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ABSTRACT Aurintricarboxylic acid (ATA), an inhibitor
of endonuclease activity and other protein—-nucleic acid inter-
actions, blocks apoptosis in several cell types and prevents
delayed death of hippocampal pyramidal CAl neurons in-
duced by transient global ischemia. Global ischemia in rats
and gerbils induces down-regulation of GluR2 mRNA and
increased a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA)-induced Ca?* influx in CA1 before neurodegen-
eration. This result and neuroprotection by antagonists of
AMPA receptors suggests that formation of AMPA receptors
lacking GluR2, and therefore Ca?>* permeable, leads to exces-
sive Ca’?* influx in response to endogenous glutamate; the
resulting delayed neuronal death in CA1l exhibits many char-
acteristics of apoptosis. In this study, we examined the effects
of ATA on expression of mRNAs encoding glutamate receptor
subunits in gerbil hippocampus after global ischemia. Admin-
istration of ATA by injection into the right cerebral ventricle
1 h before (but not 6 h after) bilateral carotid occlusion
prevented the ischemia-induced decrease in GluR2 mRNA
expression and the delayed neurodegeneration. These findings
suggest that ATA is neuroprotective in ischemia by blocking
the transcriptional changes leading to down-regulation of
GluR2, rather than by simply blocking endonucleases, which
presumably act later after Ca®* influx initiates apoptosis.
Maintaining formation of Ca?* impermeable, GluR2 contain-
ing AMPA receptors could prevent delayed death of CAl
neurons after transient global ischemia, and block of GluR2
down-regulation may provide a further strategy for neuro-
protection.

Transient forebrain or global ischemia, induced in animals or
occurring in humans as a result of cardiac arrest, is followed by
delayed neurodegeneration in specific neuronal populations.
Pyramidal neurons of the hippocampal CA1 are particularly
vulnerable (for review, see ref. 1). During a brief episode of
global ischemia (5-10 min) in rat or gerbil, extracellular
concentrations of glutamate and K* and intracellular levels of
free Ca>" rise throughout the forebrain, and neurons depo-
larize and become inexcitable. However, within minutes after
reperfusion, the extracellular milieu is restored, cytoplasmic
Ca?* returns to resting levels, and neurons can again generate
action potentials (2—4; see ref. 5). In the hippocampal CAl,
this recovery is transient and after several days is followed by
extensive degeneration of pyramidal neurons (6-8).

Global ischemia leads to specific down-regulation of GluR2
mRNA localized to the vulnerable CA1l before histologically
detectable cell death (5, 9-12). Because a-amino-3-hydroxy-
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5-methyl-4-isoxazolepropionic acid (AMPA) receptors lacking
the GluR2 subunit have markedly increased Ca?* permeability
(for review, see ref. 13), down-regulation of GluR2 mRNA
while GluR1 mRNA levels are essentially unchanged would
lead to increased formation of Ca?>* permeable AMPA recep-
tors and increased toxicity of endogenous glutamate (the
GluR2 hypothesis, refs. 14 and 15). In agreement with this
prediction, postischemic CA1 neurons exhibit greater AMPA-
induced Ca2* influx than do control CAl neurons, and this
increase in Ca?" influx occurs before obvious degeneration
(5). The AMPA receptor-mediated excitatory post-synaptic
currents in postischemic CA1 neurons show greater sensitivity
to block by 1-naphthyl-acetyl-spermine (16), a channel blocker
selective for Ca?* permeable AMPA receptors (17, 18). The
excitatory post-synaptic currents also are increased in dura-
tion, but this change has no obvious relation to the change in
GluR2 expression.

An additional foundation of the GluR2 hypothesis is the
observation that antagonists of AMPA and kainate receptors
[but not of N-methyl-D-aspartate (NMDA) receptors| are
effective in preventing or greatly delaying hippocampal de-
generation after global ischemia, even when given 16 to 24 h
after reperfusion (19-24; for review, see ref. 25). Neuropro-
tective doses of AMPA antagonists given at the time of
reperfusion or 8 h later do not prevent down-regulation of
GluR2 mRNA, suggesting that the protection results from
blockade of Ca’?' permeable receptors rather than from
prevention of their formation (10).

The mechanism of delayed neuronal death after ischemia
remains somewhat controversial. There are alterations in gene
and protein expression and fragmentation of DNA consistent
with apoptosis (26-30), but others fail to find the characteristic
morphological changes of this process (31).

Down-regulation of GluR2 also is thought to play a role in
delayed neurodegeneration after kainic acid-induced status
epilepticus; in this paradigm, the CA3 region exhibits delayed
neurodegeneration and selective down-regulation of GluR2
(32). Furthermore, hippocampal neurons subject to oxygen
and glucose deprivation in culture show increased Ca?* per-
meability of AMPA receptors and greater sensitivity to kainate
excitotoxicity (33).

The present study was undertaken to investigate further the
molecular mechanisms underlying ischemia-induced neuronal
cell death. By using the two-vessel occlusion model in gerbils,
we examined the effect of aurintricarboxylic acid (ATA) on
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changes in AMPA- and NMDA-receptor gene expression
induced by global ischemia. ATA administered 1 h before
induction of global ischemia prevents the delayed neuronal cell
death in the hippocampal CA1 (measured by spectrin break-
down, ref. 34; and by histologic examination, ref. 30). ATA also
reduces delayed neurodegeneration after retinal ischemia (35).
ATA blocks apoptosis in PC12 cells and neuronal cultures (36,
37) and can act as an endonuclease inhibitor (38). ATA binds
nonspecifically to nucleic acids as well as proteins and can
inhibit other protein—nucleic acid interactions, such as tran-
scription and protein synthesis (e.g., refs. 39-41). ATA ap-
parently can act as a competitive antagonist at NMDA recep-
tors (42), but, as noted above, NMDA antagonists appear not
to be neuroprotective in global ischemia (10, 21).

We show here that ATA sufficient to protect CAl neurons
against delayed neurodegeneration after global ischemia pre-
vents the down-regulation of GluR2 mRNA. Moreover, ATA
administered 6 h after reperfusion neither prevents down-
regulation of GluR2 nor provides neuroprotection. These
results suggest that ATA given before the insult protects by
blocking the transcriptional changes that lead to GluR2 down-
regulation and only indirectly prevents the later changes in
gene expression that immediately precede cell death (30, 43,
44). These results provide additional support for the hypothesis
that reduction in GluR2 expression and formation of Ca?*
permeable AMPA receptors play a causal role in the selective
cell death of CAl pyramidal cells after global ischemia.

MATERIALS AND METHODS

Induction of Ischemia and Drug Administration. Adult
male (60-80 g) Mongolian gerbils (Tumblebrook Farms,
Westbrookfield, MA) were maintained in a temperature and
light-controlled environment with a 14-h light/10-h dark cycle.
Animals were treated in accordance with the principles and
procedures of the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals. Before the induction
of global ischemia, animals were fasted overnight and then
anesthetized with i.p. injection of ketamine (80 mg/kg) and
xylazine (6 mg/kg). ATA (4 pngin 1 ul saline, n = 7) or saline
(1 ul, n = 8) was injected into the right lateral ventricle of the
brain (intracerebroventricular, i.c.v., injection; ref. 34). Exam-
ination of the brains showed that ATA injected into one
ventricle spread to the contralateral ventricle. The concentra-
tion of ATA used is neuroprotective in the gerbil, whereas 10
times lower or higher concentrations are ineffective; the higher
concentration may be toxic (30).

One hour after i.c.v. injection of ATA or saline or with no
injection, gerbils were subjected to forebrain ischemia by
temporary bilateral occlusion of the carotid arteries (n = 7 for
ATA, n = 4 for saline, and n = 4 for no injection). The carotids
were occluded with nontraumatic aneurism clips, which were
removed after 5 min to allow cerebral reperfusion. Body
temperature was maintained at 37.5°C with a rectal thermistor
and heating lamp until thermal homeostasis was restored.
Sham-operated control gerbils (n = 4) underwent the same
surgical procedure except for occlusion of the carotids and
received no i.c.v. injection. In another series of seven animals,
ATA was injected 6 h after induction of ischemia; there was
one sham-operated control. After the procedures, the gerbils
were housed individually. For in situ hybridization, animals
were killed at 48 h, a time at which there is no histologically
detectable degeneration (5). After decapitation under halo-
thane anesthesia, the brains were rapidly removed and frozen
in isopentane over dry ice. For assay of neurodegeneration
animals were killed at 7 d when cell loss is extensive. After
induction of halothane anesthesia, the animals were perfused
intracardially with phosphate buffered 10% formalin, and the
brains were removed immediately, sectioned at 3 mm in
coronal planes, and postfixed in the same fixative.
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Histological Analysis. Neuronal cell loss in the hippocampus
was assessed by histological examination of coronal sections.
Thionin staining was performed before in situ hybridization on
air dried sections from all of the animals killed at 48 h. Coronal
blocks from brains of animals killed 7 d after ischemia were
embedded in paraffin, sectioned at 7 um, and stained with
hematoxylin/eosin.

In Situ Hybridization. [3>*S]JUTP-labeled RNA probes were
transcribed from the cDNAs for the GluR1 and GluR2
AMPA-receptor subunits and for the NR1¢;; NMDA receptor
subunit. cDNA templates were incubated with the appropriate
polymerase (T7 for GluR1-2; T3 for NR1) and labeled and
unlabeled nucleotides (1 h, 37°C), using a Stratagene tran-
scription kit. RNA probes were purified by phenol/chloroform
extraction.

Glutamate receptor mRNA expression was measured by in
situ hybridization on sections of control and postischemic
gerbil brains by a modification of Pellegrini-Giampietro et al.
(45). In brief, coronal sections (20 wm) of frozen brains from
sham-operated control (n = 4 with saline injection and n = 4
without) and 48-h postischemic gerbils treated with saline (n =
8) or ATA (n = 7) were hybridized with [33SJUTP-labeled
RNA probes directed against the GluR1, GIuR2, and NR1
subunit mRNAs. Before application of RNA probe, sections
were subjected to acetylation and incubated for 2 h at 50°C
with 100 ul of prehybridization solution. For hybridization,
slides were incubated overnight at 50°C with the 3>S-labeled
RNA probe (10° cpm/section, 1 ng/ul). Sections were treated
with RNase A (20 pg/ml) and dehydrated in ethanol. Slides
were apposed to Kodak XAR-5 film for 24-72 h. To enable
comparisons between groups for any given RNA probe, brain

FiGg. 1. ATA prevents ischemia-induced degeneration of CAl
pyramidal neurons of gerbil. Photomicrographs of hematoxylin/eosin-
stained coronal sections of rat brain at the level of the hippocampus,
higher magnification in the right column. (4 and B) Representative
sham-operated control. (C and D) One week after saline injection and
5-min occlusion of the carotids, most neurons in the CAl have
degenerated, whereas CA3 and dentate gyrus appear unaffected. (E
and F) One week after ATA injection followed after 1 h by 5-min
occlusion of the carotids, neurons in CA1, as well as CA3 and dentate
gyrus, appear unaffected. (Scale bar in F: 240 um for 4, C, and E; 60
wpm for B, D, and F.)
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FiG. 2. Pretreatment with ATA prevents ischemia-induced down-regulation of GluR2 mRNA in CAl pyramidal neurons of gerbil.
Determinations at 48 h after 5 min of ischemia, 1 h after i.c.v. injection of ATA. Photomicrographs of autoradiograms of GluR1, GluR2, and
NMDAR1 mRNAs detected by in situ hybridization in coronal sections at the level of the hippocampus. Levels are essentially uniform through
the hippocampal cell layers in sham-operated (control) animals (Left). (4-C) After 48 h, GluR1 mRNA is at similar levels in sham-operated gerbils
(A) and in gerbils injected i.c.v. with either saline (B) or ATA (C) 1 h before 5 min of ischemia. (D-F) GluR2 mRNA was dramatically reduced
in CAl (arrowhead), but not in the other hippocampal regions after ischemia with saline pretreatment (E). Pretreatment with ATA prevented the
ischemia-induced decrease in GluR2 mRNA in CA1l and had no effect on GluR2 expression in CA3 and dentate gyrus (F). (G-I) NR1 mRNA

was unaffected by ischemia with saline (H) or with ATA pretreatment (/).

sections from control and postischemic gerbils with different
treatments were cut in the same experimental session, incu-
bated with the same solution of probe on the same day, and
apposed to the same sheet of film.

Signal specificity was assessed in a parallel study by com-
petition experiments in which radiolabeled probes were hy-
bridized to sections in the presence of excess (100-fold) of the
same unlabeled probe (5). This procedure resulted in virtually
blank autoradiograms. Similarly, sections pretreated with
RNase A (100 pg/ml) showed no detectable labeling by the
probes (5). Conditions were of sufficiently high stringency as
to rule out cross-hybridization among GluR1, GluR2, and
GluR3 (45) and more distantly related glutamate receptor
subunits (GluR5-GluR7, KA1, and KA2). The GluR1 and
GluR?2 probes are “pan” probes (46) in that they label both
“flip” and “flop” splice variants. The NR1 probe is a “pan”
probe in that it labels all of the splice variants.

For quantification of mRNA expression levels, autoradio-
grams were analyzed with a Molecular Dynamics 300A Com-
puting Densitometer and the National Institutes of Health
IMAGE software. Films were scanned at 2,000 dots/inch reso-
lution, and images of each section (=10° pixels) were created.
Optical densities of the CA1 and CA3 pyramidal cell layers and
of the dentate granule cell layer from two or three sections
from each animal for each probe were background subtracted
and averaged. Optical density values were expressed as grand
means (*SEM) of individual means from each group of
gerbils.

Mean optical density readings were statistically analyzed by
the Student’s unpaired ¢ test. Percentage change in optical
densities for postischemic gerbils was expressed relative to
optical densities for the corresponding regions of the control
gerbil in the same film. The rationale of the quantitative
analysis was based on the following factors. (i) Optical density
readings taken from each hippocampal region of interest
varied little in different sections from the same animals. (ii)
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. (iif) Use of [33S]JUTP-
labeled brain paste standards by Pellegrini-Giampietro et al.
(45) indicated that exposure times were in the linear response
range of the film.

RESULTS

ATA Protects Hippocampal Neurons from Damage Induced
by Global Ischemia. Seven days after 5-min global ischemia in
gerbils (with saline injection 1 h before), there was extensive
neurodegeneration of CA1 pyramidal cells in the hippocampus
with little or no loss in CA3 or the dentate gyrus (Fig. 1 C and
D, n = 8, sham-operated controls without injection in Fig. 1 4
and B, n = 4). Only a few surviving neurons remained in CAl
that also may have been deteriorating. Histological signs of
degeneration in these neurons were not apparent at 72 h after
the ischemic insult (in toluidine blue-stained eponate-
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embedded sections, ref. 5). These results confirm the findings
of others (1).

I.c.v. injection of ATA 1 h before the 5-min ischemic period
almost completely prevented the delayed cell death in CA1
(Fig. 1 E and F, n = 16, see ref. 30).

GluR2 mRNA Is Specifically Down-Regulated in the Post-
Ischemic CAl Region before Neurodegeneration. Expression
of glutamate receptor mRNAs in gerbil brain was examined by
in situ hybridization with riboprobes specific for GluR1,
GluR2, and NR1 mRNAs. Autoradiograms of coronal sections
of brains of sham-operated gerbils showed hippocampal dis-
tributions of GluR1, GluR2, and NR1 mRNAs (Fig. 2.4, D and
G; see also ref. 5) similar to those observed in the rat (45, 47,
48). GluR1 and GluR2 were expressed at high levels in the
pyramidal cell layer of CA1 and CA3 and in the granule cell
layer of the dentate gyrus (Fig. 24 and D). NMDAR1 mRNA
had a similar distribution (Fig. 2G).

At 48 h after 5-min global ischemia, GluR2 mRNA was
specifically decreased in the pyramidal cell layer of the vul-
nerable CA1 (Fig. 2E) (to 42 = 7% of control levels, n = 8),
whereas GluR1 and NR1 mRNAs were little changed in this
region (Fig. 2 B and H) (to 87 = 5% and 93 = 5% of control,
respectively, n = 6, Fig. 34). All three mRNAs were essentially
unchanged in the pyramidal cell layer of CA3 and the granule
cell layer of dentate gyrus (Fig. 2 B, E, and H; Fig. 3 B and C).
Thionin staining of the sections revealed no neuronal degen-
eration at this time. These data confirm the findings of Gorter
et al. (5). The selective decrease in GIuR2 expression after
ischemia is localized to CAl pyramidal neurons as demon-
strated by examination of emulsion-dipped sections (5).

Early but Not Late Application of ATA Prevents the Post-
Ischemic Decrease in GluR2 mRNA. I.c.v. injection of ATA 1h
before induction of ischemia virtually abolished the subse-
quent decrease in expression of GluR2 mRNA in CAl.In CAl,
as well as in CA3 and dentate gyrus, GluR1, GluR2, and NR1
mRNAs were at or near control levels (Fig. 2 C, F, and I, Fig.
34-C).

W GluR1
3 GluR2
== NMDA

% of control mRNA levels

100

50

Ischemia +ATA Ischemia +ATA

Fic. 3. Expression of GluR1, GluR2, and NR1 mRNAs in gerbil
hippocampus 48 h after global ischemia with and without ATA
pretreatment. Ischemia was followed by down-regulation of GluR2
specific to CA1; this effect was blocked by i.c.v. injection of ATA 1 h
before the ischemic episode. (4) CAl. (B) CA3. (C) dentate gyrus.
Optical density values are plotted as percentage (= SEM) of densities
in sham-operated animals. Gerbils were injected i.c.v. with either
saline (n = 4, bars labeled ischemia) or ATA (n = 8; bars labeled
+ATA) 10 min before induction of 5 min of ischemia. Four additional
animals subjected to ischemia but with no injection are included with
the saline-injected animals from which they did not differ. DG, dentate
gyrus. *, P < 0.01 GluR2 in CA1 ischemia vs. sham-operated and vs.
ATA- injected.
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Fic. 4. ATA injected 6 h after an ischemic episode does not
prevent ischemia-induced down-regulation of GluR2 in CAl. (4)
Autoradiogram of sham-operated control, as in Fig. 2. (B) Autora-
diogram from gerbil injected i.c.v. with ATA 6 h after 5 min of ischemia
and killed at 48 h. GluR2 mRNA is markedly reduced in CAl but is
at control levels in CA3 and dentate gyrus.

ATA injected intraventricularly 6 h after ischemia had no
protective effect; CAl showed virtually complete cell loss at 7d
(30). Moreover, at 48 h, GluR2 was down-regulated in CAL1 to
a similar extent compared with CA3 and dentate gyrus as in
postischemic animals that were not injected with ATA (n = 7,
Fig. 4). These observations suggest that ATA maybe neuro-
protective because it prevents the down-regulation of GluR2.

Injection of ATA at the dose used for neuroprotection by
itself had no obvious effect on hippocampal neurons examined
histologically 7 d later (not shown, n = 2, see ref. 30).

DISCUSSION

The present study confirms that global ischemia induces a
marked and selective reduction of GluR2 mRNA in pyramidal
neurons of the hippocampal CA1 (5, 9-12). Moreover, ATA
given i.c.v. before ischemia prevents the down-regulation of
GluR2 and is neuroprotective (see also ref. 30). As noted
above, the ischemia-induced down-regulation of GluR2
mRNA, although delayed by 24—48 h, precedes histologically
detectable cell death in the CAl. Because AMPA receptors
lacking the GluR2 subunit are relatively Ca>* permeable (see
ref. 13), the decrease in GluR2 mRNA could lead to increased
formation of Ca?>* permeable AMPA receptors and increased
Ca?* influx in response to endogenous glutamate. This ab-
normal Ca?* influx could cause or contribute to the observed
delayed neuronal death. Consistent with this hypothesis, an-
tagonists selective for AMPA and kainate receptors protect
against postischemic cell death in CA1l of gerbils and rats
(19-24; for review, see ref. 25). However, in contrast to our
result with ATA, neuroprotective doses of AMPA-receptor
antagonists given at the time of reperfusion or 8 h later do not
affect the ischemia-induced down-regulation of GluR2 mRNA
(10). A plausible explanation is that the AMPA antagonists
remain in the body for some days and neuroprotect by blocking
Ca?* influx through AMPA receptors formed after the down-
regulation of GluR2.

Localized injection of 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline (NBQX) into the area tempestas of the
prepiriform cortex is neuroprotective of CA1 when given just
before an ischemic insult (49). Because injection at this site
blocks the ischemia-induced expression of heat shock protein
in the hippocampus (50), it also may block down-regulation of
GluR2. It remains to be determined whether injection of
NBQX into the area tempestas is neuroprotective at the later
times when systemic NBQX is effective. It is possible that
systemic NBQX is neuroprotective through its action on the
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area tempestas, activation of which leads to activation of the
hippocampus (see ref. 50).

Ischemia-induced cell death is thought to involve activation
of immediate early genes (51-54). Calcium-dependent mech-
anisms have been implicated (2, 44, 55, 56), but chelation of
Zn?* during an ischemic episode is neuroprotective, and the
toxic ion that enters the cells at this time may be Zn?* (57);
Zn?* chelation is not neuroprotective at 1h after ischemia, but
later times have not been tested. A transient rise of intracel-
lular Ca?* (or Zn?") during global ischemia may trigger a
series of transcriptional and translational events that ultimately
lead to reduced expression of GluR2 mRNA in CA1 pyramidal
neurons. In the present study, we show that intracerebral
treatment of gerbils with ATA just before global ischemia
virtually abolishes ischemia-induced changes in GluR2 expres-
sion in CAl. This effect may result from inhibition by ATA of
transcription of immediate early genes, because ATA admin-
istered 6 h after ischemia is not neuroprotective and does not
prevent the down-regulation of GluR2. ATA protects PC12
cells and sympathetic neurons in culture from apoptotic cell
death induced by serum deprivation (36, 37). The lack of
protection by ATA given 6 h after ischemia (and failure to
block down-regulation of GluR2) suggests that ATA just
before the ischemic episode does not act by directly blocking
apoptosis (or other cell death program) in CA1 neurons, which
is likely to be initiated after the formation of GIuR2 lacking
Ca?* permeable AMPA receptors. Possibly, ATA may be
protective whether given at a still later time when frank
degeneration is beginning. Retinal ischemia is followed by
delayed neurodegeneration, and ATA is protective when given
just before or 6 h after the ischemic insult (35). The mecha-
nisms of the degeneration have not been explored, and changes
in GIuR2 (58, 59) and subsequent stages in degeneration may
be earlier or later than in the hippocampus; in addition, ATA
may be retained better in the affected tissue when injected into
the globe rather than into the cerebral ventricles.

Block of GluR2 down-regulation induced by ischemia is
observed with neuroprotection by administration of activators
of adenosine Al receptors and of Karp channels and by
conditioning with a sublethal period of ischemia (12). Our
results using ATA, particularly in combination with those of
Heurteaux et al. (12), afford additional support for the GluR2
hypothesis in respect to global ischemia and indicate that
prevention of down-regulation of GluR2 may be an important
therapy in the prevention of delayed neurodegeneration after
ischemia and other neurological insults.
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