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We have studied the electrophysiological effects of glucose
deprivation on morphologically identified striatal neurons re-
corded from a corticostriatal slice preparation. The large ma-
jority of the recorded cells were spiny neurons and responded
to aglycemia with a slow membrane depolarization coupled
with a reduction of the input resistance. In voltage-clamp ex-
periments aglycemia caused an inward current. This current
was associated with a conductance increase and reversed at
240 mV. The aglycemia-induced membrane depolarization
was not affected by tetrodotoxin (TTX) or 6-cyano-7-
nitroquinoxaline-2,3-dione plus aminophosphonovalerate, an-
tagonists acting respectively on AMPA and NMDA glutamate
receptors. Also, the intracellular injection of bis(2-
aminophenoxy)ethane-N,N,N9,N9-tetra-acetic acid, a calcium
(Ca21) chelator, and low Ca21/high Mg21-containing solutions
failed to reduce this phenomenon. Conversely, it was reduced
by lowering external sodium (Na1) concentration.

A minority of the recorded cells had the morphological char-
acteristics of large aspiny interneurons and the electrophysio-
logical properties of “long-lasting afterhyperpolarization (LA)
cells.” These cells responded to aglycemia with a membrane
hyperpolarization/outward current that was coupled with an
increased conductance. This current was not altered by TTX,
blockers of ATP-dependent potassium (K1) channels, and
adenosine A1 receptor antagonists, whereas it was reduced by
solutions containing low Ca21/high Mg21. This current re-
versed at 2105 mV and was blocked by barium, suggesting the
involvement of a K1 conductance. We suggest that the oppo-
site membrane responses of striatal neuronal subtypes to glu-
cose deprivation might account for their differential neuronal
vulnerability to aglycemia and ischemia.
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In comparison with the cellular responses reported after anoxia in
the CNS, the effects of glucose deprivation on single neuronal
populations have been investigated less extensively. It is known
that aglycemia hyperpolarizes hippocampal cells (Spuler et al.,
1988) and neurons recorded from dorsolateral septal nucleus
(Shoji, 1992). Aglycemia-activated K1 channels are present on
hippocampal neurons (Tromba et al., 1992); these channels are
blocked by the sulfonylurea glibenclamide. In contrast, in human
cortical neurons, intracellularly recorded in vitro postsynaptic
changes were not observed for periods of glucose depletion of ,1
hr (Jiang and Haddad, 1992). Developmental and regional differ-
ences in the vulnerability of rat hippocampal slices to lack of
glucose have been reported (Crepel et al., 1992).
In the present study we have analyzed the effects produced by

glucose deprivation on the membrane properties of striatal neu-
rons intracellularly recorded in a corticostriatal slice preparation.
Most of these neurons have been morphologically identified.
Moreover, we have investigated the possible involvement of exci-
tatory amino acids in the effects of glucose deprivation and the

ionic mechanisms underlying the membrane potential changes
induced by aglycemia. We have been encouraged to examine this
issue for three main reasons. First, striatum belongs to the selec-
tive vulnerable brain regions that are prone to develop neuronal
damage in clinical and experimental aglycemia (Auer et al., 1984;
Auer and Siesjo, 1988; Kristian et al., 1995; Nakao et al., 1995)
and ischemia (Brierley, 1976; Pulsinelli et al., 1982; Hawker and
Lang, 1990). Second, subpopulations of striatal neurons show a
differential sensitivity to energy deprivation (Beal, 1992). In fact,
although spiny neurons are vulnerable to ischemia (Brierley, 1976;
Pulsinelli, 1985; Xu, 1995) and excitatory amino acid agonists
(Beal et al., 1986; Calabresi et al., 1990a, 1995a), striatal inter-
neurons are more resistant to ischemia (Francis and Pulsinelli,
1982) and excitotoxicity (Koh and Choi, 1988). Third, different
subtypes of striatal interneurons have been identified recently on
the basis of differential electrophysiological, morphological, and
histochemical properties (Wilson et al., 1990; Kawaguchi, 1993;
Kawaguchi et al., 1995). Thus, it is of particular interest to
investigate the membrane changes induced by aglycemia on spiny
neurons and to compare these responses with those observed in
interneurons.

MATERIALS AND METHODS
Preparation and maintenance of the slices.Wistar rats (150–250 gm) were
used. The preparation and maintenance of coronal slices have been
described previously (Calabresi et al., 1990a,b,c, 1991). Briefly, corticos-
triatal coronal slices (200–300 mm) were prepared from tissue blocks of
the brain with the use of a vibratome. A single slice was transferred to a
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recording chamber and submerged in a continuously flowing Krebs solu-
tion (358C, 2–3 ml/min) gassed with 95% O2/5% CO2. To study glucose
metabolism in striatal neurons, we deprived slices of glucose by removing
glucose totally from the perfusate and by adding saccharose to balance
the osmolarity. In some experiments the osmolarity was balanced by
increasing the NaCl concentration (Jiang and Haddad, 1992). Because
experiments performed by using these different procedures to replace
glucose gave similar results, all the data were pooled. Aglycemic solutions
entered the recording chamber no later then 20 sec after a three-way tap
was turned. Complete replacement of the medium in the chamber took
;90 sec, as determined by the speed of diffusion of a colored solution.
The composition of the control solution was (in mM): 126 NaCl, 2.5 KCl,
1.2 MgCl2, 1.2 NaH2PO4, 2.4 CaCl2, 11 glucose, 25 NaHCO3. In some
experiments, choline chloride was used to replace Na1 chloride. In these
experiments, Na1 chloride was reduced to 30% (38 mM). In other
experiments, low Ca21 (0.5 mM)/high Mg21 (10 mM) solutions were used.
Recording technique. In most of the experiments, the intracellular

recording electrodes were filled with 2 M KCl (30–60 MV). In some
experiments, the pipettes were filled with 2 M potassium acetate. In other
experiments, 200 mM BAPTA was added to the solution of the intracel-
lular pipette. An Axoclamp 2A amplifier was used for recordings in either
current-clamp or voltage-clamp mode. In the single-electrode voltage-
clamp mode, the switching frequency was 3 kHz. The headstage signal
was monitored continuously on a separate oscilloscope. Traces were
displayed on an oscilloscope and stored on a digital system. For synaptic
stimulation, bipolar electrodes were used. These stimulating electrodes
were located either in the cortical areas close to the recording electrode
or in the white matter between the cortex and the striatum to activate
corticostriatal fibers.
In some experiments, biocytin (Sigma, St. Louis, MO) was used in the

intracellular electrode to stain the neurons. In these cases, biocytin at a
concentration of 2–4% was added to a 0.5 M KCl pipette solution. Slices
containing neurons stained with biocytin were fixed in paraformaldehyde
(in 0.1 M phosphate buffer at pH 7.4) overnight and processed according
to published protocols (Horikawa and Armstrong, 1988).
In other experiments, the tip of microelectrodes was filled with a

solution containing 2 mM fura-2 pentapotassium salt (Molecular Probes,
Eugene, OR) and 100 mM KCl, and the shank was filled with 1 M KCl.
After intracellular injection of the dye with negative current (0.1–0.5 nA),
fluorescence was elicited by epi-illumination with a Xenon arc lamp.
Excitation light was filtered at both 340 and 380 nm. Fluorescent emission
light was filtered through a long-pass barrier filter and detected by a CCD
camera controlled by software (ImproVision) running on Power Macin-
tosh 8100. Video images (see Fig. 1b) are 380 nm images (each of which
represents the average of 256 frames).
Data analysis and drug applications. Values given in the text and in the

figures are mean 6 SEM of changes in the respective cell populations.
Student’s t test (for paired and unpaired observations) was used to
compare the means. The characteristics of action potentials and of
current–voltage curves (I–V ) in different experimental conditions were
studied by using a fast chart recorder and a digital system (Nicolet System
400: Benchtop Waveform Acquisition System). Drugs were applied by
dissolving them to the desired final concentration in the saline and by
switching the perfusion from control saline to drug-containing saline.
6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) was from Tocris. D-2-
amino-5-phosphonovalerate (APV), BAPTA, and tetrodotoxin (TTX)
were from Sigma. 8-Cyclopentyl-1,3-dimethylxanthine (CPT) and 1,3-
dipropyl-8-cyclopentylxanthine (CPX) were from RBI (Natick, MA).
Tolbutamide and glipizide were a gift from Dr. N. B. Mercuri.

RESULTS
Physiological and morphological properties of
spiny neurons
We recorded from 197 spiny striatal neurons. In 91 of 197 re-
corded spiny neurons, the electrophysiological identification was
confirmed by a morphological analysis obtained by using biocytin
staining (Fig. 1a). These cells had a small soma (10–18 mm) and
an extensive dendritic tree studded densely with spines. These
cells had high resting-membrane potential (284 6 5 mV), rela-
tively low apparent input resistance (38 6 8 MV) when measured
at the resting potentials from the amplitude of small (,10 mV)
hyperpolarizing electrotonic potentials, action potentials of short

duration (1.1 6 0.3 msec), and high amplitude (102 6 4 mV).
These cells were silent at rest and showed membrane rectification
and tonic firing activity during depolarizing current pulses (Fig.
2C). All of the 40 cells studied with voltage-clamp showed prom-
inent inward rectification in the steady-state I–V relation. When
the currents were evoked by hyperpolarizing command steps,
there was no detectable time-dependent component. Some of
these properties have been described previously both in vivo
(Preston et al., 1979; Wilson and Groves, 1980; Calabresi et al.,
1990c; Onn et al., 1994a; Xu, 1995) and in vitro (Kita et al., 1984;
Calabresi et al., 1990b, 1991, 1995b; Jiang and North, 1991;
Cepeda et al., 1994) and resemble those reported for intracellu-
larly stained spiny striatal neurons (Preston et al., 1979; Cepeda et
al., 1994; Onn et al., 1994b; Calabresi et al., 1995a).

Effects of glucose deprivation on spiny neurons
As shown in Figure 2, periods of glucose deprivation .10 min
induced a progressive, slow membrane depolarization. The am-
plitude of this depolarization was dependent on the duration of

Figure 1. Morphological identification of striatal neurons. The figure
represents two striatal neuronal subtypes: a biocytin-injected spiny striatal
neuron (a) and a large LA interneuron filled with the dye fura-2 (b) (380
nm image, average of 256 frames) (for details, see Materials and Meth-
ods). Scale bar (shown in b): a, 70 mm; b, 30 mm.
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aglycemia (Fig. 3). The aglycemia-induced membrane depolariza-
tion was coupled with a decrease of the apparent input resistance
(Fig. 2A,B). At 25 min from the onset of the aglycemic solution
the input resistance was 55 6 5% (n 5 15) of the control value.
This effect persisted also when the membrane was manually
clamped to the resting level (n5 7; data not shown). Brief periods
(5–10 min) of glucose deprivation did not cause significant
changes of membrane potential and input resistance. We also
studied the effects of aglycemia in single-microelectrode voltage-
clamp experiments. Periods of glucose deprivation .10 min in-
duced inward currents associated with an increase in membrane
conductance (Figs. 4, 5A,B). These events had a time course
similar to that observed in current-clamp experiments. In most of
the experiments, we used a period of glucose deprivation lasting
25 min, which produced reversible membrane depolarization /
inward current. In several experiments, a transient overshoot of
;10 mV was observed (Fig. 2) on restoration of normal glucose
concentration. In six experiments, we also studied effects pro-
duced by 40 min of aglycemia. This period of glucose deprivation
induced irreversible deterioration of the membrane properties in
all of the recorded neurons (six of six cells; data not shown). As
shown in Figure 5C, the extrapolated reversal potential for the
aglycemia-induced inward current was 240 6 4 mV (n 5 7) by
using K1 chloride-filled electrodes. This value was obtained in

voltage-clamp experiments by applying voltage steps (1–3 sec
duration) in both depolarizing and hyperpolarizing directions. In
four experiments the intracellular pipette was filled with K1

acetate, and the extrapolated reversal potential for the inward
current induced by hypoglycemia was 241 6 5 mV (data not
shown).

TTX, low Ca21/high Mg21 medium, and glutamate
receptor antagonists on aglycemia-induced
depolarization in spiny neurons
To analyze whether the aglycemia-induced membrane depolariza-
tion observed in spiny cells was caused by a presynaptic mecha-
nism involving an enhanced release of excitatory transmitters, we
tested the effect of the preincubation (10 min before the onset of
the glucose deprivation) of the slices in 1 mM TTX. As shown in
Figure 3, this Na1 channel blocker did not affect the membrane
depolarization induced by aglycemia ( p . 0.05). To investigate
the possible involvement of a TTX-resistant release of excitatory
neurotransmitters, we studied the effect of low Ca21 (0.5 mM)/
high Mg21 (10 mM) medium on the membrane depolarization
induced by aglycemia. Incubation of the slices in low Ca21/high
Mg21 solutions did not reduce the aglycemia-induced membrane
depolarization ( p . 0.05) (Fig. 3). We also tested whether the
direct blockade of postsynaptic glutamate receptors could affect

Figure 2. Aglycemia depolarizes striatal spiny neurons and decreases their membrane input resistance. A, The top part represents selected chart records
of the membrane potential changes caused by glucose deprivation. The black arrows indicate the onset of hypoglycemia (a), 15 min of aglycemia (b), the
onset of the washout (c), and 10 min of washout (d). Interruptions of the traces between two open arrows represent different periods of recording: 13 min
between a and b, 13 min between b and c, and 6 min between c and d. The bottom part shows the current trace monitored during the recording. The
downward voltage deflections are induced by negative current steps. B, Single sweeps recorded at higher speed at the same times as those indicated in
A. Current and voltage calibrations in A apply also for B. In Bc, the dotted line indicates the original resting membrane potential (RMP 5 285 mV). C,
The tonic firing discharge (a) induced by a depolarizing pulse (b) in a striatal spiny cell (RMP5 286 mV).
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the aglycemia-induced membrane depolarization. We incubated
(10 min before the onset of aglycemia) the slices in 10 mM CNQX,
an antagonist of AMPA glutamate receptors, plus 50 mM APV, an
antagonist of NMDA glutamate receptor. Even in this experimen-
tal condition, aglycemia caused membrane depolarizations whose
amplitude and duration were similar to those observed in control
medium ( p . 0.05) (Fig. 3). These concentrations of antagonists
fully blocked excitatory postsynaptic potentials evoked by activa-
tion of glutamatergic corticostriatal fibers in brain slice prepara-
tions (Calabresi et al., 1995b, 1996). CPT (1 mM, data not shown;
n 5 5) and CPX (300 nM; n 5 6) (Fig. 3), antagonists of A1

adenosine receptors, did not affect the membrane depolarization
caused by glucose deprivation ( p . 0.05).

External low Na1 and intracellular BAPTA on
aglycemia-induced membrane depolarization in
spiny neurons
To test the possible involvement of a TTX-resistant Na1 influx in
the membrane depolarization /inward current observed in spiny
neurons after glucose deprivation, we studied the effects of agly-
cemia in low Na1-containing solutions (38 mM; see Materials and
Methods). The lowering of the extracellular Na1 concentration
significantly reduced the aglycemia-induced membrane depolar-

Figure 3. Time course of the membrane depolariza-
tion induced by aglycemia in normal medium and in
different experimental conditions. The graphs show the
amplitude of the membrane depolarization induced by
25 min of glucose deprivation in control medium ( filled
circles), in 1 mM TTX (open circles), in 10 mM CNQX
plus 50 mM APV (open rhombs), in low Na1 (38 mM,
filled rhombs), in the presence of BAPTA-filled elec-
trodes (open squares), in the presence of low calcium
(0.5 mM)/high magnesium (10 mM) solutions ( filled
squares), and in the presence of the adenosine A1
receptor antagonist CPX (300 nM; filled triangles). Each
data point represents the mean of at least four single
observations. Asterisks indicate significant difference
from control values ( p , 0.01).

Figure 4. Aglycemia induces an inward current and increases the membrane conductance in spiny neurons. A, During a single-microelectrode
voltage-clamp experiment, the voltage was monitored (see top part). The glucose deprivation induced an inward current. The black arrows indicate the
onset of aglycemia (a), 15 min of aglycemia (b), the onset of the washout after 25 min of aglycemia (c), and 10 min of washout (d). Interruptions of the
traces between two open arrows represent different periods of recording: 14 min between a and b, 7 min between b and c, and 8 min between c and d.
The downward deflections are induced by negative current steps. B, This part of the figure shows single sweeps recorded at higher speed at the same times
as those indicated in A. Current and voltage calibrations in A apply also for B. The holding potential during the experiment was 285 mV.
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izations ( p , 0.01; n 5 6) (Fig. 3) and inward currents (n 5 3;,
data not shown). In low Na1-containing solutions, the reversal
potential for the aglycemia-induced inward current was 268
mV 6 4 (n 5 3).
The dependence of the aglycemia-induced membrane depolar-

ization /inward current on intracellular Ca21 was studied with
microelectrodes filled with the Ca21 chelating agent BAPTA (200
mM). As reported previously (Calabresi et al., 1994), 20 min after
the intracellular BAPTA injection (performed by applying nega-
tive pulses 1 nA in amplitude, 1 sec in duration, 0.3 Hz) the
long-term depression (LTD) of excitatory synaptic transmission
observed after tetanic stimulation of the corticostriatal fibers was
blocked. This test was performed before the glucose deprivation
to confirm that the injection of intracellular BAPTA had pre-
vented the rise in internal Ca21 required to trigger the LTD. In
fact, striatal spiny neurons have neither prominent slow afterhy-
perpolarization nor firing accommodation (Calabresi et al.,
1990b,c); thus the blockade of these events by BAPTA could not
be used to detect the efficacy of this Ca21 chelator. In BAPTA-
injected neurons the aglycemia-induced membrane depolariza-
tion was not altered ( p . 0.05; n 5 6) (Fig. 3). Moreover, in the
presence of intracellular BAPTA the inward current induced by
glucose deprivation was unaffected ( p . 0.05; n 5 3; data not
shown).

Physiological and morphological properties of large
aspiny interneurons
Twenty-nine recorded cells had electrophysiological characteris-
tics different from those described for spiny neurons and showed
properties that have been attributed previously to large aspiny
interneurons (Wilson et al., 1990; Jiang and North, 1991; Kawagu-
chi, 1992, 1993; Kawaguchi et al., 1995). In 11 of these 29 LA
interneurons the electrophysiological identification was confirmed
by a morphological analysis. This analysis was performed by using
either biocytin or fura-2 staining (Fig. 1b). The soma of LA
neurons was larger (range, 25–49 mm) than those of spiny cells.
The LA interneurons had polygonal or fusiform cell bodies, and
their dendrites did not show spines. These cells had low mem-
brane potential (260 6 3 mV) and high input resistance (195 6
55 MV). Spontaneous firing occurred in 5 of these 29 cells. As
shown in Figure 6C, in these neurons depolarizing current pulses
of small amplitude (200–400 pA) and short duration (5–30 msec)
elicited a single action potential followed by a long-lasting after-
hyperpolarization (amplitude 8.9 6 9 mV, duration 350 6 130
msec). The amplitude of the action potential was 70.5 6 3 mV,
and the duration of spike at half-amplitude was 0.71 6 0.05 msec.
The hyperpolarizing electrotonic potential declined after about
the first 100 msec (Fig. 6). For this reason, the input resistance
values were calculated either from the peak amplitude of the
electrotonic potential evoked by a 300–400 pA current pulse or at
the steady-state. The decline in the electrotonic hyperpolarizing
potential was blocked by 2 mM cesium in the external medium
(n 5 4; data not shown). This finding suggests that it might be
attributed to the activation of an Ih current, as has been suggested
previously (Jiang and North, 1991).

Effects of aglycemia on large aspiny interneurons
Unlike spiny neurons, the large aspiny interneurons (LA cells)
were hyperpolarized by glucose deprivation (n 5 22) (Fig. 6).
This hyperpolarization started about 10 min after the onset of
the glucose-free solution, and it reversed completely after
10–15 min of washout. As shown in Figure 6, the aglycemia-

Figure 5. Characteristics of the inward current induced by aglycemia in
spiny neurons. A, The graph shows the time course of the inward current
induced by 25 min of glucose deprivation. B, The graph indicates the
relative membrane conductance changes caused by 25 min of aglycemia.
C, I–V relationship showing the extrapolated reversal potential (240 mV,
arrow) of the aglycemia-induced inward current. Long-lasting (1–3 sec)
voltage steps were applied in both negative and positive directions before
( filled circles) and during (open circles) aglycemia. The holding potential
was 280 mV. Each data point represents the mean of at least four single
observations.
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induced hyperpolarization was coupled with a reduction of the
apparent input resistance as detected by the decreased ampli-
tude of long-hyperpolarizing pulses. After 25 min of aglycemia
the input resistance measured at the steady-state was 59 6 5%
(n 5 9) of the control value. In nine LA interneurons the effect
of glucose deprivation was also measured by using the single
microelectrode voltage-clamp technique. Under this experi-
mental condition aglycemia produced an outward current as-
sociated with an increase of the membrane conductance (Fig.
7). The hyperpolarization generated by glucose deprivation in
LA interneurons was blocked by 300 mM barium ( p , 0.001;
n 5 4) but not by 1 mM tolbutamide ( p . 0.05; n 5 3) or 100
nM glipizide ( p . 0.05; n 5 3), blockers of ATP-dependent K1

channels (Fig. 8A). TTX (1 mM) did not alter the membrane
hyperpolarization ( p . 0.05; n 5 4; data not shown) or the
outward current induced by aglycemia in large aspiny neurons
( p . 0.05; n 5 4; data not shown). Incubation of the slices in
low Ca21 (0.5 mM)/high Mg21 (10 mM)-containing solutions
significantly attenuated the aglycemia-induced membrane hy-
perpolarization but did not block this phenomenon ( p , 0.01;
n 5 4) (Fig. 8). We also evaluated the possible effect of CPT
and CPX, antagonists of adenosine A1 receptors, on the mem-
brane hyperpolarization caused by glucose deprivation. Neither

CPT ( p . 0.05; n 5 3; data not shown) nor CPX ( p . 0.05; n 5
4) (Fig. 8A) altered the time course of the aglycemia-induced
membrane hyperpolarization; however, these antagonists
blocked the membrane hyperpolarization induced by exoge-
nous adenosine (30 mM; n 5 3) in a reversible manner (Fig.
8C). The reversal potential of the aglycemia-induced outward
current was 2105 6 5 mV (n 5 4) (Fig. 8B). This value was
calculated by measuring the steady-state currents generated by
long-lasting (1–3 sec) voltage steps of progressively increasing
amplitude delivered from the resting membrane potential in
hyperpolarizing direction before and during the application of
glucose-free medium.

DISCUSSION
The main finding of the present study is that glucose deprivation
causes opposite membrane potential changes in striatal spiny
neurons and in large aspiny interneurons. Spiny neurons are
depolarized by aglycemia, whereas large aspiny interneurons are
hyperpolarized by glucose deprivation. These different electro-
physiological responses may account for the differential neuronal
vulnerability observed in these neuronal subtypes after aglycemia
and ischemia.

Figure 6. Aglycemia hyperpolarizes LA striatal interneurons and decreases their membrane input resistance. A, The top part represents selected chart
records of the membrane potential changes caused by glucose deprivation. The black arrows indicate the onset of aglycemia (a), 10 min of aglycemia (b),
the onset of the washout (c), and 10 min of washout (d). Interruptions of the traces between two open arrows represent different periods of recording:
8 min between a and b, 3 min between b and c, and 7 min between c and d. The bottom part shows the current trace monitored during the recording.
The downward voltage deflections are induced by negative current steps. B, Single sweeps recorded at higher speed at the same times as indicated in A.
In Ac and Bc, the dotted line indicates the original resting membrane potential (259 mV). C, A single action potential followed by a long-lasting
hyperpolarization (a) is induced by a depolarizing current pulse (b) in an LA striatal interneuron. The dotted line represents the resting membrane
potential of the neuron (259 mV).
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Spiny neurons are depolarized by glucose deprivation
The large majority of striatal neurons is represented by spiny
projecting cells whose anatomical, physiological, and pharmaco-
logical properties have been widely characterized (Graybiel, 1990;
Smith and Bolam, 1990; Surmeier and Kitai, 1994; Calabresi et al.,
1996). These small GABAergic cells are highly vulnerable to
transient forebrain ischemia (Brierley, 1976; Pulsinelli et al., 1982;
Xu, 1995), energy metabolism failure (Beal, 1992, 1995), and
aglycemic coma (Auer et al., 1984; Kristian et al., 1995). Accord-
ingly we have found that glucose deprivation depolarizes spiny
neurons. Periods of aglycemia ,30 min cause reversible mem-
brane potential changes; however, when aglycemia lasts .30 min,
the membrane depolarization is irreversible. The aglycemia-
induced membrane depolarization is coupled with a decreased
input resistance. In voltage-clamp mode, aglycemia generates an
inward current associated with an increased conductance. TTX
does not alter the amplitude or the time course of the aglycemia-
induced depolarization. Low-Na1-containing solutions signifi-
cantly reduce the amplitude of the depolarization caused by
glucose deprivation. A TTX-resistant Ca21-activated nonspecific
cationic current has been reported to act as a depolarizing driving
force in neurons of invertebrates (Hofmeier and Lux, 1981) and in
rat hippocampal neurons (Crepel et al., 1994). The finding that
the aglycemia-induced depolarization is not altered by the intra-
cellular injection of BAPTA, however, does not support the
involvement of a Ca21-activated conductance in the aglycemia-
induced effects. There seems to be a discrepancy between the
equilibrium potential for Na1 ions and the reversal potential of
the aglycemia-induced inward current in spiny neurons that is
inconsistent with the involvement of a conductance generated
exclusively by Na1 ions. On the basis of an extrapolated I–V plot
(Fig. 5C), this current apparently reverses at approximately 240
mV. Given the ionic composition of the medium, the equilibrium
potential for Na1 ions should be approximately150 mV, whereas
the equilibrium potential for K1 ions should be approximately
2105 mV (assuming [K]i 5 160 mM). Therefore, a reversal
potential of approximately 240 mV might indicate a nonselective

cation conductance or the combination of independent Na1 and
K1 conductance. In either case, the reduction of the extracellular
Na1 concentration to 38 mM (30% of the control) will reduce the
equilibrium potential for Na1 ions to approximately 134 mV and
thereby change the reversal potential of a mixed cation conduc-
tance to approximately270 mV. This potential is very close to the
value that we obtained in our experiments by using low Na1-
containing medium (268 mV). It has to be stressed that on the
restoration of normal glucose concentration a transient mem-
brane potential overshoot of ;10 mV was observed. This phe-
nomenon may reveal that several compensatory currents are at
play that have different rates of recovery. This evidence might also
support the idea that the inconsistency between the reversal
potential of the aglycemia-induced current and the equilibrium
potential for Na1 ions is explained by a second, opposing K1

current. Interestingly, an increase of the extracellular K1 concen-
tration associated with a decreased intracellular concentration of
this ion has been reported in some neuronal subtypes during
energy deprivation (Jiang and Haddad, 1991; for review, see
Martin et al., 1994). Conversely, the participation of chloride ions
in the aglycemia-induced inward current is ruled out, because the
reversal potential of this current is not changed by using micro-
electrodes filled with K1 acetate instead of K1 chloride.
The evidence that low Ca21/high Mg21 solutions did not re-

duce the aglycemia-induced membrane depolarization rules out
the possible involvement of presynaptic mechanisms in this elec-
trophysiological phenomenon. Moreover, our experiments show-
ing the lack of effect of CNQX and APV on the aglycemia-
induced electrophysiological actions clearly indicate that
activation of ionotropic glutamate receptors is not involved in the
aglycemia-induced depolarization /inward current. It has already
been shown that glutamate receptor antagonists fail to alter
anoxia-induced membrane depolarization in striatal spiny neu-
rons (Calabresi et al., 1995b) and in brainstem neurons (Haddad
and Jiang, 1993). It is possible, however, that although excitatory
amino acids are not involved in the “acute” effects of glucose
deprivation, they may play a role in the “delayed neuronal death”

Figure 7. Aglycemia induces an outward
current and increases the membrane con-
ductance in LA striatal interneurons. A,
During a single-microelectrode voltage-
clamp experiment, aglycemia caused an
outward current (top part); during the ex-
periment the voltage was monitored (see
bottom part). The black arrows indicate the
onset of aglycemia (a), the onset of the
washout after 15 min of aglycemia (b), and
10 min after the washout (c). The interrup-
tion of the traces between two open arrows
represents a period of recording of 12 min.
The downward deflections are induced by
negative current steps. B, Single sweeps
recorded at higher speed at the same times
as indicated in A. The holding potential
during the experiment was 260 mV.
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(Choi, 1990; Choi and Rothmann, 1990). Accordingly, lesions of
the glutamatergic corticostriatal projections in the rat ameliorate
aglycemic brain damage in the striatum (Wieloch et al., 1985), and
the blockade of NMDA receptors prevents the aglycemia-induced
neuronal damage (Wieloch, 1985).
We have observed recently that brief periods (5–10 min) of

aglycemia cause presynaptic inhibition at corticostriatal synapses.
This effect is mediated by the release of endogenous adenosine
acting on A1 receptors located on corticostriatal glutamatergic
terminals (our unpublished observations). Endogenous adeno-
sine, however, does not seem to be involved in the postsynaptic
changes observed in spiny neurons during aglycemia, because A1
receptor antagonists affected neither the amplitude nor the time

course of the membrane depolarization caused by glucose
deprivation.

Large aspiny interneurons are hyperpolarized by
glucose deprivation
The development of cytochemical approaches to identification
and classification of interneurons has recently been combined
with the physiological analysis of the basic cellular properties of
the various subtypes of interneurons (for review, see Kawaguchi et
al., 1995). We have studied the membrane responses to glucose
deprivation of large aspiny interneurons that have the electro-
physiological properties of LA cells (Jiang and North, 1991;
Kawaguchi, 1992, 1993). These cells are considered cholinergic

Figure 8. The aglycemia-induced hyper-
polarization /outward current in LA in-
terneurons is mediated by a K1 conduc-
tance. A, Time course of the membrane
changes induced by 25 min of glucose
deprivation in different experimental
conditions: control (n 5 9; filled circles),
300 mM barium (n 5 4; open circles), 1
mM tolbutamide (n 5 3; open rhombs),
100 nM glipizide (n 5 3; filled squares),
300 nM CPX (n 5 4; open squares), and
low calcium (0.5 mM)/high magnesium
(10 mM) solutions (n 5 4; filled rhombs).
Asterisks indicate significant difference
from control values ( p , 0.01). B, In an
LA interneuron, bath application of 30
mM adenosine induced a membrane hy-
perpolarization (a); this membrane hy-
perpolarization was fully blocked by 300
nM CPX, an adenosine A1 receptor an-
tagonist (b); after the washout of this
antagonist, the hyperpolarizing action of
adenosine was restored (c). C, The rever-
sal potential of the aglycemia-induced
outward current is indicated by the arrow
(2105 mV; n 5 4). This value was calcu-
lated by measuring the steady-state cur-
rents generated by long-lasting (1–3 sec)
voltage steps of progressively increasing
amplitude from the holding potential
(260 mV; n 5 4) before ( filled circles)
and during glucose deprivation (25 min,
open circles).
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interneurons. They receive glutamatergic and dopaminergic in-
puts and provide an intrinsic cholinergic innervation to spiny
neurons. The response of LA interneurons to glucose deprivation
is qualitatively different from the effects observed in spiny neu-
rons. In fact, LA cells respond to aglycemia with a membrane
hyperpolarization coupled with a decrease of the input resistance.
The voltage-clamp analysis has revealed that the hyperpolariza-
tion induced by glucose deprivation in these cells is caused by an
outward current that reversed at the K1 equilibrium potential.
The finding that this outward current is blocked by barium sug-
gests further that it is caused by the activation of a K1-mediated
conductance. Moreover, the lack of effect of TTX on the mem-
brane hyperpolarization /outward current-generated aglycemia
suggests that this electrophysiological effect is not dependent on a
TTX-sensitive release of transmitters. We found that low Ca21/
high Mg21-containing solutions significantly reduced but did not
block the aglycemia-induced membrane hyperpolarization. This
finding might have two possible explanations. 1) A component of
the K1 conductance generating the aglycemia-induced membrane
hyperpolarization is Ca21-dependent, and 2) a Ca21-dependent,
TTX-insensitive release of transmitters plays a role in this mem-
brane hyperpolarization. This observation, however, demon-
strates clearly that at least part of the aglycemia-induced mem-
brane hyperpolarization is postsynaptically mediated.
Interestingly, tolbutamide and glipizide fail to block the mem-
brane hyperpolarization /outward current induced by glucose de-
privation in LA cells, suggesting that at least in our experimental
condition the activation of ATP-sensitive K1 channels does not
play a prominent role in the electrophysiological effects induced
by glucose deprivation. Membrane potential changes observed in
LA interneurons strongly resemble those observed in dorsolateral
septal nucleus neurons during aglycemia (Shoji, 1992), in which
glucose deprivation causes K1-dependent membrane hyperpolar-
izations that are not affected by inhibitors of ATP-dependent K1

channels.
Extracellular levels of adenosine increase during energy depri-

vation caused by either anoxia or aglycemia (Martin et al., 1994).
Because adenosine has been reported to hyperpolarize various
neuronal subtypes by activating K1 channels (Greene and Haas,
1991), we have studied the possible involvement of endogenous
adenosine in the aglycemia-induced membrane hyperpolarization.
Antagonists of adenosine A1 receptors fully blocked the mem-
brane hyperpolarization induced by exogenous adenosine, but
they failed to affect the hyperpolarizing action of aglycemia,
suggesting that endogenous adenosine does not play a prominent
role in the membrane potential changes observed during glucose
deprivation.
The membrane hyperpolarization observed during glucose de-

privation in large LA interneurons might represent a protective
mechanism activated when energy metabolism fails. This hypoth-
esis can also explain previous morphological results showing that
although spiny neurons are highly vulnerable to transient fore-
brain ischemia (Brierley, 1976; Pulsinelli et al., 1982), energy
metabolism failure (Beal, 1992, 1995), and aglycemic coma (Auer
et al., 1984; Kristian et al., 1995), large cholinergic interneurons
are spared during these pathological events (Francis and
Pulsinelli, 1982; Pulsinelli, 1985; Chesselet et al., 1990). Our
observation, however, does not exclude the possibility that a
reduced expression of excitatory amino acid receptor subtypes or
an enhanced activity of protective trophic factors or both might
also account for the relative viability of large cholinergic inter-

neurons to hypoxic–ischemic insults (Burke and Kenyon, 1991;
Nakao et al., 1995).
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