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MATSUMOTO, I., M. DAVIDSON, M. OTSUKI AND P. A. WILCE. Decreased severity of ethanol withdrawal behaviors
in kainic acid-treated rats. PHARMACOL BIOCHEM BEHAYV 55(3) 371-378, 1996.—The involvement of kainate (KA)-
sensitive regions in ethanol withdrawal behaviors was investigated in male Wistar rats given three intraperitoneal (IP)
injections of KA (12 mg/kg) or saline each followed by recovery at 4°C for 5 h and room temperature for 3 days and a final
KA or saline injection at room temperature. Some animals received MK-801 (1 mg/kg, IP) 30 min after each injection and
one group received saline only. The saline/saline, saline/MK-801, and KA/MK-801 groups displayed typical ethanol withdrawal
behaviors 8-12 h after ethanol withdrawal. These behaviors were attenuated in the KA/saline group. Audiogenic seizures
could be induced in all treatment groups 12 h after withdrawal. There was severe neuronal degeneration in the hippocampal
CA region and the piriform cortex of the KA/saline-treated animals that was reduced by MK-801 treatment. The inferior
colliculus remained intact. These results suggest that the N-methyl-p-aspartate receptor mediates KA-induced damage in
limbic structures and that these regions may play an important role in typical, but not audiogenically induced ethanol-

withdrawal behaviors.
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THE alcohol withdrawal syndrome is a collection of symptoms
observed in individuals who stop drinking after continuous
heavy consumption. Behavioral and physiological events con-
stituting the alcohol withdrawal reaction may reflect the re-
lease of a latent state of increased neural excitability devel-
oped as a result of continuous exposure to alcohol. Specific
behaviors following ethanol withdrawal are likely to be related
to changes in the excitability of the particular neuronal ele-
ments mediating these individual behaviors. Gonzalez et al.
reported that specific behavioral responses have temporally
distinct patterns following ethanol withdrawal, suggesting that
the systems responsible for these behaviors may respond inde-
pendently (11). Frye et al. reported differences in the effects of
pharmacological manipulations on handling-induced forelimb
tremors and audiogenic seizure in ethanol-withdrawn rats (8).
These results support the concept that seizure sensitivity dur-
ing ethano! withdrawal may involve multiple, but independent
neuronal mechanisms. Activity of these different circuits may
be under the regulatory control of distinct subcortical regions.

In experimental animals, ethanol withdrawal-induced be-
haviors are categorized into two types: spontaneous behavior
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and audiogenic seizure. The adaptation in y-aminobutyrate
receptor-mediated inhibitory systems in the inferior colliculus
(IC) could play an important role in the genesis of audiogenic
seizures in ethanol-dependent rats (8-10). The brain regions
and the transmitter systems responsible for the generation of
spontaneous withdrawal behaviors are yet to be fully investi-
gated. The limbic system, in particular the hippocampus, has
been implicated in the acute effects of ethanol (16,18,19,32)
and may be involved in seizure activity including that during
withdrawal (39,41). No direct evidence supporting this concept
has been reported, thus leaving the issue controversial (23).

Kainic acid (KA), a cyclic analogue of glutamate, when
injected systemically in rats, evokes seizures accompanied by
nerve cell damage primarily in the limbic system (38). After
systemic administration, a variety of regions including the
hippocampus, the amygdaloid complex, the piriform cortex,
and several thalamic nuclei are damaged. In the hippocampus,
pyramidal neuron loss is obvious in both the CAl and CA3
subfields, with the CA1 region suffering most injury (29). It
has been shown that both KA-induced behaviors and damage
are temperature dependent (1,17). In the present study, by
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manipulating body temperature, we limited KA-induced dam-
age to the CA region of the hippocampus and part of the
piriform cortex. Using this model, we have investigated the
contribution of KA-sensitive neurons in these two brain re-
gions to ethanol withdrawal behaviors.

METHOD

All experimental procedures were approved by the Animal
Experimental Ethics Committee of the University of Queens-
land.

Multiple Treatments With KA

Adult male Wistar rats, weighing approximately 200 g (233 +
3 g, mean = SEM), were obtained from the Central Animal
Breeding House, University of Queensland, housed ina 12 D:
12 L cycle and given free access to food and water. Four treat-
ment protocols were used. In each protocol animals received
three intraperitoneal (IP) injections of either KA (12 mg/kg
in 0.5 ml phosphate-buffered saline, pH 7.2, PBS) or vehicle
with initial recovery at 4°C and one injection of either KA or
vehicle followed by initial recovery at room temperature. Two
groups of animals (n = 24 and 12) were injected with KA. One
of these groups (n = 12) was injected with the noncompetitive
NMDA receptor antagonist MK-801 (5-methyl-10,11-dihydro-
5H-dibenzo[a,b]cyclo-hepten-5,10-imine hydrogen maleate,
1 mg/kg, IP in 0.5 ml PBS) 30 min after KA. Treatment with
MK&801 30 min after KA completely protects against seizure
and neuronal damage in the hippocampus (2). The other group
(n = 24) received saline. A further group (n = 12) received
an equivalent volume of PBS instead of KA, and MK801. The
final group (r = 9) received two PBS injections. All animals
were housed four or five per cage, unrestrained, at 4°C during
the initial 5 h after injection. This period included the peak
period of seizure in the KA-treated animals. Recovery was
subsequently at room temperature for 3 days. The procedure
was repeated twice more. Three days after the third injection,
all groups of animals were challenged with their treatment
(i.e., KA or saline) and observed at room temperature.

Ethanol Treatment of Rats by Vapor Inhalation

After four treatments and 10 days of recovery, animals
were made dependent by an ethanol inhalation paradigm as
previously described (21,42). Briefly, rats were exposed to
increasing concentrations of ethanol vapor over a 10-day intro-
ductory period, followed by an 11-day exposure at a concentra-
tion sufficient to maintain a blood ethanol level (BEL) over
200 mg/dl. BELs were determined daily using the enzymatic
method of Lundquist (20). During the inhalation period, body
weight and consumption of food and water were monitored
periodically. On day 21 of ethanol treatment, all animals were
withdrawn by removing ethanol from the air supply. Behaviors
were monitored during the period of withdrawal, using the
scoring system described below.

Scoring of Behavioral Changes During Ethanol Withdrawal

The scoring system for withdrawal behaviors was modified
after Karanian et al. (15). Animals were scored as follows:
SCORE 0, no reaction, normal behavior; SCORE 1-4, behav-
ioral scoring for tail stiffening (1) tail tremor (1) body tremor
(1) and whole body rigidity (1) were assessed by careful obser-
vation; SCORE 5, rats were then assessed for handling-
induced seizure by spinning the rat once gently through a 180°
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arc before being placed back in the cage. In our hands no
rat achieved a score of 5 without showing the previous four
behaviors; SCORE 6, as above with a handling-induced con-
tinuous seizure; SCORE 7, spontaneous seizure (tonic—clonic,
no handling involved) without death; SCORE 8, spontaneous
seizure (tonic—clonic, no handling) with death. Scores were
monitored 0, 4, 8, 10, 12, and 24 h after withdrawal by two
investigators “blind” to the treatment of animals. In our hands,
repeated handling of animals at different times had no effect
on subsequent responses.

Assessment of Audiogenic Seizure Activity During
Ethanol Withdrawal

In a separate experiment, groups of animals (n = 5) treated
as above were assessed for susceptibility to audiogenic seizures
12 h into ethanol withdrawal. Seizure susceptibility was deter-
mined by stimulating individually confined rats to an electric
bell (98 dB) for 1 min as described previously (10). Sound-
susceptible rats exhibited one or more episodes of wild-run-
ning often leading to loss of upright posture and tonic—clonic
convulsions. Two investigators without knowledge of the treat-
ment assignments, evaluated the test.

Histological Assessment of Cell Damage

One week after the final KA injection or in the case of
ethanol dependent rats, 1 week after withdrawal, animals under
deep ether anesthesia were perfused through the left cardiac
ventricle with 100 ml of PBS followed by 100 ml of 4% (w/v)
paraformaldehyde in PBS. Brains were fixed in the same solu-
tion overnight before being cryoprotected in 30% (w/v) sucrose.
Sagittal and coronal sections (50 wm) were cut on a cryostat.
Sections were stained for Nissl substance using thionin and
mounted for light microscopy. All sections were analyzed for
major cell loss by gross assessment by two “blind” investigators.

[FH]MK-801 Binding Assays

Animals were killed by decapitation 7 days after either
the final injection or after completion of ethanol withdrawal
paradigm. The hippocampal formation and the area including
the piriform cortex and the amygdaloid complex were immedi-
ately dissected on ice. The binding assays were modified from
the method described by Foster and Wong (7). Tissue was
homogenized in 10 vol of 0.32 M sucrose. The homogenate
was centrifuged at 1000 X g for 10 min. The pellet was resus-
pended in 0.32 M sucrose and centrifuged again at 1000 X g.
Pooled supernatant was centrifuged at 30,000 X g for 20 min
at 4°C. The pellet was resuspended in 20 vol of 5 mM Tris-
HCl (pH 7.7) at 4°C and centrifuged at 30,000 X g for 20
min. Pellets were resuspended in ice-cold distilled water and
centrifuged at 30,000 X g for 20 min three times before pel-
lets were frozen at —80°C. On the day of the assay, pellets
were thawed, resuspended in Tris buffer, and centrifuged at
30,000 X g for 20 min at 4°C. Pellets were washed with Tris
buffer a total of four times before being resuspended in Tris
buffer to give a protein concentration of 0.5 mg/ml. Aliquots
(200 pl) of membrane suspensions were incubated for 2 h at
room temperature with 1 pM glutamate and 1 uM glycine
and six different concentrations of ['TH]MK-801 (NEN, Boston,
MA; 20.3 Ci/mmol) ranging from 0.2-6 nM (total volume 0.5
ml). Nonspecific binding was defined as binding in the presence
of 50 pM unlabeled MK-801. Incubation was terminated by
filtration through Whatman GF/B glass fibre filters, presoaked
in 0.3% (w/v) polyethylenimine in Tris buffer, followed by
three washes with 5 ml Tris buffer. Radioactivity on the filter
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was measured by liquid scintillation counting using 4 ml of
Ready Protein + Scintillant (Beckman) at a counting effi-
ciency of 50%. The binding parameters K, and B, were
determined using the LIGAND program (28).

Statistical Analysis

One-way analysis of variance followed by comparison of
groups by Student-Newman-Keuls method was used for sta-
tistical analysis of data. p < 0.05 was considered to indicate a
significant difference. For comparison of behavioral responses
after KA treatment and during ethanol withdrawal, a Fisher’s
exact probability test was used with p =< 0.05 indicating a
significant difference.

RESULTS
Behavioral and Histological Assessment

Approximately 45 min after the first injection of KA, rats
exhibited intermittent masticatory movements, head nodding,
praying posture and wet-dog shakes, which lasted for approxi-
mately 30 min. During the next phase between 90 and 120
min, animals exhibited repeated myoclonic twitches of the
head, face and forelimbs with loss of postural control, accom-
panied by pronounced salivation and production of foam at
the mouth. These behaviors were observed in all animals dur-
ing the initial 5 h of cold exposure following KA injection.
Masticatory movements and head nodding behaviors were
observed in a number of the KA-treated animals (13 out of
25) 24 h after injection. Abnormal behaviors had completely
disappeared by day 3 after injection. None of these animals
showed tonic—clonic seizures at any time. One of the 25 ani-
mals died during the initial stage of the response.

The second injection of KA produced similar behavioral
changes with decreased intensity. Some animals showed no
behavioral responses (7 out of 24, p < 0.01 compared to the
response to the first injection, Fisher’s exact probability test).
The number of animals (3 out of 24) showing abnormal behav-
iors 24 h after injection also decreased (p < 0.01 compared
to the response to the first injection, Fisher’s exact probability
test). The majority of the animals (18 out of 24, p < 0.01
compared to the response to the second injection, Fisher’s
exact probability test) failed to respond to the third injection.
No behavioral changes were detected in any animals 24 h after
this injection. To confirm that all behavioral responses to KA
had been abolished irrespective of temperature and that a
consistent degree of damage in KA-sensitive brain area had
been achieved, a fourth injection was followed by recovery at
room temperature. No behavioral response was apparent at
any time, in any animal after this injection.

In contrast to the single mortality during the cold treatment,
when naive animals were given a single injection of KA (12
mg/kg) at room temperature a high mortality (15 out of 20,
p < 0.001 compared to the response to the first injection and
cold treatment, Fisher’s exact probability test) from severe
limbic and/or tonic—clonic seizures was observed.

Animals given MK-801 after KA exhibited wet-dog shakes
1 h after the first administration of KA. No seizure-related
behaviors were observed thereafter; however, ataxia and an
altered pattern of breathing was evident up to 3 h after the
injection. A similar response was also observed in the saline/
MK-801 group. The second, third, and fourth treatment with
KA/MK-801 produced isolated wet-dog shakes and some mas-
ticatory movements. Ataxia was always initially present after
each MK-801 injection.

During treatment, the KA/saline group had a reduced gain
in body weight compared to the other groups up to 10 days
after the initial treatment (data not shown). There was no
significant difference between groups thereafter and during
the ethanol vapor regime (data not shown).

The brains from the animals treated with KA/saline at 4°C
had severe neuronal degeneration and cell loss in part of the
piriform cortex and the CA1 subfield of the hippocampus but
no damage to the inferior colliculus (Fig. 1). Treatment with
MK-801 markedly reduced damage in both regions (Fig. 1).
In contrast to the results in the cold-treated animals, treatment
with a single injection of KA at room temperature (survival
rate; 5 out of 20) resulted in more expansive brain damage.
Total loss of neurons was observed in the CAl and CA3
subfields of the hippocampus and throughout the amygdaloid
complex, entorhinal cortex, and the piriform cortex (Fig. 2).
Neuronal damage was not further increased in any of the cold-
treated groups after experiencing ethanol withdrawal (data
not shown).

Ethanol Withdrawal

No significant difference in food and water consumption
and in body weight gain was observed between the groups
during ethanol treatment (data not shown). There was no
difference between the groups in BELs measured immediately
before ethanol withdrawal (p = 0.45, ANOVA followed by
post hoc analysis KA/saline; 353 = 10 mg/d]; saline/saline 356 =
26 mg/dl; saline/MK-801 425 = 52 mg/dl; KA/MK-801 411 +
51 mg/dl, mean = SEM, n = 6-11).

In agreement with our previous results (21,42), unlesioned
ethanol-treated animals displayed typical withdrawal behav-
iors. These behaviors became most obvious 8-24 h after with-
drawal (Fig. 3, Table 1). Both the saline/MK-801 and KA/
MK-801 groups showed marked behavioral responses undis-
tinguishable from the saline/saline group (Fig. 3, Table 1). Of
these behaviors tail stiffening, body, and tail tremors were
the most significant. In contrast, withdrawal behaviors were
significantly attenuated by multiple KA treatments (Fig. 3,
Table 1). This group of animals had significantly reduced tail
tremors, tail stiffening, and body tremors compared to all other
groups. Interestingly, whole body rigidity was not significantly
effected by the multiple KA treatment. Handling-induced and
spontaneous seizures were not observed in the KA/saline-
treated group but were observed in approximately 10-30%
of animals from the other groups (Table 1). A high proportion
of the KA/saline-treated animals failed to show any with-
drawal behaviors. In contrast, all animals in the other groups
showed obvious withdrawal behaviors at 12 and 24 h after
withdrawal (Table 2). At earlier time points the KA/saline
group had a significantly greater proportion of nonresponders
than either the saline/saline or saline/MK-801 groups (Table 2).

In a separate experiment, groups of five animals were
treated with the protocols previously described and were made
dependent on ethanol. These animals were challenged with
an audiogenic stimulus 12 h after withdrawal to assess their
susceptibility to audiogenic seizure. All animals from all groups
showed a typical seizure activity (wild running leading to
tonic—clonic seizure) immediately after stimulation. In the first
withdrawal experiment multiple testing of animals was assessed
whereas the audiogenic experiment was performed with one
test at 12 h. Previous experiments have indicated that in etha-
nol withdrawal experiments, repeated testing does not effect
subsequent responses.
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FIG. 1. Damage induced by muitipie kainic acid injections followed by recovery at 4°C: the effect of MK-801. Animals
received four injections of KA and, in some cases, an injection of MK-801 30 min after. Sections have been stained
with thionin. HP: hippocampus; PTX +AMG: piriform cortex and amygdaloid complex; IC: inferior colliculus. Bar =

200 pm.

[PHIMK-801 Binding

Tissues from the area encompassing the piriform cortex and
the hippocampus were isolated from all groups to determine
[FH]MK-801 binding parameters as an indication of NMDA
receptor density and affinity. The data from the area including
the piriform cortex (Table 3) indicates a significantly lower
density of binding sites in the KA/saline group. This treatment
also resulted in a similar reduction in binding sites in the
hippocampus (Table 4). The affinity (K,) of the ['H|MK-801
binding sites in the piriform cortex was significantly decreased
in the KA/saline group (Table 3) but significantly increased in
the hippocampus of the KA/MK-801-treated group (Table 4).

DISCUSSION

Specific areas of the brain have been shown to have differ-
ent sensitivities to ethanol (36). At present, little evidence
directly links specific brain regions to the development of the
neural hyperexcitability responsible for ethanol withdrawal

behaviors. We have addressed this question using animals with
chemical ablation of the CA region of the hippocampus and
the piriform cortex. Animals treated in this way displayed
significantly fewer ethanol withdrawal-induced behaviors but
audiogenically stimulated behaviors were not affected. Behav-
iors that were significantly affected were tail and body tremors
and tail stiffening. Whole body rigidity was not affected by
KA treatment.

Several studies have reported that hypothermia is effective
in reducing behaviors, EEG pattern, brain damage, and mor-
tality after KA treatment (1,17). We have confirmed this obser-
vation in the present study and have also shown that repeated
injections of KA leading to chemical ablation of specific brain
areas also prevents KA-induced behaviors. Neuronal cell loss
and/or degeneration was restricted to the CA region, and part
of the piriform cortex and mortality was markedly reduced
by cold treatment. In the cold, the body temperature of saline-
injected rats does not change, whereas animals receiving KA
are mildly hypothermic (1). A lower brain temperature mark-
edly inhibits the release of glutamate and other neurotransmit-
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PTX +
AMG

FIG. 2. Damage induced by single kainic acid (KA) injection fol-
lowed by recovery at room temperature. HP: hippocampus; PTX+
AMG: piriform cortex and amygdaloid complex. Bar = 200 pm.

ters, delays the decrease in neuronal ATP levels, and reduces
calcium accumulation (4). A reduction in calcium accumula-
tion has been suggested as a mechanism by which hypothermia
diminishes neuronal injury (25). A similar mechanism may
account for the neuroprotective effect of cold treatment in
the current study.
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FIG. 3. Behavioral scoring during ethanol withdrawal in kainic acid
(KA)- and saline-treated rats with and without treatment with MK-
801. Ethanol withdrawal behaviors were monitored at the times indi-
cated following the scoring system described in the Method section.
Data presented as mean = SEM, n = 6-12. (O) kainic acid/saline;
(@) saline/saline; (M) saline/MK-801; (#) kainic acid/MK-801. *p <
0.05 vs. saline/saline group; **p < 0.05 vs. saline/saline and saline/
MK-801 groups, #p < 0.05 vs. saline/saline, saline/MK-801, and KA/
MK-801 groups (Student-Newman-Keuls method).

TABLE 1

PERCENTAGE OF RATS SHOWING SPECIFIC WITHDRAWAL
BEHAVIORS AT VARIOUS TIMES AFTER CESSATION
OF ETHANOL TREATMENT

% of Rats Showing Withdrawal Behavior

Hours
Group and Behavior 4 8 10 12 24
Tail Tremor
Kainic acid/saline 0 8 17 33 10
Saline/saline 44* 78% 88* 100* 88*
Saline/MK-801 0 42 42 58 42
Kainic acid/MK-801 0 17 33 33 50
Tail Stiffening
Kainic acid/saline 0 25 25 33 20
Saline/saline 67* 100* 100* 100* 88*
Saline/MK-801 50* 100* 100* 100* 100+
Kainic acid/MK-801 17 83* 83* 83 100*
Body Tremor
Kainic acid/saline 0 0 0 0 0
Saline/saline 0 33 38* 62* 25
Saline/MK-801 0 83 92* 100* 92%*
Kainic acid/MK-801 0 50* 50* 66* 66*
Whole Body Rigidity
Kainic acid/saline 0 17 33 50 20
Saline/saline 33 33 63 50 13
Saline/MK-801 0 8 25 75 8
Kainic acid/MK-801 0 17 33 50 0
Seizures
Kainic acid/saline 0 0 0 0 0
Saline/saline 0 11 13 25 0
Saline/MK-801 0 0 0 8 0
Kainic acid/MK-801 0 17 17 33 0

*p < 0.05 vs. kainic acid/saline-treated rats (Fisher’s exact
probability test). n = 10-12 kainic acid/saline; # = 8-9 saline/saline;
n = 12 saline/MK801; n = 6 kainic acid/MK801.

KA receptorsin CAl region of the hippocampus are sparse.
However, the density of NMDA and alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors in the
CA1 is high (26,43). KA can influence the CA1 region indi-
rectly by stimulating the CA3 pyramidal neurons, which in
turn, excite the CAl pyramidal neurons through the gluta-
matergic pathway of the Schaffer collaterals and comissurals
(31). A pronounced release of glutamate leads to enhanced
stimulation of NMDA, AMPA, and KA receptors within the
CA1 region. The voltage-dependent nature of the NMDA
receptor-gated channel means that the initial depolarization
mediated by AMPA and KA receptors removes the Mg**
block and allows ion fluxes through the channel (22,30) re-
sulting in cell damage. In agreement with the previous report
of Berg et al. (2), we have shown that KA-induced damage
to the CA1 region is prevented by MK-801, which acts as
an NMDA receptor open channel blocker. Further, we have
shown that KA treatment results in loss of ['H]MK-801 bind-
ing sites in this region. This would indicate an effect of KA
on cells displaying NMDA receptors and is likely to reflect
loss of these cells from the targeted tissue. The change in K|
in the KA/MK-801 group in this area suggests a complex
interrelationship at play between NMDA agonists and antago-
nists, especially after multiple injections and may reflect selec-
tive changes in receptor subtypes under these conditions.
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TABLE 2

NUMBER OF RATS IN EACH TREATMENT GROUP SHOWING NO
WITHDRAWAL BEHAVIORS AT VARIOUS TIMES AFTER
CESSATION OF ETHANOL TREATMENT

Rats Showing No Withdrawal Behaviors

Hours
Group 4 10 12 24
Kainic acid/saline 12/12 7/12 6/12 7/10
Saline/saline 2/9% 0/8* 0/8* 0/8*
Saline/MK-801 6/12* 0/12* 0/12* 0/12* 0/12*
Kainic acid/MK-801 5/6 1/6 0/6* 0/6*

*p = 0.05 vs. kainic acid/saline treated rats (Fisher’s exact probability test).

The NMDA receptors in the hippocampus are particularly
sensitive to the inhibitory action of ethanol (16,18,19,32).
There is accumulating evidence that, in response to this inhibi-
tion, NMDA receptors may become upregulated during
chronic exposure to ethanol (3). Several recent studies have
suggested that ethanol withdrawal behaviors may result from
this adaptation (12-14). Furthermore, Valverius et al. demon-
strated a high number of NMDA receptors in the hippocampus
of mice selectively bred for susceptibility to ethanol with-
drawal seizures (40). Thus, adaptation of the NMDA receptor/
ionophore complex in the hippocampus may play an important
role in mediating the behaviors associated with abrupt ethanol
withdrawal in dependent animals. These previous observa-
tions taken together with the data presented here, strongly
suggest a probable important role for the CA region of the
hippocampus in at least some of ethanol withdrawal behaviors.
This role may be by virtue of changes in the NMDA receptors
within the region or alternatively, because the CA1 region is
the exit of amplified excitation from the hippocampus, it is
possible that it functions as one part of a larger neuronal
network recruited to produce the withdrawal response.

The piriform cortex has been described as a crucial epilep-
togenic site (33). Microinjection of various convulsants, includ-
ing NMDA and KA, into this region induces seizures and
epileptiform activity in cortical and subcortical sites (24,35,37).
NMDA receptor antagonists are able to prevent these convul-
sant-induced seizures when locally applied (24,34,35). There-
fore, excitation of NMDA receptors may play a crucial role
in the genesis of epileptogenic activity in the piriform cortex.
The action of KA as a convulsant and excitotoxin in this region,

TABLE 3

SCATCHARD ANALYSIS OF ['HJMK-801 BINDING IN
THE AREA ENCOMPASSING THE PIRIFORM CORTEX

Ky Buux
Group (nM) (pmol/mg protein)
Saline/saline 1.05 = 0.065 1.7 = 0.12
Kainic acid/saline 0.86 = 0.08* 1.13 = 0.1%
Saline/MK-801 1.34 + 0.06 1.89 = 0.1
Kainic acid/MK-801 1.03 = 0.13 1.8 = 0.1

*p < 0.05 vs. saline/MK-801 group (ANOVA and Student—
Newman-Keuls test).

+p < 0.05 vs. saline/saline, saline/MK-801, and kainic acid/
MK-801 groups (ANOVA and Student-Newman-Keuls test).
Data are mean = SEM, n = 4 in each group.

may indirectly depend upon activation of NMDA receptors. It
has been reported that KA exerts an action presynaptically,
releasing excitatory amino acids, which resultin NMDA recep-
tor-mediated excitotoxicity (5,6). In this study, MK-801 was
effective in preventing KA-induced damage in the piriform
cortex while KA treatment resulted in a decreased density of
MK-801 binding sites. There was a significant increase in affin-
ity for ['HJMK-801 in this area. This could reflect the loss of
cells particularly sensitive to the excitotoxic actions of the
administered KA and which display subtypes of the NMDA
receptor. Receptors on the residual cells may have subtly
different characteristics.

Although the ethanol sensitivity of the NMDA receptors
in this region has not been studied, mapping studies using
c-fos expression clearly indicates increased neuronal activity in
the piriform cortex as well as the hippocampus during ethanol
withdrawal (21,27). This expression was prevented by pretreat-
ment with MK-801 (42). Therefore, the hypothesis that neu-
ronal cells in the piriform cortex that are sensitive to NMDA
play a role in the generation of ethanol withdrawal response
has some support.

In the generation of audiogenic seizures in ethanol-depen-
dent rats, the IC has been suggested to play a fundamental
role. This is due to its key position in the auditory pathway.
It consists of a central mass of cells (central nucleus) sur-
rounded by a cortex (dorsal and external). Work by other
groups [reviewed by Speck (38)] and ourselves failed to show
KA-induced damage in either IC cortex or IC nucleus. Either
bilateral injections of GABA ,-agonists into the 1C or bilateral
electrolytic lesions of the IC suppressed sound-induced sei-

TABLE 4

SCATCHARD ANALYSIS OF ['H]MK-801
BINDING IN RAT HIPPOCAMPUS

B
Group (n) K, (nM) (pmol/mg protein)
Saline/saline (5) 0.94 = 0.08 1.76 = 0.08
Kainic acid/saline (4) 0.66 = 0.05 1.17 = 0.02%
Saline/MK-801 (13) 0.84 = 0.05 175 = 0.05
Kainic acid/MK-801 (8) 1.27 = 0.12* 1.53 = 0.1

*p < 0.05 vs. saline/saline, kainic acid/saline and saline/MK-
801 groups (ANOVA and Student-Newman-Keuls test).

tp < 0.05 vs. saline/saline, saline/MK-801 and kainic acid/MK-
801 groups (ANOVA and Student-Newman-Keuls test). Data are
mean SEM.
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zures of the ethanol-withdrawing animals. This has lead to a
hypothesis that adaptive reductions in GABAergic inhibition
in the IC could be responsible for an increased audiogenic
seizure susceptibility during ethanol withdrawal (8-10). In
contrast to the typical withdrawal behaviors, the occurrence
and seizure pattern elicited by audiogenic stimulus was not
altered in any of the KA-treated groups. No visible histological
damage was observed in the inferior colliculus in treated ani-
mals. These data confirm that KA treatment does not abolish
all aspects of ethanol dependence. They also emphasise that
withdrawal behaviors and audiogenically induced seizures

probably do not have the involvement of the CA region and
the piriform cortex in common. This further supports the sug-
gestions that these behaviors involve various independent neu-
roanatomical and/or neurotransmitter systems in the chronic
adaptive response to ethanol.
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