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Knockdown of AMPA Receptor GluR2 Expression Causes Delayed
Neurodegeneration and Increases Damage by Sublethal Ischemia
in Hippocampal CA1 and CAS3 Neurons
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Considerable evidence suggests that Ca®"-permeable AMPA
receptors are critical mediators of the delayed, selective neu-
ronal death associated with transient global ischemia and sus-
tained seizures. Global ischemia suppresses mRNA and protein
expression of the glutamate receptor subunit GluR2 and in-
creases AMPA receptor-mediated Ca?" influx into vulnerable
neurons of the hippocampal CA1 before the onset of neurode-
generation. Status epilepticus suppresses GIuR2 mRNA and
protein in CA3 before neurodegeneration in this region. To
examine whether acute downregulation of the GluR2 subunit,
even in the absence of a neurological insult, can cause neuronal
cell death, we performed GluR2 “knockdown” experiments.
Intracerebral injection of antisense oligodeoxynucleotides tar-
geted to GIuR2 mRNA induced delayed death of pyramidal
neurons in CA1 and CA3. Antisense-induced neurodegenera-
tion was preceded by a reduction in GIuR2 mRNA, as indicated
by in situ hybridization, and in GIuR2 protein, as indicated by

Western blot analysis. GluR2 antisense suppressed GIluR2
mRNA in the dentate gyrus but did not cause cell death. The
AMPA receptor antagonist 6-cyano-7-nitroquinoxiline-2,3-
dione (CNQX) and the Ca®"-permeable AMPA receptor chan-
nel blocker 1-naphthyl acetyl spermine protected against
antisense-induced cell death. This result indicates that
antisense-induced cell death is mediated by Ca®"-permeable
AMPA receptors. GIuR2 antisense and brief sublethal global
ischemia acted synergistically to cause degeneration of pyra-
midal neurons, consistent with action by a common mecha-
nism. These findings demonstrate that downregulation of
GIuR2 is sufficient to induce delayed death of specific neuronal
populations.
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Transient severe global ischemia, occurring in patients during
cardiorespiratory arrest or induced experimentally in animals,
causes selective and delayed neuronal cell death, particularly of
the hippocampal CA1 (Schmidt-Kastner and Freund, 1991; Hsu
and Buzsaki, 1993). The delayed cell death after ischemia re-
quires an initial translocation of Zn>" (Koh et al., 1996) and is
associated with a late influx of toxic amounts of Ca*" into
vulnerable neurons, which may be mediated by Ca**-permeable
AMPA receptors (Pellegrini-Giampietro et al., 1997). During the
ischemic episode, cells depolarize, exhibit a rise in intracellular
Ca?* (Silver and Erecinska, 1992), and become inexcitable. After
reperfusion, cells appear morphologically normal, exhibit normal
intracellular Ca®* (Silver and Erecinska, 1992), and are again
able to generate action potentials for 2472 hr after the ischemic
insult (Gorter et al., 1997). Ultimately, intracellular Ca*" again
rises in vulnerable neurons, and cell death ensues, exhibiting a
number of the hallmarks of apoptosis (Kirino, 1982; Takei and
Endo, 1994; Choi, 1995; Chen et al., 1998; but see Colbourne et
al.,, 1999). Delayed neurodegeneration is also seen after kainate-
induced status epilepticus, but in this paradigm, it is the pyrami-

Received May 4, 1999; revised Aug. 2, 1999; accepted Aug. 13, 1999.

This work was supported by National Institutes of Health Grants NS 20752 and NS
31282 to R.S.Z. and NS 007412 to M.V.L.B. M.V.L.B. is the Sylvia and Robert S.
Olnick Professor of Neuroscience. We thank Dr. Thoralf Opitz for his helpful
comments.

Correspondence should be addressed to Dr. Michael V. L. Bennett, Department
of Neuroscience, Albert Einstein College of Medicine, 1300 Morris Park Avenue,
Bronx, NY 10461. E-mail: mbennett@aecom.yu.edu.

Copyright © 1999 Society for Neuroscience 0270-6474/99/199218-10$05.00/0

dal neurons of CA3 that are selectively vulnerable (Friedman et
al., 1994).

AMPA receptors containing an edited form of the glutamate
receptor subunit GluR2 (or GluR-B) are relatively impermeable
to divalent cations; receptors lacking this subunit are much more
permeable to Ca®" (and Zn>") (Hollmann et al., 1991; Ver-
doorn et al., 1991; Burnashev et al., 1992; Bowie and Mayer, 1995;
Washburn et al., 1997). Most principal neurons of adult hip-
pocampus express heteromeric AMPA receptors that contain
edited GluR2 and have low permeability to Ca®* (Bochet et al.,
1994; Jonas et al., 1994; Geiger et al., 1995). In these cells, an
acute reduction in GluR2 expression could act as a “molecular
switch,” leading to increased Ca®" permeability of AMPA re-
ceptors and enhanced toxicity of endogenous glutamate.

A number of studies provide evidence that Ca*"-permeable
AMPA receptors are mediators of the delayed neurodegenera-
tion associated with global ischemia and status epilepticus.
AMPA receptor antagonists, but not NMDA antagonists, protect
against ischemia-induced neuronal death, even when adminis-
tered many hours after a brief ischemic insult (Pulsinelli et al.,
1993; Sheardown et al., 1993). The relevance of this finding,
however, is unclear, because protection may be caused by
antagonist-induced hypothermia rather than by block of Ca®*-
permeable AMPA receptors in vulnerable neurons (Nurse and
Corbett, 1996). Global ischemia induces downregulation of
GIuR2 mRNA and protein expression in vulnerable neurons
before cell death (for review, see Bennett et al., 1996; Pellegrini-
Giampietro et al., 1997). In slices from postischemic animals, CA1
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neurons with robust action potentials exhibit greatly enhanced
AMPA-elicited rises in intracellular Ca®* compared with those
in cells from control animals (Gorter et al., 1997). EPSCs in
postischemic CA1 neurons exhibit an enhanced Ca**-dependent
component that appears to be mediated by Ca**-permeable
AMPA receptors (Tsubokawa et al., 1994, 1995). These studies
provide evidence of Ca*" influx through AMPA receptors in
neurons destined to die. Kainate-induced status epilepticus also
leads to downregulation of GluR2 mRNA and protein expression
before the onset of delayed neuronal death in CA3 (Friedman et
al., 1994, 1997).

To examine whether acute reduction in the level of GluR2 is
sufficient to cause neurodegeneration, even in the absence of the
other changes caused by global ischemia or status epilepticus, we
performed “knockdown” experiments with GluR2 antisense oli-
gonucleotides targeted to GluR2 mRNA. Knockdown of receptor
subunits has proven valuable in investigation of receptor function
in vivo and in vitro (for review, see Wahlestedt, 1994; Weiss et al.,
1997). Intracerebroventricular injection of GluR2 antisense in-
duced delayed degeneration of pyramidal neurons in CAl and
CA3, regions vulnerable to global ischemia and status epilepticus,
respectively. Degeneration in these regions was preceded by a
significant reduction in the levels of GluR2 mRNA and protein.
Blockers of AMPA receptors protected against antisense-
induced death. Moreover, GluR2 antisense acted synergistically
with brief, sublethal ischemia to cause degeneration of pyramidal
neurons, consistent with the mediation of postischemic death by
downregulation of GluR2.

MATERIALS AND METHODS

Antisense oligodeoxynucleotides. Oligodeoxynucleotides (21 bases in
length) corresponding to specific sequences in the 5’-coding region of the
GluR2 cDNA were synthesized in the antisense orientation (Genosys
Biotechnologies, The Woodlands, TX). The specific antisense oligonu-
cleotide designated AS1 (5'-CTGTATGCTGTTAGAAGAGAC-3'),
complementary to positions 64-84 of rat GluR2 ¢cDNA (GenBank
M36419), was designed to target the 5'-coding region of GluR2 mRNA
just after the signal sequence. The specific antisense designated AS2
(5'-AACCATTTTATCCACTTCACT-3'), complementary to positions
1168-1188 of the GluR2 cDNA, was designed to target the region of
GluR2 mRNA encoding a unique sequence in the N-terminal domain
recognized by polyclonal antibody GluR2-23 (Wenthold et al., 1992).
SC1 or “scrambled” antisense (5'-CTAACCTCCAATCTTATTCTA-
3'), in which the bases of the 21-mer AS2 were randomized, was synthe-
sized for use as a control. A search of GenBank revealed no rodent
sequence, other than that of the GluR2 gene, that was identical to any of
the three oligonucleotides for a length of 15 or more base pairs. Identity
over shorter sequences was not considered, because the predicted 7, of
15 mers would be ~15°C or lower, well below rodent body temperature.
Specificity of the oligos can also be inferred from their effects described
in the Results. To increase stability of the injected oligonucleotides,
phosphorothioate bonds were incorporated between three terminal nu-
cleotides at the 5’ and 3’ ends. For stereotaxic injections, oligonucleo-
tides were dissolved in saline (0.9% NaCl). Each single injection was 10
nmol in 5 ul for rats or 2 nmol in 3 ul for gerbils.
Intracerebroventricular administration of GIuR2 antisense in rats. For
administration of antisense oligonucleotides, adult male Sprague Dawley
rats (Charles River Laboratories, Wilmington, M A), weighing 260-280
gm, were anesthetized with 5% halothane, after which they were trans-
ferred to a surgical chamber and maintained in 2% halothane in a
mixture of N,O/O, (70:30) by means of a Vapomatic anesthetic vaporizer
(CWE, Ardmore, PA). Body temperature and anesthesia level were
monitored continuously during surgery. Animals were positioned in a
stereotaxic frame, and a cannula (28 gauge; stainless steel; inner diam-
eter, 0.18 mm; outer diameter, 0.36 mm) was lowered stereotaxically into
the right cerebral ventricle to a position defined by the following coor-
dinates: —0.92 mm posterior from bregma, —1.2 mm lateral to bregma,
and —3.6 mm below the skull surface. Specific GluR2 antisense ASI,
antisense AS2, or randomized (scrambled) antisense SC1 (10 nmol in 5
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ul of saline) or saline (5 ul) was delivered via the cannula at a flow rate
of 1 pl/min. A single injection of antisense or saline was given, or four
injections were given at 12 hr intervals. Both specific and scrambled
antisense caused some reduction in activity of the animals for several
hours after each injection; animals were never observed to exhibit
seizures.

Administration of antisense oligonucleotides and sublethal global isch-
emia in gerbils. To examine the combined effects of GluR2 antisense
oligonucleotide administration and transient, forebrain ischemia, we
anesthetized adult male Mongolian gerbils (Charles River Laboratories),
weighing 60—80 gm, with 4% halothane and then maintained them in 2%
halothane in a mixture of N,O/O, (70:30) as described above. For
intracerebroventricular injection, animals were held in a stereotaxic
frame, and the injection cannula was inserted to a position defined by the
following stereotaxic coordinates: —0.4 mm posterior from bregma, —1.2
mm lateral to bregma, and —2.2 mm below the skull surface. Specific
GluR2 antisense AS2 or randomized (scrambled) antisense SC1 (2 nmol
in 3 ul of saline) or saline (3 ul) was delivered via the cannula at a flow
rate of 1 ul/min. A single injection of antisense or saline was given, or
four injections were given at 12 hr intervals. One-half of the animals
received no further treatment, and one-half were subjected to sublethal
(2 min) forebrain ischemia immediately after the last injection. The
ischemia was produced by temporary bilateral occlusion of the carotid
arteries using a modification of our previously described method (Oguro
et al., 1995). The common carotid arteries were exposed by means of a
ventral midline neck incision and occluded for 2 min with nontraumatic
aneurism clips. At the end of the occlusion period, the clamps were
released, allowing restoration of carotid blood flow, and the incision was
sutured. Halothane administration was discontinued immediately after
carotid occlusion. Body temperature was monitored and maintained
close to 37.5 = 0.5°C with a rectal thermistor and heat lamp until the
animal had fully recovered from anesthesia.

Animal care. Animals were maintained in a temperature- and light-
controlled environment with a 14:10 hr light/dark cycle and were treated
in accordance with the principles and procedures of the National Insti-
tutes of Health Guidelines for the Care and Use of Laboratory Animals.

Histological analysis. In rats, neuronal damage was monitored by his-
tological examination of brain sections at the level of the hippocampus of
animals killed at 1, 2, and 7 d after specific antisense treatments and at
7 d after control treatments (saline or scrambled antisense). In gerbils,
histological analysis was of animals killed at 7 d after experimental and
control treatments. Animals were fixed by transcardiac perfusion with
4% paraformaldehyde in 10 mm PBS (200 ml/30 min) under deep
chloroform anesthesia, and their brains were removed and immersed in
fixative at 4°C overnight. Coronal sections (30 um) were cut with a
vibratome and stained with toluidine blue. Hippocampal injury was
assessed quantitatively by counting the number of pyramidal cells ap-
pearing histologically normal at a position distant to the site of antisense
infusion (rats, —3.3 mm from bregma; gerbils, —1.5 mm from bregma).
Cell counts from a minimum of four microscopic sections for each animal
were statistically analyzed by means of the Student’s unpaired ¢ test.

In situ hybridization. An [*S]JUTP-labeled RNA probe directed
against GluR2 was transcribed by incubation (1 hr at 37°C) of the rat
GluR2 cDNA with T7 polymerase in the presence of labeled and unla-
beled nucleotides using a Stratagene transcription kit (La Jolla, CA).
Radiolabeled probe was purified by phenol and chloroform extraction.

For quantitation of GluR2 mRNA expression, antisense-injected rats
were anesthetized with chloroform and decapitated 6, 12, 24, 48, and 72
hr after the last injection. Saline-injected rats (four injections at 12 hr
intervals) were killed 6 hr after the last injection. GluR2 mRNA expres-
sion was assessed by in situ hybridization on sections of brain at the level
of the hippocampus (Pellegrini-Giampietro et al., 1992a). In brief, brains
were rapidly removed, frozen by immersion in 2-methylbutane at —35°C,
and stored at —70°C until sectioned. Coronal sections (18 wm) were cut
on a cryotome and thaw-mounted on gelatin- or poly-L-lysine-coated
slides. After fixation with 4% paraformaldehyde in 10 mm PBS with 5 mm
MgCl, for 15 min, sections were rinsed in PBS, dehydrated in graded
ethanols, and stored in 95% ethanol (4°C) until use. Before application of
riboprobes, slides were subjected to acetylation and incubated for 2 hr at
50°C with prehybridization solution. For hybridization, slides were incu-
bated overnight at 50°C with *S-labeled RNA probe (10° cpm/section;
1 ng/ml). Sections were washed, treated (30 min at room temperature)
with RNase A (20 pg/ml), and again dehydrated in graded ethanols.
Slides were apposed to Kodak XAR 5 film (Eastman Kodak, Rochester,
NY) for 48 hr.
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Signal specificity was assessed by competition experiments with excess
unlabeled oligonucleotides (Pellegrini-Giampietro et al., 1992a). These
resulted in virtually blank autoradiograms. In separate control studies,
application of sense RNA probes to sections pretreated with RNase A
(100 pg/ml) showed no detectable labeling. The GluR2 probe is a “pan”
probe in that it labels both flip and flop splice variants.

For quantitation of GluR2 mRNA levels, autoradiograms were ana-
lyzed with a Scan Jet 4-C computing densitometer using NIH Image 1.61
image-processing and analysis software. Films were scanned at 600 dots
per inch resolution, and images of each section (~1 X 10 pixels) were
created. Mean optical densities in regions of maximal labeling of indi-
vidual hippocampal subfields were averaged from a minimum of two
sections from each animal, and film background was subtracted. Optical
density values were expressed as grand means (* SDs) of individual
means from three rats for each time point and were normalized to optical
density values for the corresponding regions of control brains. To enable
comparisons between groups for any time points, sections were cut from
brains of control and experimental rats in the same session, incubated
with the same solutions of RNA probes, and apposed to the same sheet
of film. Mean optical density values were statistically analyzed by the
Student’s unpaired ¢ test. The rationale of the quantitative analysis was
based on the following considerations: (1) optical density readings taken
from the region of interest varied little among sections from a single
animal, (2) the concentration of RNA probe (10° cpm/section) used in
the experiment produced saturating levels of hybridization and a maxi-
mal signal-to-noise ratio, and (3) density readings of [*S]UTP-labeled
standards made of brain paste indicated that exposure times were in the
linear response range of the film (Pellegrini-Giampietro et al., 1992a).

Western blotting. For quantitation of protein expression levels, rats
were anesthetized with chloroform and killed by decapitation 6, 12, 24,
48, and 72 hr after the last (fourth) injection of GluR2 antisense or 6, 12,
and 24 hr after a single injection of antisense AS2. Control rats receiving
a single injection or four injections of saline at 12 hr intervals were killed
6 hr after the last injection. Hippocampi were quickly dissected out and
placed in ice-cold PBS, and thick slices of dorsal hippocampus (1 mm)
were cut on a Mcllwain tissue chopper. CA1 and the bend region of CA3
were rapidly separated from the slices by microdissection and stored at
—70°C before use. Tissue was placed in a sonicator in 200 ul of 1 mm
NaHNO; buffer, pH 6.8, containing the protease inhibitor PMSF (phe-
nylmethylsulfonyl fluoride, 1 mm; Sigma, St. Louis, MO) and sonicated
until the solution was uniform. The tissue sample was lysed overnight at
4°C in Laemmli sample buffer (0.025 m Tris-HCI, 5% glycerol, 1% SDS,
0.05% bromphenol blue, 0.1 M dithiothreitol, 2.5% B-mercaptoethanol, 1
mM PMSF, and 0.5 mM NaHNO; buffer, pH 6.8). Protein concentration
was measured using the bicinchoninic acid protein assay kit (Pierce,
Rockford, IL), and protein samples (10 ng) were loaded on 10% poly-
acrylamide minigels (Bio-Rad, Richmond, CA) and separated by gel
electrophoresis. Protein bands were transferred from the gel to nitrocel-
lulose (Bio-Rad) in blotting buffer containing 0.192 M glycine and 20%
methanol. After blocking for 30 min with 25 mm Tris-HCl buffer, pH 8.0,
125 mm NaCl, 0.1% Tween 20, and 4% skim milk, the membrane was
incubated for 1 hr at room temperature with the primary antibody diluted
1:1000 in PBS. Two primary antibodies were used: a mouse monoclonal
antibody directed to a sequence within the N-terminal domain of the
GluR2 subunit (Vissavajjhala et al., 1996) (gift of John H. Morrison, Mt.
Sinai, NY) and a rabbit polyclonal antibody directed to a sequence
within the C-terminal domain of the GluR1 subunit (Wenthold et al.,
1992) (PharMingen, San Diego, CA). The membrane was then incubated
for 1 hr at room temperature with secondary antibody diluted 1:1000 in
PBS and enhanced chemiluminescence reagents to visualize the antibody
reaction (ECL; Amersham, Arlington Heights, IL) and finally exposed to
XAR 5 x-ray film (Eastman Kodak). Secondary antibodies used were, for
GluR2, a horseradish peroxidase (HRP)-conjugated anti-mouse IgG and,
for GluR1, an HRP-conjugated anti-rabbit IgG (Vector Laboratories,
Burlingame, CA).

For quantitation of GluR1 and GluR2 protein levels, Western blots
were analyzed with a Scan Jet 4-C computing densitometer using NIH
Image 1.61 image-processing and analysis software. Mean optical densi-
ties of bands for two samples per animal were determined, and the film
background was subtracted. Optical density values were expressed as
grand means (£ SDs) of individual means from a minimum of three rats.
Changes in optical density for antisense-injected rats were normalized to
optical density values for the corresponding brain region of control rats
to enable comparisons of band densities of immunoblots apposed to
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different films. Mean band densities were statistically analyzed with the
Student’s unpaired ¢ test to determine significance.

Administration of glutamate receptor antagonists. For pharmacological
studies of neuroprotection by glutamate antagonists, antagonist (10 mm
in 5 ul of saline) or saline was injected into the right lateral ventricle at
the time of the second or fourth antisense injection or 24 hr after the
fourth (last) antisense injection. Antagonists used were as follows:
1-naphthyl acetyl spermine (Naspm), channel blocker of Ca*"-permeable
AMPA receptors (Research Biochemicals, Natick, MA); 6-cyano-7-
nitroquinoxiline-2,3-dione disodium (CNQX), AMPA receptor antagonist
(Research Biochemicals); and D-2-amino-5-phosphonovalerate (AP-5),
NMDA receptor antagonist (Tocris, Ballwin, MO).

RESULTS

GluR2 antisense induces neuronal cell death in the
hippocampal CA1 and CA3

To examine the effect of GluR2 knockdown on the morphology
and viability of the principal neurons of the hippocampus, we
administered GluR2 antisense oligonucleotides AS1 and AS2
into the right ventricle of rats, either as a single injection or as
four injections at 12 hr intervals. Control rats were administered
four injections of scrambled antisense SC1 or saline at 12 hr
intervals. Experimental rats were killed at 1, 2, and 7 d after the
last injection, control rats were killed at 7 d after the last injection,
and brain sections were examined histologically.

The specific GluR2 antisense AS1 induced selective, delayed
neurodegeneration in the pyramidal cell layer of the hippocampus
(Figs. 1, 2). At 1 d after the last of four antisense injections, cell
counts of toluidine blue-stained brain sections did not yet reveal
any indication of cell death in the pyramidal cell layers in CA1 or
CA3 (histology not shown; cell counts in Fig. 2; n = 5). At 2 d
after the last antisense injection, the number of normal-appearing
cells was reduced by one-third in both CAl and CA3 on both
right and left sides compared with that in saline- or scrambled
antisense-injected controls (Figs. 1E,F, 2;n = 5; p < 0.01 for each
region, right and left CAl and CA3; saline injected, n = 5; SC1
injected, n = 5; control animals killed at 7 d). At this time the
deteriorating cells showed nuclear pyknosis and shrinkage of
cytoplasm. At 7 d after the last AS1 injection, the entire pyrami-
dal cell layer of the hippocampus was reduced in thickness, and
loss of ~50% of cells was evident in CA1 and CA3 (Figs. 1H,1, 2;
n = 5; p < 0.01 for each region). Cell loss was not associated with
inflammation. There was no indication of degeneration or inflam-
mation in the controls, and cell counts were not significantly
different from those in untreated animals (data not shown).
Although there was a slight trend toward greater cell death on the
injected (right) side versus the contralateral side and in CAl
versus CA3, the extent of neuronal damage did not differ signif-
icantly on the two sides or in the two regions at any time
examined (Fig. 24,B). There was no histologically detectable
degeneration in the granule cell layer of the dentate gyrus at any
time examined.

The specific GluR2 antisense AS2 (four injections at 12 hr
intervals) induced a similar pattern of selective neurodegenera-
tion in the pyramidal cell layer measured at 7 d (n = 5; data not
shown). However, a single injection of either AS1 or AS2 did not
produce any detectable neurodegeneration at 7 d in any region
examined (for AS1, n = 5; for AS2, n = 4; data not shown).

None of the animals exhibited seizure activity, and postictal
processes are unlikely to have contributed to the observed
degeneration.
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saline
time after injection

GluR2 antisense decreases GIuR2 mRNA levels in CA1
and CA3 pyramidal layers

To investigate whether GluR2 antisense depresses GluR2 mRNA
levels, we performed in situ hybridization on brain sections from
AS2- and saline-injected rats with a riboprobe specific for GluR2
mRNA. In saline-injected control animals (four injections; killed
6 hr after the last injection), autoradiograms of coronal sections at
the level of the dorsal hippocampus showed high levels of GluR2
mRNA throughout the pyramidal cell layers of CA1 and CA3 and
in the granule cell layer of the dentate gyrus (Fig. 3, top left; right
hippocampus, side of injection), as reported previously in un-
treated animals (see Pellegrini-Giampietro et al., 1992a). At 6 and
12 hr after the fourth antisense injection, GluR2 mRNA expres-
sion was reduced throughout the hippocampus, including the
dentate gyrus (DG), but recovered to control values at 24—48 hr.
Quantitation of film densities of autoradiograms showed reduc-
tion of GluR2 mRNA in the right CA1 to 70 = 3.9% of control at
6 hr (n = 3; p < 0.01) and to 74 = 1.4% of control at 12 hr (n =
3; p < 0.01; Fig. 3, bottom).

There was a trend toward greater reduction in the GluR2
mRNA level on the injected (right) side compared with that on
the contralateral side, but the difference was not statistically
significant (data not shown). GluR2 antisense did not induce any
detectable alteration in GluR2 mRNA levels in the piriform
cortex or in the hypothalamus (measured in the same sections
used for Fig. 3).

GluR2 antisense reduces the GIuR2 protein level in
CA1 and CA3

Antisense-induced effects in GluR1 and GluR2 protein levels in
CAL and the bend region of CA3 were examined by quantitative
Western blot analysis with subunit-specific antibodies (Wenthold
et al., 1992; Vissavajjhala et al., 1996). Antisense treatment pro-
duced a substantial reduction in the level of GluR2 protein in
CALl relative to that in control animals (representative blots for
four injections are shown in Fig. 44, fop; the control received four

Figure 1. GluR2 antisense induces selec-
tive, delayed neurodegeneration in hip-
pocampal CAl and CA3. Toluidine blue
staining of coronal brain sections shows the
dorsal hippocampus. A-C, Control brain
from an animal killed at 7 d after the last of
four injections of saline is shown. D-F, By
2 d after the last of four injections of GluR2
antisense ASI, the pyramidal cell layer of
CAL1 and CA3 exhibited loss of neurons and
degenerative changes. G-I, By 7 d after the
last antisense injection, there was further
cell loss in CA1 and CA3. Scale bars: A4, D,
G, 100 um; B, C, E, F, H, I, 50 pm.

' 7 days

injections of saline and was killed at 6 hr after the last injection).
A single antisense injection produced little reduction in GluR2
protein at 6 hr and maximal reduction at 12 hr (to 68 * 7.0% of
the saline-injected control value; p < 0.01; n = 3 for each time
point and control) with partial recovery by 24 hr (Fig. 44, bottom
left). Four injections of antisense produced reductions in the
GluR2 protein in CA1 at 12 and 24 hr after the last injection that
did not differ significantly from those after a single injection (Fig.
4 A, bottom right; n = 3), indicating that the effects of successive
injections were not cumulative. GluR2 protein at 6 hr after the
last of four injections was lower than that at 6 hr after a single
injection but higher than that at 12 hr after either regimen. This
observation suggests that there is partial recovery of GluR2
protein between successive injections. Because GluR2 mRNA
recovers somewhat by 12 hr after the last of four injections (Fig.
3), it would be expected to recover between injections at 12 hr
intervals with a small time lag for uptake and action of each
additional antisense injection. GluR2 protein should also recover,
but with an additional time lag for protein synthesis. By 48 and 72
hr after the last of four injections, GluR2 protein had largely
recovered. The small (but not statistically significant) residual
depression may have been caused by cell morbidity. The reduc-
tion in GluR2 protein was bilateral and did not differ significantly
in ipsilateral versus contralateral CAl (data not shown). Similar
changes were observed in CA3 bend region (data not shown).

The GluR2 antisense treatment did not alter the level of GluR1
protein in CA1 (Fig. 4B) or in CA3 (data not shown) at any time
examined. This finding indicates that the effects of GluR2 anti-
sense were specific and not simply caused by toxicity.

Naspm and CNQX protect against GluR2 antisense-
induced neuronal death

To examine whether cell death induced by multiple injections of
GluR2 antisense was mediated by Ca®*-permeable AMPA re-
ceptors, we administered glutamate receptor antagonists at the
time of the second or fourth injection or at 24 hr after the fourth
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sign of neurodegeneration. GluR2 anti-
sense AS1 was injected four times at 12 hr
intervals, and animals were killed at 1, 2,
and 7 d after the last injection. GluR2 an-
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dal cell layer in CA1 and CA3 on both sides
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7d (**p < 0.01).

400

injection (Fig. 5, bottom). As a control for the injection of antag-
onists, saline was injected at 12 hr into a group of antisense-
treated animals. Cell counts were performed on animals killed at
7 d after the last injection and normalized to counts in untreated
animals defined as 100%. Naspm, an open channel blocker selec-
tive for Ca”"-permeable, GluR2-lacking AMPA receptors
(Koike et al., 1997), greatly reduced antisense-induced neurode-
generation in CAl, i.e., increased cell survival, when given at the
time of the second or fourth injection of antisense (Fig. 5). Rather
than the ~50% cell loss observed in antisense-injected animals
(saline plus antisense in Fig. 5; see Fig. 2 for antisense alone),

down regulation |

E {
Figure 3. Decreases in the GuR2mRNA ~ cONtrol
level in the hippocampus induced by injec-
tion of GluR2 antisense. 7op, Film auto-
radiograms of in situ hybridization of coro-
nal sections of the dorsal hippocampus of a
control rat (4 saline injections at 12 hr
intervals) and GIluR2 antisense AS2-
injected rats (4 injections at 12 hr inter-
vals) at 6, 12, 24, 48, and 72 hr after the last
of four injections are shown. The autora-
diograms indicate GluR2 knockdown in
the entire right hippocampus (injected
side) at 6 and 12 hr and recovery by 48 hr.
Bottom, Mean densities in CA1 normal-
ized to the mean value for control rats
(data from the right, injected side) show
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there was only ~10% cell loss in the protected animals (p < 0.05
for each of the two times of injection compared with antisense
plus saline, i.e., significant protection, or with untreated, i.e., still
significant residual cell loss; n = 5 for each group). CNQX, a
competitive blocker of AMPA /kainate receptors injected at the
time of the second or the fourth antisense injection, also re-
stricted cell loss in CA1 to only ~10% (Fig. 5; p < 0.05 for each
time of injection compared with the antisense plus saline control
and p < 0.01 compared with untreated; n = 5 for each group).
These data suggest that GluR2 antisense-induced cell death is
mediated by Ca**-permeable, GluR2-lacking AMPA receptors.
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Figure 4. Injection of GluR2 antisense de-
creases GluR2 protein levels in CAl but
does not affect GluR1 protein levels. A4,

control 6h 12h 24h

48h

Film autoradiograms of Western blotting
for GluR2 protein in the right CA1 (inject-
ed side) of control (4 saline injections at 12
hr intervals; rat killed at 6 hr after the last
injection) and antisense AS2-injected rats
at 6, 12, 24, 48, and 72 hr after the last of
four injections (fop) and relative band den-
sities after a single saline or antisense injec-
tion (bottom left; saline control killed at 6

72h

hr) or after the multiple injections of saline
or antisense (bottom right) are shown. Band

Naspm and CNQX injected 24 hr after the last antisense injection
did not have a significant protective effect, although analysis of a
larger sample might establish a small degree of protection. The
failure of protection at 24 hr suggests that by this time many
neurons had had sufficient Ca®* influx through GluR2-lacking
receptors to initiate the processes of dying, although there were
no obvious morphological changes at this time after antisense
injection alone (compare Fig. 2). The role of AMPA receptors
was confirmed by the observation that AP-5, a competitive
NMDA receptor antagonist, administered at any of the three

Q densities are normalized to that of the
g E — ; = r saline-injected controls. The GluR2 protein
c @ level of antisense-injected rats was signifi-
- "6' % ? o® cantly decreased at 12 hr after either a sin-
c = 1.0 ® ' ! o ‘ gle injection or the last of four injections
= Q (**p < 0.01) and then recovered toward
D - control levels (n = 3 for each time point). B,
3] x 0.9 Film autoradiograms of Western blotting
[ I . T 1 1 1 for GluR1 protein expression (fop) and
e density measurements (bottom) showed
'-g o cC 612 24 48 72 no significant alteration in GluR1 protein
29 Y H -1 H expression in the right CAl after four
9 o time aﬂer IaSt |nject|0n (hrs) GluR?2 antisense injections (same animals

used in A4).

times during or after antisense administration, failed to afford
neuroprotection against antisense-induced cell death at any of the
times examined. Similar effects of the glutamate antagonists were
observed in CA3 and on the left side contralateral to the injection
site, but these results were not quantified.

GluR2 antisense injection and sublethal ischemia
synergistically induce neuronal death in CA1 and CA3
To investigate the possibility that GluR2 antisense treatment and
brief, sublethal ischemia summate to produce greater neuronal
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Figure 5.  AMPA antagonists reduce antisense-induced neurodegenera-
tion. Naspm and CNQX were injected into the right cerebral ventricle
concomitantly with either the second or fourth of four injections at 12 hr
intervals of GluR2 antisense AS2 (i.e., at 12 or 36 hr after the first
injection) or 24 hr after the last injection (at 60 hr after the first injection;
see bottom for timing). Animals were killed at 7 d after the last antisense
injection. Cell counts are normalized to the value for untreated rats
defined as 100% (n = 5 for each treatment and time point). Naspm and
CNQX largely prevented antisense-induced delayed neurodegeneration
in CAl (p < 0.05; n = 5 for each antagonist) compared with saline
injection at the time of the second antisense injection, which had no
protective effect (compare Fig. 2). Protection was not complete at 12 or 36
hr (~10% residual loss; p < 0.05 for Naspm; p < 0.01 for CNQX). Naspm
or CNQX injected at 60 hr after the first AS injection afforded no
significant neuroprotection. The NMDA receptor antagonist AP-5 ad-
ministered at any of the three time points afforded no significant neuro-
protection against GluR2 antisense-induced neurodegeneration. *p <
0.05 for antisense plus antagonist versus antisense plus saline-injected
animals (labeled saline).

cell death than is observed for either treatment alone, we admin-
istered GluR2 antisense AS2 to gerbils and subjected them to a
sublethal episode of forebrain ischemia by a 2 min occlusion of
the carotid arteries. A single injection of antisense AS2 induced
little or no neurodegeneration at 7 d after injection, and four
injections produced a modest degree of degeneration of 25% or
fewer of the pyramidal cells in CAl and CA3 (data not shown).
The lesser effect of multiple antisense alone injections in the
gerbil compared with the rat, in spite of the higher quantity given
per unit body weight (~30 vs ~20 nmol/kg), may reflect differ-
ences in the gerbil versus rat sequence or other species differ-
ences. In separate control experiments, a single injection or four
injections of saline with or without 2 min of ischemia and four
injections of scrambled antisense with or without 2 min of isch-
emia (n = 3 for each group) produced no neuronal death in the
hippocampal CA1 or CA3 at 7 d. However, a single injection of
GluR2 antisense immediately followed by a 2 min ischemic pe-
riod induced pyramidal cell loss in CA1 (~50%; p < 0.01; n = 3)
but not CA3 (Figs. 6D-F, 7). Four antisense injections followed
by 2 min of ischemia caused much greater cell loss in CA1 and
CA3 (to ~5 and ~50%, respectively, of the values of controls
injected with saline and subjected to ischemia; Figs. 6G-1, 7; p <
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0.01; n = 3 for each group). Cell loss was much greater than the
sum of the losses caused by each treatment alone, indicating
synergistic action of the two treatments.

DISCUSSION
Antisense-induced neuronal death

Considerable evidence indicates that Ca®*-permeable AMPA
receptors are critical mediators of ischemia-induced delayed neu-
ronal death (Bennett et al., 1996; Pellegrini-Giampietro et al.,
1997). Transient forebrain ischemia induces downregulation of
GIuR2 mRNA and protein expression and enhanced AMPA-
elicited Ca®" influx into vulnerable CAl neurons before the
onset of neurodegeneration. AM PA antagonists protect the neu-
rons but do not prevent downregulation of GluR2. Suppression of
GluR?2 expression would be expected to lead to increased forma-
tion of Ca®*-permeable AMPA receptors and excessive entry of
Ca?* (and/or Zn*") in response to endogenous glutamate (the
GluR2 hypothesis of delayed neurodegeneration). Ca?**-
permeable AMPA receptors are also implicated in the delayed
neurodegeneration associated with kainate-induced status epilep-
ticus (Friedman et al., 1994, 1997). In that experimental model,
CA3 pyramidal neurons are more vulnerable to degeneration, and
GIuR2 mRNA and protein expression are selectively suppressed
in them before they die.

The present study examined the consequences of intraventric-
ular administration of antisense oligonucleotides targeting GluR2
mRNA for neuronal survival in the intact rat and gerbil. We
sought to determine whether a reduction in the level of GluR2 is
in itself sufficient to cause neuronal death in the absence of other
changes caused by neurological insults such as global ischemia
and status epilepticus. We demonstrated that GluR2 knockdown
causes degeneration of pyramidal cells in CA1l of the hippocam-
pus (as occurs in global ischemia) and in CA3 (as occurs in status
epilepticus). We do not exclude that the other changes in gene
expression after global ischemia and status epilepticus modulate
the cell death caused by downregulation of GluR2; some of these
changes may be neuroprotective, e.g., upregulation of a Zn?*
transporter (Tsuda et al., 1997), whereas others may potentiate
death.

To analyze molecular mechanisms underlying neurodegenera-
tion caused by GIluR2 antisense, we examined the effects of
GluR2 knockdown on the levels of GluR2 mRNA by in situ
hybridization and of GIluR2 protein by Western blotting. Anti-
sense treatment reduced GluR2 mRNA in the hippocampal CA1
and CA3, regions that undergo degeneration, and in the dentate
gyrus, a region resistant to cell death (see below). GluR2 mRNA
levels in the hypothalamus and piriform cortex were unaffected,
presumably because antisense oligonucleotide administered into
the right ventricle failed to reach these structures. Naspm and
CNQX protected against antisense-induced death. Thus, GluR2
knockdown in vulnerable neurons is the most likely proximate
cause of antisense-induced death.

The degree and time course of GluR2 mRNA and
protein suppression

The level and duration of knockdown required for neuronal
death are issues that will require further investigation. In the
present study, GluR2 knockdown caused ~30% reduction in
GluR2 mRNA and protein in CA1, whereas global ischemia led
to ~70% reduction in CAl (Pellegrini-Giampietro et al., 1992a;
Gorter et al., 1997), and status epilepticus caused ~40% reduc-
tion in CA3 (Friedman et al., 1994). Maximal cell loss was ~50%
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CA1

CA3

single AS injection
L—— 2 min (sublethal) ischemia ———

saline

after antisense treatment and close to 100% after global ischemia.
After status epilepticus, cells were lost entirely in some regions
and survived in neighboring regions where GluR2 recovered.

As would be expected, a reduction in GluR2 mRNA caused by
antisense preceded a reduction in the level of GluR2 protein.
GluR2 mRNA was maximally reduced at 6 hr after the last of
four antisense injections. The GluR2 protein level was maximally
reduced 6 hr later or 12 hr after the last injection, but the
reduction was not greater than that at 12 hr after a single injec-
tion. Neuronal death was not produced by a single injection and
was first observed 48 hr after the last of the four injections. Thus,
a period of 36—48 hr of GluR2 protein suppression is required to
trigger neuronal cell death, consistent with the time course in rats
of delayed ischemia-induced neuronal death in CA1 (Pellegrini-
Giampietro et al., 1992a) and of status epilepticus-induced cell
death in CA3 (Friedman et al., 1994). In both paradigms, his-
topathological changes are detected 48-72 hr after the insult
(Nadler, 1981; Pulsinelli et al., 1982; Ben-Ari, 1985) or 36-48 hr
after downregulation of GluR2 mRNA (Pellegrini-Giampietro et
al., 1992a; Friedman et al., 1994).

multiple AS injection
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Figure 6. GluR2 antisense and brief, sub-
lethal ischemia induce cell death in the
hippocampus of gerbils. Toluidine blue la-
beling of coronal brain sections at the level
of the dorsal hippocampus from gerbils at
7 d after 2 min of ischemia associated with
saline (A-C) or GluR2 antisense AS2 in-
jection (D-I) are shown. Top row, Low
magnification view of the right hippocam-
pus is shown. Middle, bottom rows, Higher
magnification views of CAl and CA3, re-
spectively, are shown. A-C, Two minutes
of ischemia immediately after four injec-
tions of saline produced no neuronal death
in any hippocampal region. D-F, A single
GluR?2 antisense injection immediately fol-
lowed by 2 min of ischemia produced par-
tial cell loss in the pyramidal cell layers of
CA1 and CA3. G-I, Four injections of an-
tisense at 12 hr intervals immediately fol-
lowed by 2 min of ischemia produced vir-
tually complete loss of CA1 pyramidal cells
and partial loss of CA3 pyramidal cells.
Scale bars: 4, D, G, 100 um; B, C, E, F, H,
1, 50 pm.

The synergistic action of GIluR2 antisense and
sublethal global ischemia

In the present study we also showed that GluR2 knockdown and
sublethal global ischemia act synergistically to cause degeneration
of CAl and CA3 pyramidal neurons. This observation is consis-
tent with a mechanism by which depression of GluR2 levels by
antisense and by sublethal ischemia summate to cause neuronal
death. Although brief (10 min) global ischemia in rats does not
cause neuronal death in CA3, it does suppress GluR2 mRNA
expression in this region to a lesser degree than in CAl
(Pellegrini-Giampietro et al., 1992a). Sublethal ischemia would
be also expected to cause some suppression of GluR2 expression.
Thus, the synergistic action of antisense and sublethal ischemia
may reflect a nonlinear response to GluR2 suppression by the two
treatments.

Gerbils subjected to sublethal transient global ischemia exhibit
reduced hippocampal CA1 neuronal death after a more severe
ischemic insult 24-48 hr later, a phenomenon termed “ischemic
tolerance” (Heurteaux et al., 1995). Although molecular mecha-

Figure 7. Quantitation of cell loss after
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antisense injection and sublethal ischemia.
Cell counts are as described in Figure 2 in
the right CAl and CA3 of sections repre-
sented in Figure 6. Four injections of saline
(salinex4) or scrambled antisense SC1 (Scx4)
‘ followed by 2 min of ischemia caused no
& 1 Ccelllossin CAlor CA3. A single antisense

AS?2 injection (ASx1) followed by 2 min of

(] ischemia caused ~50% cell loss in CA1l
(**p < 0.01 compared with saline-injected
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nisms underlying ischemic tolerance are unclear, sublethal global
ischemia is known to prevent GluR2 downregulation after a
subsequent more severe ischemic insult (Heurteaux et al., 1995).
This finding suggests that the protection afforded by ischemic
preconditioning involves a step in the cascade of events “up-
stream” from GluR2 gene expression. If so, one would predict
that ischemic preconditioning would not protect against subse-
quent GluR2 antisense-induced neuronal death. Similarly, a sin-
gle antisense injection would be unlikely to affect upstream pro-
cesses and therefore would not protect against ischemia-induced
damage.

Neuronal survival and antisense and transgenic
methods to suppress GluR2

In recent years, antisense treatment has been used to study the
role of specific receptor subtypes both in vivo and in vitro (for
review, see Wahlestedt, 1994; Weiss et al., 1997). In intact ani-
mals, antisense has been used to knockdown the u opioid recep-
tor, the 5-HT-3 receptor, and the NMDA receptor (Wahlestedt et
al., 1993; Weiss et al., 1993). In the present study, GluR2 anti-
sense was used to bypass the mechanisms underlying downregu-
lation of GluR2 induced by ischemia or status epilepticus and to
ask whether GIuR2 downregulation is sufficient to kill neurons.
Acute knockdown of GluR2 expression by antisense administra-
tion offers an important advantage over targeted disruption or
gene knockout in that it permits examination of acute reduction
in GluR2 levels in an animal that has developed under normal
conditions. The GluR2(—/—) mouse has a normal complement of
pyramidal neurons in CA1 and CA3, although the Ca*" perme-
ability of AMPA receptors is high because of the absence of
GluR2 (Jia et al., 1996). This mouse is viable and does not exhibit
seizures. Development of the brain in the absence of GluR2 (or
of its correctly edited form) may induce compensatory changes,
such as enhanced expression of Ca*"-binding proteins and/or
transporters. The viability of hippocampal neurons in the GluR2
knockout mouse and of GABAergic interneurons, which nor-
mally express GluR2-lacking receptors (Bochet et al., 1994; Jonas
et al., 1994; Geiger et al., 1995), indicates that a rapid decrease in
the level of GluR2 and a rapid increase in AMPA receptor
permeability to Ca®* may be necessary to induce death of pyra-
midal cells. Other neurons, such as the granule cells of the DG,
are resistant to acute (but partial) GluR2 knockdown, and levels
of GIuR2 protein may be maintained. Moreover, the Ca**-
binding protein calbindin is found in granule cells and may
contribute to their lesser sensitivity to GluR2 knockdown
(Freund et al., 1990).

Mice with editing-deficient GluR?2 alleles show defects depend-
ing on the expression level of the allele (Brusa et al., 1995;
Feldmeyer et al., 1999). Homozygotes with an allele having a low
level of expression are comparable with the GluR2(—/—) animal,
whereas heterozygotes carrying an allele with a high level of
expression exhibit epileptic seizures and premature death. Higher
levels of editing-deficient GluR2 lead to larger AMPA currents,
in addition to the increased Ca®* permeability of these receptors.
Editing-deficient alleles may also be more deleterious than
knockout because of the role of the GluR2 subunit in channel
assembly and targeting (Song et al., 1998; Sheng and Pak, 1999).

Technical problems inherent in the antisense approach
Several considerations support the specificity of targeting and the
lack of toxicity of the GluR2 antisense oligonucleotides used in
the present study: (1) The two specific oligonucleotides would not
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be expected to bind to any other known rodent sequence. (2)
These oligonucleotides caused delayed degeneration of pyramidal
neurons in CAl and CA3 but not of granule cells in the dentate
gyrus. (3) Western blot analyses indicated that the one oligonu-
cleotide tested suppressed GluR2, but not GluR1, protein before
degeneration. (4) A scrambled version of one oligonucleotide had
no effect on cell viability.

Oligonucleotides in their unmodified form are phosphodiesters
and are subject to rapid degradation by nucleases in blood and
CSF. To enhance stability and minimize toxicity of the GluR2
antisense oligonucleotides used in this study, we introduced phos-
phorothioate groups at three positions at both the 5’ and 3’ ends
(Campbell et al., 1990; Agrawal, 1996). In situ hybridization and
Western studies indicated the effectiveness of our GluR2 anti-
sense oligonucleotides in that GluR2 mRNA was suppressed for
24 hr and GluR2 protein for somewhat longer. Diffusion was
extensive, because antisense actions extended to CA3 and were
bilateral. Others have reported penetration of phosphothiorated
oligonucleotides (but not of unmodified oligonucleotides) deep
into the brain parenchyma after intraventricular injection (Yaida
and Nowak, 1995; Gyurko et al., 1997).

Role of Ca?*-permeable AMPA receptors in

delayed neurodegeneration

Downregulation of GluR2 leading to formation of Ca?*-
permeable AMPA receptors has been implicated in the patho-
genesis associated with delayed selective neuronal death after
global ischemia and kainate-induced status epilepticus (Bennett
et al., 1996; Pellegrini-Giampietro et al., 1997). The mechanisms
underlying downregulation of GluR2 expression in these para-
digms remain to be determined; presumably, they are part of the
physiological controls under normal physiological conditions.
GluR2 levels are low in early postnatal development (Pellegrini-
Giampietro et al., 1992b), and GluR2 downregulation may rep-
resent a return to an earlier developmental state. Perhaps such a
change would be advantageous in promoting neuronal regrowth
but is clearly deleterious after global ischemia or sustained
seizures.

The present study indicates that a reduction in the level of
GlIuR?2 is sufficient to cause neuronal death and provide new
evidence that Ca®"-permeable AMPA receptors are critical me-
diators of delayed neurodegeneration.
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