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Global Ischemia Induces Downregulatlon of Glur2 mRNA and
Increases AMPA Receptor-Mediated Ca®* Influx in Hippocampal

CA1 Neurons of Gerbil
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Transient, severe forebrain or global ischemia leads to delayed
cell death of pyramidal neurons in the hippocampal CA1. The
precise molecular mechanisms underlying neuronal cell death
after global ischemia are as yet unknown. Glutamate receptor-
mediated Ca®" influx is thought to play a critical role in this cell
death. In situ hybridization revealed that the expression of
mRNA encoding GIuR2 (the subunit that limits Ca®* perme-
ability of AMPA-type glutamate receptors) was markedly and
specifically reduced in gerbil CA1 pyramidal neurons after
global ischemia but before the onset of neurodegeneration. To
determine whether the change in GIuR2 expression is function-
ally significant, we examined the AMPA receptor-mediated rise
in cytoplasmic free Ca®* level ((Ca®™"],) in individual CA1 pyra-
midal neurons by optical imaging with the Ca®™" indicator dye

fura-2 and by intracellular recording. Seventy-two hours after
ischemia, CA1 neurons that retained the ability to fire action
potentials exhibited a greatly enhanced AMPA-elicited rise in
[Ca®"].. Basal [Ca®™); in these neurons was unchanged. These
findings provide evidence for Ca2™* entry directly through AMPA
receptors in pyramidal neurons destined to die. Downregulation
of GIuR2 gene expression and an increase in Ca®" influx
through AMPA receptors in response to endogenous glutamate
are likely to contribute to the delayed neuronal death after
global ischemia.
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Transient, severe global ischemia, occurring during cardiorespi-
ratory arrest in patients or experimentally in animals, induces
selective and delayed neuronal cell death (for review, see
Schmidt-Kastner and Freund, 1991). Pyramidal neurons in the
CAL1 region of the hippocampus and some types of hilar neurons
are particularly vulnerable and die after global ischemia (Kirino,
1982; Pulsinelli et al., 1982; Hsu and Buzsaki, 1993). In rats, cell
loss is not prominent until 2-3 d after induction of ischemia
(Pulsinelli et al., 1982). A rise in [Ca®*]; is thought to initiate a
cascade of events leading to cell death, including activation of
proteases and endonucleases, generation of free radicals that
destroy cell membranes by lipid peroxidation, and induction of
apoptosis (for review, see Rothman and Olney, 1986; Choi, 1990,
1995; Puttfarcken et al., 1993; Bredesen, 1995; Meldrum, 1995).

Although AMPA receptors were initially thought to be rela-
tively impermeable to Ca>", it is now clear that there are also
AMPA receptors exhibiting considerable Ca** permeability.
AMPA receptors containing the GluR2 subunit exhibit low Ca**
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permeability, whereas AMPA receptors lacking GluR2 are much
more Ca?" permeable (Hollmann et al., 1991; Hume et al., 1991;
Burnashev, 1996). AMPA receptors in most principal neurons of
adult hippocampus are heteromeric, contain GluR2, and have a
low permeability to Ca** (Bochet et al., 1994; Jonas et al., 1994;
Geiger et al., 1995). GluR2-lacking, relatively Ca®*-permeable
AMPA receptors have recently been implicated in the pathogen-
esis of neuronal degeneration after global ischemia. In rats, global
ischemia leads to reduced expression of GluR2 mRNA in vulner-
able pyramidal neurons of the hippocampal CA1l before the
delayed cell death (Pellegrini-Giampietro et al., 1992a; Pollard et
al., 1993); this reduction would lead to increased formation of
Ca?"-permeable AMPA receptors. After ischemia, AMPA
receptor-mediated EPSCs at the CA1-Schaffer collateral synapse
are enhanced and increased in sensitivity to Joro spider toxin and
1-acetyl naphthyl spermine (Tsubokawa et al., 1995), channel
blockers selective for GluR2-lacking, Ca**-permeable AMPA
receptors (Blaschke et al., 1993; Herlitze et al., 1993). Adminis-
tration of the AMPA and kainate receptor antagonist 2,3-
dihydroxy-6-nitro-7-sulfamoylbenzo( f)quinoxaline (NBQX) pro-
tects CAl neurons in animal models of global ischemia
(Sheardown et al., 1990; Buchan et al., 1991); protection is ob-
served even when NBQX is administered 16—24 hr after ischemia
(Sheardown et al., 1993). Neuroprotection by NBQX implicates
AMPA and/or kainate receptors in delayed neuronal death but
does not distinguish between more and less of the Ca**-
permeable receptors.

Taken together, the data suggest that the “switching off” of
GluR2 expression in CAl after an ischemic insult is translated
into the formation of new AMPA receptors lacking the GluR2
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subunit. This change in receptor composition increases AMPA
receptor-mediated Ca®* entry in response to endogenous gluta-
mate and enhances glutamate pathogenicity in this region (the
GIluR?2 hypothesis; Pellegrini-Giampietro et al., 1997).

The present study was performed in gerbils to test whether the
change in AMPA receptor expression enhances AM PA receptor-
gated Ca>" entry into CA1 pyramidal neurons. We first show by
in situ hybridization that global ischemia in gerbils, as in rats,
leads to a reduction in GluR2 mRNA in these neurons. We then
show by intracellular recording and optical imaging of fura-2-
injected CA1 neurons that Ca®* influx through AMPA receptors
is increased after global ischemia. The changes in GluR2 mRNA
expression and AMPA receptor function precede neuronal
death. These findings indicate that Ca®" influx through AMPA
receptors lacking the GluR2 subunit may be an important factor
contributing to delayed neurodegeneration after global ischemia.

MATERIALS AND METHODS
Global ischemia in the gerbil

Global ischemia in the gerbil was produced by temporary bilateral
occlusion of the carotid arteries. Adult male Mongolian gerbils (Tumble-
brook Farms), weighing between 60 and 80 gm, were fasted overnight and
anesthetized with intraperitoneal ketamine (100 mg/kg) and xylazine (6
mg/kg). The carotid arteries were occluded with nontraumatic aneurism
clips and released after 5 min to allow cerebral reperfusion. Body
temperature was maintained close to 37.5°C with a rectal thermistor and
heat lamp until thermoregulation recovered. Control gerbils were sham-
operated and sacrificed 48 or 72 hr later.

Histological analysis

Neuronal damage was monitored in the hippocampus by histological
examination at various time points after ischemia. Animals were anes-
thetized and decapitated. The brains were then rapidly removed and
placed into ice-cold PBS. Both hippocampi were dissected out and cut
into 1-mm-thick transverse slices with a Mcllwain tissue chopper. These
slices were placed immediately into ice-cold fixative (2.5% glutaralde-
hyde and 4% formaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4).
After fixation at 4°C overnight, the tissue was osmicated (2% OsO, in 0.1
M sodium cacodylate buffer, pH 7.4, for 2 hr), dehydrated, and embedded
in Eponate 12 resin (Ted Pella Inc., Redding, CA). Two micrometer
sections were cut and stained with toluidine blue. In addition, emulsion-
dipped sections after hybridization were counterstained with hematoxy-
lin and eosin, dehydrated in graded ethanols, cleared, and coverslipped.

In situ hybridization

Preparation of probes. **S-Uridine triphosphate (UTP)-labeled RNA
probes were transcribed from GluR1, GluR2 (AMPA receptor), and
NR1 (NMDA receptor) subunit cDNAs with a Stratagene (La Jolla, CA)
transcription kit. cDNA templates were incubated (1 hr, 37°C) with the
appropriate polymerase (T7 for GluR1 and GIluR2, T3 for NR1) and
with labeled and unlabeled nucleotides. RNA probes were purified by
phenol and chloroform extraction.

Hybridization. Glutamate receptor mRNA expression was measured by in
situ hybridization on brain sections of control and ischemic gerbils by a
modification of the method of Pellegrini-Giampietro et al. (1991). In brief,
coronal sections (20 um) of brains from control (n = 6) and from 24 hr (n =
4), 48 hr (n = 8), and 72 hr (n = 4) ischemic gerbils were hybridized with
38-UTP-labeled RNA probes directed against the GluR1, GluR2, and
NRI1 subunit cDNAs. Before application of an RNA probe, sections were
subjected to acetylation and were incubated (2 hr at 50°C) with 100 ul of
prehybridization solution. For hybridization, slides were incubated over-
night at 50°C with the **S-labeled RNA probe (10° cpm/section, 1 ng/ul).
Sections were treated with RNase A (20 pug/ml) and dehydrated in ethanol.
Slides were apposed to Kodak XAR-5 film (24-72 hr) or, for higher
resolution studies, dipped in photographic emulsion (Kodak NTB-2) and
exposed for 1-4 weeks. The anatomy of brain images from autoradiographs
and from hematoxylin and eosin sections was assessed using the atlas of
Paxinos and Watson (1991). Photomicrographs were obtained using a
Nikon microscope and bright-field optics.

Signal specificity. Signal specificity was assessed by competition exper-
iments in which radiolabeled probes were hybridized to sections in the
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presence of excess (100-fold) levels of the same unlabeled probe. This
procedure resulted in virtually blank autoradiograms. In separate control
studies, labeling by sense RNA probes or by antisense probes to sections
pretreated with RNase A (100 ug/ml) showed no detectable labeling.
Conditions were of sufficiently high stringency as to rule out cross-
hybridization among GluR1, GluR2, and GIuR3 (Pellegrini-Giampietro
et al., 1991), and more distantly related glutamate receptor subunits
(GluR5-GluR7, KA1, KA2). The GluR1 and GluR2 probes are “pan”
probes (Sommer et al., 1990) in that they label both “flip” and “flop”
splice variants. The NR1 probe is a pan probe in that it labels all eight
splice variants; NR1 shares <20% sequence identity with NR2A-NR2C
(Kutsuwada et al., 1992; Monyer et al., 1992) and is therefore unlikely to
cross-react with mRNAs encoding NR2 subunits.

Quantitation and statistical analysis. For quantification of mRNA ex-
pression levels, autoradiograms were analyzed with a Molecular Dynam-
ics (Sunnyvale, CA) 300A Computing Densitometer equipped with the
National Institutes of Health IMAGE program. Film images were
scanned at 2000 dpi resolution, and images of each section (~1 X 10°
pixels) were created. Mean optical densities in regions of maximal
labeling of individual hippocampal subfields were averaged from a min-
imum of two sections from each animal for each probe, and film back-
ground was subtracted. Optical density values were expressed as grand
means (=SEM) of individual means from three to eight gerbils per
postischemic group. To enable comparisons between groups for any
given probe, brain sections were cut from control and postischemic
gerbils in the same experimental session, incubated the sections with the
same solutions of RNA probes on the same day, and apposed the sections
to the same sheet of film.

Mean optical density readings were statistically analyzed by Student’s
unpaired ¢ test. The percent change in optical density for postischemic
gerbils was expressed relative to optical density values for the corre-
sponding regions of the control gerbil hippocampus on the same film.
The rationale of the quantitative analysis was based on the following
considerations: (1) optical density readings taken from each region of
interest varied little in different sections from the same animals; (2) the
concentration of RNA probe used (10° cpm/section) produced saturating
levels of hybridization and the maximal signal-to-noise ratio for the
probes used (Pellegrini-Giampietro et al., 1991); and (3) use of **S-UTP-
labeled brain paste standards indicated that exposure times were in the
linear response range of the film (Pellegrini-Giampietro et al., 1991).

Ca?* imaging and intracellular recording

Electrophysiology. For electrophysiological and Ca?*-imaging experiments,
gerbils were decapitated 48 hr (n = 6) or 72 hr (n = 7) after ischemia.
Control gerbils were sham-operated and decapitated 48 or 72 hr later (n =
6). Three unoperated animals did not differ from sham-operated animals,
and data from these animals were pooled. Experiments were performed on
transverse vibratome slices of gerbil dorsal hippocampus (300 wm). After
preparation, slices were placed in a slice chamber and allowed to recover for
at least 1 hr in an extracellular solution containing 124 mm NaCl, 2.0 mMm
KCl, 3 mm MgSO,, 3 mm CaCl,, 18 mm NaHCOj, 1.24 mm KH,PO,, 10
mM D-glucose, and 50 uM picrotoxin. Recordings were performed at room
temperature in an interface recording configuration with a humidified
atmosphere consisting of 95% O,/5% CO,. CA1 pyramidal neurons were
impaled with sharp microelectrodes containing a solution of 10 mM fura-2
(potassium salt; Molecular Probes, Eugene, OR) in 1.5 M CsCl in the tip
and a backfill solution of 3 M CsCl Electrode resistance was ~200 M(Q
initially and dropped to 60—80 M) over ~20 min as the electrode solutions
equilibrated. CA1 neurons were loaded with fura-2 by passing steady
hyperpolarizing current (0.5-1.0 nA) and loaded with Cs™ by passing
depolarizing pulses (100-200 msec, 0.2-0.7 nA, every 10 sec for 10 min).
Final intracellular concentrations of fura-2 were 0.2-0.3 mm (Petrozzino et
al., 1995). Cells were voltage-clamped in the discontinuous single electrode
mode of an Axoclamp-2A (Axon Instruments, Burlingame, CA) with a
switching frequency of 2-5 kHz. Details of the procedure are given in
Results.

Imaging. Cells were imaged from the top surface of the slice by means
of an upright microscope (Zeiss Axioskop) and a 20X dry objective
(Zeiss). A charge-coupled device camera system (series 200; Photomet-
rics Ltd., Tucson, AZ) was used to acquire digitized images of fura-2
fluorescence as described previously (Muller and Connor, 1991). The
camera was operated in frame transfer mode. Image pairs were acquired
using 350 and 380 nm excitation wavelengths. Exposure times for single
frames were 100-200 msec. Image pairs were acquired every 30 sec.
[Ca?*); was calculated from image pairs by the ratio method (Grynk-
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Figure 1.

Global ischemia induces selective, delayed neuronal cell loss in the hippocampal CAl. Toluidine blue labeling of coronal brain sections at the

level of the dorsal hippocampus from control (4, B) and experimental (C, D) gerbils revealed no detectable neuronal damage 72 hr after transient global
ischemia. Global ischemia was induced by two-vessel occlusion as described in Materials and Methods. One week after ischemia, the pyramidal cell layer
of the hippocampal CA1 exhibited virtually complete loss of neurons with only a few apparent survivors that may also have been deteriorating (E, F).
A, C, E, lower magnification than in B, D, F. Scale bars: E, 100 um; F, 50 um.

iewicz et al., 1985). Fluorescence data were background corrected before
construction of ratio images. [Ca®"]; before, during, and after AMPA
receptor stimulation compared using the Student’s unpaired ¢ test.

RESULTS

Global ischemia induces selective,

delayed neurodegeneration

To assess neuronal loss after induction of global ischemia in
gerbils, we subjected brain sections of experimental and control
animals to histological analysis. Toluidine blue-stained sections at
the level of the hippocampus revealed no detectable cell loss 24 hr
(data not shown) or 72 hr after induction of global ischemia (Fig.
1A-D). In contrast, analysis of brain sections taken from animals
1 week after ischemia revealed virtually complete loss of neurons
in the pyramidal cell layer of the hippocampal CA1l (Fig. 1E,F).
Only a few surviving neurons remained, and these may also have
been deteriorating. The hippocampal CA3 and dentate gyrus
exhibited no detectable cell loss (data not shown). These data
confirm those of Kirino (1982) and Kirino and Sano (1984).

GluR2 mRNA is decreased in CA1 after transient
global ischemia
To examine patterns of glutamate receptor mRNA expression in
adult gerbil brain, we performed in situ hybridization with ribo-
probes specific for GluR1, GluR2, and NR1 mRNAs. Autoradio-
grams of coronal sections of control gerbil brain at the level of the
dorsal hippocampus showed that all three transcripts were ex-
pressed at high levels in the pyramidal cell layer of CAl and CA3
and in the granule cell layer of the dentate gyrus (Fig. 2, left panel).
Twenty-four hours after a 5 min period of global ischemia,
GluR2 mRNA expression was significantly reduced in the CAl
pyramidal layer, to 85 £ 2% of control GluR2 expression. Forty-

eight and 72 hr after ischemia, GluR2 mRNA expression was
markedly reduced in CAl, to 48 = 6 and 17 = 10% of the control
value, respectively (Figs. 3, 44). Expression of GluR1 and NR1
mRNAs was unchanged at 24 hr and exhibited only modest de-
creases, to 87 = 5 and 93 = 5% of the control value, respectively,
at 48 hr in CA1 (Fig. 44). Seventy-two hours after ischemia, the
reduction in GluR1 and NR1 was to approximately half of the
control value, to 45 = 4 and 54 = 3%, respectively (p < 0.01; Fig.
4A4). The ratio of GluR2 to GluR1 mRNA expression in a given
region may be a predictor of the fraction of receptors that are Ca®*
permeable (for review, see Pellegrini-Giampietro et al., 1992b;
Burnashev, 1996). This ratio declined steadily to approximately
one-third of the control value by 72 hr in CA1 (Fig. 4B). In other
subfields of the hippocampus that do not undergo neurodegenera-
tion, CA3 pyramidal cells and dentate gyrus granule cells, gluta-
mate receptor mRNA expression showed little change. Seventy-
two hours after ischemia, GluR1 and GluR2 mRNAs were both
decreased by ~15% in CA3 (p < 0.01) and were not significantly
changed in dentate gyrus (decreased by ~1.5%; p > 0.05). In the
two regions, the ratio of GluR2 to GluR1 mRNAs was unchanged
relative to control values (Fig. 4B). No changes in expression of
glutamate receptor mRNAs were noted in other areas of the brain.

Ischemia-induced changes in GluR2 mRNA expression
are specific to CA1 pyramidal neurons

To examine AMPA receptor mRNA expression in individual py-
ramidal neurons, we performed microscopic examination of
emulsion-dipped sections of postischemic and control gerbil brain.
In control sections, labeling with an RNA probe directed to GluR2
mRNA revealed dense clusters of hybridization grains overlying
individual neurons in CA1 (Fig. 54), CA3, and dentate gyrus (data
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Figure 2. Expression of GluR2 mRNA is reduced specifically in CA1
after ischemia. Photomicrographs of autoradiograms of GluR1, GluR2,
and NR1 mRNA in situ hybridization in coronal sections of gerbil brain
at the level of the dorsal hippocampus from control animals (4, C, E) and
from experimental animals 72 hr after ischemia (B, D, F) are shown.
GluR2 mRNA was dramatically reduced in the pyramidal cell layer of the
vulnerable CA1l but not in the pyramidal cell layer of CA3 or in the
granule cell layer of the dentate gyrus, areas that do not undergo neuro-
degeneration. GluR1 and NR1 mRNAs were somewhat reduced in CA1
72 hr after ischemia.

not shown). Seventy-two hours after ischemia, sections labeled
with the GluR2 RNA probe revealed a reduced density of hybrid-
ization grains overlying individual CA1 pyramidal cells, indicative
of decreased RNA expression per neuron (Fig. 5B).

Global ischemia increases the AMPA receptor-
mediated rise in [CaZ*]; in CA1 pyramidal neurons

To test whether transient global ischemia alters basal [Ca?"]; and
AMPA-elicited Ca*" influx, we performed intracellular record-
ing and optical ratio imaging of individual fura-2-injected CA1l
neurons in slices from control and postischemic gerbils. Neurons
were selected for these measurements by three criteria: (1) having
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a resting membrane potential more negative than —60 mV at the
time of penetration, (2) generating action potentials >65 mV in
amplitude, and (3) requiring a hyperpolarizing current of <0.2
nA to maintain the membrane potential at —80 mV after Cs™
injection had blocked K conductances. Cells that failed these
criteria increased in conductance, had their [Ca®"]; rise beyond
where it was measurable with fura-2 (see below), and could not be
studied further. The fraction of pyramidal cells that met these
criteria was ~80% in slices from control animals and animals 48
hr after ischemia and was ~50% in slices from animals 72 hr after
ischemia.

CAl neurons selected by the above criteria were voltage
clamped at —80 mV, dye-loaded by passing hyperpolarizing cur-
rent for 10-20 min, and injected with Cs™* by application of
suprathreshold depolarizing current pulses. Then the slices were
perfused for at least 15 min with a solution containing D,L-2-
aminophosphonovaleric acid (APV, 100 um) and MK-801 (20
uM) to block Ca®* influx through NMDA receptors, nimodipine
(10 um) and Cd** (100 um) to block, at least partially, voltage-
dependent Ca?* channels, and tetrodotoxin (3 uM) to block
action potentials and synaptic release of glutamate by other
neurons. The [Ca?"]; was determined ratiometrically from paired
digitally acquired fluorescence images using excitation at 350 and
380 nm wavelengths. CA1 neurons, held at —80 mV, exhibited a
low resting [Ca®*]; (between 50 and 100 nwm) that did not differ
significantly in control and in 48 and 72 hr postischemic slices
(Figs. 6B, 74). For this comparison, a basal [Ca®"]; was deter-
mined just before AMPA application, but the level generally had
not changed from the time of fura-2 injection.

After determination of basal [Ca®*];, AMPA (100 um) and
cyclothiazide [CTZ, 10 um; to reduce desensitization of AMPA
receptors (Partin et al., 1994)] were applied for 30 sec in the
bathing solution containing blockers of NMDA, Ca®" and Na*
channels. In all CA1 neurons examined in both postischemic and
control slices, AMPA elicited a slowly rising inward current (Fig.
6). After washout of AMPA for ~5 min with the blocker solution
and then with the blocker solution plus 20 um 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) to speed recovery, the
AMPA-elicited current returned to near the baseline value (Fig.
6). Finally, the slices were perfused with normal saline for at least
15 min, and the somata were voltage-clamped to a potential
positive to 0 mV. Only cells that gave a Ca*" signal well above
background in response to this depolarization were included in
the study. Only one neuron was examined per brain slice, and a
neuron was subjected to only a single sequence of solutions.

In control slices, AMPA elicited a small rise in [Ca®*];in 11 of
17 neurons (mean rise in [Ca®*]; for the 17 control neurons,
12.9 = 3.5 nm). In slices from animals 48 hr after ischemia,
AMPA elicited a small rise in [Ca®*]; in 8 of 12 CAl neurons
(mean rise in [Ca®"]; for the 12 neurons, 20.6 * 8.1 nM, not
significantly different from control). In slices from animals 72 hr
after ischemia, the inward current was associated with a rise in
[Ca*"]; that paralleled the slow rise in current in 8 of 9 CAl
neurons (mean rise in [Ca*"]; for the 9 neurons, 185 = 72 nM)
(Figs. 7, 8). The AMPA-elicited rise in [Ca*"]; was significantly
greater in neurons 72 hr after ischemia than in control neurons
(p < 0.005) or in neurons 48 hr after ischemia (p < 0.025). After
washout of AMPA (with 20 um CNQX in addition to the other
blockers), [Ca®"];, as well as the current, slowly returned toward
initial values (Fig. 6).

In slices from animals 72 hr after ischemia, AMPA-induced
currents tended to be greater than currents in control neurons,
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Figure 3. Progressive decrease of GluR2 mRNA expression in the hippocampal CA1 after global ischemia. A-D, Expression of GluR2 mRNA in the
pyramidal cell layer of the hippocampal CA1l decreased with time after ischemia. Expression of GluR2 mRNA was little changed in CA3 and dentate

gyrus. Autoradiograms are described in Figure 2.
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Figure 4. Time course of reduction in GluR2 mRNA expression in the CA1 pyramidal cell layer after ischemia. Glutamate receptor mRNA expression
at the level of the hippocampus was measured as mean optical density within regions of interest in film autoradiograms from experimental and control
animals. 4, Values for GluR1, GluR2, and NR1 mRNA expression in CA1 of animals 24, 48, and 72 hr after ischemia are plotted as percent = SEMs
of the corresponding values for control animals. Twenty-four hours after ischemia, GluR2 mRNA expression was decreased relative to the corresponding
control value; the reduction in GluR2 was significantly greater than the reduction in GluR1 (p < 0.01) and NR1 (p < 0.01) mRNA expression. At 48
hr GluR2 had decreased to 48 = 6% of the corresponding control value; GluR1 and NR1 were only slightly decreased. Seventy-two hours after ischemia,
GluR1 and NR1 were decreased to 45 + 4 and 54 + 3%, respectively, of control values; GIuR2 was decreased to 17 = 10% of control values (*p < 0.01
for each mRNA). Numbers of animals in each group are indicated in parentheses. B, Ratios of GluR2 to GluR1 mRNA expression in the hippocampal
CA1l, CA3, and dentate gyrus (DG) 24, 48, and 72 hr after ischemia are normalized to the control values. In CAl, the normalized ratio decreased
progressively to 0.38 at 72 hr (asterisks indicate significance). In CA3 and dentate gyrus, the ratio remained constant.

although the difference did not reach significance (0.05 <p < 0.1;
Fig. 7B). Larger currents tended to be associated with larger
changes in [Ca®"],. To examine changes in [Ca®"]; in control
neurons in which AMPA-induced currents were of the same
magnitude as in the 72 hr postischemic neurons, we increased the
concentration of CTZ from 10 uM to 30 uM for two additional
neurons from control slices. Under these conditions, AMPA-
elicited currents in the two neurons were in the range of the
largest currents observed in cells 72 hr after ischemia (Fig. 84);
however, the change in [Ca®*]; was small in each cell (2 nm and
19 nm) and comparable with that measured in other control
neurons at the lower concentration of CTZ. We also compared
the AMPA receptor-mediated rise in [Ca®*]; in control neurons
with that in 72 hr postischemic neurons after excluding the three

postischemic cells with the largest AM PA currents; in this sample
the AMPA-elicited rise in [Ca®"]; was still significantly larger in
neurons 72 hr after ischemia than in control neurons (p < 0.005).
Thus, the increase in the AMPA-elicited rise in [Ca®"]; in CA1
neurons 72 hr after ischemia is not simply caused by a bigger
AMPA-elicited current.

A crucial aspect of these observations is the use of blockers of
routes of Ca?" entry into the cells other than Ca?*-permeable
AMPA receptors. Inadequate voltage clamp, which might have
permitted Ca?" entry through voltage sensitive mechanisms,
should have been the same in control and postischemic neurons.
We conclude that the greater AMPA-induced rise in [Ca®*]; in
CA1 neurons 72 hr after ischemia is caused by increased Ca?*
permeability of their AMPA receptors.
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72 hrs

Figure 5. Changes in GluR2 mRNA expression are cell-specific. Emulsion-dipped coronal sections of the hippocampus from control and experimental
animals 72 hr after ischemia show silver grains densely clustered over CA1 pyramidal neurons. A, Sections of control brain revealed dense clusters of
silver grains overlying individual pyramidal neurons in the CAl; virtually all neurons in the field exhibited intense labeling. B, Seventy-two hours after
ischemia, GluR2 labeling was dramatically reduced for all CAl neurons. Sections were counterstained with hematoxylin and eosin. Arrows indicate
representative pyramidal neurons. At this time, histological analysis showed no cell loss (see Fig. 1).

In addition to having greater AM PA-induced Ca?" signals, the
postischemic neurons differed somewhat from control neurons in
action potential generation. Recordings with K-acetate-filled
electrodes showed that adaptation and broadening of spikes dur-
ing a prolonged depolarization were reduced in postischemic
neurons (J. A. Connor and J. J. Petrozzino, unpublished obser-
vations). These properties could not be well evaluated with Cs *-
filled electrodes, which rapidly caused spike broadening and re-
duction of the afterhyperpolarization in control cells.

In slices from animals 72 hr after ischemia, the AM PA-elicited
rise in [Ca?"]; was maximal in the cell somata and proximal
dendrites (Fig. 84,B) and decreased gradually with distance from
the soma. AM PA-elicited rise in [Ca®"]; was undetectable in the
distal dendrites (Fig. 6). In two of seven cells 72 hours after
ischemia in which measurements were made in both soma and
proximal dendrite, the rise in [Ca®"]; was somewhat greater in
the dendrite. That the AMPA-elicited rise in [Ca®"|; was greater
in pyramidal cell somata and proximal dendrites than in distal
dendrites was somewhat unexpected in that the density of AMPA
receptors and excitatory synapses is greater along dendritic pro-
cesses (Eshhar et al., 1993; Baude et al., 1995; Siegel et al., 1995).
This apparent discrepancy may be because of earlier insertion of
newly synthesized AMPA receptors lacking GluR2 in the cell
somata and proximal dendrites than in the distal dendrites. In
addition, the Ca®" handling capacity may be greater in the distal
dendrites.

The slow application of AMPA in these experiments precluded
measurement of a lag in the rise in [Ca®"]; that would be
associated with accumulation of Ca®* in the cell.

DISCUSSION

The present study examined AMPA receptor gene expression
and AMPA receptor-mediated changes in [Ca®"]; in hippocam-
pal CAl neurons after transient global ischemia in gerbils. As in
the rat, GluR2 mRNA expression was reduced in vulnerable CA1
neurons at times preceding ischemia-induced neurodegeneration.
The reduction in GluR2 expression was specific to vulnerable
CAl pyramidal neurons; neurons in CA3 and dentate gyrus,

which do not undergo neurodegeneration, exhibited little or no
decrease in GluR2 mRNA expression. Expression of the other
glutamate receptor mRNAs examined, GluR1 and NRI1, was
reduced in CA1l only modestly 48 hr after ischemia; the change
observed in these mRNAs could reflect onset of neuronal dam-
age, although neither morphological nor physiological deteriora-
tion was apparent at this time.

The novel observation of this study is that, 72 hr after induction
of global ischemia but before cell death, AMPA elicited a pro-
nounced rise in [Ca*"]; in CAl pyramidal cells. The rise in
[Ca?*]; was markedly greater than the rise seen in neurons from
control animals or animals 48 hr after ischemia. Basal [Ca®"];
was unchanged in postischemic neurons, although our criteria for
selecting cells in this study may have excluded cells in which
[Ca®*]; was increased because of the onset of cell damage.
Because Ca?" entry through other Ca?"-permeable channels
was blocked, these data indicate that the increased rise in [Ca?™"];
was caused by Ca®" influx through AMPA receptors, which
provides functional evidence for the reduction in GluR2 protein
synthesis predicted by the reduction in GluR2 mRNA. Moreover,
the reduction in receptor mRNA preceded the increase in Ca®"
influx by at least 24 hr. In support of this mechanism, GluR2
protein expression in rats, detected by immunocytochemistry
with a subunit-specific monoclonal antibody, is markedly reduced
in CA1 (but not CA3) neurons by 36 hr after ischemia (Pulsinelli
et al., 1995). Our findings do not rule out that sequestration and
extrusion mechanisms had reduced capacity or that Ca>"-evoked
Ca?" release from cytoplasmic stores was increased after is-
chemia. However, if Ca®" influx were the same in control and in
postischemic neurons, the minimal levels of AMPA-induced rises
in [Ca®"]; in control neurons would require very effective Ca®*
regulation in control neurons or a dramatic increase in Ca**-
evoked Ca?* release in postischemic neurons. We conclude that
the observed elevations in [Ca?™"]; were, in fact, predominantly if
not exclusively caused by Ca?" influx through Ca**-permeable
AMPA receptors.

A problem inherent in the study of postischemic neurons is that
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Figure 6. AMPA-elicited inward current and rise in [Ca®"]; in a CA1 pyramidal neuron after ischemia. A, Inward current elicited by AMPA [30 um
with 10 uM cyclothiazide (CTZ)] in a CAl pyramidal neuron in a hippocampal slice from an animal 72 hr after ischemia. AMPA and CTZ were
bath-applied for 30 sec (red bar). Then the AMPA was washed out with saline containing the NMDA receptor and the Ca®" and Na * channel blockers.
After ~5 min, CNQX (20 um) was added to the other blockers to cause more rapid recovery. In the control neuron illustrated in B, the AMPA-elicited
inward current in the presence of 30 um CTZ was of somewhat lower amplitude but was similar in time course. B, Optical imaging (350 nm excitation
images) of individual CA1 pyramidal neurons injected with fura-2 in hippocampal slices from a control animal (upper row) and an experimental animal
72 hr after ischemia (lower row, same cell as in 4). a-b, Time of imaging indicated in current trace above. a, Image taken before bath application of
agonist. b, Image taken at peak inward current after application of AMPA (100 um with 10 um CTZ). ¢, Image taken after recovery to near baseline
current. Color represents [Ca?*]; determined from the ratio of fluorescence obtained at two excitation wavelengths (350 and 380 nm); calibration is at
right. AMPA elicited little change in [Ca®"]; in the control neuron. In contrast, AMPA elicited a rise in [Ca®*]; in the soma of the postischemic neuron
and a smaller increase in its proximal dendrites. Red circles in the 350 nm excitation images indicate representative sites of Ca>* measurement in cell
somata and dendrites for data presented in Figures 7 and 8.
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they are likely to die rapidly after expression of Ca?*-permeable
AMPA receptors. Because neurons with resting and action po-
tentials that failed to meet our criteria were eliminated from the
present study, our sample is likely to be biased toward neurons
relatively delayed in degeneration, although nonetheless fated to
die (Fig. 1).

From studies of neuronal properties after global ischemia, we
can summarize that neuroprotection is provided by non-NMDA
glutamate antagonists (Sheardown et al., 1990, 1993; Buchan et
al., 1991); that expression of GluR2 receptor mRNA and protein
are reduced (Pellegrini-Giampietro et al., 1992b, 1994; Pulsinelli
et al., 1995) (present study); and that AMPA receptor permeabil-
ity to Ca*" is increased, assessed pharmacologically and by Ca>*

imaging (Tsubokawa et al., 1995) (present study). The reduction
in GluR2 expression, which the physiological data indicate is
translated into new AMPA receptors lacking the GluR2 subunit,
could allow AMPA receptor-mediated entry of Ca®* into CAl
neurons to reach toxic levels. Neuroprotection by NBQX suggests
that this Ca®" influx is necessary, if not sufficient, for the delayed
cell death. This mechanism is supported by studies of glutamate-
induced cell death in cultured neurons after oxygen and glucose
deprivation (Ying et al., 1996). Insulted cultures exhibit increased
AMPA- or kainate-induced Ca** accumulation sensitive to Joro
spider toxin and increased vulnerability to AMPA receptor-
mediated excitotoxicity, suggesting increased formation of
GluR2-lacking, Ca*"-permeable AMPA receptors.
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Figure 7. AMPA-elicited rises in [Ca"]; in CA1 neurons are increased
72 hr after global ischemia. 4, Basal and AM PA-elicited rise in [Ca>"];
in the somatic region of individual CA1 pyramidal neurons in hippocam-
pal slices of control animals and ischemic animals 48 and 72 hr after
reperfusion. Basal [Ca®"]; did not significantly differ in control and
postischemic neurons (open bars). AMPA (30 um with 10 um CTZ to
reduce desensitization) induced a slight rise in [Ca?*]; in control neurons
and neurons from animals 48 hr after ischemia ( filled bars). AMPA
elicited a large rise in [Ca?*]; in neurons 72 hr after ischemia relative to
that elicited in control neurons (p < 0.005) or to that in neurons 48 hr
after ischemia (p < 0.025). B, The peak AMPA-induced current did not
differ significantly in control versus postischemic neurons at 48 hr or at
72 hr.

GluR2 expression, Ca®* permeability, and cell death
Studies involving patch-clamp recording and reverse transcriptase-
PCR demonstrate that abundance of GluR2 mRNA is inversely
related to AMPA receptor Ca®* permeability in a wide range of
cell types (for review, see Burnashev, 1996). Excitatory principal
neurons of the hippocampus (Bochet et al., 1994; Geiger et al,,
1995) and neocortex (Jonas et al., 1994) exhibit low Ca** perme-
ability and abundant GluR2 mRNA. AMPA receptors in these
cells are primarily GluR1/GluR2 and GluR2/GluR3 assemblies,
with homomeric GluR1 accounting for only ~8% of AMPA re-
ceptor complexes (Wenthold et al., 1996). In contrast, GABAergic
interneurons and dentate gyrus basket cells (Bochet et al., 1994;
Jonas et al., 1994; Geiger et al., 1995; Racca et al., 1996) display
higher Ca*" permeability and less abundant GluR2 mRNA.
Available data indicate that the decrease in GluR2 expression
in neurons in which GluR2 is normally abundant, rather than the
absence of GluR2, is predictive of neuronal vulnerability. In
normal hippocampus, GABAergic interneurons lacking GluR2
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Figure 8.  AMPA-elicited rises in [Ca®"]; in individual CA1 pyramidal
neurons are increased 72 hr after ischemia. Peak inward currents and rises
in [Ca?"); elicited by AMPA (30 uM with 10 um CTZ) are indicated for
individual pyramidal neurons in slices from control animals and experi-
mental animals 48 and 72 hr after ischemia. [In the two control neurons
exhibiting the largest AMPA-elicited currents (open circles), the CTZ
concentration was increased to 30 uM to elicit a current comparable with
the large currents observed in three neurons 72 hr after ischemia.]
AMPA-elicited rises in [Ca®"]; were greater in neurons from animals at
72 hr than in neurons from animals at 48 hr after ischemia or from control
animals. A, Data from somata. B, Data from proximal dendrites.

are viable and relatively resistant to ischemia-induced damage
(Johansen et al., 1984). Moreover, transgenic mice with targeted
disruption of the GluR2 gene survive, and their principal neu-
rons, which express GluR2 in wild-type animals, are functional
(Jia et al., 1996). Possible explanations for survival of neurons
lacking GluR2 are (1) the presence of compensatory mechanisms
for Ca2" buffering and extrusion (for example, enhanced expres-
sion of Ca*"-binding proteins (Ribak et al., 1990; Kondo et al.,
1997) and (2) a reduction in AMPA receptor currents, caused by
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reduced expression of GluR1 and GluR3 and/or expression of
receptors with altered properties, such as enhanced desensitiza-
tion (Geiger et al., 1995; Lambolez et al., 1996). Hence, the
GluR2 hypothesis would apply primarily to neurons that normally
express AM PA receptors with low Ca®* permeability and that do
not cope with significant Ca2" influx via this class of receptor. In
these cells, acute increases in Ca?* permeability of AMPA
receptors could account for cell death. Transgenic mice heterozy-
gous for a Q/R editing-deficient GluR2 allele expressed AMPA
receptors with increased Ca?" permeability, particularly in hip-
pocampal and neocortical principal neurons (Brusa et al., 1995).
The mice developed recurrent seizures and died within the first 3
weeks of life, with cell loss in the hippocampus. Unedited GluR2
may have contributed to the formation in these animals of a
greater number of Ca®"-permeable AMPA receptors than in the
GluR2 knock-out mice.

Mechanisms of altered gene expression

The molecular mechanisms by which global ischemia alters GluR2
expression have not been determined. After ischemia, expression
of transcription factors, including products of immediate early
genes, stress proteins, and neurotrophic factors are also altered in
CA1 (Aoki et al., 1993; Nowak et al., 1993; Takeda et al., 1993;
Kindy et al., 1994; Kokaia et al., 1994; Kamme et al., 1995). These
proteins are plausible candidates for the downregulation of GluR2
expression by reducing mRNA transcription and/or stability. Be-
cause some mRNAs and proteins are upregulated in CAl, the
decreases in GluR2 mRNA and protein are not simply a result of
a loss of transcriptional or translational capability but seem to
result from a regulatory, although maladaptive, change. It is likely
that the regulatory mechanism responsible for reduced expression
of GluR?2 is active in other physiological processes, such as devel-
opment (Pellegrini-Giampietro et al., 1991).

A number of neuroprotective treatments in animal models of
global ischemia prevent downregulation of GluR2 in CAl. Ago-
nists of adenosine Al receptors and activators of K, rp channels
are neuroprotective when given just before ischemia and block
downregulation of GluR2 (Heurteaux et al.,, 1995). Aurintricar-
boxylic acid, a nonspecific endonuclease inhibitor that can prevent
apoptosis, is neuroprotective when given intraventricularly at the
time of ischemia and blocks downregulation of GluR2 (E. M.
Aronica, J. A. Gorter, J. A. Kessler, M. V. L. Bennett, R. S. Zukin,
and D. M. Rosenbaum, unpublished observations). Ischemic pre-
conditioning, in which a period of ischemia sublethal for CAl
neurons is given several days before a period of ischemia that
would otherwise be lethal to these neurons, also blocks downregu-
lation of GluR2 (Heurteaux et al., 1995). In contrast to the fore-
going examples, the AMPA/kainate antagonist NBQX is neuro-
protective (Sheardown et al., 1990, 1993; Buchan et al., 1991) but
does not block downregulation of GluR2 (Pellegrini-Giampietro et
al., 1994), suggesting that NBQX affords neuroprotection by a
direct block of GluR2-lacking, Ca?*-permeable AMPA receptors.

Another candidate mechanism for GluR2 regulation that could
modify Ca®* influx is RNA editing. The RNA encoding the
GluR2 isoform that limits Ca** permeability is edited to result in
a Q to R substitution in a channel-lining residue; the unedited
subunit forms Ca®*-permeable channels in heteromeric or ho-
momeric configurations (Sommer et al., 1991; Seeburg, 1996).
However, editing of GluR2 mRNA at the Q/R site is virtually
complete and invariant in hippocampus and neocortex under
physiological conditions and unaltered after global ischemia
(Kamphuis et al., 1995, Paschen et al., 1996).
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Regulation of GIuR2 expression in neurodegeneration

In adult rats, kainate-induced status epilepticus causes delayed
and specific neuronal cell death; pyramidal neurons of the hip-
pocampal CA3 and hilar interneurons are particularly vulnerable.
GluR2 mRNA expression is dramatically reduced in the vulner-
able CA3 after status epilepticus (Pollard et al., 1993; Friedman et
al., 1994), and the reduction in GluR2 mRNA precedes the onset
of neuronal cell death. GluR2 expression is unchanged in other
regions resistant to seizure-induced damage, in particular CA1l
and dentate gyrus. In pup rats, kainate induces status epilepticus
but without the subsequent hippocampal cell death; GluR2
mRNA and protein expression are maintained in pup CA3 (L. F.
Friedman, E. F. Sperber, S. L. Moshé, M. V. L. Bennett, and R. S.
Zukin, unpublished observations). These and other findings (for
review, see Pellegrini-Giampietro et al., 1997) suggest that down-
regulation of GluR2 expression and entry of Ca®" through
AMPA receptors in response to endogenous glutamate may be
involved in the pathogenesis of a number of neurodegenerative
disorders in addition to delayed neuronal death after ischemia.
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