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Ischemic injury to the CNS results in loss of ionic homeostasis and the development of neuronal death. An increase in intracellular Ca 2�

is well established, but there are few studies of changes in intracellular Cl� ([Cl �]i ) after ischemia. We used an in vitro model of cerebral
ischemia (oxygen– glucose deprivation) to examine changes in [Cl�]i and GABAA receptor-mediated responses in hippocampal slices
from adult rats. Changes in [Cl �]i were measured in area CA1 pyramidal neurons using optical imaging of 6-methoxy-N-
ethylquinolinium chloride, a Cl �-sensitive fluorescent indicator. Oxygen– glucose deprivation induced an immediate rise in [Cl�]i ,
which recovered within 20 min. A second and more prolonged rise in [Cl�]i occurred within the next hour, during which postsynaptic
field potentials failed to recover. The sustained increase in [Cl�]i was not blocked by GABAA receptor antagonists. However, oxygen–
glucose deprivation caused a progressive downregulation of the K�–Cl � cotransporter (KCC2), which may have contributed to the Cl�

accumulation. The rise in [Cl �]i was accompanied by an inability of the GABAA agonist muscimol to cause Cl � influx. In vivo, diazepam
is neuroprotective when given early after ischemia, although the mechanism by which this occurs is not well understood. Here, we added
diazepam early after oxygen– glucose deprivation and prevented the downregulation of KCC2 and the accumulation of [Cl�]i. Conse-
quently, both GABAA responses and synaptic transmission within the hippocampus were restored. Thus, after oxygen– glucose depriva-
tion, diazepam may decrease neuronal excitability, thereby reducing the energy demands of the neuron. This may prevent the activation
of downstream cell death mechanisms and restore Cl� homeostasis and neuronal function.
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Introduction
Transient cerebral ischemia induces a cascade of cellular events
that eventually produces neuronal death, especially in vulnerable
areas such as the hippocampus. One of the first consequences of
oxygen and glucose deprivation during cerebral ischemia is
membrane depolarization, the rapid depletion of cellular ATP,
and the accumulation of extracellular excitatory amino acids.
During these events, there is a progressive increase in extracellu-
lar K� and an increase in intracellular Na�, Cl�, and Ca 2�,
accompanied by suppression of neuronal activity and synaptic
transmission (for review, see Martin et al., 1994; Kristian and
Siesjo, 1998; Lipton, 1999).

The accumulation of Na� and Ca 2� during ischemia or oxy-
gen– glucose deprivation (OGD), an in vitro model for transient
global ischemia, has been investigated extensively. Recently,
more attention has been focused on changes in intracellular Cl�

and its role in ischemia-induced neuronal death. Previously, we
demonstrated in hippocampal slices from immature rats that
OGD induced an immediate increase in intracellular Cl� (Ingle-
field and Schwartz-Bloom, 1998a). Similarly, a short anoxic epi-
sode increased Cl� in rat hypoglossal neurons (Jiang et al., 1992).
In both studies, the changes in intracellular Cl� were reversible,
and there was complete recovery of electrophysiological param-
eters measured during reoxygenation. In contrast, if anoxia is
prolonged or if adult hippocampal slices are subjected to OGD
under conditions that model cerebral ischemia, in vivo, the loss of
synaptic transmission may become irreversible (Zhu and Krn-
jević, 1999). Furthermore, the ionic imbalance in Na�, K�,
Ca 2�, and Cl� worsens during reoxygenation, causing irrevers-
ible damage to area CA1 neurons (Taylor et al., 1999; LoPachin et
al., 2001).

One of the major consequences of a rise in intracellular Cl� is
that GABAA responses, which are normally hyperpolarizing, can
become depolarizing (Thompson and Gahwiler, 1989; Kaila,
1994). A loss of GABAA-mediated inhibition may contribute to
neuronal hyperexcitability observed in the hippocampus during
the first 12 hr of reperfusion (Urban et al., 1989; Gao et al., 1999),
leading to neuronal damage. However, enhancement of GABA
neurotransmission with benzodiazepines after transient cerebral
ischemia prevents neuronal death in the adult hippocampus
(Schwartz-Bloom et al., 1998; for review, see Schwartz-Bloom
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and Sah, 2001). The narrow therapeutic window for benzodiaz-
epines suggests that there is a critical time after ischemia when
enhancement of GABA neurotransmission is beneficial to
neurons.

Previously, we have used the adult hippocampal slice prepa-
ration to study the effects of diazepam on biochemical conse-
quences of OGD. When hippocampal slices were exposed to di-
azepam after OGD, there was complete recovery of ATP, which is
required for neuronal viability (Galeffi et al., 2000). In this study,
we investigated changes in intracellular Cl� with a Cl�-sensitive
indicator 6-methoxy-N-ethylquinolinium chloride (MEQ) in
living brain slices (Inglefield and Schwartz-Bloom, 1997) during
OGD and up to 2 hr after the onset of reoxygenation in the adult
hippocampus. Second, we determined whether GABAA receptor-
mediated Cl� influx is compromised during reoxygenation. Fi-
nally, we determined whether diazepam can restore any OGD-
induced changes in intracellular Cl�, GABAA receptor activity,
and synaptic activity in area CA1 hippocampal neurons, inde-
pendent of sedation, hypothermia, or change in blood flow.

Materials and Methods
Hippocampal slice preparation and OGD. Adult male Sprague Dawley rats
(250 –300 gm) were used in these experiments. The rats were decapitated,
and each brain was removed from the skull rapidly and placed in ice-cold
physiological buffer oxygenated with a 95% O2/5% CO2 mixture for 1
min. The solution consisted of (in mM) 119 NaCl, 2.5 KCl, 1.0 Na H2PO4,

1.3 MgCl2, 1.5 CaCl2, 26 NaHCO3, and 11 glucose, pH 7.4. When low
Cl � (10 mM) solution was used, Cl � was replaced with either sulfate or
gluconate. Coronal slices (300 �m) were prepared from the hippocampal
region of the brain with a vibratome. The slices were placed in an incu-
bation chamber and submerged �1 mm in buffer that was supplemented
with 1 mM kynurenic acid and 400 �M ascorbic acid, for 60 –90 min at
32°C. After incubation, the slices were transferred to a chamber that
contained oxygenated buffer (without kynurenic and ascorbic acid) and
kept at 36°C before additional experimental manipulation.

OGD was produced by exposing the slices to a D-glucose-deficient
buffer equilibrated with a 95% N2/5% CO2 gas mixture for 7 min at 36°C.
This period of OGD was chosen because it produced mild histological
damage without rapid necrosis (see Results and Fig. 1) and it caused
incomplete recovery of ATP (Galeffi et al., 2000). In some experiments,
OGD was performed after slices were loaded with 6-methoxy-N-ethyl-
1,2-dihydroquinoline (dihydro-MEQ; see below); in other experiments,
OGD was performed before slices were loaded with dihydro-MEQ, as
noted in the figure legends. After OGD, slices were superfused or placed
in an oxygenated buffer containing glucose (“reoxygenation”) for up to
2.5 hr, as noted. In certain experiments, diazepam (5 �M) was included in
the reoxygenation buffer immediately after OGD; it was removed 1 hr
later, before any optical imaging. Diazepam at 5 �M is a maximally effec-
tive concentration at restoring ATP after OGD in adult brain slices
(Galeffi et al., 2000).

Determination of area CA1 field responses. For the electrophysiology
experiments, hippocampal slices were transferred to a chamber super-
fused with oxygenated standard buffer (36°C). After 1 hr of superfusion,
the Schaffer collateral– commissural pathway was stimulated with a bi-
polar electrode situated in the stratum radiatum at the CA2–CA3 border.
The stimulation consisted of rectangular stimulus pulses of 0.1 msec
duration at 30 sec intervals at 0.04 Hz (single stimulus, 0.1–1.5 mA).
Extracellular potentials were recorded every 30 sec with glass micropi-
pettes filled with 200 mM NaCl (4 – 8 M�) positioned in the medial
portion of the stratum pyramidale of area CA1. Slices were incubated for
30 – 40 min to obtain stable population spike amplitude. OGD was in-
duced by switching from oxygenated buffer to glucose-free buffer equil-
ibrated with 95% N2/5% CO2. After 7 min of OGD, the slices were
reoxygenated with standard buffer for 60 min. In some experiments, the
slices were exposed to 5 �M diazepam for either 15 min before OGD or
immediately after OGD. In both cases, diazepam was removed from the
superfusion buffer 30 min after OGD. Throughout the experiment, elec-

trophysiological recordings were amplified (100�), digitized at 5 kHz,
and stored for offline analysis of population spike amplitude with
pClamp (Axon Instruments, Union City, CA). The percentage of popu-
lation spike recovery was calculated as the population spike amplitude 1
hr after OGD divided by the population spike amplitude before OGD
times 100.

Preparation of dihydro-MEQ. MEQ (Molecular Probes, Eugene, OR)
was reduced to its cell-permeable derivative dihydro-MEQ before bath-
loading slices, as described previously by our laboratory (Inglefield and

Figure 1. Morphology of area CA1b pyramidal neurons in adult hippocampal slices subjected
to OGD (7 min) and reoxygenated for 3 hr. Sections (30 �m) were prepared from hippocampal
slices and stained with cresyl violet as described in Materials and Methods. A, control. B, OGD.
Note the mild shrinkage of neurons, indicated by arrows ( C), OGD plus diazepam (5 �M, added
after OGD). Scale bar, 50 �m.
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Schwartz-Bloom, 1997; Sah et al., 2002). Briefly, reduction of MEQ to
dihydro-MEQ was performed by the gradual addition of sodium boro-
hydride (12% in 0.1 mM NaOH; 32 �M) to an aqueous solution of MEQ
(16 �M in 0.1 mM NaOH) under nitrogen for 30 min (note: we have
determined that NaOH is required to completely reduce the MEQ cur-
rently available from Molecular Probes). Formation of the dihydro de-
rivative was indicated by the appearance of a reddish-yellow oil. The oil
was extracted twice with ethyl acetate (0.5 ml). The organic extracts were
combined and dried with anhydrous MgSO4, and the ethyl acetate was
evaporated under N2 in a glass microvial. Reduced dye was stored at
�80°C under N2, and it was used the same day for optimal loading of
brain slices.

Measurement of MEQ, calcein acetoxymethyl ester, and Calcium
Green-1 acetoxymethyl ester fluorescence. Adult slices were bath-loaded
with dihydro-MEQ using a method modified from that used for neonatal
and juvenile rats (Inglefield and Schwartz-Bloom, 1997). For the adult
slices, it was necessary to use a two-step loading approach for dihydro-
MEQ to improve cell penetration (Sah et al., 2002). During the first step,
the slices were incubated in oxygenated standard buffer (at 32°C) that
contained 4 mM dihydro-MEQ resuspended in ethyl acetate (0.5%) for 2
min. During the second step, the slices were incubated in oxygenated
buffer (32°C) containing 400 �M dihydro-MEQ resuspended in DMSO
(0.05%) for 30 min. After incubation with dihydro-MEQ, the slices were
washed in oxygenated buffer for 15 min before being transferred to the
imaging chamber.

The use of UV laser scanning confocal microscopy to measure Cl �-
sensitive changes in MEQ fluorescence in hippocampal slices has been
described previously by our laboratory (Inglefield and Schwartz-Bloom,
1997). After loading with MEQ, slices were submerged in a chamber that

was superfused with oxygenated buffer (flow rate, �2 ml/min). The
temperature in the imaging chamber was maintained at 32°C for all the
experiments, except as noted. For all experiments, slices were allowed to
equilibrate in the chamber for at least 5–10 min before the baseline-
recording period. The imaging chamber was positioned on the stage of an
upright Optiphot microscope (Nikon, Melville, NY). The laser scanning
confocal microscope (Noran Odyssey; Noran Instruments, Middleton,
WI) was equipped with an argon ion UV laser (50 mW output, Enterprise
653; Coherent, Carlsbad, CA) and a digital imaging system (MetaMorph;
Universal Imaging, Downingtown, PA) for image and data acquisition.
MEQ-loaded neurons of the hippocampus were imaged in area CA1 by
excitation with the 364 nm line of the UV laser. Fluorescent light was
transmitted through a UV water-immersible objective (40� numerical
aperture; Olympus, Melville, NY). Emission (Emax � 440 nm) was im-
aged with use of a 400 nm barrier filter. Photomultipliers detected the
fluorescent signal through a confocal slit at 1� electronic zoom. The
video frame rates (16 images per second) of the Odyssey confocal micro-
scope (Noran Instruments) allowed rapid, full image (512 � 480 pixels)
acquisition. To minimize photobleaching of the dye, repeated long-term
illumination by the UV laser was avoided. Images were 8-bit (256 inten-
sity levels) and saved for offline analysis. Before any experimental ma-
nipulation, a minimum of three images over a 5 min period was recorded
and then averaged to determine the baseline fluorescence.

To determine changes in cell volume after OGD, slices were bath-
loaded with calcein acetoxymethyl ester (AM; Molecular Probes) (Crowe
et al., 1995; Inglefield and Schwartz-Bloom, 1998a). This indicator is
insensitive to changes in intracellular ions. Slices were incubated with 5
�M calcein AM at 36°C for 30 min, and subsequently, they were washed
for 10 min. The intracellular calcein fluorescence was detected by excit-
ing at 488 nm and using a 515 nm barrier filter. A change in fluorescence
intensity was expressed as (�F/F) � 100, as described for MEQ. A de-
crease in calcein fluorescence indicates an increase in cell volume associ-
ated with cell swelling.

Changes in intracellular Ca 2� after OGD were measured using Cal-
cium Green-1 AM (Molecular Probes). We used this indicator because it
can be bath-loaded into adult hippocampal slices and provide fluores-
cent images in individual cell bodies. To achieve good penetration into
the adult slice, a two-step loading procedure was used (Smetters et al.,
1999). Slices were incubated with 2 mM Calcium Green-1 AM for 2 min,
followed by 10 �M for 45 min at 32°C. Slices were transferred to an
imaging chamber (36°C) before OGD. Calcium Green-1 fluorescence
was detected with the 488 nm excitation line and a 515 nm barrier filter.
Binding of Ca2� produces an increase in Calcium Green-1 fluorescence and
reflects an increase in intracellular Ca2�; absolute concentrations of Ca2�

are not calculated because the indicator is non-ratioable (Zhang and Lipton,
1999). A change in fluorescence intensity was expressed as (�F/F) � 100
using values corrected for photobleaching using a curve-fitting program
and linear regression (Prism; Graph Pad, San Diego, CA).

Data analysis for MEQ fluorescence imaging. Because MEQ fluores-
cence is quenched collisionally by Cl �, increases in intracellular Cl �

correspond directly with a decrease in fluorescence. MEQ is not a ratio-
metric indicator, therefore absolute intracellular concentrations of Cl �

were not measured. (However, changes in MEQ fluorescence can be
calibrated to estimate changes in intracellular Cl � using the Stern–
Volmer equation; see below.) The change in intracellular Cl � was ex-
pressed as the percentage change in MEQ fluorescence of single cells
above the baseline, for a given frame, calculated by the equation (�F/F) �
100. Because there was a slow decrease of MEQ fluorescence in control
slices (15.5 � 1.6% over 10 min), the percentage change in MEQ fluo-
rescence for any experimental condition was compared with the percent-
age change in control slices. At least three rats were used to collect data for
all experiments.

Only those cells that had 	10% change in MEQ fluorescence during
the initial baseline recording period (5 min) and an initial fluorescence
intensity between 90 and 200 optical density units were used for data
analysis. Data were subjected to two-way ANOVAs, and when the inter-
actions were significant, groups of means were compared using Tukey’s
post hoc analysis. A probability of 	0.05 was considered statistically
significant.

Figure 2. Cytochrome c immunostaining in hippocampal area CA1 2 hr after reoxygenation.
Sections (30 �m) were prepared from hippocampal slices and subjected to cytochrome c im-
munohistochemistry as described in Materials and Methods. A, Control slice. B, Slice subjected
to OGD. SP, Stratum pyramidale. C, Quantitiation of immunopositive cells in area CA1 of the
hippocampus 2 hr after OGD. Diazepam (5 �M) was added immediately after OGD. Data are the
means � SEM number of immunopositive cells counted in area CA1. *p 	 0.01 versus control;
ANOVA, followed by Tukey’s multiple comparison test (n � 6 –10 slices). Scale bar, 25 �m.
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Intracellular calibration of MEQ fluorescence. Changes in MEQ fluores-
cence can be calibrated to estimate changes in intracellular [Cl �] using
the Stern–Volmer relationship, F0/FCl � 1 � Kq[Cl �], where F0 is the
total quenchable signal, FCl is the fluorescence in the presence of a given
Cl � concentration, and Kq is the Stern–Volmer quench constant (in
M

�1) (Verkman, 1990). We have calibrated changes in MEQ fluores-
cence with intracellular Cl � under the experimental conditions of the
present study (adult hippocampal slices at 32°C). A detailed description
of the methods is provided by Inglefield and Schwartz-Bloom (1997). In
this study, the Stern–Volmer constant (the slope, Kq in M

�1) was calcu-
lated to be 44.3 � 1.12 in M

�1. The Kq
�1, or 22 mM, is the Cl � concen-

tration that quenches the fluorescence by 50%. The equation can be used
to estimate the change in intracellular Cl � over a defined recording
period.

Measurement of NKCC-1 and KCC2 protein expression. Hippocampi
subjected to OGD (in the absence or presence of diazepam) were dis-
sected from acute slices in ice-cold isolation buffer (in mM: 250 sucrose,
10 Tris, 10 HEPES, and 1 EDTA, pH 7.2 at 24°C). Three hippocampi were
combined and homogenized with a glass Teflon homogenizer in ice-cold
isolation buffer containing a protease inhibitor mixture (1:200; Sigma,
St. Louis, MO). Tissue samples were prepared as in Yan et al. (2001).
Tissue was lysed with 30 sec of sonication, and cellular debris was re-
moved by centrifugation at 420 � g for 5 min at 4°C. The resulting
supernatant was collected and frozen at �80°C for later use. For immu-
noblotting, the protein content of samples was determined using the
Protein Assay kit (Bio-Rad, Hercules, CA), and samples were denatured
in SDS reducing buffer (Lammli’s buffer) for 30 min at 37°C before gel
electrophoresis. Equal amounts of protein samples were loaded onto
4 –12% Tris-glycine gradient gels (Invitrogen, Carlsbad, CA). Proteins
were separated by SDS-PAGE and transferred to polyvinyl difluoride
membrane (Millipore, Billerica, MA). After two rinses with water, mem-
branes to be blotted for NKCC-1 were incubated in blocking solution
(7.5% milk in TBS with 0.1% Tween 20) overnight at 4°C and incubated

with T4 mouse monoclonal antibody for NKCC-1 (1:1000; Hybridoma
Bank, University of Iowa, Iowa City, IA) and mouse anti-�III tubulin
antibody (1:3000; Promega, Madison, WI) for 2 hr at 24°C. For KCC2
immunoblotting, membranes were incubated in blocking solution (as
above) for 1 hr at 24°C, followed by an incubation with rabbit polyclonal
antibody against KCC2 (1:2000; Upstate Technologies, Waltham, MA)
and mouse monoclonal antibody for �III tubulin (1:3000) overnight at
4°C. Membranes were exposed to HRP-linked secondaries (anti-mouse
antibody for NKCC-1/�III tubulin immunoblots, anti-mouse and anti-
rabbit antibodies for KCC-2/�III tubulin immunoblots; Amersham Bio-
sciences, Piscataway, NJ) for 1 hr at 24°C. Protein bands were detected by
ECL on film. Films were scanned, and data were digitized using NIH
Image and expressed as calibrated optical density units times area
(normalized).

Measurement of Cl�-ATPase activity. Cl �-ATPase activity was mea-
sured in membrane fractions obtained from hippocampus homogenates
or in membrane fractions prepared from hippocampal slices exposed to
OGD (7 min at 37°C), as described by Kitagawa et al. (2001). Hippocam-
pal slices subjected to OGD 2 hr earlier were homogenized with ice-cold
buffer containing 0.25 M sucrose, 1 mM EDTA-Tris, pH 7.4, 12.5 mM

MES, pH 7.4, and protease inhibitors. The homogenate was centrifuged
(1000 � g for 10 min), and the supernatant was centrifuged first at
10,000 � g for 15 min and then at 100,000 � g for 20 min. The resulting
pellet was suspended in 5 mM EDTA-Tris, pH 7.4, and centrifuged again
(100,000 � g for 20 min). The final pellet was suspended in 5 mM EDTA-
Tris, pH 7.4, and used as the plasma membrane-rich fraction. ATPase
activity was determined by fluorimetric measurement of inorganic phos-
phate released, using the Pi Per Phosphate Assay kit (Molecular Probes).
Fourteen to 20 �g of protein were assayed for 15 min at 36°C in 200 �l
reaction buffer containing (in mM) 100 Tris-MES, pH 7.4, 1 EDTA-Tris,
100 NaCl, 10 KCl, 6 Mg acetate, and 6 ATP-Tris, pH 7.4, in the presence
or the absence of 1 mM ouabain (to inhibit the Na �/K �-ATPase) or 0.3
mM ethacrynic acid (Sigma) (to inhibit the Cl �-ATPase). Trichloroace-
tic acid (10%) was added to terminate the reaction. The activity in the
presence of 1 mM ouabain or 0.3 mM ethacrynic acid was subtracted from

Figure 3. Effect of OGD on the evoked population spike in area CA1 pyramidal cells. A,
Representative individual recordings before, during, and 60 min after 7 min OGD in a hippocam-
pal slice from an adult rat. Postsynaptic population spikes were recorded from area CA1 pyra-
midal cells after stimulation of the Schaffer collaterals. During OGD, the postsynaptic response
was abolished. The failure of the postsynaptic population spike to recover indicates irreversible
damage. The presynaptic fiber volley is indicated with an asterisk. B, Data summary. The base-
line values consisted of the average of 10 consecutive recordings before OGD, and the 60 min
values consisted of the average of five consecutive recordings. The percentage recovery was
calculated as the 60 min values/baseline values � 100. Data are the mean � SEM of nine slices.
*p 	 0.001 versus baseline; ANOVA and Tukey’s multiple comparison test.

Figure 4. Effect of OGD on MEQ fluorescence (intracellular Cl �) in area CA1b pyramidal cells.
A, B, Confocal video images of MEQ fluorescence in adult hippocampal neurons in area CA1b
stratum pyramidale. Special conditions were required to bath-load adult slices successfully with
dihydro-MEQ (see Materials and Methods). MEQ fluorescence before ( A) and after ( B) OGD, at
the onset of reoxygenation. C, Continuous recording of the change in MEQ fluorescence within
individual CA1 pyramidal neurons before, during, and immediately after OGD. The temperature
was maintained at 36°C. The bar indicates the 7 min OGD period. The original �F/F values were
corrected for baseline by subtracting extrapolated values from the baseline drift of each cell
(before OGD) to give the �F/F values. D, The peak change in MEQ fluorescence 10 min after the
onset of OGD was compared with the fluorescence change in control slices not subjected to OGD
over a 10 min recording period. Values are expressed as the percentage decrease in fluorescence
during 10 min from the baseline [(�F/F) � 100]. Data are the means � SEM of three to seven
cells per condition, respectively. *p 	 0.01 versus control; unpaired Student’s t test.
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the total ATPase activity to determine the activities of Na �/K �-ATPase
and Cl �-ATPase, respectively.

General histology and cytochrome c immunohistochemistry. In parallel
to the imaging and the electrophysiology experiments, slices were col-
lected 2 hr after reoxygenation– glucose and fixed in phosphate-buffered
4% paraformaldehyde, pH 7.4, overnight. The fixed slices were embed-
ded in gelatin/albumin as described by Okazaki et al. (1995). Immedi-
ately after embedding, the slices were cut into 30 �m sections with a
vibrotome and either stained with cresyl violet for histological observa-
tion or subjected to cytochrome c immunohistochemistry. For the cyto-
chrome c immunohistochemistry, the sections were rinsed in PBS and
incubated in two stages in solutions containing 0.2% Triton-X, 2% BSA,
and 10% NGS (Vector Laboratories, Burlingame, CA) for 30 min each.
The sections were incubated with an anti-cytochrome c monoclonal pri-
mary antibody (PharMingen, San Diego, CA) at a dilution of 1:500 over-
night at 4°C. The slices were washed in PBS and incubated with a biotin-
ylated secondary anti-mouse antibody (Vector Laboratories) at a
dilution of 1:500 for 2 hr at room temperature. Visualization of cyto-
chrome c-immunopositive cells was achieved with an avidin– biotin re-
agent (ABC kit; Vector Laboratories), followed by DAB staining.

Results
Typically, hippocampal slices used in im-
aging studies are prepared from neonatal
or juvenile rats. Neurons in slices from
neonatal or juvenile rats are loaded easily
with membrane-permeable fluorescent
dyes, and they are more resistant to slicing-
induced trauma. Here, we used a set of
conditions (see Materials and Methods) to
prepare hippocampal slices from adult rats
with a well preserved cellular morphology
of the CA1 region for at least 6 hr after
slicing (Fig. 1A), allowing us to perform
both electrophysiology and optical imag-
ing experiments.

Effect of OGD on area CA1 morphology
and evoked CA1 field responses
When hippocampal slices were subjected
to OGD for 7 min, they displayed consis-

tent abnormalities in area CA1 neuronal shape 2–3 hr into reoxy-
genation. Some neurons appeared shrunken or pyknotic, but mas-
sive cell necrosis was not observed (Fig. 1B). When diazepam (5 �M)
was added to the reoxygenation buffer after OGD, the morphology
of area CA1 neurons was similar to that in control slices 3 hr after
reoxygenation (Fig. 1C). Because the relatively mild morphological
changes attributable to OGD are not quantifiable, we examined ad-
jacent slices for the presence of cytosolic cytochrome c immunore-
activity, an early marker of cell damage. Two hours after OGD, the
number of cytochrome c-immunopositive cells in area CA1 was sig-
nificantly increased (Fig. 2), similar to results after cerebral ischemia
in vivo (Sugawara et al., 1999). Diazepam, included in the reoxygen-
ation buffer, completely prevented the OGD-induced increase in
cytochrome c-immunopositive cells.

This OGD model was used to mimic changes that occur after
transient global cerebral ischemia in vivo; ischemia triggers irre-
versible functional damage to the hippocampus, yet morpholog-
ical signs of cell death are delayed in area CA1. As a parameter for
assessing permanent functional damage, we measured the recov-
ery of synaptic transmission after OGD in area CA1 stratum py-
ramidale. We recorded orthodromic population spikes in area
CA1 stratum pyramidale, induced by stimulation of the Schaffer
collateral– commissural pathway. After obtaining a stable popu-
lation spike amplitude, OGD was performed for 7 min (see Ma-
terials and Methods). During OGD, the population spike ampli-
tude decreased rapidly, and within 1.5–2 min, it was essentially
eliminated (Fig. 3A). The presynaptic fiber volley was also elim-
inated by 6 min, indicating that energy-dependent ion gradients
had collapsed and the membranes depolarized completely. The
presynaptic fiber volley recovered within 10 min of reoxygen-
ation in buffer containing glucose (reflecting conduction of ac-
tion potentials along the Schaffer collaterals). However, the
postsynaptic population spike failed to recover by 60 min of
reoxygenation in eight of nine slices (Fig. 3). In one slice, 30%
recovery was observed. Interestingly, the population spikes in
four of nine slices recovered temporarily (�25% of baseline)
during the initial 20 min after OGD (data not shown), possibly
reflecting an attempt to recover the membrane potential.

Effect of OGD on MEQ fluorescence
Using a two-step bath-loading procedure for MEQ (see Materials
and Methods), adult hippocampal slices exhibited numerous flu-
orescent neurons with uniform dye distribution in area CA1 stra-

Figure 5. OGD causes a secondary rise in intracellular Cl � that is independent of cell swelling. A, Slices were subjected to OGD,
loaded with dihydro-MEQ, and imaged for 10 min at various times during reoxygenation. Values are expressed as the percentage
decrease in fluorescence during 10 min from baseline [(�F/F) � 100]. Data are the means � SEM of 29, 9, 6, and 21 cells per
condition, respectively. *p 	 0.001, **p 	 0.01 versus control. B, Slices were superfused with a low-Cl �-containing buffer
before imaging at 1 hr after OGD. Data are the means � SEM of 29, 11, 9, and 4 cells per condition, respectively. *p 	 0.001 versus
control. C, Slices were imaged at 2 hr after OGD for changes in calcein fluorescence under identical conditions as for MEQ. Values are
expressed as the percentage decrease in calcein fluorescence during 10 min from baseline [(�F/F) � 100]. Data are the means �
SEM of 14 and 16 cells per condition, respectively. p 
 0.05 versus control, NS. All statistical procedures included ANOVA and
Tukey’s multiple comparison test.

Figure 6. GABAA antagonists do not prevent Cl � accumulation after OGD. Bicuculline (30
�M) or picrotoxin (100 �M) was added to the superfusate during the imaging, 2 hr after reoxygen-
ation. Values are expressed as the percentage decrease in MEQ fluorescence during 10 min from the
baseline [(�F/F) � 100]. Data are the means � SEM of 29, 19, 8, and 11 cells per condition,
respectively. *p 	 0.001, **p 	 0.05 versus control; ANOVA and Tukey’s multiple comparison
test.
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tum pyramidale (Fig. 4A). To assess changes in intracellular Cl�

during and immediately after OGD, hippocampal slices were
loaded with MEQ and subjected to OGD for 7 min. OGD de-
creased MEQ fluorescence (within �5 min) in pyramidal neu-
rons in area CA1, indicating an increase in intracellular Cl� (Fig.
4). The increase in intracellular Cl� was maximal 10 min after the
onset of OGD, consistent with the nonspecific increase in mem-
brane permeability that occurs as membranes become severely
depolarized. Subsequently, the intracellular Cl� recovered to-
ward control levels by �25 min into reoxygenation– glucose.
However, the recovery was not permanent. When MEQ-loaded
slices were imaged at different times during reoxygenation, a sec-
ondary rise in intracellular Cl� was evident. By 1 hr after reoxy-

genation, there was a significant decrease in MEQ fluorescence
compared with control slices (�F/F � 44.11 � 2.7% vs 14.7 �
1.5%, OGD vs control) (Fig. 5A). Over the next 1.5 hr, the de-
crease in MEQ fluorescence persisted. To rule out the possibility
that the second wave of decreased MEQ fluorescence resulted
from dye leakage out of injured cells or cell swelling during reoxy-
genation, hippocampal slices were perfused with a buffer con-
taining 10 mM Cl�. In the presence of the low Cl� buffer, the
decrease in MEQ fluorescence 1 hr after reoxygenation was pre-
vented completely (Fig. 5B). The same results were found at 2 hr
after reoxygenation (data not shown), suggesting that the de-
crease in MEQ fluorescence 1 and 2 hr after OGD was attributable
to an accumulation in intracellular Cl�. We also measured
changes in calcein fluorescence, which is sensitive to changes in
cell volume (Crowe et al., 1995; Inglefield and Schwartz-Bloom,
1998a). The calcein �F/F at 2 hr after OGD did not differ from
control slices (Fig. 5C), indicating that cell swelling was not a
factor in the decrease in MEQ fluorescence. At 2 hr of reoxygen-
ation, the OGD-induced change in intracellular Cl� over the 10
min recording period could be estimated to be 5.7 mM, according
to the Stern–Volmer relationship. Therefore, during the second
wave (�90 min) of a decrease in MEQ fluorescence, up to 54 mM

Cl� may have accumulated in the imaged neurons.
To determine a possible mechanism(s) for the secondary rise

in intracellular Cl�, we superfused the GABAA receptor antago-
nist bicuculline and GABA-gated Cl� channel blocker picrotoxin
before imaging slices 2 hr after OGD. Both antagonists failed to
reduce significantly the increase in intracellular Cl�, indicating
that the accumulation of Cl� was not attributable to an increase
in GABAA receptor activity at this time (Fig. 6).

Effect of OGD on NKCC-1 and KCC2 protein levels
To address other possible mechanisms for the sustained increase
in intracellular Cl�, we focused on the major Cl� transporter
systems known to be present in neurons. The Na�–K�–2Cl�

cotransporter (NKCC-1) facilitates Na�, K�, and Cl� influx
into neurons and glial cells. The K� and Cl� cotransporter
(KCC2) is neuronal specific and normally transports K� and Cl�

out of the neurons to maintain a low intracellular Cl�. To deter-
mine whether these cotransporters might have a role in the OGD-
induced increase in intracellular Cl�, we investigated the effect of
OGD on NKCC-1 and KCC2 protein levels. [A more direct ap-
proach using Cl� imaging and the Cl� transport inhibitors bu-
metanide and furosemide is confounded by the interference of
these inhibitors with UV-activated indicators (i.e., MEQ). This
precluded us from examining their direct effects on OGD-
induced Cl� accumulation.] NKCC-1 protein levels in the hip-

Figure 7. Effect of OGD on NKCC-1 and KCC2 cotransporter expression in the hippocampus.
The hippocampus was dissected from hippocampal slices subjected to OGD and reoxygenated
(plus glucose) for 1–2 hr. Samples were prepared for immunoblotting as described in Materials
and Methods. A, Representative immunoblots for NKCC1 and KCC2 expression at 1 and 2 hr after
OGD. B, Quantitated data from all experiments. Data are the means � SEM of OD � area
digitized normalized to 100. *p 	 0.05 versus control; †p 	 0.001 versus OGD plus 1 hr of
reoxygenation (reox); ANOVA and Tukey’s multiple comparison test (n � 4 –10 slices for NKCC1
and n � 6 –18 slices for KCC2).

Table 1. Effect of OGD on ATPase activity in hippocampal slices

Treatment ATPase activity (Pi �mol/mg protein/hr)

Cl� ATPase Na�/K�-ATPase

Control 7.49 � 1.59 44.24 � 6.67
OGD � 2 hr reoxygenation 20.02 � 3.77* 55.33 � 5.61*

Data are the means � SEM of six experiments. *p 	 0.05 versus control; paired t test.

Table 2. Effect of OGD and diazepam on the ability of muscimol to increase
intracellular Cl� in area CA1 pyramidal neurons

Condition Muscimol response (% of control �F/Fa)

Standard
Controlb 68 � 8.6
OGD � 2 hr reoxygenation �7.3 � 5.9*

Diazepam
Controlb 42 � 11.8
OGD � 2 hr reoxygenation 56 � 11.1

Slices were superfused with muscimol (50 �M) for 10 min at 2 hr after OGD. In these experiments, slices were loaded
with dihydro-MEQ 1 hr after OGD. In the diazepam condition, slices were superfused with diazepam (5 �M) for 1 hr
during reoxygenation and imaged 1 hr later (no diazepam present). The muscimol response was calculated by
expressing the (�F/Fmuscimol over �F/Fcontrol) � 1 � 100. Data are the means � SEM of 16 –31 cells per condition.
*p 	 0.05 versus corresponding control; ANOVA and Tukey’s multiple comparison test.
aThis control refers to the absence of muscimol.
bThis control refers to the absence of OGD.
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pocampus were unchanged up to 2 hr after reoxygenation (Fig.
7A). Interestingly, KCC2 protein levels were significantly lower 1
hr (by 30%) after OGD and had declined even further (by 70%) 2
hr after reoxygenation (Fig. 7B). Thus, the downregulation of this
important Cl� extrusion mechanism (KCC2) may contribute to
Cl� accumulation after OGD.

Effect of OGD on Cl �-ATPase activity
Another mechanism to help maintain the Cl� transmembrane
gradient is the Cl�-ATPase, a plasma membrane ion pump that
extrudes Cl� from neurons (Inagaki et al., 1985; Shiroya et al.,
1989). Because there is incomplete recovery of ATP on reoxygen-
ation (Galeffi et al., 2000), we determined whether the accumu-
lation of intracellular Cl� after OGD was attributable to a reduc-
tion in Cl�-ATPase activity. Hippocampal slices were subjected
to 7 min OGD and after 2 hr of reoxygenation– glucose, Cl�-
ATPase activity was measured. Surprisingly, in the slices sub-
jected to OGD, there was a 52% increase in Cl�-ATPase activity
compared with control slices (Table 1). A significant increase
(20%) in Na�/K�-ATPase activity also occurred 2 hr after
reoxygenation.

Effect of OGD on GABAA receptor activity
An accumulation of intracellular Cl� reduces the inward Cl�

gradient, and this should attenuate the influx of Cl� in response
to GABAA receptor activation. We tested this possibility with use
of the GABAA receptor agonist muscimol. In control slices, mus-
cimol (50 �M) exposure reduced MEQ fluorescence significantly,

indicating an increase in intracellular Cl� (Table 2). In slices
subjected to OGD, muscimol was added to the superfusate 2 hr
after reoxygenation. At this time, muscimol not only failed to
decrease MEQ fluorescence in the slices subjected to OGD, but it
slightly enhanced MEQ fluorescence. The reversed direction of
the change in MEQ fluorescence indicates possible efflux of Cl�

on opening of the GABA-gated Cl� channels by muscimol (but
see Discussion for additional explanations).

Effect of diazepam on OGD-induced changes in intracellular
Cl � and GABAA receptor activity
Benzodiazepines such as diazepam are neuroprotective when ad-
ministered after an ischemic insult in vitro and in vivo (for review,
see Schwartz-Bloom and Sah, 2001). Therefore, we determined
whether the OGD-induced increase in intracellular Cl� occur-
ring during reoxygenation could be prevented by diazepam. Di-
azepam (5 �M) was added to the reoxygenation buffer immedi-
ately after OGD. One hour later, diazepam was removed, and the
slices were bath-loaded with dihydro-MEQ. Two hour after
reoxygenation, slices were subjected to optical imaging as de-
scribed above (no diazepam was present). At this time, the second
rise in intracellular Cl� was prevented completely by the previ-
ous addition of diazepam (MEQ �F/F � 10.3 � 1.1 vs 6.9 � 1.1,
for control vs OGD, respectively; NS, ANOVA and Tukey’s mul-
tiple comparison test). In addition, diazepam restored the ability
of muscimol to induce Cl� influx in area CA1 2 hr after OGD
(Table 2).

Effect of diazepam on OGD-induced KCC2 downregulation
Because the rise in intracellular Cl� was prevented by diazepam,
we determined whether the downregulation of KCC2 could also
be sensitive to the presence of diazepam. Both the rise in intra-
cellular Cl� and the downregulation of KCC2 occurred within
the first hour after OGD. Therefore, we exposed slices to diaze-
pam (5 �M) immediately after OGD. Diazepam prevented the
downregulation of KCC2 protein levels significantly 2 hour after
OGD (Fig. 8). By maintaining normal levels of KCC2 during
reoxygenation, accumulation of intracellular Cl� may have been
prevented.

Effect of diazepam on OGD-induced rise in
intracellular Ca 2�

Using Calcium Green-1, we found that OGD induced an early
rise in intracellular Ca 2� in individual area CA1 hippocampal
cells. The rise in intracellular Ca 2� is transient because the Ca 2�

becomes buffered or sequestered intracellularly (Fig. 9). The rise
in intracellular Ca 2� is a key factor in OGD-induced neuronal
damage and irreversible synaptic failure; preventing the rise lim-
its the extent of membrane dysfunction (Rader and Lanthorn,
1989; Yamamoto et al., 1997). Therefore, we superfused the slices
with diazepam (5 �M) during OGD, which reduced the rise in
intracellular Ca 2� by 62% (Fig. 9).

Effect of diazepam on evoked synaptic activity after OGD
Maintenance of intracellular Cl� homeostasis is crucial for pre-
serving synaptic transmission. Loss of synaptic transmission oc-
curs after OGD, and its recovery is a useful end point to assess the
efficacy of neuroprotective agents. Two types of experiments
were performed with diazepam. In the first set of experiments,
diazepam (5 �M) was added 15 min before OGD and removed 30
min later. Before OGD, diazepam produced a small decrease
(7%) in the amplitude of the population spike ( p 	 0.05, Stu-
dent’s t test), consistent with its ability to enhance GABA inhibi-

Figure 8. Diazepam attenuates OGD-induced downregulation of KCC2 protein expression. A,
Immunodetection of KKC2 protein expression in hippocampal slices. Slices were exposed to
diazepam (dz) during reoxygenation and collected 2 hr after OGD. B, Quantification of the
immunoblots by densitometry, as described in Materials and Methods. Data are the means �
SEM of 8, 14, and 20 slices per condition, expressed as normalized OD � area. *p 	 0.001
versus control; †p 	 0.01 versus OGD; ANOVA and Tukey’s multiple comparison test.

4484 • J. Neurosci., May 5, 2004 • 24(18):4478 – 4488 Galeffi et al. • Oxygen–Glucose Deprivation Increases Intracellular Cl�



tion (Fig. 10A,B). During OGD, the population spikes were sup-
pressed within 1–1.5 min, as observed in the absence of
diazepam. In the diazepam-treated slices, the evoked population
spikes started to recover within 8 –12 min after OGD, and they
recovered completely by 60 min of reoxygenation. In the non-
diazepam-treated slices, no recovery was evident at the corre-
sponding time point. In the second set of experiments, we deter-
mined whether diazepam added immediately after OGD (for 30
min) could also improve the recovery of the population spikes.
When diazepam was added after OGD, the evoked population
spikes started to recover within 10 –12 min after OGD (Fig.
10C,D). By 60 min of reoxygenation, the population spikes re-
covered �77% ( p 
 0.05 vs baseline).

Discussion
In this study, we have used optical imaging techniques to dem-
onstrate that OGD increases intracellular Cl� in two phases in
area CA1b neurons from the adult hippocampus. The secondary
increase in intracellular Cl� during reoxygenation could be at-
tributable, in part, to dysfunctional or downregulated Cl� extru-
sion mechanisms. We also found that diazepam was able to (1)
prevent the accumulation of intracellular Cl�, (2) restore GABA-
mediated Cl� influx, (3) prevent the downregulation of KCC2,
and (4) prevent the rise in intracellular Ca 2�, thereby restoring
synaptic transmission within area CA1 of the hippocampus.

OGD effects on intracellular Cl � and synaptic transmission
Under the conditions used here, neurons were probably severely
depolarized during OGD because the cells did not respond to
synaptic stimulation and the presynaptic volley had completely
disappeared (Zhu and Krnjević, 1999; Obeidat et al., 2000). At the
same time, OGD induced an immediate rise in intracellular Cl�.
Similarly, others have shown that when neurons lose their mem-
brane potential and undergo spreading depression-like depolar-
ization, extracellular Cl� decreases and intracellular Cl� in-
creases (Phillips and Nicholson 1979; Jiang et al.,1992), along

with a general increase in membrane per-
meability (Hansen 1985; Tanaka et al.,
1997). This can occur during hypoxia or
OGD (Somjen et al. 1992; Taylor and We-
ber, 1993; Obeidat et al., 2000). The source
of the increase in intracellular Cl� during
OGD cannot be established definitively
because as the membrane potential ap-
proaches zero, an inwardly directed elec-
trochemical potential is imposed on Cl�,
driving Cl� into the cell through whatever
conductance is available. Because extracel-
lular K� rises simultaneously, it is possible
that NKCC1 becomes activated and KCC2
reverses to contribute to the rise in intra-
cellular Cl� (Payne et al., 2003).

If OGD persists for more than a few
minutes after the onset of anoxic depolar-
ization, synaptic transmission will remain
compromised, causing irreversible dam-
age to neurons (Balestrino et al. 1989;
Rader and Lanthorn, 1989). Taylor et al.
(1999) showed that both synaptic trans-
mission and a rise in intracellular Cl� (as-
sessed with x-ray electron analysis) failed
to recover by 30 min after OGD in the
adult hippocampal slice. However, Wang
et al. (1999) reported that the ionic distri-

bution had returned to pre-hypoxia levels on reoxygenation, al-
though 70% of the neurons remained depolarized and unrespon-
sive to synaptic stimulation. In the present study, Cl� levels
returned toward baseline by �20 min after reoxygenation; this
recovery was most likely associated with the attempt of the neu-
rons to restore their membrane potential (Rader and Lanthorn,
1989) and ionic distribution during the early phase of reoxygen-
ation. This recovery was followed by a secondary rise in intracel-
lular Cl� sometime within the next hour, when area CA1 field
potentials failed to recover.

The secondary rise in intracellular Cl� appears to be unrelated
to activation of GABA-gated Cl� channels. The GABAA receptor
antagonists bicuculline and picrotoxin did not alter the Cl� in-
flux 2 hr into reoxygenation. We ruled out the possibility that the
decrease in MEQ fluorescence after OGD was because of an in-
crease in dye leakage or to cell swelling. The decrease in MEQ
fluorescence was prevented in a low Cl� buffer, and there was no
change in calcein fluorescence (i.e., cell volume) at 2 hr of reoxy-
genation. There are other possible explanations for the secondary
rise in intracellular Cl�. First, because there is synaptic failure
during reoxygenation, neurons most likely are still depolarized,
driving Cl� into the cell. Second, Cl� cotransporters or dysfunc-
tional Cl� extrusion mechanisms may have contributed to the
rise in intracellular Cl�. Although NKCC-1 levels did not change
during reoxygenation, NKCC-1 can be activated by elevated ex-
tracellular K� and glutamate, bringing Na�, K�, and Cl� into
the neuron (Su et al., 2000; Schomberg et al., 2001). Interference
of Cl� cotransporter inhibitors with MEQ precluded us from
testing this idea directly. However, Beck et al. (2003) found that
Cl� cotransporter inhibitors do inhibit Cl� influx and cell death
after glutamate-mediated excitotoxicity and OGD in cultured
cortical neurons. In addition, inhibition of NKCC1 is neuropro-
tective after anoxia or OGD (Müller, 2000; Pond et al., 2004) and
in rats after focal ischemia (Yan et al., 2001). In the case of Cl�

extrusion mechanisms, the KCC2 and the Cl�-ATPase help to

Figure 9. Effect of diazepam on OGD-induced changes in intracellular Ca 2�. Slices were loaded with Calcium Green-1 AM and
subjected to OGD for 7 min. A, Video image of area CA1 pyramidal cells shows Calcium Green-1 fluorescence during baseline
recording. B, An increase in fluorescence is indicated after OGD. C, Continuous recording of Calcium Green-1 fluorescence before,
during, and after OGD in representative slices. In these experiments, diazepam (5 �M) was added to the superfusion buffer at the
onset of OGD to affect the immediate rise in intracellular Ca 2�. D, The peak increase in intracellular Ca 2� occurred �10 min after
the onset of OGD. Values are expressed as the percentage increase in fluorescence intensity [(�F/F) � 100] of Calcium Green-1
above baseline. Data are the means � SEM of six and five cells per condition, respectively. *p 	 0.01 versus OGD; unpaired
Student’s t test.
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maintain the Cl� gradient in adult neurons (Inagaki et al., 1985;
Shiroya et al., 1989; Rivera et al., 1999); they extrude Cl� in
response to GABAA receptor-activated Cl� channel opening.
KCC2 is regulated in a variety of ways after different types of brain
insults. Under conditions that mimic ischemia/OGD, KCC2 can
reverse in response to small increases in extracellular K�, bring-
ing K� and Cl� into the neuron (Payne, 1997; DeFazio et al.,
2000). In addition, several investigators have found that KCC2 is
downregulated after various types of neuronal injury (for review,
see Payne et al., 2003). Low levels of KCC2 are associated with a
raised intracellular Cl�, producing depolarizing GABA re-
sponses (Rivera et al., 1999). Here, under conditions that pro-
mote Cl� influx after OGD, the substantial decrease in KCC2
levels may compromise the ability of hippocampal neurons to
restore the Cl� gradient.

There is considerable evidence that ATPase activity is com-
promised during and after cerebral ischemia (for review, see Lees,
1991). However, we found that both Cl�-ATPase and Na�/K�-
ATPase activities were increased during reoxygenation. It is very
likely that increased ATPase activity is triggered by the increased
requirement for Cl� and Na� extrusion from an accumulating
intracellular pool. Our results support the findings of others who
show that the Na�/K�-ATPase is increased after cerebral isch-
emia, when intracellular Na� is elevated (Lees, 1991). In the
present study, the rate of Cl� accumulation (perhaps because of
KCC2 downregulation) may have exceeded the ability of an acti-
vated Cl�-ATPase to extrude Cl�.

OGD and GABAA receptor activity
Two hours into reoxygenation, during the secondary rise in in-
tracellular Cl�, the GABA agonist muscimol failed to decrease
MEQ fluorescence. It is unlikely that the decrease in MEQ fluo-
rescence was already maximal after OGD, thereby preventing any
additional decrease in MEQ fluorescence by muscimol; other
compounds such as NMDA produce even greater decreases in
MEQ fluorescence than reported here (Inglefield and Schwartz-
Bloom, 1998b). Other investigators have reported that GABAA-
mediated inhibition is suppressed immediately after anoxia in the
hippocampal slice, because of a loss of excitatory input onto
GABA-ergic interneurons (Krnjević et al., 1991; Khazipov et al.,
1993). In contrast, Katchman et al. (1994) proposed that the loss
of GABAA-mediated inhibition immediately after anoxia was at-
tributable to a decrease in extracellular Cl�.

Several mechanisms may underlie the failure of muscimol to
induce Cl� influx via the GABAA receptor observed 2 hr after
OGD. First, it is possible that the accumulation of intracellular
Cl� during reoxygenation moves the equilibrium potential for
Cl� (ECl) closer to the resting membrane potential; this would
reduce or eliminate a net Cl� influx after GABAA receptor acti-
vation by muscimol. With the accumulation of intracellular Cl�,
it is likely that muscimol may have induced Cl� efflux through
the GABAA receptor. However, changes in GABAA receptor sen-
sitivity by Ca 2� and reactive oxygen species may also decrease the
ability of muscimol to induce Cl� influx (for review, see
Schwartz-Bloom and Sah, 2001) after OGD.

4

recordings that were made every 30 sec. Data are the means � SEM of five slices per condition.
The recovery of the population spike amplitude by 60 min of reoxygenation was not different
from baseline ( p 
 0.05; ANOVA and Tukey’s multiple comparison test).

Figure 10. Effect of OGD and diazepam (applied before and after OGD) on the evoked pop-
ulation spike in area CA1 pyramidal cells. A, Diazepam (5 �M) was added 15 min before OGD,
and it was removed from the slice chamber 30 min after OGD. Representative traces are shown
before, during, and 60 min after OGD in the presence of diazepam. The first trace was recorded
before the addition of diazepam. B, The time course is shown for changes in the population spike
amplitude recorded from pyramidal CA1 neurons in the absence (Œ) and in the presence (‚) of
diazepam in control and OGD slices. Note the small decrease in population spike amplitude
( p 	 0.05) starting at �12 min because of the presence of diazepam. To reduce crowding of
data points, each data point is the average of three consecutive recordings that were made
every 30 sec. Data are the means � SEM of four slices per condition. C, Diazepam (5 �M) was
added immediately after OGD, and it was removed from the slice chamber 30 min later. Indi-
vidual recordings are shown for a control hippocampal slice before, during, and 60 min after
7 min OGD plus diazepam. D, The time course is shown for changes in the population spike
amplitude recorded from pyramidal CA1 neurons in the absence (Œ) and in the presence (‚)
of diazepam in control and OGD slices. Each data point is the average of three consecutive
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OGD and the effect of diazepam
Several investigators have demonstrated that benzodiazepines
and barbiturates can restore synaptic transmission and mem-
brane potential after anoxia (Abramowicz et al., 1991; Kass et al.,
1992; Wang et al., 1999). In agreement with these studies, we have
shown that diazepam can reduce the rise in intracellular Ca 2�

and prevents the irreversible loss of synaptic transmission in hip-
pocampal slices after OGD. Moreover, diazepam prevents the
downregulation of KCC2 and the accumulation of intracellular
Cl� during reoxygenation. Interestingly, the downregulation of
KCC2 may be regulated indirectly by Ca 2�-induced signaling
events (for review, see Payne et al., 2003).

Based on our findings, we suggest that diazepam can reduce
neuronal excitability if it is given early during reoxygenation. [In
vivo, if diazepam administration is delayed 
2 hr after ischemia,
its neuroprotective ability is lost (Schwartz-Bloom et al., 1998)].
At this time, diazepam could still promote neuronal inhibition
even as intracellular Cl� starts to rise. When the membrane de-
polarization places the resting membrane potential above the
positive shift in the ECl, GABAA receptor activation will still cause
neuronal hyperpolarization (DeFazio et al., 2000). Second, even
under conditions when ECl does become more positive relative to
the resting membrane potential, diazepam could shunt depolar-
izing currents evoked by excitatory input via a decrease in mem-
brane resistance (Staley and Mody, 1992). In addition, diazepam
could enhance an inward GABA current to provide a major ex-
trusion path for Cl�. By reducing neuronal excitability early after
OGD, diazepam reduces the energy demands of the cell. This may
prevent several downstream signaling events that lead to cell
death, including the downregulation of KCC2 (Rivera et al.,
2002), which is important in maintaining Cl� homeostasis and
GABA inhibition (Payne et al., 2003).
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