHz and filtered at 1 KHz.
Immunocytochemistry. GABA antiserum was used with immunoperox-

idase to stain GABAergic neurons in vitro after fixation with 3% glutar-
aldehyde and membrane permeabilization with 0.4% Triton X-100. After
incubation in the primary antibody used at a dilution of 1:3000, biotin-
labeled goat anti-rabbit secondary was used, and after washing, the
avidin–biotin–peroxidase complex (Vector Laboratories, Burlingame,
CA) was used. The peroxidase chromagen was revealed with diamino-
benzidine and hydrogen peroxide. Antiserum specificity and more de-
tailed immunochemical procedures were described previously (Decavel
and van den Pol, 1990). Absorbtion with GABA conjugated to a pro-
tein different than used to make the antiserum blocked positive
immunostaining.
Tissue culture. Embryonic day 18 (E18) rat hypothalami were disaggre-

gated with papain and plated on a polylysine substrate (molecular weight,
540,000 Da) (Collaborative Research, Bedford, MA). Cells were kept at
378C and 5% CO2 in a Napco 5410 incubator in glutamate- and glutamine-
free DMEM (Gibco, Gaithersburg, MD) supplemented with 10% fetal
bovine serum, 10 mM CNQX, and 100 mM AP-5, and 1 mM cytosine arabi-
noside to reduce glial proliferation, as described elsewhere (Obrietan and
van den Pol, 1995a,b). Explants were cut from 400-mm-thick slices of late
embryonic rats. To increase long-term viability, explants were reduced to a
diameter of ;1 to 1.5 mm and were held onto a glass substrate with
polylysine and maintained at 378C in 5% CO2.

RESULTS
GABA-mediated Ca21 rise after trauma
Hypothalamic neurons cultured 24–35 d were traumatized by scrap-
ing them off the substrate they were growing on and replating them
(Figs. 1A–C, 2A–D). Other types of injury also were studied (Fig.
2E–I). The replating procedure caused the loss of many processes
frommost neurons. Neurons then were plated on glass coverslips and
studied with Fura-2 digital imaging (Grynkiewicz et al., 1985). When
these cells were treated with GABA (10 mM), their intracellular Ca21

levels were raised (Fig. 2A), sometimes by more than fourfold from
65 nM to1300 nM (n5 475). This effect was found 3 hr after trauma
and continued for up to 2 weeks (Fig. 2C,D). Based on neurons that
responded to GABA, the greatest magnitude Ca21 rise was found at
the earliest post-trauma interval of 3 hr (Fig. 2C). In striking contrast,
nontraumatized control neurons after 24 d (n 5 58) and 35 d (n 5
98) in vitro showed no Ca21 rise in response to GABA (Fig. 2B). To
prevent the release of endogenous transmitters that might confound
the results by producing secondary effects, TTX (tetrodotoxin) (1
mM) was used in experiments where GABA-evoked responses were
studied.
We compared the percent of neurons that responded to GABA

with at least a 20 nM Ca21 rise as a function of time allowed for
recovery after replating injury (Fig. 2D). The greatest number
(63%) of responding neurons was found 2 d after trauma, increas-
ing from 3 hr after trauma (38%). By 14 d after injury, GABA
continued to elicit a Ca21 rise in 9% of the neurons.
To test the hypothesis that the role of GABA is reversed after

several other different models of trauma, we compared the effect
of raising the temperature to 418C, similar to the increase in
temperature found in a high fever (Fig. 2E), raising or lowering

(Fig. 2F) the osmotic pressure as occurs after head trauma,
transecting neurites with a sharp pipette, and stimulation with 100
mM glutamate (excitotoxic model). Compared with controls (Fig.
2G–I), neurons (n 5 890) in four of these trauma models showed
that GABA raised cytosolic Ca21 (Fig. 2H, I) (p , 0.05; t test).
The effect of osmotic trauma in reversing GABA actions was
rapid. Whereas before trauma, little evidence of GABA-mediated
Ca21 rises was found, the same cells showed GABA-elicited Ca21

rises minutes after hypotonic treatment. Interestingly, in 30% of
the neurons (n 5 124) that showed a GABA-induced Ca21 rise,
the response to 10 mM GABA was substantially greater than the
response to 100 mM NMDA (Fig. 2E). In some neurons, the in-
tracellular Ca21 level was raised to over 600 nM by GABA, a level
that could be toxic if maintained.
We also used explants of brain tissue to ensure that the actions

of GABA on traumatized tissue were not restricted to a dispersed
culture paradigm. Small nondispersed explants of brain tissue
from the hypothalamus were studied after 16 d in vitro. Neurons
were identified by their response to 30 mM NMDA. Whereas no
neurons (n 5 64) in control explants showed Ca21 responses to
GABA after hypotonic insult (220 mOsm; 5 min) (Fig. 3B), 43%
of 108 neurons in traumatized explants showed a Ca21 rise in
response to GABA, as shown by the typical response in Figure 3A.
To determine whether neurons from other brain regions would
show the unusual actions of GABA after trauma, we also used
cortical explants. With the exception of one cell, control neurons
showed no Ca21 response to GABA (n 5 39) (Fig. 3D). In
contrast, after trauma, the number of cortical neurons responding
to GABA showed a large increase, and 23% of 88 neurons showed
a Ca21 rise (Fig. 3C).
The two primary GABA receptors are the ionotropic GABAA

receptor that opens Cl2 channels and the G-protein-coupled
GABAB receptor. The GABAA antagonist bicuculline (20 mM)
blocked the Ca21 elevating actions of GABA (Fig. 4A–C). Mus-
cimol (10 mM), a specific GABAA agonist, evoked Ca

21 rises
similar to those evoked by GABA in traumatized neurons (Fig.
4B) but not in age-matched control neurons. On the other hand,
baclofen (10 mM), a GABAB agonist, showed no effect on trau-
matized neurons (Fig. 4B). These data suggest that the Ca21 rise
is dependent on the GABAA Cl

2 channel.
To determine whether the mechanism by which GABA raises

intracellular Ca21 might be through voltage-activated Ca21 chan-
nels, we tried to block the GABA- mediated Ca21 rise with
nimodipine, an L-type channel blocker, and v-conotoxin-GVIA,
an N-type channel blocker. Whereas conotoxin (1 mM) depressed
the Ca21 rise slightly (12% decrease; n 5 25) (Fig. 4E), nimodip-
ine (1 mM) caused a substantial reduction in the muscimol-induced
Ca21 rise, blocking 64% (n 5 21) of the Ca21 increase (Fig. 4D).
If the effects of conotoxin and nimodipine are combined, they
blocked 76% of the GABA-induced Ca21 rise. As both conotoxin
and dihydropyridines such as nimodipine block Ca21 entry in-
duced by depolarizing agents (Nowicky et al., 1985; Thayer et al.,
1986; McCarthy and Tan Piengco, 1992; Reuter, 1995), these data
suggest that GABA generates the Ca21 rise in traumatized neu-
rons by depolarizing the neuron and that the Ca21 entry would be
secondary to the depolarization, mostly through the L-type
voltage-activated Ca21 channel (Fig. 4F).

Depolarizing action of GABA after trauma: perforated
whole-cell recording
To provide support for our hypothesis that the mechanism under-
lying the Ca21 rise after trauma was related to GABA-induced

4284 J. Neurosci., July 1, 1996, 16(13):4283–4292 van den Pol et al. • GABA Excitation after Trauma



depolarizations, we used gramicidin-perforated whole-cell record-
ing to measure the intact Cl2 reversal potential, which generally is
distorted by conventional whole-cell recording. Neurons that were
traumatized by replating after 4 6 1 weeks in vitro and recording
2 d later showed a significantly (p , 0.01; t test) reduced
bicuculline-sensitive Cl2 reversal potential (EGABA 5 245 6 4
(SEM) mV; n 5 10) compared with nontraumatized controls of
similar ages (EGABA 5 270 6 2 mV; n 5 10) (Fig. 5D, E). At a
membrane potential of 260 mV, a brief application of GABA
evoked a mean depolarization of 12 6 3 mV in traumatized
neurons (Fig. 5C), but in striking contrast evoked a hyperpolar-
ization of 210 6 2 mV in age-matched controls (Fig. 5A). Fur-
thermore, in some traumatized cells, GABA depolarized cells to
the threshold for evoking action potentials, leading to an increase

in electrical activity (Fig. 5C). A depolarizing effect of GABA was
not found in control neurons. We also examined the resting
membrane potential of control and traumatized neurons. Control
neurons had a mean resting potential of 255 6 3 (SEM) mV
compared with 243 6 5 mV in injured neurons (n 5 20). The
mean input resistance was 1.06 0.2 GV in control cells compared
with 1.4 6 0.2 GV in injured neurons.
The importance of using perforated-patch recording was illus-

trated dramatically by experiments in which we broke through the
perforated membrane to achieve conventional whole-cell record-
ings and were unable to detect a difference in the Cl2 reversal
potential between control and traumatized neurons (both 298 6
2 mV). In some cells in which GABA elicited a depolarizing
action at a holding potential of 260 mV, we broke through the

Figure 1. Morphology of dye-loaded
neurons. Neurons were loaded with
Fura-2 and imaged after injury. Pho-
tomicrographs show the 380 nM excita-
tion image. Immediately after plating,
neurons had few neuritic processes. A,
One day after injury, all neurons had
long processes (arrow). Scale bar, 15
mM. B, Eight days after injury, neurons
had extensive dendrites and elaborate
axons (arrow). Scale bar, 15 mm. C,
Peroxidase immunolabeling shows
GABA-immunoreactive neuron (long
arrow) in hypothalamic cultures. Un-
derlying astrocytes (short arrow) were
not immunoreactive. This micrograph
was made with a differential interfer-
ence contrast condenser 4 d after plat-
ing. Scale bar, 12 mm.
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Figure 2. A, Two applications of GABA (10 mM) raised intracellular Ca21 levels in half of 68 neurons tested 1 d after trauma. GABA washout returned
the neurons to baseline Ca21 levels between 50 and 100 nM. The glutamate agonist NMDA (30 mM) was used to demonstrate that these cells, and others
studied in these experiments, were neurons. NMDA responses are not shown in some figures. Astrocytes do not respond to NMDA (Barres, 1991).
B, GABA had no effect on any of the control neurons (n 5 98) tested; control neurons did respond to NMDA. All neurons were cultured from E18
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perforated patch to obtain conventional whole-cell access. In
these cells, if the recording pipette contained a low concentration
of Cl2, GABA actions were hyperpolarizing, and if the pipette
contained high Cl2 levels, GABA was consistently depolarizing.
These data demonstrate the importance of gramicidin use to
avoid artifactual resetting of ECl2 by pipette Cl

2 diffusion.

Response to synaptically released GABA after trauma
Our cultures contained a large number (about 30%) of neurons that
were immunoreactive for GABA (Fig. 1C). To test whether GABA
released by these neurons also could initiate Ca21 rises, we examined
4-week-old cultures 4 d after trauma. A high level of Ca21 activity
was found (Fig. 6A, arrow) even in the presence of glutamate recep-
tor antagonists (D,L-2-amino-5-phosphonovalerate [AP-5 (100 mM) ]
and 6-cyano-7-nitroquinoxaline, [CNQX (10 mM)]) used to block the

actions of glutamate released from hypothalamic neurons (van den
Pol and Trombley, 1993). Bicuculline (20 mM) blocked this Ca21

activity (Fig. 6A), supporting the argument that GABA released
from presynaptic axons generated complex Ca21 rises. This high
activity was not found in age-matched control neurons (Fig. 6B).
Only rare control neurons (2% of 300) showed a Ca21 depression in
response to bicuculline. In contrast, after injury, bicuculline caused a
depression of Ca21 levels in 15% of the injured cells (n 5 123),
suggesting that GABA released by presynaptic axons raised the
baseline Ca21 levels of traumatized, but not control, neurons. These
data support the conclusion that the Ca21 rise is not simply an
artifact of unusual concentrations of GABA applied to the entire
membrane surface but can be generated at the synaptic level by
axonal release of GABA.

4

hypothalami and were maintained in vitro for 35 d. C, The mean GABA-evoked Ca21 rise at intervals from 3 hr to 14 d (D) after trauma was measured.
The largest mean rise in this experiment (1180 nM) was found 3 hr after trauma. This initial large response may in part be attributable to Cl2 that leaked
into the neuron at the point of injury; this would tend to lower the GABA reversal potential and thereby generate a large GABA-induced depolarization.
Over time, the magnitude of the Ca21 response decreased to 168 nM at 14 d after trauma. Only cells that responded to GABA were included in this
analysis. D, The greatest number of neurons (63%) that responded to GABA with a Ca21 rise was found 2 d after trauma. The mean response in C and
the percent of responders were based on cells that also responded to NMDA (30 mM). Some cells that did not respond to NMDA did respond to GABA
with a Ca21 rise. All experiments (A–H) in this series were performed in the presence of 1 mM TTX to block release of endogenous transmitters. Baseline
Ca21 levels were between 40 and 100 nM; there was no difference in baseline Ca21 between controls and neurons traumatized at least 3 hr previously.
E, After elevating the temperature to 418C for 5 min, GABA generated Ca21 rises. Ca21 rises elicited by 10 mM GABA sometimes were greater than the
response to higher concentrations of NMDA (100 mM). F, This cell is typical of cells showing a Ca21 rise in response to GABA after lowering the buffer
osmolarity by 30% to 220 mOsm for 5 min and testing immediately thereafter.G, This example is typical of control cells after 40 d in vitro. A small number
(2%) showed Ca21 rises in response to GABA. These types of cells were not found in 3- to 4-week-old cultures. This 2% may have been composed of
unhealthy cells, sometimes found in old cultures (Obrietan and van den Pol, 1995b). H, Percent of all 890 cells that showed Ca21 rises in response to 10
mM GABA. I, Mean Ca21 rise evoked by GABA in all cells tested (responders and nonresponders). Stars over SEM bars indicate groups statistically
different from controls.

Figure 3. Actions of GABA in traumatized explants.
A, After 5 min of hypotonic buffer trauma, followed
by 10 min of normal buffer, GABA (10 mM) applied
to hypothalamic explants caused Ca21 rises, as shown
in this example in which a neuron responded to two
applications of GABA and then to NMDA (30 mM).
B, Typical nontraumatized control neuron showed no
response to GABA but did respond to NMDA. C,
This cortical neuron showed Ca21 rises in response to
two applications of GABA (10 mM) and a smaller
response to NMDA (30 mM). D, Almost all control
cortical neurons showed no response to GABA but
did respond to NMDA.
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Figure 4. Mechanisms of action. GABA responses 2 d after replating trauma in 4-week-old cultures. A, GABA (10 mM) elicited Ca21 rises that were
blocked with bicuculline (20 mM) in these two representative neurons. NMDA (30 mM) generated a Ca21 rise of similar magnitude. B, The GABAB agonist
baclofen (10 mM) did not elicit a Ca21 rise, but in the same two neurons, the GABAA agonist muscimol (10 mM) did elicit a Ca21 rise. C, The relative
Ca21 rise in 79 neurons was compared for the different agonists and antagonists shown in A and B. Bars show mean 6 SEM. D, The muscimol generated
Ca21 rise was reduced substantially by the dihydropyridine nimodipine (1 mM). E, v-Conotoxin (1 mM) had a small effect on the muscimol elicited Ca21

rise. The maximal effect of conotoxin in single neurons was a 38% depression of Ca21 rises. F, This bar graph shows the mean relative Ca21 change with
the response to muscimol set at 100%. Whereas the N-type channel blocker conotoxin showed a small effect (212%), the L-channel antagonist nimodipine
blocked 64% of the GABA-evoked Ca21 rise, with a maximum block of 88% in some neurons. TTX (1 mM) was included in the buffer in these experiments
to block action potential-dependent release of other transmitters.
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Nonadditive effects of GABA and glutamate
In addition to the immediate effect of trauma on neurons, secondary
injury also may result in neuronal death, in part owing to high levels
of intracellular Ca21 arising from excessive release of the excitatory
transmitter glutamate (Olney and Sharpe, 1969; Choi, 1988). Be-
cause both GABA and glutamate could raise intracellular Ca21 after
injury, we compared the effects of the two amino acid transmitters. In
many cells, glutamate raised Ca21, but in some injured cells (second
cell, Fig. 6C), GABA evoked a greater rise. The combined applica-
tion of glutamate (5 mM) and GABA (5 mM) was not additive but
instead resulted in a Ca21 rise that was intermediate between the rise
elicited by GABA and glutamate, irrespective of which amino acid
caused a higher Ca21 rise (Fig. 6C,D). That the third (combined)
response was not attributable simply to a desensitized glutamate
response, run down was determined by comparing two glutamate
applications. In those cases in which the time between applications
was similar to that used to examine the combined effects of glutamate
and GABA, each of the two responses was similar (van den Pol
et al., 1995).

DISCUSSION
Neurons express functional GABA receptors very early in devel-
opment (Fiszman et al., 1990; Walton et al., 1993; Chen et al.,
1995). Some embryonic, but not mature, neurons show Ca21 rises
in response to GABA (Reichling et al., 1994; Ben-Ari et al., 1989;
Yuste and Katz, 1991; Obrietan and van den Pol, 1995a). Embry-
onic neurons both in culture and in brain slices can be depolarized
by GABA (Obata et al., 1978; Connor et al., 1987; Ben-Ari et al.,
1989; Cherubini et al., 1991; Chen et al., 1996), leading to the
possibility that GABA can play an excitatory role in early devel-
opment (Cherubini et al., 1991). The depolarizing activity of
GABA in the present study in traumatized neurons is caused by a
depolarized Cl2 reversal potential, a condition that results in Cl2

exit rather than entry when GABA-gated channels are open.
What is striking about the present results is that they indicate a
very rapid (minutes) reversal of the role of GABA. That this result
is not simply attributable to injury-induced Cl2 entry into the cell,
thereby depolarizing the Cl2 reversal potential, is suggested by
the extended time period (2 weeks) during which GABA can exert

Figure 5. GABA depolarizes neurons after trauma. A, B, Control neurons. C, D, Traumatized neurons. A, GABA induced a hyperpolarization from260
mV to 272 mV in a typical control neuron cultured for 33 d. C, GABA depolarized the neuronal membrane potential from 260 mV to 238 mV,
generating an action potential (A.P.) in a representative traumatized neuron (2 d after replating 33-d-old cultured neurons). B, D, The reversal potential
of GABA-evoked currents determined by gramicidin-perforated patch-clamp recording shifted positively after trauma. The holding potential was 260
mV. The command potential was increased by 10 mV steps, and then GABA was applied briefly to determine its reversal potential. Note that GABA
evoked outward currents between 270 and 250 mV in the control neuron, but inward currents in the traumatized neuron. E, I–V curve of the
GABA-evoked currents in C and D.
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Figure 6. A, Only in injured neurons (4 d after trauma) was a high level of Ca21 transients seen (arrow) in the presence of glutamate receptor blockers
AP-5 (100 mM) and CNQX (10 mM). Blocking GABAA receptors with bicuculline (20 mM) eliminated this activity. B, Noninjured control neurons showed
little spontaneous activity (arrow), and bicuculline had little effect on Ca21 levels. C, In the presence of TTX (1 mM), traumatized neurons responded to
GABA (5 mM), glutamate (5 mM), and the combined application of glutamate and GABA (5 mM each). Responses of the three neurons shown are typical
of the responses elicited. The combined application of glutamate and GABA led to a Ca21 rise of an intermediate amplitude (dotted line in top neuron)
between the rises elicited by each of the amino acids tested separately. D, The mean responses 6 SEM to glutamate, GABA, and glutamate 1 GABA
are depicted in this bar graph.
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a Ca21-elevating role and by the increase in the percentage of
neurons showing Ca21 rises in response to GABA between 3 hr
and 2 d after trauma.
The strong, rapid response (minutes after trauma) may be

attributable to Cl2 entry into the cell at the time of injury and a
retarded Cl2 transporter or pump passing Cl2 back out of the
cell. In addition, a long-term mechanism may involve differential
regulation of Cl2 pumps at the level of gene expression. Injury
may reverse the polarity of some Cl2 transporters; an inward Cl2

transporter has been postulated in early development (Misgeld et
al., 1986), and developing neurons show a reduced outward Cl2

transport (Luhmann and Prince, 1991). Traumatized neurons had
a resting membrane potential that was depolarized by 12 mV
relative to age-matched controls. This difference in membrane
potential may account for part of the depolarizing effect of GABA
but is unlikely to account for all of it, because the difference
between control and trauma groups in the GABA reversal poten-
tial was twice the magnitude, 25 mV, the difference in resting
membrane potential.
Hypotonic conditions have been found to activate both K1

currents and Cl2 currents in non-neuronal cells (Fatherazi et al.,
1994; Hallows and Knauf, 1994). If neurons behave in parallel,
then this could lead to a decreased intracellular K1 and an
increased intracellular Cl2 concentration, resulting in a depolar-
ized reversal potential for GABA-evoked Cl2 currents. In addi-
tion, injury may alter intracellular HCO3

2, an ion that can pass
through the GABA-regulated anion channel (Kaila, 1994).
A recent paper reported that activity-dependent GABA excita-

tion was dependent on HCO3
2, and no GABA-mediated excita-

tion could be found in HEPES buffer (Staley et al., 1995). How-
ever, in that paper, the Cl2 concentration was maintained at a
constant level through the conventional whole-cell recording elec-
trode, reducing the possibility of outward Cl2 movement. In the
present study, GABA-mediated excitation was detected in
HEPES buffer with gramicidin-perforated whole-cell recording
after injury. Under these conditions, a depolarizing role for
HCO3

2 would be unlikely.
Although changes in the expression in GABA receptor subtypes

after trauma may be responsible for some physiological differ-
ences (Fritschy et al., 1994; Mathews et al., 1994), it seems
unlikely that this could be responsible for GABA-mediated de-
polarizations. This is consistent with our previous data showing
that the GABA-mediated single-channel conductance in develop-
ing hypothalamic neurons was not dramatically different than the
conductance in mature neurons, although the GABA effect in the
developing neurons was depolarizing (Chen et al., 1996). Could
the loss of neurites during trauma lead to a loss of hyperpolarizing
Cl2 channels? To the contrary, several reports (Anderson et al.,
1980; Alger and Nicoll, 1982) have suggested that focused appli-
cation of GABA may depolarize dendrites of some cells, but
hyperpolarizes their cell body. This suggests that our results
probably are not simply attributable to the loss of hyperpolarizing
Cl2 channels on dendrites.
Our results suggest that after trauma, some neurons show a

depolarizing response to GABA, as demonstrated by whole-cell
gramicidin recording and nimodipine-sensitive Ca21 rises evoked
by GABA. In some situations, this depolarizing activity could lead
to an increase in firing rate (Chen et al., 1996), but it also could
serve to shunt currents evoked by excitatory transmitters such as
glutamate. Whether GABA would increase or decrease activity
would depend on the relative reversal potentials for GABA, the

resting membrane potential, the threshold for spike generation,
and the relative timing of GABA and glutamate stimulation.
The ability of GABA to raise Ca21 after injury may allow it

to modulate gene expression (Vaccarino et al., 1992; Bading et
al., 1993), influence growth cone guidance (Mattson and Kater,
1987; Obrietan and van den Pol, 1996), and possibly reduce cell
death from suboptimal cytosolic Ca21 (Franklin and Johnson,
1992). GABA has been reported to enhance neuritic outgrowth
and synaptic maturation in early development (Spoerri, 1988;
Michler, 1990; Barbin et al., 1993) and may play a parallel role
after injury. On the other hand, after trauma, GABA could
raise Ca21 above normal levels, potentially exacerbating sec-
ondary injury. The present results also indicate that neuronal
communication that is dependent on normal GABA inhibitory
mechanisms may be abnormal due to excitatory actions of
GABA in traumatized circuits.
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