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Previous work has demonstrated that chronic ethanol toxicity (CET)

produces severe and permanent alterations in hippocampal pyramidal cell

morphological, and functional characteristics. Additionally, memory formation,
a behavioral process thought to be at least in part attributed to hippocampal

functioning is severely attenuated following CET. The present study examined
the effect of CET on a well recognized physiological correlate of memory

formation, long term potentiation (LTP). Animals were fed a nutritionally

complete, ethanol containing diet for 28 weeks and then allowed a 48 hour or 5 -

7 month abstinence period. A control group was fed the same diet except

sucrose was isocalorically substituted for ethanol. Neurophysiological methods
measured the capacity of synaptic connections onto CA1 pyramidal cells to

support LTP in response to a variety of conditioning trains. At both periods

post-abstinence, the magnitude of LTP was reduced in CET animals as compared
with pair-fed controls. LTP induction is mediated by activation of the N-methyl-

d-aspartate (NMDA) receptor complex and is modulated by activation of y-
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aminobutyric acid (GABA)ergic synaptic transmission. The effect of CET on LTP

magnitude might have been due to effects on the NMDA-induced induction itself
or on the GABAergic modulation of induction. To distinguish between these

possibilities, the induction of LTP was tested in the presence of bicuculline
methiodide (a specific antagonist to the GABAa receptor). Under these

conditions, there was no difference between CET and controls. This result

suggests that the reduction of LTP magnitude by CET observed in the absence of
bicuculline was due to a permanent alteration of GABAergic modulation of
induction.

GABAa function was next examined by measuring the efficacy of GABA
to stimulate and bicuculline to antagonize GABA-stimulated chloride uptake in

hippocampal and cortical membrane preparations. CET did not affect basal

uptake of chloride or the efficacy of either GABA or bicuculline at the GABAa

channel.

In addition to plasticity related events, NMDA receptor activation plays a

role in excitotoxicity and cell death. To investigate the hypothesis that NMDA

receptors may mediated cell loss following CET, the binding properties an

antagonist to the NMDA receptor channel, [3H](+)-5-methyl-10.11-dihydro-5H-

dibenzo[a,d]cyclohepten-5,10-imine ([3H]MK-801) were examined. Neither the

Kj nor the Bmax of [3H]MK-801 binding to the NMDA receptor or the ability of

glutamate to stimulate [3H]MK-801] binding was altered following CET.



CHAPTER 1
INTRODUCTION

Chronic abuse of alcohol results in deterioration of anatomical,

physiological and behavioral correlates of cognitive performance. The
neurotoxic damage extends into several brain structures including thalamus,

cerebellum, cerebral cortex, and hippocampus. Of particular consequence is the

pathology of anterograde amnesia, a profound and devastating symptom of
chronic abuse.

Interest in the types of anatomical and physiological deficits responsible
for the anterograde amnesia have directed the attention of researchers to the

hippocampal formation. This region is critical for acquisition of new memories
and is specifically and dramatically affected by all stages of early and chronic
ethanol abuse (Grant et al., 1990; Lovinger et al., 1990; Walker et al., 1981; Zola-

Morgan, et al., 1986; 1992). Two exciting areas of recent research have helped to

shed light on potential physiological substrates of ethanol-produced memory

deficits. The first area has focused on ethanol interactions with a possible

physiological correlate of memory formation, long term potentiation (Lovinger et

al., 1990; Blitzer et al., 1990; DeMontis, et al., 1991; Grant et al., 1990; Gulya et al.,

1991). Through this research, we have learned of a specific susceptibility of the

N-methyl-D-aspartate (NMDA) receptor complex to both acute and proldneed
exposure to low concentrations of ethanol. The effects of ethanol on NMDA

receptor function are most likely the cause of the observed deficits in LTP

induction following acute exposure. NMDA receptors also participate during

pathological states in the production of seizures and excitotoxic cell
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death (Choi, 1988; Grant et al., 1990). Therefore, alterations in NMDA receptor

function may be involved with the cell loss which follows chronic ethanol abuse.
The second area of recent research has examined the interactions of

ethanol with specific subtypes of GABAa receptor function (Allan et al., 1991;

Luddens, et al., 1990; Wafford et al., 1991). For example, a specific subunit (y2l)
of the GABAa receptor is vulnerable to the effects of acute ethanol exposure

(Wafford et al., 1991). The regional specificity of ethanol actions on GABAergic

synaptic transmission may thereby reflect the regional distribution of GABAa

receptors which contain the subunit. GABAa receptors are well recognized as

potent modulators of neuronal excitability as well as plasticity-related functions
such as LTP induction.

The purpose of this dissertation work was twofold. First, I investigated
the possibility that chronic ethanol ingestion disrupts some component of LTP

induction. Secondly, I examined some potential mechanisms through which
chronic ethanol toxicity may mediate the disruption of LTP: 1) NMDA receptor

function and 2) GABAa receptor function.



CHAPTER 2
LITERATURE REVIEW

The first characterization of a neural disorder associated with chronic

alcohol abuse was described by Carl Wernicke in 1881. The major symptoms he
noted included global confusion, opthalmoplegia, nystagmus, ataxia, and

polyneuropathy of extremities (Butters and Cermak, 1980). Postmortem

examination of brain tissue revealed punctate hemorrhages located in the gray

matter around the third and fourth ventricles. It was later learned that treatment

with large doses of thiamine could reverse disease progression with eventual

dissipation of symptomatology. Several years after this initial description of
Wernicke's encephalopathy, S.S. Korsakoff described a state of amnesia that often

accompanied polyneuropathy disorders (Butters and Cermak, 1980). These

symptoms followed long term alcoholism, vomiting, and intestinal disorders. In

Korsakoff's syndrome, patients suffer from a profound anterograde amnesia of
both verbal and nonverbal information. No alterations in intellectual functioning
are associated with the memory loss. Additionally, Korsakoff's syndrome is
associated with a graded retrograde amnesia, that is, patients can recall events

from the distant past with greater ease than events from the recent past. When
asked questions that test recent memory function, Korsakoff's patients may tend
to confabulate or fill in the time period of which they have no memory with
events from the distant past. However, this is not a consistent feature of this

disease. Korsakoff patients tend to be apathetic, passive and in general
disinterested in alcohol, a marked distinction from their premorbid personality.

Eventually it was determined that Wernicke's encephalopathy and Korsakoff
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syndrome occur as separate components of the chronic ethanol disease process.

Wernicke's encephalopathy is primarily caused by malnutrition associated with,
but not caused by chronic alcoholism. Following treatment with massive doses
of thiamine, the alcoholic patient may then enter into the chronic Korsakoff's

stage of this disease process. The neuropathology associated with each of these
disease processes is distinct. Wernicke's disease involves hemorrhagic injury to

midbrain structures and cerebellum whereas the pathology of Korsakoff's is

associated with lesions of thalamic nuclei and mammillary bodies.
In 1971, Ryback proposed the hypothesis that chronic alcohol abuse

produces a graded effect on memory impairment. That is, the alcoholic
Korsakoff patient, long term alcoholic and heavy social drinker all present with a

qualitatively equal memory disorder but the severity of the deficit progresses

with duration of drinking. Indeed, several studies have demonstrated that the

chronic alcoholic patient performs more poorly in short term memory tasks than

age-matched controls, but significantly better than age-matched alcoholic
Korsakoff's patients (Parker and Noble, 1977; Ryan et al., 1980). For example,
short term memory tests were given in which the patient was asked to associate

digit-symbol pairs so that upon presentation of a geometric symbol the patient

would name the number associated with it. Alcoholic Korsakoff's patients failed
to learn this task even over repeated trials. Chronic alcoholics performed better
than the Korsakoff's but never reached the level of performance of control

subjects. Similar results were obtained when patients were asked to remember

four unassociated words for durations of 15 to 30 seconds. In all cases, the deficit

of chronic alcoholics was most pronounced when the subject was asked to do
another cognitive task (e.g. counting backwards) during the time period between

presentation of the item to be remembered and recall (proactive interference).
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There also are marked differences in the characteristics of amnesia

between the alcoholic Korsakoff's patient and chronic alcoholic. For example, the

memory disorder associated with chronic alcoholism is confined primarily to

short term memory with no retrograde amnesia. The alcoholic Korsakoff's

patient suffers from both anterograde and retrograde memory deficits.
Confabulation is a characteristic sometimes associated with the anterograde
amnesia of Korsakoff's but not seen in chronic alcoholism. The different

characteristics of memory deficits in Korsakoff's and chronic alcoholic patients

may reflect different or additional anatomical substrates responsible for the
amnesias.

The morphological substrates responsible for the alcoholic memory

disorder have been studied in both humans and animal models. In humans, cell

loss has been described in several brain structures including cerebellum,

thalamus, frontal cortex, basal forebrain, and hippocampus (Arendt et al., 1983;

Bengochea and Gonzalo, 1990). In order to determine the potential contributions
of these regions to the behavioral changes during alcoholism, researchers have

compared behavioral data from human clinical and animal temporal lobe and
medial thalamic lesion studies to that from chronic alcoholics. Severe

anterograde amnesia has been described in patients with a lesion somewhat

localized to the dorsal medial region of the thalamus or to area CA1 of the

hippocampus (Squire and Moore, 1979; Zola-Morgan et al., 1986).
Animal models with lesions restricted to either the dorsal thalamus or

hippocampus have helped to shed light on the specific contribution of these

regions to normal memory function. A commonly used task for testing short
term memory is the delayed non-matching to sample. In this test, the animal is
allowed to displace an object covering a food well with a raisin in it. Next, an

opaque wall is placed to block the monkey's view of the food well. After 8
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seconds, the wall is removed and the monkey sees two objects, the previously
viewed object and a novel object. The monkey is trained to choose the novel

object to obtain the raisin reward. Once the monkey has learned this task, the

delay between initial presentation of the object and presentation of the two

objects is lengthened. Animals with lesions to either the dorsal medial region of
the thalamus or CA1 of the hippocampus have difficulty learning the task

initially and once criterion is reached, in performing the task correctly as delays
between presentations are increased to 60 sec or more (Aggleton and Mishkin,

1983; Zola-Morgan et al., 1992). These results demonstrate the deficits in new

memory acquisition as well as recall of recent information following lesions to

dorsal thalamus or hippocampus. In dorsal medial thalamus, lesions which

encompassed both anterior and posterior thalamus resulted in amnesia far

greater than following a lesion to either region alone. The notion of an increasing

memory deficit with increasing extent of the lesion holds true for the temporal
lobe as well. For example, lesions which include hippocampus,

parahippocampal gyrus and perirhinal cortex produce a more severe

anterograde amnesia than occurs following lesions restricted to the hippocampus

(Zola-Morgan et al., 1989). This suggests that the parahippocampal gyrus and

perirhinal cortex provide a contribution to memory in addition to the
contribution made by the hippocampus. These combined results indicate that a

number of separate brain regions are responsible for memory acquisition and
that a lesion to any one of these structures may result in short term memory loss.
Inferred from these studies is that the severity of amnesia may depend on the
extent of pathology to the memory circuit.

As stated earlier, the pathology most prominently associated with
alcoholic Korsakoff's disease is degeneration of the dorsomedial thalamus, which
is commonly thought responsible for the enduring memory loss associated with
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this disease. There is only one study, though, that found a correlation between

damage to the dorsomedial thalamus and memory loss in alcoholic Korsakoff's

(Victor et al., 1971). Other studies have failed to consistently find such a

correlation (Butters and Cermak. 1980). The possibility remains then, that other
structures within the memory circuit may contribute or be solely responsible for
the memory loss following chronic alcoholism.

Because of the confounding variables of compromised nutritional status,

duration and quantity of drinking, as well as type of drinking (i.e., binge vs.

constant drinking) investigation of direct effects as well as the nature of the
effects of ethanol in humans is difficult. Several animal models of controlled

alcohol and nutritional intake have been developed to study the effects of chronic
alcohol alone.

Behavioral Evidence of Memory Deficits in an Animal Model of Long Term
Alcohol Consumption

In 1970, Freund described a rodent model of chronic ethanol consumption

in which animals received a nutritionally complete liquid diet with part of the
caloric intake in the form of ethanol. This diet served as the sole source of food

and liquid for the duration of the treatment period. A variety of behavioral tests

of memory acquisition demonstrated a permanent loss of memory acquisition

following a three to seven month exposure to ethanol (Freund and Walker, 1971;

Walker and Freund, 1973; Walker and Hunter, 1978; File and Mabbutt, 1990). In

one study, animals were trained to perform a temporal alternation task in which
bar presses were reinforced on alternate trials (Walker and Hunter, 1978).

Following 20 weeks of an ethanol containing diet and 2 months of abstinence,
animals were retrained on the same behavioral task. After the training period,
short term memory was tested by varying the duration between bar press trials.



8

Animals that received chronic ethanol treatment (CET) tested as well as pair-fed
controls when the intertrial interval was 20 seconds or less. The performance of
CET animals significantly declined as the intertrial interval increased to 60

seconds. The behavioral deficit demonstrated in this rodent model of CET

closely parallels the deficit in short term memory of chronic alcoholics and
alcoholic Korsakoff's patients, although a major difference was that the animal
model of memory loss occurred in the presence of a nutritionally complete diet.
These results demonstrate the nature of behavioral effect of ethanol alone.

Chronic ethanol consumption produced a toxic action to the neural substrate

underlying memory formation.

Anatomical Evidence of Hippocampal Pathology Following Chronic Ethanol
Treatment

Several studies have demonstrated loss of 10 to 40% hippocampal

pyramidal and dentate granule cells following a 20-week or longer exposure to a

chronic ethanol diet (Cadete-Leite, et al., 1988; Walker et al., 1980; Lescaudron

and Verna, 1985). Lescaudron and Verna (1985) went on to show that pyramidal
cell loss is greater in the ventral than the dorsal region of the hippocampus. In

addition, chronic ethanol abuse results in changes in spine density and decreases
in dendritic length (Riley and Walker, 1978; Me Mullen, et al., 1984; Goldstein et

al., 1983; Lescaudron et al., 1986; King et al., 1988; Cadete-Leite et al., 1989). In

the dentate gyrus, cell loss due to chronic ethanol toxicity is accompanied by an

increase in the dendritic extent of the surviving cells (Cadete-Leite, et al., 1988).

Following a 20-week recovery period, spine density returns to normal (King et

al., 1988).

Physiological studies have also been employed to examine dendritic
alterations following chronic ethanol consumption. Abraham et al. (1982)
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described an alteration in the distribution of afferent synaptic connections in area

CA1. Specifically, current source density analysis of synaptic fields
demonstrated a 13.4% reduction in the Schaffer collateral and commissural

(Sch/Com) fiber synaptic field. The anatomical data taken together suggest that
concomitant processes of cell degeneration, adaptation, and a subsequent process

of recovery all contribute to the resulting behavioral and anatomical
manifestation of chronic ethanol toxicity.

In addition to the dramatic changes in principal cells of the hippocampus,
Lescaudron et al. (1986) described y-amino butyric acid (GABA)ergic cell loss in

the hippocampus. Using immunocytochemical analysis with an antibody to

GABA, they found decreased labeling intensity of immunopositive neurons and
fibers in both dorsal and ventral hippocampus, and decreased number of

immunopositive neurons in ventral hippocampus. These results may be

interpreted as a chronic ethanol-produced interneuronal cell loss in hippocampus

and/or a reduction in GABA content or antibody affinity in these neurons.

Mice specifically bred for sensitivity to the acute effects of ethanol were

used to examine the effects of a chronic ethanol diet on GABAergic cell number
in the dentate gyrus (Scheetz et al., 1987). Prior to ethanol exposure, there was no

difference in the number of dentate basket cells between ethanol sensitive and

resistant strains. Following a 3-month chronic ethanol diet, a significant
reduction in dentate granule layer basket cell number was observed only in
ethanol sensitive animals. These results again illustrate the specific neurotoxic

effects of ethanol on GABAergic interneurons.

Physiological Effects of Chronic Ethanol Toxicity in the Hippocampus
In the hippocampus, functional inhibition can be measured using a paired

pulse paradigm. When the first (conditioning) pulse is antidromic and the
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second (test) pulse is orthodromic, the second response is reduced relative to the
first even with interpulse intervals of a few hundred milliseconds. The

conditioning pulse of this stimulus paradigm is thought to activate the recurrent

inhibitory pathway onto pyramidal cells. Comparison of the reduction of the test

pulse between diet treatment groups reflects the relative amount of functional
inhibition. Test pulse inhibition following chronic ethanol treatment is less

compared to pair-fed controls (Abraham et al., 1981; Durand and Carien, 1984a;

Rogers and Hunter, 1992). This suggests that recurrent inhibitory circuitry is
reduced after chronic ethanol treatment. Physiological alterations in the

hippocampus following chronic ethanol toxicity parallel the morphological

findings of decreased GABAergic interneurons.
Durand and Carien (1984a) demonstrated that following chronic ethanol

treatment the amplitude and duration of the K+ mediated afterhyperpolarization
and the orthodromically stimulated (GABA mediated) inhibitory postsynaptic

potential (IPSP) in CA1 pyramidal cells and dentate granule cells were reduced,
while other passive and active membrane characteristics of granule cells (input

resistance, resting membrane potential, excitatory postsynaptic potential (EPSP)

amplitude, etc.) remained unchanged. Rogers (1986) went on to test the efficacy
of GABA at the postsynaptic GABA receptor in response to iontophoresis of
GABA. Single test pulses delivered following iontophoresis of GABA were

reduced to a greater extent in chronic ethanol treated animals as compared to

pair-fed controls. He next tested single pulse responses in the presence of a

GABAa receptor antagonist, bicuculline methiodide. In this condition, responses

were larger in ethanol treated animals as compared to pair-fed controls. These
results suggested that chronic ethanol treatment resulted in an augmentation of
the GABAa receptor responses to its endogenous ligand, GABA. The efficacy of
bicuculline to reduce GABAergic inhibition was also enhanced. Taken together,
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the above results suggested that CET produced a decrease in presynaptic release

along with either 1) an increase in postsynaptic GABAa receptor number along
with a decrease in presynaptic release or 2) an increase in efficacy of GABA at the

postsynaptic GABA receptor. The decrease in presynaptic release is most likely
due to a decrease in GABAergic innervation of principal cells.

In addition to the chronic ethanol associated changes in basal or single

pulse synaptic function, a few studies have examined ethanol actions on synaptic

function related to long term plasticity. In vitro measurements from area CA1
indicated that the number of hippocampal slices capable of expressing long term

potentiation (LTP) was decreased following chronic ethanol treatment but if LTP
was induced, the magnitude of potentiation was not different from controls

(Durand and Carien, 1984b). These experiments only measured the compound
action potential (PS) responses of pyramidal cells and were therefore more a

measure of LTP induced changes in cell excitability (i.e., threshold to activation

of an action potential and/or firing frequency) than LTP (which is synaptic in

origin). In vivo, there was no change in the early time course or magnitude of
LTP in area CA1. However, there was a trend toward a greater decay of the early

phase of LTP maintenance. In the dentate gyrus, LTP was unchanged (Abraham
et al., 1981; 1984). It should be noted that these studies recorded responses to

long duration conditioning trains which produced a maximal or asymptotic LTP

with a single train. Perhaps ethanol does not affect the maximal amount of

potentiation produced by a group of synapses, but rather the amount of

depolarization necessary to produce a given amount of potentiation. In other

words, chronic ethanol may affect the facility or ease of induction of LTP in

response to a given conditioning train. To test this, responses to short duration

conditioning trains which produce submaximal LTP must be measured.
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The Effect of Duration of Exposure and Length of Abstinence on the Substrates of
Ethanol Toxicity

Throughout the alcohol literature it is widely accepted that differing
mechanisms are responsible for the pathology at each stage of neurotoxicity. The

particular stage of ethanol neurotoxicity reflects the duration of exposure or

withdrawal from ethanol. For example, acute exposure of hippocampal neurons

to low doses of ethanol results in a rapid block of the N-methyl-D-aspartate

(NMDA) receptor mediated EPSP and LTP induction (Lovinger et al., 1990;

Blitzer et al., 1990). Receptor binding studies revealed a coincident decrease in
the number of [3H]MK-801 (diclozipene, a specific antagonist to the NMDA

receptor channel) binding sites (DeMontis et al., 1991). Following a one or two

week exposure to a liquid diet containing ethanol, the number of [3H]MK-801

binding sites is upregulated as compared to controls (Gulya et al., 1991).
Behavioral evidence of heightened seizure susceptibility and reduced

responsiveness to the effects of acute ethanol (tolerance) are consistent with
increased NMDA receptor function (Grant et al., 1990). As the duration of

exposure lengthens to three to five months, hippocampal pyramidal cells and
interneurons undergo cell death (Walker et al., 1981; Lescaudron and Verna,

1985). The dendritic morphology of surviving cells is altered (King et al., 1988).

Following an abstinence period, dendritic morphology returns to normal. The
overall response of the animal or person to chronic ethanol, then, is likely to

reflect the entire ethanol history.

A Physiological Correlate of Memory Formation
In 1973, Bliss and Lomo demonstrated that following a high frequency

conditioning train to the perforant path fibers which synapse onto dentate

granule cell in the dentate gyrus, a long-lasting (up to 3 weeks) increase in
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synaptic efficacy to subsequent single pulse stimuli occurred. The enhanced

synaptic efficacy was manifested as an increased amplitude and decreased

latency to onset of the PS of granule cells. The enhanced synaptic efficacy was

later termed long term potentiation and was described in a variety of central
nervous system (CNS) structures. Since its initial description, LTP has been
considered to be a physiological correlate of learning and memory because of its

enduring nature, the types of physiological stimuli which produce it (theta

pattern stimulation) and the anatomical substrates in which it is found (Teyler
and DiScenna, 1984). LTP is defined as an enduring or permanent enhancement
in the functional, biochemical and/or morphological elements of synaptic

transmission, which results in a long lasting enhancement of the efficacy of

synaptic transmission. The physiological consequence of LTP is an increase in

amplitude and slope of the extracellular recorded EPSP and a decrease in latency
to onset of the EPSP. The changes in EPSP reflect an increase in the amplitude
and/or decrease in threshold for activation of the intracellular recorded EPSP

(Schwartzkroin and Wester, 1975). LTP also results in an increase in the

amplitude of the extracellular PS, due to a decrease in threshold and increase in

firing frequency of pyramidal cells for a given stimulus (Chavez-Noriega et al.,

1990).

The mechanisms underlying LTP have been most thoroughly examined in
the hippocampus. Before discussing the results from these studies, it is

important to briefly describe the anatomical connections within this region (Fig.

2-1). The transverse plane of the hippocampus is generally arranged as a

trisynaptic circuit (Amaral and Witter, 1989). The input fibers from ipsilateral
and contralateral entorhinal cortex form the medial and lateral perforant path.
These fibers synapse onto the dendrites of the granule cells of the dentate gyrus.

The granule cells send projections (mossy fibers) to synapse on the CA3
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pyramidal cells. CA3 pyramidal cells send projections ipsi- and contralaterally to

form the Sch/Com fibers in CA1. These fibers form synapses onto the CA1

pyramidal cells as well as inhibitory interneurons of CAI. CA1 pyramidal cells
also synapse on inhibitory interneurons (basket cells) which then synapse onto

CA1 pyramidal cells. The synaptic interconnections between CA1 pyramidal
cells and inhibitory interneurons mediate feedforward and feedback inhibition of

pyramidal cell function.
In response to single pulse stimulation of the Sch/Com fibers,

presynaptically released glutamate initially stimulates postsynaptic a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. Subsequent flux
of Na+ and K+ through the AMPA channel results in a short onset and brief
duration postsynaptic depolarization (Hestrin et al., 1990). Postsynaptic NMDA

receptors are only minimally activated by glutamate under this condition due to

a voltage dependent channel block by Mg2+. In addition, single pulse
stimulation results in release of GABA from inhibitory interneurons, which

activates postsynaptic GABAa and GABAg receptors. Activation of GABAa

receptors results in an inward CP current with a short latency (3 ms or less) and
brief duration (225 ms) at 32° C (Davies, et al., 1990). Activation of the

postsynaptic GABAg receptor results in G-protein activation and subsequent
outward K+ conductance of longer latency (30 ms) and duration (700 - 800 ms) at

32° C.

Delivery of a high frequency train of pulses to the Sch/Com fibers results
in a greater postsynaptic depolarization due to repeated AMPA receptor

activation. The enhanced postsynaptic depolarization relieves the Mg2+ block of
the NMDA receptor, resulting in an additional inward Ca2+ and Na+
conductance through the glutamate activated NMDA receptor channel

(Dingledine, 1983; Harris et al., 1984; Mayer and Westbrook, 1984; Mayer et al.,
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CAI

CA3

Figure 2-1. Schematic representation of the transverse plane of the hippocampus
to illustrate the connections of the trisynaptic circuit (Abbreviation are as follows:
CA1, corpus ammonis area 1 of hippocampus; EC, entorhinal cortex; DG, dentate
gyrus; MF, mossy fibers; PP, perforant path; SC, Schaffer collateral and
Commissural fibers).

1984; Nowak et al., 1984; Hestrin, et al., 1990; Regehr and Tank, 1990).

Postsynaptic GABAa and GABAb activation also occurs. Synaptically released
GABA can act back upon presynaptic GABAb receptors located on the terminals
of GABAergic interneurons, resulting in a G-protein mediated decrease in Ca2+
conductance and a subsequent decrease in GABA release (Davies et al., 1990;

1991). The GABAb mediated events occur with a latency of 200 - 400 ms. The
NMDA and GABAb mediated synaptic transmission play only a minimal role in

responses to single pulse stimulation. In the presence of plasticity inducing high

frequency conditioning trains, both the NMDA and GABAb receptor systems

produce a profound effect on the resulting pre- and postsynaptic response.

LTP can be conceived as a sequence of events which can be separated for

experimental purposes into 1) an induction process and 2) a process to maintain

synaptic enhancement. Induction of LTP requires cooperativity of pre- and
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postsynaptic elements such that there is synchronous or near synchronous

presynaptic activation and postsynaptic depolarization (Gustafsson et al., 1987).
Current flows through the NMDA receptor channel only when synaptically
released glutamate binds to the postsynaptic receptor in combination with

postsynaptic depolarization. This allows relief of the voltage dependent Mg2+
block of the NMDA receptor and Ca2+ influx. Ca2+ entry can activate

postsynaptic protein kinases such as Ca2+/Calmodulin II, protein kinase C,

protein kinase A, and tyrosine kinases. These kinases are thought to provide the
substrates for maintenance of synaptic enhancement (Finn et al., 1980; Mody et

al., 1984; Hu et al., 1987; Lovinger and Routtenberg et al., 1988; Malinow et al.,

1988; Reyman et al., 1988; Malenka et al., 1989).
A consensus view of the nature of synaptic changes responsible for

maintenance of LTP has not yet been reached. Kauer et al. (1988) report

increased AMPA mediated postsynaptic current immediately following LTP
induction. This result was based on the evidence that following an LTP

conditioning train, the AMPA and not the NMDA response (in the presence of

antagonists to the AMPA channel and low Mg2+) to single pulse stimulation was

increased. Within 30 seconds, though, the NMDA response as well as the AMPA

response was increased. The increase in NMDA current returned to baseline
levels within four minutes after cessation of the LTP conditioning stimulus. On
the presynaptic side, several researchers have demonstrated an immediate and

persistent increase in glutamate release in response to LTP induction (Bekkers
and Stevens, 1990; Malinow and Tsein, 1990; Malinow, 1990). Using similar

techniques of quantal analysis, Kullmann and Nicoll (1992) and Manabe et al.

(1992) provided evidence supporting both pre- and postsynaptic changes. Using
in vivo LTP induction and in vitro (HPLC) measurement of neurotransmitter

release, Ghijsen et al. (1992) report that endogenous release of both glutamate
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and GABA increase following LTP induction. Based on these combined results,
it is currently thought that both pre- and postsynaptic mechanisms contribute to

LTP maintenance.

The amount of potentiation of the intracellularly recorded EPSP is related
to the amount of postsynaptic depolarization during induction when the

postsynaptic depolarization is paired with presynaptic activation (Gustafsson et

al., 1987). With extracellular stimulation, the postsynaptic depolarization is

produced by a high frequency afferent stimulation. It appears that a minimum

number of afferent fibers or synaptic contacts must be activated to generate LTP.

Short duration conditioning trains will produce less postsynaptic depolarization
and therefore smaller amounts of LTP than will longer duration trains.

The expression of LTP is a result of combined potentiation of excitatory
and inhibitory synaptic transmission (Abraham et al., 1987; Morishita and Sastry,

1991). The relative contribution of excitatory synaptic transmission typically

predominates over the inhibitory contribution so that the resulting PSP reflects a

relative decrease in overall inhibitory influence.

Objectives of the Dissertation

Since LTP is a candidate substrate for memory acquisition, and the

hippocampus serves a vital role in memory formation, it is reasonable to

hypothesize that the hippocampal vulnerability to the effects of chronic ethanol

toxicity may contribute to the amnesic symptoms of alcoholism. A necessary

requisite for the behavioral disorder, though, is a parallel physiological disorder.
It is therefore critical to determine the plasticity related physiological effects of
chronic ethanol toxicity in the hippocampus.

The hypothesis tested by the experiments presented in this dissertation is
that chronic ethanol treatment is associated with transient and/or permanent
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alterations in one or more components of the induction process of long term

potentiation in the hippocampus. To test this hypothesis, I investigated 1) the
effect of CET on induction of LTP in the presence and absence of GABAa

synaptic transmission; 2) the effect of recovery from CET on induction of low
levels and maximal magnitude LTP in the presence and absence of GABAa
mediated synaptic transmission; 3) changes in the binding characteristics of

[3H]MK-801 to the NMDA receptor channel following CET; 4) changes in the

efficacy of glutamate to enhance NMDA receptor channel function; 5) the effect
of CET on the efficacy of the endogenous ligand GABA to stimulate GABAa

receptor function and the efficacy of a GABAa receptor antagonist, bicuculline, to

inhibit GABA-stimulated GABAa receptor function.



CHAPTER 3
GENERAL METHODS

Male Long Evans hooded rats (200-250 g) were purchased from Charles

River. A two-week holding period was allowed following arrival to allow for

adjustment to the animal care facility. All animals were housed individually in
stainless steel cages in a colony room with an automatic 7 AM to 7 PM light cycle.

Animals within a particular shipment were paired by weight and assigned
to one of two liquid diet treatment groups: 1) An ethanol group (group E) in
which ethanol comprised 35-39% of the total caloric intake (8.1 - 9.4% v/v,

ethanol); and 2) A sucrose group (group S) which received an identical diet

except sucrose was isocalorically substituted for ethanol. The remaining calories
were supplied through Sustacal (Mead-Johnson Co.). Both diets were fortified
with Vitamin Diet Fortification Mixture, 0.3 g/100 ml and Salt Mixture XIV, 5.0

g/1 (ICN Nutritional Biochemicals, Cleveland). Both diets contained 1.3 kcal/ml
and provide several times the daily requirement of all essential vitamins and
nutrients (Walker and Freund, 1971; Walker, et al., 1980).

The amount of ethanol diet consumed per Group E animal each day was

measured and recorded. An equal volume of sucrose diet was given on the

following day to the pair-fed Group S animal. Pair-feeding group S and group E

animals ensured that each of a sucrose-ethanol pair received the same volume of
diet and thus the same caloric intake during the treatment period. The liquid
diets were prepared daily and animals received their daily allowance of diet
between 8 and 9 AM. The liquid diets were administered as the sole source of
food for a period of 28 weeks. The percentage of calories in the form of ethanol

19
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or sucrose was increased by 1% every 4 weeks. A total of 34 sucrose-ethanol

pairs were used in this series of studies. The average daily intake of ethanol

using this paradigm was 12.30 ± 0.17 g/kg/day. All rats were weighed weekly.
Rats maintained on these diets gain weight normally. At the end of the 28 week

period all animals received laboratory chow and water ad libitum for a period of
48 hours or 5-7 months, at which time the acute experiment was performed.



CHAPTER 4
THE EFFECTS OF CHRONIC ETHANOL TREATMENT ON LONG TERM

POTENTIATION IN THE HIPPOCAMPUS

Introduction

Chronic abuse of alcohol results in pathological deterioration of

anatomical, physiological and behavioral correlates of cognitive performance.
The neurotoxic damage extends into several brain structures including

thalamus, cerebellum, cerebral cortex and hippocampus. Of particular

consequence is the pathology of anterograde amnesia, a profound and

devastating symptom of chronic abuse (Freund, 1970; Freund and Walker,

1971; Walker and Freund, 1973; Walker and Hunter, 1978; Berocochea et al.,

1989). In order to better understand the underlying pathology responsible for
this anterograde amnesia, the permanent effects of chronic ethanol toxicity

(CET) on a physiological correlate of memory, long term potentiation (LTP)
was investigated. LTP is defined as an enduring or permanent enhancement
in the functional, biochemical and/or morphological elements of synaptic
transmission (Bliss and Lomo, 1973; Kennedy, 1989). Induction of LTP

requires influx of Ca2+ through the N-methyl-D-aspartate (NMDA) receptor

ionophore located in the postsynaptic membrane (Lynch et al., 1983; Mayer
and Westbrook, 1984; Mayer et al., 1984; MacDermott et al., 1986; Malinow and

Miller, 1986; Kauer et al., 1988; Malenka et al., 1988). During single pulse

excitatory synaptic transmission, activation of the hippocampal afferents fails
to open the NMDA receptor ionophore because of blockade by Mg2+ in a

voltage dependent manner. However, with high frequency stimulation of
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the afferent fibers, the postsynaptic membrane is sufficiently depolarized to

remove the Mg2+ block. The subsequent influx of Ca2+ through the NMDA

receptor ionophore is thought to trigger a sequence of events leading to a

sustained enhancement of functional synaptic efficacy (Dingledine, 1983;

Harris et al., 1984; Kauer et al., 1988; Malenka et al., 1988; Mayer and

Westbrook, 1984; Mayer et al., 1984; Neuman et al., 1987; Nowak et al., 1984;

Regehr and Tank, 1990; Reyman et al., 1989; Thibault et al., 1989).
Recent research suggests that acute ethanol intoxication reduces

current flow through the NMDA channel (Lovinger et al., 1989; 1990), reduces
LTP induction (Sinclair and Lo, 1986; Blitzer et al., 1990) and reduces NMDA

receptor binding affinity (DeMontis et al., 1991). During ethanol withdrawal,
NMDA receptor binding increases (Grant et al., 1990). However, NMDA

receptor binding or function have not been examined in a period of
abstinence following chronic ethanol treatment and withdrawal

A few studies have examined the effects of chronic ethanol exposure

on LTP, as demonstrated by changes in neuronal excitability, but none have
studied synaptic plasticity. Using the hippocampal slice preparation, Durand
and Carien, (1984b) determined that in area CA1 the number of slices capable
of expressing LTP was decreased following chronic ethanol treatment but if
LTP was induced, the magnitude of potentiation was not different from
controls. These experiments only measured the compound action potential

(PS) responses of pyramidal cells and were therefore more a measure of LTP

induced changes in cell excitability (i.e., threshold to activation of an action

potential and/or firing frequency) than LTP (which is synaptic in origin). In

vivo, there was no change in the early time course or magnitude of LTP, but a

statistically nonsignificant trend toward early decay in area CA1. In the
dentate gyrus, LTP was unchanged (Abraham et al., 1981; 1984). Again, the
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recordings in this study were taken from the cell body layer (PS) and therefore
not a direct examination of the synaptic component of LTP.

An alternate series of studies have suggested that chronic ethanol

ingestion may exert much of its effect by reducing the influence of synaptic

inhibition in the hippocampus. For example, 20 weeks of CET followed by 8

weeks of recovery results in decreased feedforward and recurrent inhibition
onto pyramidal cells of hippocampal area CA1 (Abraham et al., 1981; Rogers

and Hunter, 1992) Additionally, CET reduces the amplitude of the K+
mediated afterhyperpolarization and the GABA mediated inhibitory

postsynaptic potential (IPSP) in CA1 pyramidal cells (Durand and Carien,

1984a).

While NMDA receptor activation and subsequent Ca2+ entry are

necessary and sufficient for LTP induction to occur, GABAergic synaptic
transmission may modulate the magnitude of LTP (Gustafsson, et al., 1987;

Abraham et al., 1987; Morishita and Sastry, 1991). For example, in CA1
Abraham et al. (1987) described an enhancement of both excitatory and

inhibitory synaptic transmission following LTP induction, although
enhancement of excitatory synaptic transmission was greater than that of

inhibitory synaptic transmission. Morishita and Sastry (1991) recorded
intracellular events following LTP induction and confirmed these results.
Both the glutamate mediated EPSP and the GABAa mediated IPSP were

enhanced following LTP induction. Gustafsson and coworkers (1987) used

pairings of single pulse afferent stimulation with postsynaptic depolarization
to demonstrate that the amount of depolarization required to induce LTP was

reduced if GABAa receptors were blocked with the CL channel antagonist,

picrotoxin. Taken together, these results suggest that GABAergic synaptic

transmission can be involved in both the amount of glutamate stimulated
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depolarization necessary to induce LTP and the relative contribution of

excitatory and inhibitory influences to the resultant synaptic potentiation.
Since NMDA receptor activation is required for LTP induction and

GABAergic synaptic transmission modulates both the magnitude of LTP
induction and the characteristics of the LTP produced, CET induced alteration
of either of these receptor systems could result in altered LTP.

The primary aim of this study was to examine the effect of CET on LTP
induction in area CA1 of the hippocampus and the potential modulatory
influence of GABAergic synaptic transmission on this process.

Methods

Treatment Methods

Male Long Evans hooded rats (200-250 g) were matched by weight and

age and assigned to one of two liquid diet treatment groups described in detail
in Chapter 3, General Methods. Briefly, the diet treatment consisted oftwo

groups: 1) An ethanol group (group E) in which ethanol comprised 35-39% of
the total caloric intake. The remaining calories were supplied by Sustacal

(Mead-Johnson Co.) 2) A sucrose group (group S) which received an identical
diet except sucrose was isocalorically substituted for ethanol. Group S
animals were individually pair-fed with group E animals such that each of a

sucrose-ethanol pair received the same volume of diet during the treatment

period. The liquid diets were administered as the sole source of food for a

period of 28 weeks. At the end of the 28 week period all animals received

laboratory chow and water for 48 hours. Food and water intake were

measured daily during the 48 hour period. A group of similar age animals
housed under similar conditions as group S and E animals but receiving

laboratory chow and water during the entire treatment period were included
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in the study (group C). The preceding protocol of chronic ethanol treatment

(CET) has been previously used as a valid model for studying the behavioral,

morphological, and physiological consequences of chronic alcohol abuse

(Walker and Freund, 1971; 1973; Walker and Hunter, 1978; Walker et al., 1981;

1982).

Electrophysiological Methods

Slice preparation

Electrophysiological records were taken from multiple hippocampal
slices in each of 9 group S, 9 group E and 8 group C animals 50 - 60 hours

following cessation of the 28 week liquid diet treatment. All animals were

coded throughout data collection and analysis to avoid experimenter bias.
Transverse sections (400 pm) were cut through the ventral hippocampus

using a Mclllwain tissue chopper. Slices were incubated in a holding chamber

containing artificial cerebral-spinal fluid (aCSF) NaCl, 125 mM; KC1, 3.3 mM;

KH2PO4,1.25 mM; MgSCT*, 4.0 mM; CaCl2. 4.0 mM; NaHCC>3, 25 mM; glucose,
10 mM at room temperature. The pH was maintained at 7.4 with 95% O2/ 5%

CO2. Forty to sixty minutes prior to the onset of recording, a slice was

transferred to a Haas type interface recording chamber maintained at 32° C.
The slice was superfused at 1 ml/min with oxygenated medium of the same

composition as described for the holding chamber.
LTP induction protocol

At the beginning of each recording session, a stimulating electrode was

placed in stratum radiatum (SR) of CA1 midway between stratum pyramidal
and stratum lacunosum-moleculare. A glass recording micropipette filled
with 4 M NaCl was placed in SR of CA1, 800 - 1000 pm from the stimulating
electrode (Fig. 4-1A). Recordings of field EPSPs in SR were obtained in
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Figure 4-1. Microelectrode placement and representative waveforms from
the hippocampal slice preparation.
(A) Schematic of a transverse hippocampal slice to illustrate electrode
placement. A bipolar stimulating electrode (S) was placed in stratum
radiatum (SR) of area CA1. An extracellular recording microelectrode (R) is
positioned in SR of area CA1 approximately 800 pm from the stimulating
electrode.

(B) Representative field EPSP waveforms recorded from CA1 SR in response
to 0.04 ms duration single pulse stimulation (a) before, and (b) 28 min
following a 100 Hz, 50 pulse conditioning train delivered to the Sch/Com
afferent fibers, (c) Field EPSP slope was measured between the time points at
10% and 90% of maximal EPSP amplitude. Calibration pulse is 2 ms duration,
2 mV amplitude.
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response to 0.05 Hz test pulses of Schaffer Collateral and Commissural

(Sch/Com) fibers in SR (Fig. 4-1B). Although the conditioning trains which
induce LTP potentiate the field EPSP over a wide range of stimulus strengths,
we empirically determined that the maximal percent change in slope occurs

at stimulus strengths which produce a preconditioning field EPSP slope 75 to

100% of maximal. For this reason the single pulse stimulus strength was

adjusted to produce a field EPSP slope 75% of maximal.

Following an initial 12 min recording period, the stimulus strength
was adjusted to produce a maximal EPSP and a conditioning train of 50

pulses at 100 Hz was delivered. After this conditioning train, the stimulus

strength was returned to the previous level and recordings in response to

single pulse stimulation were made at 20 sec intervals for 28 min. A

subsequent conditioning train and test pulse recordings were taken repeating
this protocol except the duration of the train was lengthened to 100 pulses.

Just prior to each conditioning train and again at the end of the recording
session several test pulses covering a range of stimulus strengths were

delivered and the field EPSP slope recorded to demonstrate the magnitude of

potentiation over a range of stimulus strengths (input/output data)
LTP induction protocol in the absence of GABAergicA synaptic transmission

Experiments involving the removal of inhibitory synaptic
transmission were performed with 3.5 (iM bicuculline methiodide, a specific

GABAa receptor antagonist. This concentration of bicuculline was found to

produce maximal facilitation of LTP induction without producing bursting
and post-burst depression in response to a conditioning train. Bicuculline
was added to the superfusate 6 min after the onset of recording and
maintained until the end of the recording session. Under this condition,
EPSPs produced in response to single pulse stimulation reflect the activation
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of primarily excitatory inputs. The treatment can result in longer burst
duration to single pulse stimulation. CA3 pyramidal cells normally fire in

bursts which compound the bursting activity in the postsynaptic CA1

pyramidal cell (Wong and Prince, 1979). To prevent uncontrollable

pyramidal cell bursting and resulting postburst depression, an acute

transection under microscopic control was made in each slice between area

CA1 and CA3. This disconnected the CA3 pyramidal cell bodies from the

Sch/Com fibers. In the CA1 region of the hippocampus, stimulus frequencies
of 0.1 Hz or less are normally ineffective in altering the amplitude, slope or

duration of the field EPSP (Alger and Teyler, 1976). In the presence of

bicuculline, single pulse stimulation at 10 sec intervals resulted in a small
increase in field EPSP slope and/or amplitude in rare instances. Increasing
the interpulse interval to 20 sec, when recording from slices treated with

bicuculline, prevented potentiation of the EPSP in response to single pulse
stimulation and resulted in a stable baseline recording. If EPSP slope did

change by more than 10%, the slice was not used in the LTP experiments.

The procedure for collecting single pulse data and induction of LTP was

the same as described for the previous LTP induction experiments except that
the conditioning train frequency was reduced to 50 Hz. In the presence of

bicuculline, a 100 Hz conditioning train can produce burst firing of CA1

pyramidal cells and post burst depression rather than LTP. By lowering the

conditioning train frequency to 50 Hz, LTP induction is reliably produced

with no evidence of prolonged postsynaptic cell firing or post burst

depression (Gustafsson and Wigstrom, 1987).
Blockade of LTP with D-amino-5-phosphonovalerate

A separate group of animals (S and E) were studied to determine
whether the LTP induction mechanism, either in the presence or absence of
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bicuculline methiodide, is mediated via activation of the NMDA receptor

ionophore. To do this, an LTP inducing conditioning train was delivered in
the presence of 50 pM D-amino-5-phosphonovalerate (APV) to block the
NMDA receptor ionophore. Any potentiation requiring activation of the
NMDA receptor would be blocked by this treatment. A washout period of 40

to 50 min was allowed to remove the APV from the slice. Another

conditioning train was then delivered as described in the initial protocol.

Data analysis
Field EPSP data were passed through a Grass P-511 preamplifier,

digitized at 20 kHz and stored on an IBM AT computer for later analysis. Data
collection and analysis were performed using software developed in this

laboratory. Measurements were made of field EPSP slope (from 10% to 90% of

peak EPSP amplitude; Fig. 4-1B).

EPSP slope data were averaged over the last 10 min of the recording

period following a conditioning train. These data were grouped by duration
of pulse train and analyzed by treatment. Postconditioning train field EPSP

slope (Lt) was expressed as percent of preconditioning EPSP slope (Lo):
Lt

EPSP slope (% baseline) = lq x
and graphed as a function of time with the onset of the first conditioning
train being t=0.

Input/output data were expressed as EPSP slope (mV/ms).

Postconditioning train EPSP slope data were analyzed by a two-way analysis of
variance (ANOVA) with repeated measures with diet treatment as one factor
and duration of pulse train as the other factor.
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The purpose of these experiments was twofold. The first aim was to

determine the effects of CET on the magnitude of LTP produced in response

to conditioning trains of varying durations. Secondly, I examined the relative

effects of CET on NMDA versus GABAergic synaptic mechanisms.
CET Actions on LTP Induction

Recordings were taken from multiple slices in 9 group S, 9 group E and
8 group C animals 50 - 60 hours following the cessation of the liquid diet
treatment. Previous experiments in our laboratory have dealt with the effects
of CET following extended periods of recovery from the liquid diet treatment.

The experiments described in this chapter are among the first to test such
functional CET effects after such a short abstinence period. The experimental

paradigm used here allows one to determine substrates of chronic ethanol

toxicity without acute withdrawal effects and with minimal recovery. While
this provides valuable information about the substrates and timecourse of

ethanol effects, it was imperative to first ensure that despite a change in diet
from liquid to solids and water, animals would still consume food. Food and

water intake were measured every 24 hours for the two day abstinence period
and comparisons made between groups E and S (Table 4-1). There were no

differences in the quantity of intake between the two groups. A group of 8

chow-fed animals was included in these experiments to examine any

differences in responses which may be accounted for by the Sustacal diet

treatment alone.

Stimulating and recording electrode placement is illustrated in Figure
4-1A. Pyramidal cells from CA3 send projections along the transverse plane
of the hippocampus, into CA1 to form the Sch/Com fibers (Amaral and

Witter, 1989). These fibers form excitatory synapses onto the CA1 pyramidal
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Table 4-1. Average daily chow and total water intake during the chronic diet
abstinence period.

Chow intake (g) + SEM H20 intake (ml)/48 hr
± SEMDay 1 Day 2

Sucrose3 13.4 ± 2.0 10.5 ± .75 66 ±12
Ethanol3 14.1 ±1.4 12.5 ±1.6 73 ±11

aANOVA with repeated measures of sucrose vs. ethanol was not significantly
different (P < 0.42).

cells as well as onto inhibitory interneurons of CA1. A bipolar stimulating
electrode was placed in SR of area CA1. Single test pulses of 0.04 ms duration
were delivered at 20 sec intervals to the Sch/Com fibers. The postsynaptic
dendritic response to single pulse stimulation of the Sch/Com fibers was

recorded in SR of CA1 (Fig. 4-1B). This extracellular EPSP represents the near

synchronous activation of multiple synapses. When measuring the
extracellular recorded EPSP, slope or amplitude measurements are most

commonly taken. If the stimulus pulse is suprathreshold for activation of
action potentials, the peak of the EPSP can be masked by the extracellular
recorded population spike (compound action potential from near

synchronous firing of multiple pyramidal cells). The slope of the EPSP,

though, is less vulnerable to interference from activation of a population

spike. For this reason measurements were taken of EPSP slope in the present

experiments. Average baseline (pretetanus) EPSP slope values + SEM were

0.66 + 0.06, 0.82 + 0.09 and 0.83 + 0.14 for groups C, S, and E respectively.

Following an LTP inducing conditioning train, the EPSP response to single

pulse stimulation increased in amplitude and slope (Fig 4-1B).
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Figure 4-2. EPSP slope before and after two successive conditioning trains.
(A) Representative data expressed as percent of baseline. Baseline EPSP slope
recordings were obtained in response to 0.05 Hz single test pulses of Sch/Com
fibers in SR (t= -13 - 0 min). At t= 0, a 50 pulse, 100 Hz conditioning train was
delivered. Single test pulses were delivered and recordings taken at 0.05 Hz
for 28 min. A subsequent conditioning train of 100 pulses, 100 Hz was
delivered at t= 28 min. Single test pulse recordings were again taken for 28
min. Each conditioning train was followed by increased EPSP slope which
decayed to a stable potentiated level after several minutes (comparison of the
magnitude of potentiation within animals, ANOVA, P < 0.001).
(B) EPSP slope plotted as a function of stimulus strength. Baseline EPSP slope
measurements were taken prior to any conditioning train and 28 minutes
following the 50 and 100 pulse trains. EPSP slope increased as a function of
duration of the conditioning train over a range of stimulus strengths.
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Initial extracellular field responses were recorded for 12 minutes.

Following this period of stable single pulse recordings, a conditioning train of
50 pulses at 100 Hz was delivered. In 9/9 group E, 9/9 group S and 7/8 group

C animals, the response consisted of an abrupt increase in EPSP slope
followed by a decay of several minutes to a stable potentiated level (Fig. 4-2A).
The subsequent 100 pulse, 100 Hz train further enhanced the potentiation of
EPSP slope in 7/9 group C, 7/9 group S and 6/8 group E animals. In instances

where the conditioning train did not produce LTP, post-train EPSP responses

consisted of an abrupt change in EPSP slope followed by a decay over several
minutes to near preconditioning levels. Responses to single pulses of

varying stimulus strengths taken 28 min following each conditioning train

demonstrate the EPSP potentiation over a range of stimulus strengths (Fig. 4-

2B). There were no apparent differences between groups C, S, and E with

respect to the early phase of decay of LTP or in the ability to maintain the

potentiation for the duration of the recording period.
All data were evaluated for inclusion in group statistical analysis based

on the following criteria: 1) Preconditioning single pulse responses must

vary with a SD< 10%. 2) Single pulse responses for the final 10 minutes of the
28 minute recording period following a conditioning train must vary with a

SD< 10%. For each animal and experimental condition, the first slice to meet

the criteria was included in the analysis.

Although the pattern of potentiation and the frequency with which

potentiation occurred among slices was similar in group S, E and C animals,
the magnitude of the potentiation in response to all conditioning trains was

reduced in group E as compared with group S (Fig. 4-3; P< 0.08). The average

magnitude of LTP for group C animals was similar to group S and larger than

group E (Table 4-2). The standard error for group C, though, was large enough
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Figure 4-3. Mean EPSP slope expressed as percent of baseline following each of
the conditioning trains for group S and E animals. The magnitude of LTP of
group E animals was reduced following both the 50 and 100 pulse
conditioning trains. Data were analyzed by a two-way ANOVA with the
pulse trains as a within animal repeated measure. The treatment effect
approached statistical significance at P< .08.

Table 4-2. Mean EPSP slope ± SE expressed as percent of baseline following
each of the conditioning trains for groups C, S and E animals.

Number of pulses in
conditioning train

Chronic Treatment Fifty One Flundred

Laboratory chow & H2O 172 ± 23 228 ± 47
Sucrose 167 + 8 204 ± 14
Ethanol 149 ±7 173 ±11



35

to prevent comparisons of it with group E from approaching any level of
statistical significance.
LTP Induction in the Absence of GABAergica Synaptic Transmission

Recordings were taken from multiple slices from the same group S, E
and C animals included in the first series of experiments. Stimulating and

recording electrode placement is again illustrated in Figure 4-1A.
Initial recordings were taken with aCSF as the superfusate. Following 6

minutes of stable single pulse recordings, 3.5 pM bicuculline methiodide was

added to the superfusate and single test pulse recordings again taken for 6-12

minutes. Blockade of GABAa receptors with bicuculline reduces the
functional inhibition of pyramidal cells. The resulting EPSP reflects primarily
the action of excitatory inputs. Bicuculline also facilitates the induction of
LTP. In the presence of bicuculline, a shorter duration or lower frequency

conditioning train can produce LTP.

LTP was recorded in each slice in response to two conditioning trains
which again differed only in duration. Following the initial 50 pulse, 50 Hz

conditioning train, EPSP slope and amplitude abruptly increased (Figs. 4-4 and

4-5). A decay in EPSP slope then occurred over the next several minutes and

stabilized at a new potentiated level in 8/8 group C, 8/9 group S and 9/9 group

E animals. A subsequent 100-pulse, 50 Hz conditioning train again produced
an immediate increase in EPSP slope which decayed to a level of higher

potentiation in 6/8 group C, 4/9 group S, and 6/9 group E animals. All
animals responded with LTP to at least one of the conditioning trains.

All data were evaluated for inclusion in group statistical analysis based
on the same criteria as for LTP induction in the presence of GABAergic

synaptic transmission. Neither the pattern nor the magnitude of potentiation
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Figure 4-4. Representative field EPSP waveforms recorded in the presence of
3.5 pM bicuculline methiodide. Recordings were taken from SR of CA1 in
response to 0.04 ms duration single pulse stimulation (a) before, and (b) 28
min following a 50 Hz, 50 pulse conditioning train delivered to the Sch/Com
afferent fibers. Calibration pulse is 2 ms duration, 2 mV amplitude.

following each of the conditioning trains was altered in group E animals as

compared with groups S or C (Fig. 4-6; Table 4-3).
The dependence of LTP induction on activation of the NMDA receptor

ionophore is illustrated in Figure 4-7. In both group E and S animals, a 50

pulse, 50 Hz conditioning train failed to induce LTP when 50 pM APV, a

competitive antagonist to the NMDA receptor, was included in the

superfusate. Following a 25 minute washout period, a second train of 50

pulses, 50 Hz produced a sustained potentiation. APV was equally potent at

blocking LTP in the absence of bicuculline.

Discussion

Chronic ethanol exposure resulted in a reduction in the magnitude of
LTP under conditions in which excitatory and inhibitory synaptic
transmission contribute to LTP induction. This effect was seen following
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Figure 4-5. EPSP slope before and after each of two successive conditioning
trains delivered in the presence of bicuculline methiodide.
(A) Representative data expressed as percent of baseline. Bicuculline (3.5 pM)
was added to the superfusate at t= -6 min and remained throughout the
experiment. Baseline EPSP slope recordings were obtained in response to 0.05
Hz single test pulses of Sch/Com fibers in SR (t= -13 - 0 min). At t= 0, a 50
pulse, 50 Hz conditioning train was delivered. Single test pulses were
delivered and recordings taken at 0.05 Hz for 28 min. A subsequent
conditioning train of 100 pulses, 50 Hz was delivered at t= 28 min. Single test
pulse recordings were again taken for 28 min. Each conditioning train was
followed by increased EPSP slope which decayed to a stable potentiated level
after several minutes.(comparison of the magnitude of potentiation within
animals, ANOVA, P < 0.001).
(B) EPSP slope plotted as a function of stimulus strength. EPSP slope
increased as a function of duration of the conditioning train over a range of
stimulus strengths.
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Figure 4-6. Mean increase in EPSP slope following each of the conditioning
trains for group S and E animals. The magnitude of LTP in group S and E
animals was similar following both the 50 and 100 pulse conditioning trains.
Data were analyzed by a two way ANOVA with the pulse trains as a within
animal repeated measure (P< .80).

Table 4-3. Mean EPSP slope ± SE expressed as percent of baseline following
each of the conditioning trains for groups C, S and E animals.

Number of pulses in
conditioning train

Chronic Diet Treatment Fifty a One Hundred3

Laboratory chow & H20 167 ±11 191 ±10
Sucrose 169 ±17 184 ± 20
Ethanol 168 ±20 201 ± 24

a All values are in the presence of 3.5 pM bicuculline methiodide.
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Figure 4-7. Representative slice demonstrating the ability of APV to block
LTP induction in the presence of bicuculline methiodide. Bicuculline (3.5
pM) and 50 pM APV were added to the superfusate at t= - 6 min. A 50 pulse,
50 Hz conditioning train at t= 0 min produced an abrupt increase in EPSP
slope which decayed to preconditioning levels within two minutes. A 25
minute washout period with bicuculline remaining in the superfusate was
begun at t= 3 min. Subsequently, a 50 pulse, 50 Hz conditioning train (t= 28
min) produced an abrupt increase in EPSP slope which decayed to a stable
potentiated level.

both the 50 and 100 pulse trains, that is, over a range of stimulus conditions.

Responses to conditioning trains appeared normal after removal of

GABAergicA influences, suggesting that CET had little or not effect on the
NMDA mediated component of LTP induction per se. Instead, it appears that

CET interferes with the mechanism by which GABAergic inhibition
modulates LTP induction. CET did not block the LTP induction process

entirely, because LTP induction occurred in response to at least one of the

conditioning trains in all animals. Rather, CET reduced the magnitude of

potentiation in response to each conditioning train. A tenable hypothesis is
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that GABAergic modulation altered LTP induction by increasing the
threshold for LTP induction. The present study provided no evidence of a

CET effect on early stages of LTP maintenance. Therefore, it is most likely that
CET does not affect the pre- or postsynaptic substrates responsible for this

component of LTP.

The mechanism(s) through which inhibitory synaptic transmission
acts to modulate the induction of LTP are poorly understood. In area CA1,

single pulse activation of the Sch/Com fibers results in release of glutamate
from excitatory synaptic terminals. Some of these terminals synapse onto

inhibitory interneurons. The inhibitory interneurons in turn synapse onto

the CA1 pyramidal cells. Activation of inhibitory interneurons leads to

release of GABA. GABA acts upon postsynaptic GABAa and GABAb

receptors to produce a fast onset, short duration, CL mediated IPSP and a

slower onset, longer duration, K+ mediated IPSP (Alger and Nicoll, 1982).

Additionally, GABA can act upon presynaptic GABAb autoreceptors to reduce

subsequent release of GABA (Davies, et al., 1990; 1991). Since the response to

activation of the postsynaptic GABAb receptors and autoreceptors occurs with
a latency of 200 - 400 ms, these physiological events do not contribute to the

single pulse response. However, the duration of an LTP conditioning train

ranges anywhere from 200 ms to 1 second. Activation of the GABAb

autoreceptors reduces postsynaptic GABAa and GABAb currents through
decreases in GABA release with a latency of 200 ms or greater (Davies et al.,

1991; Pacelli et al., 1991). The GABAb produced reduction of GABA release is

critical for LTP induction to occur. Blockade of these autoreceptors with CGP
35348 during the conditioning train blocks LTP induction (Davies et al., 1991).
One of the most potent modulators of NMDA receptor activation and hence
LTP induction is depolarization of the postsynaptic membrane (Malinow and
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Miller, 1986; Gustafsson et al., 1987). The most likely mechanism through
which GABAb receptor blockade prevents LTP induction is by sustained
GABA release and hence postsynaptic hyperpolarization. In the cerebellum,

postsynaptic GABAb receptor activation produces a reduction in GABAa
mediated Cb uptake (Hahner et al., 1991). A similar mechanism, if present in

hippocampus, would further enhance postsynaptic depolarization. Through

presynaptic and perhaps postsynaptic mechanisms, GABAb modulation of

GABAergic function has a powerful effect on LTP induction.
The data presented in this chapter can be explained in a number of

ways: 1) CET may produce an upregulation of postsynaptic GABAa receptor

number, 2) CET may produce an enhancement in the efficacy of GABA

and/or bicuculline at the GABAa receptor ; 3) CET may produce a decrease in

GABAb receptor function thus enhancing GABAa function, 4) CET may

produce an enhancement of presynaptic GABA release due to reduced
function of the presynaptic GABAb receptors, or hyperinnervation from

inhibitory interneurons. Abraham et al. (1981) and Rogers and Hunter (1992)
demonstrated that chronic ethanol exposure decreased functional recurrent

inhibition in CA1. Therefore, it seems unlikely the present results could be
due to increased GABA release, unless such increases occurred only during

high frequency conditioning trains. Alternatively, antagonist blockade of the
CET produced enhancement in GABAa receptor number or function would

effectively remove an abnormally strong and enduring hyperpolarizing block
of NMDA receptor activation. The hypothesis I have derived from this study,
is that CET increases either 1) the efficacy of GABA and/or bicuculline at the

GABAa channel or 2) the number of GABAa channels. Future work must

include measurements of current flow and chloride uptake through

postsynaptic GABAa channels, GABAa and B receptor binding studies, and
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testing the ability of GABAg receptor agonist and antagonists to alter LTP
induction following CET.

Although NMDA receptor function does not seem to play a role in

producing the LTP deficit, it may be involved in CET produced excitotoxic cell
loss. Walker et al. (1981) showed pyramidal cell loss after prolonged exposure

to an ethanol diet. Short term exposure to ethanol (1-2 weeks) results in a

dramatic upregulation of NMDA receptor number during withdrawal which
returns to normal levels within 24 hours (Gulya et al., 1991). A further phase
of chronic ethanol toxicity may reveal enduring changes in receptor number
or function to coincide with the principal cell loss.

The large variability in results taken from chow-fed animals may have
been due to differences in age, shipment lot of animals, or housing
conditions. The chow-fed animals varied in age from 12 to 14 months old (2 -

4 months older than the liquid diet treated animals). Regardless of the cause,

it is clearly preferable to compare results from two groups which have
received the same treatment except for the variable (ethanol) one wishes to

test. It may be wise in the future, though, to include age-matched sucrose

treated animals in an initial test of protocol to adjust for differences in

responses.

The observed deficits in LTP induction provide evidence that an

alteration(s) in GABAergic function or receptor number is a potential
substrate for at least part of the pathology of memory loss associated with CET.

For an alteration of LTP to be involved in memory loss, it must be resistant to

any recovery induced by prolonged ethanol abstinence. In the next chapter, I
have tested this by examining the effects of a 5 - 7 month recovery period
from chronic ethanol toxicity on LTP induction and its modulation by

GABAergic synaptic transmission.



CHAPTER 5
THE EFFECT OF A RECOVERY PERIOD FROM CHRONIC ETHANOL

TOXICITY ON LONG TERM POTENTIATION

Introduction

Chronic ethanol toxicity is associated with a variety of central nervous

system (CNS) morphological, behavioral and functional deficits. During the

period of ethanol ingestion as well as with abstinence from a chronic ethanol

diet, adaptive and/or compensatory changes as well as recovery can occur.

For example, in the dentate gyrus, cell loss due to chronic ethanol treatment

(CET) is accompanied by increases in the dendritic extent of the surviving

granule cells (Durand et al., 1989), and increases in spine density which return

to normal following a 20 week recovery period from ethanol (King et al.,

1988). The concomitant morphological degeneration and recovery suggest

that hippocampal functional properties may also change as a consequence of
abstinence. It is therefore important to determine the permanence of the
functional losses accompanying CET.

The previous chapter described experiments demonstrating a reduction
of long term potentiation (LTP) in the hippocampus as a result of chronic
ethanol toxicity. The deficit was observed only when GABAergic modulation
of LTP induction was present. This suggested that CET produced an alteration
in GABAergic function which then acted to diminish the effectiveness of

conditioning trains to activate the NMDA receptor complex and thereby
induce LTP. It was hypothesized that this deficit may in part contribute to the
behavioral deficits in acquisition of new memories, which is a permanent,

43
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nonrecoverable consequence of CET. In order for the deficit in LTP to be
involved with the deficits in memory acquisition, it too must be present

following extensive ethanol abstinence. In the following sets of experiments,

the permanent effects of CET on induction of LTP and the role of GABA

synaptic transmission in the manifestation of these deficits were examined.
To do this, animals previously treated for 28 weeks with an ethanol

containing diet were allowed a period of 5- 7 months abstinence. The capacity
of hippocampal synapses to support LTP both in the presence and absence of

GABAergic blockade was examined.

Methods

Treatment Methods

Male Long Evans hooded rats (200-250 g) were matched by weight and

age and assigned to one of two liquid diet treatment groups described in detail
in Chapter 3, General Methods. Briefly, the diet treatment groups consisted
of: 1) An ethanol group (group E) in which ethanol comprised 35-39% of the
total caloric intake. The remaining calories were supplied by Sustacal (Mead-

Johnson Co.); 2) A sucrose group (group S) which received an identical diet

except sucrose was isocalorically substituted for ethanol. Group S animals
were individually pair-fed with group E animals such that each of a sucrose-

ethanol pair received the same volume of diet during the treatment period.
The liquid diets were administered as the sole source of food for a period of 28

weeks (Walker and Freund, 1971; 1973; Walker and Hunter, 1978; Walker et

al., 1981; 1982). At the end of the 28 week period all animals received

laboratory chow and water ad libitum for a period of 5-7 months, at which

time the acute experiment was performed.
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Electrophysiological Methods
Slice preparation

Electrophysiological data were collected from a total of 16 group S and
17 group E animals within a period 5-7 months following cessation of the 28

week liquid diet treatment. All animals were coded throughout data
collection and analysis to avoid experimenter bias. Transverse sections (400

pm) were cut through the ventral hippocampus using a Mclllwain tissue

chopper. Slices were incubated in a holding chamber containing NaCl, 125

mM; KC1, 3.3 mM; KH2P04/ 1.25 mM; MgS04, 2.0 mM; CaCl2, 1.9 mM;

NaHCCb, 25 mM; glucose, 10 mM at room temperature. The pH was

maintained at 7.4 with 95% 02/ 5%C02. Forty to sixty minutes prior to the
onset of recording, a slice was transferred to a Haas type interface recording
chamber maintained at 32° C. The slice was superfused at 1 ml/min with

oxygenated medium of the same composition as described for the holding
chamber.

LTP induction protocol

Electrophysiological records were taken from multiple slices in each of
9 group S and 8 group E animals. At the beginning of each recording session,
a stimulating electrode was placed in stratum radiatum (SR) of CA1 midway
between stratum pyramidal and stratum lacunosum-moleculare. A glass

recording micropipette filled with 4 M NaCl was placed in SR of area CA1, 800
- 1000 pm from the stimulating electrode (Fig. 5-1A). Recordings of field
EPSPs in SR were obtained in response to 0.1 Hz test pulses of Schaffer
Collateral and Commissural (Sch/Com) fibers in SR (Fig. 5-1B). Although the

conditioning trains which induce LTP potentiate the field EPSP over a wide

range of stimulus strengths, we empirically determined that the maximal
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Figure 5-1. Microelectrode placement and representative waveforms from
the hippocampal slice preparation.
(A) Schematic of a transverse hippocampal slice to illustrate electrode
placement. A bipolar stimulating electrode (S) was placed in stratum
radiatum (SR) of area CA1. An extracellular recording microelectrode (R) was
positioned in SR of area CA1 approximately 800 pm from the stimulating
electrode.

(B) Representative field EPSP waveforms recorded from CA1 SR in response
to 0.04 ms duration single pulse stimulation (a) before, and (b) 15 min
following a 100 Hz, 30 pulse conditioning train delivered to the Schaffer
Collateral and Commissural (Sch/Com) afferent fibers, (c) Field EPSP slope
was measured between the time points at 10% and 90% of maximal EPSP
amplitude. Calibration pulse is 2 ms duration, 2 mV amplitude.
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percent change in slope occurs at stimulus strengths which produced a

preconditioning field EPSP slope 75 to 100% of maximal. For this reason the

single pulse stimulus strength was adjusted to produce a field EPSP slope 75%
of maximal.

Following an initial 10 minute recording period, the stimulus strength
was adjusted to produce a maximal EPSP and a conditioning train of 30

pulses at 100 Hz was delivered. After this conditioning train, the stimulus

strength was returned to the previous level and recordings in response to

single pulse stimulation were taken at 0.1 Hz for 12 min. Subsequent

conditioning trains and test pulse recordings were taken repeating this

protocol except the duration of each train was lengthened in increments as

follows: t=10 min, 40 pulses; t=20 min, 50 pulses; t=30 min, 60 pulses. We

have previously determined that to obtain an incremental increase in the

magnitude of LTP the duration of the conditioning train must increase in an

incremental fashion. Repetition of the 30 pulse train will not result in an

incremental increase in potentiation. Just prior to each conditioning train

and again at the end of the recording session, several test pulses covering a

range of stimulus strengths were delivered and the field EPSP slope recorded
to demonstrate the magnitude of potentiation over a range of stimulus

strengths (input/output data).
In a subset of group S and E animals, test pulse recordings were taken at

0.1 Hz for 28 min following each of the conditioning trains to demonstrate

the long lasting nature of LTP.

LTP induction protocol in the absence of GABAergic¿ synaptic transmission

Experiments involving the removal of inhibitory synaptic
transmission were performed with 5.0 pM bicuculline methiodide, a specific

GABAa receptor antagonist. This concentration of bicuculline was found to
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produce maximal facilitation of LTP induction without producing bursting
and post-burst depression in response to a conditioning train. Bicuculline
was added to the superfusate 6 min after the onset of recording and remained
in the superfusate until the end of the recording session. Under this

condition, EPSPs produced in response to single pulse stimulation reflect the
activation of primarily excitatory inputs. The treatment can result in longer
burst duration to single pulse stimulation. CA3 pyramidal cells normally fire
in bursts which compound the bursting activity in the postsynaptic CA1

pyramidal cell. To prevent uncontrollable pyramidal cell bursting and

resulting postburst depression, a cut was made between area CA1 and CA3.

This disconnected the CA3 pyramidal cell bodies from the Sch/Com fibers.

Additionally, the concentration of Mg2+ in the superfusate was increased
from 2.0 to 4.0 mM to decrease activation of NMDA receptor channels in

response to single pulse stimulation.

In the CA1 region of the hippocampus, stimulus frequencies less than
0.1 Hz are normally ineffective in altering the amplitude, slope or duration of
the field EPSP (Alger and Teyler, 1976). In the presence of bicuculline, single

pulse stimulation at 0.1 Hz resulted in a small increase in field EPSP slope

and/or amplitude in rare instances. Reducing the stimulus frequency to 0.05
Hz when recording from slices treated with bicuculline prevented

potentiation of the EPSP in response to single pulse stimulation and resulted
in a stable baseline recording.

Electrophysiological records were taken from multiple slices in each of
9 group S and 8 group E animals. Electrode placement is as described in the
LTP induction protocol and Figure 1A. Test stimuli consisted of 0.04 ms

constant current (120 - 1000 pA) pulses. Field EPSPs were recorded in SR in

response to 0.05 Hz test pulses of Sch/Com fibers.
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Single pulse stimulus strength was adjusted to produce a field EPSP

slope 75% of maximal. Following an initial 6 min baseline recording period
in the presence of bicuculline, the stimulus paradigm for LTP induction was

begun. The stimulus strength was adjusted to produce a maximal EPSP and a

conditioning train of 50 pulses at 50 Hz was delivered. After the conditioning

train, the stimulus strength was returned to the preconditioning level and

recordings in response to single pulse stimulation were taken at 0.05 Hz for 28
minutes. A subsequent conditioning train and test pulse recordings were

taken repeating this protocol except the duration of the train was lengthened
to 100 pulses. Just prior to each conditioning train and again at the end of the

recording session several test pulses covering a range of stimulus strengths
were delivered and the field EPSP slope recorded to demonstrate the

magnitude of potentiation over a range of stimulus strengths (input/output

data).

Blockade of LTP with D-amino-5-phosphonovalerate
A separate group of animals (S and E) were studied to determine

whether the LTP induction mechanism (under these stimulus conditions),

either in the presence or absence of bicuculline methiodide is mediated via

activation of the NMDA receptor ionophore. To do this we delivered an LTP

inducing conditioning train in the presence of 50 pM D-amino-5-

phosphonovalerate (APV) to block the NMDA receptor ionophore. Any

potentiation requiring activation of the NMDA receptor would be blocked by
this treatment. We then allowed a washout period of 40 to 50 min to remove

the APV from the slice. Another conditioning train was then delivered and
test pulse recordings taken.
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Data analysis
Field EPSP data was passed through a Grass Model P511 preamplifier,

digitized at 20 kHz and stored on an IBM AT computer for later analysis. Data

collection and analysis was performed using software developed in this

laboratory. Measurements were made of field EPSP slope (from 10% to 90% of

peak EPSP amplitude; Fig IB).

EPSP slope data were averaged over the last 5 min of recording after a

conditioning train for experiments conducted in the absence of bicuculline
and the last 10 min in the presence of bicuculline. Data were grouped and

analyzed by treatment. Postconditioning train field EPSP slope (Lt) is

expressed as percent of preconditioning EPSP slope (Lo):
Lt

EPSP slope (% baseline) = j— x 100

and graphed as a function of time with the onset of the first conditioning
train being t=0.

Input/output data were expressed as EPSP slope (mV/ms). Post¬

conditioning train EPSP slope data was analyzed by a two-way analysis of
variance (ANOVA) with repeated measures with diet treatment as one factor

and duration of conditioning train as the other factor.

Results

CET Effect on LTP Induction

The purpose of the present investigation was to determine the

permanent effects of CET on the capacity of hippocampal synapses to develop
LTP. Since many of the alterations associated with CET recover after a

sustained period of abstinence, we investigated the enduring nature of deficits
in LTP following a 5-7 month recovery period.
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Stimulating and recording microelectrode placement within the CA1
subfield of the hippocampus is illustrated in Fig. 5-1A. The postsynaptic
dendritic response to single pulse stimulation of the Sch/Com fibers is

depicted in Fig. 5-1B. This extracellular EPSP represents the near synchronous
activation of multiple synapses. Following an LTP inducing conditioning

train, the EPSP response to single pulse stimulation increases in amplitude
and slope (Fig. 5-1B).

Field EPSP slope in response to 0.1 Hz single pulse stimulation was

recorded for 12 min prior to delivery of the first conditioning train. The

average baseline (pretetanus) EPSP slope values + SEM were 1.36 + 0.20 and
1.02+ 0.13 mV/ms for group E and S respectively. In 8/9 group S, and 7/8

group E animals, the response to a 30 pulse, 100 Hz conditioning train
consisted of an abrupt increase in EPSP slope followed by a decay of several
minutes to a stable potentiated level (Fig. 5-2A). A subsequent 40 pulse, 100

Hz conditioning train further enhanced the potentiation of EPSP slope in 7/9

group S, and 4/8 group E animals. By the 50 pulse, 100 Hz train, slices from

7/9 group S and 6/8 group E animals were maximally potentiated. EPSP

potentiation occurred in all group S and E animals in response to at least one

of the conditioning trains. Responses to single pulses of varying stimulus

strength taken 12 min following each conditioning train demonstrate the
EPSP potentiation over a wide range of stimulus strengths (Fig. 5-2B).

In a few animals from each group, postconditioning train recordings
were continued for an additional 15 minutes to examine the early stages of
LTP maintenance. Groups S and E were similar in their ability to maintain a

stable potentiated state for the duration of the 28 minute recording period

(Fig. 5-3). The pattern of potentiation following each of the conditioning
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Figure 5-2. EPSP slope before and after each of four successive conditioning
trains.

(A) EPSP slope expressed as percent of baseline after successive conditioning
trains in a representative animal. Baseline field EPSP slope recordings were
obtained in response to 0.1 Hz single test pulses of Sch/Com fibers in SR (t =
-10 - 0 min). At t = 0, a 30 pulse 100 Flz conditioning train was delivered.
Single test pulses were delivered and recordings taken at 0.1 Hz for 12 min.
Subsequent conditioning trains were delivered as follows: t = 12 min, 40
pulses; t = 24 min, 50 pulses; t = 36 min, 60 pulses. Each of the conditioning
trains produced progressive, stable potentiation of the EPSP slope ( P< 0.001).
(B) EPSP slope plotted as a function of stimulus strength. The EPSP slope
increased as a function of duration of the conditioning train over a range of
stimulus strengths.
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Figure 5-3. EPSP slope expressed as a percent of baseline in a representative
group E animal. At t = 0 min a 50 pulse, 100 Hz conditioning train was
delivered to the Sch/Com afferent fibers. Single pulse recordings were
taken at 0.1 Hz for 28 min to demonstrate both the similar time course of
the early decay in EPSP slope and the long-lasting nature of LTP expression
in group E animals.

trains and the frequency with which potentiation occurred was similar in

groups S and E animals.

The response in slices lacking sustainable LTP consisted of an abrupt
increase in EPSP slope following the conditioning train which decreased to

the preconditioning baseline within several minutes.

All data were evaluated for inclusion in group statistical analysis based
on the following criteria: 1) Responses to preconditioning single pulses must

be sufficiently stable, as indicated by a standard deviation less than 15%. 2)

Responses to single pulses for the final 5 minutes of the 12 minute recording
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asymptote was compared between groups without consideration of the
duration of the conditioning train needed to produce that level of

potentiation. Maximal potentiation was markedly reduced in group E

animals as compared with group S (mean + SEM, 203% + 17 group S and
172% + 10 group E; P< 0.08, ANOVA). These results indicate that not only

does CET permanently reduce long term synaptic efficacy in response to a

single conditioning train, but the maximal response that can be achieved is

reduced.

LTP Induction in the Absence of GABAergic^ Synaptic Transmission

The purpose of this set of experiments was to determine whether CET

exerts a direct influence on NMDA mediated induction of LTP or via an

alteration of GABAergic modulation of LTP induction.

Recordings were taken from multiple slices in 7 group S and 9 group E
animals. Stimulating and recording electrode placement is illustrated in Fig.
5-1A. Extracellular synaptic field responses were recorded in SR of CA1 in

response to the single test pulse stimulation. Initial recordings were taken
with aCSF as the superfusate. Following 6 min of stable recordings, 5.0 pM

bicuculline methiodide was added to the superfusate and single test pulse

recordings again taken for 6- 12 min (Fig. 5-5). Blockade of GABAa receptors

with bicuculline reduces the functional inhibition of pyramidal cells. The

resulting EPSP reflects primarily excitatory inputs. Bicuculline also facilitates
the induction of LTP such that a shorter duration or lower frequency

conditioning train is capable of inducing LTP. In initial pilot experiments, a

range of bicuculline concentrations and frequency of single test pulse
stimulation of the Sch/Com fibers were evaluated. A concentration of 5.0 pM

bicuculline and test pulse frequency of 0.05 Hz were determined empirically
to not significantly alter the slope or amplitude of the test pulse recordings in
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Figure 5-5. Representative field EPSP waveforms recorded in the presence of
5.0 pM bicuculline methiodide. Recordings were taken from CA1 SR in
response to 0.04 ms duration single pulse stimulation (a) before, and (b) 28
min following a 50 Hz, 50 pulse conditioning train delivered to the Sch/Com
afferent fibers. Bicuculline methiodide (5.0 ¡iM) was added to the superfusate
6 min prior to the onset of recordings and remained throughout the
experiment. Calibration pulse is 2 ms duration, 2 mV amplitude.

most cases. If EPSP slope did change by more than 10%, the slice was not used
in the LTP experiments. The average baseline EPSP slope values + SEM were

0.53 + 0.08 mV/ms and 0.43 ± 0.04 mV/ms for group S and E respectively.
LTP was recorded in each slice in response to two conditioning

stimulus trains which differed only in duration. The first, a 50 pulse, 50 Hz
train produced an increase in EPSP slope and amplitude. The timecourse of
the EPSP responses to single pulse stimulation following the initial train is
illustrated in Fig 5-6A. In 6/7 group S animals and 9/9 group E animals, the
increase in EPSP slope decayed over the course of several minutes to a stable

potentiated level. The initial change in EPSP slope returned to
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Figure. 5-6. EPSP slope before and after each of two successive conditioning
trains delivered in the presence of bicuculline methiodide.
(A) Representative data expressed as percent of baseline. Baseline EPSP slope
recordings were obtained in response to 0.05 Hz single test pulses of Sch/Com
fibers in SR (t= -6-0 min). At t= 0, a 50 pulse, 50 Hz conditioning train was
delivered. Single test pulses were delivered and recordings taken at 0.05 Hz
for 28 min. A subsequent conditioning train of 100 pulses, 50 Hz was
delivered at t= 28 min. Single pulse test recordings were again taken for 28
min. Each conditioning train was followed by increased EPSP slope which
decayed to a stable potentiated level after several minutes.
(B) EPSP slope plotted as a function of stimulus strength. The EPSP slope
increased as function of duration of the conditioning train over a range of
stimulus strengths.
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preconditioning levels within several minutes in the remaining group S
animal. A subsequent 100 pulse, 50 Hz conditioning train further enhanced
EPSP slope potentiation in 5/7 group S and 6/9 group E animals. All animals
exhibited LTP in response to at least one conditioning train. EPSP responses

to single pulses of varying stimulus strength taken 28 min following each

conditioning train demonstrate the EPSP potentiation over a wide range of
stimulus strengths (Fig. 5-6B). Neither the pattern of potentiation following
each of the conditioning trains nor the magnitude of potentiation was altered
in group E animals as compared with group S (Fig. 5-7).

The dependence of LTP induction on activation of the NMDA receptor

ionophore is illustrated in Figure 5-8. Fifty micromolar APV added to the

superfusate 5 min prior to delivery of a conditioning train blocks the
induction of LTP in both group S and E animals. Following a 40 - 50 min

washout period, LTP induction occurs in response to the conditioning train.

Discussion

The main conclusions drawn from these experiments are: 1) the

magnitude of long term potentiation is reduced as a result of chronic ethanol

exposure; 2) the reduction of LTP is a permanent consequence of CET and not

dependent on sustained ethanol ingestion; 3) CET affects the reduction of
LTP by altering some aspect of GABAergic synaptic transmission on LTP

induction; 4) CET does not overtly affect early phases of LTP maintenance; 5)
CET does not alter the functional capacity of the NMDA receptor complex to

induce LTP.

In the previous chapter, evidence was provided that a deficit in LTP

induction appears as early as 48 hours following abstinence from the chronic
diet. This deficit was masked by blockade of GABAa receptors. Here,
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Figure 5-7. Mean EPSP slope following each of the conditioning trains for
group S and E animals. The magnitude of LTP of group E animals was not
reduced following either the 50 or 100 pulse conditioning train. Data were
analyzed by a two-way ANOVA with the pulse trains as a within animal
repeated measure (P< 0.38).

evidence is provided that the reduction in LTP and the ability of GABAergic
blockade to mask the deficit remains after a prolonged recovery process.

Studies of GABAergic interneuronal cell number provide evidence
that chronic ethanol toxicity affects this population of neurons. Lescaudron,
et al. (1986) described a permanent reduction in GABA immunoreactive

interneurons in CA1 of ventral hippocampus. Physiological findings of CET

produced effects on GABAergic synaptic transmission are somewhat more

complex. Intracellular recordings have demonstrated a reduction of the

GABAa mediated IPSP amplitude and K+ mediated afterhyperpolarization

(Durand and Carien, 1984a) Other studies have demonstrated that CET
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Figure 5-8. Representative slice demonstrating the ability of APV to block
LTP induction. In the presence of 50 pM APV, a 50 pulse, 100 Hz conditioning
train produced an abrupt increase in EPSP slope which decayed to
preconditioning levels within several minutes. Following a 40 minute
washout period t= 48, a 50 pulse, 100 Hz conditioning train produced an
abrupt increase in EPSP slope which decayed to a stable potentiated level. A
second train t= 72 further increased the magnitude of LTP.

produced a reduction in recurrent and feedforward inhibition onto CA1

pyramidal cells (Abraham et al., 1981; Rogers and Hunter, 1992). While CET

appears to be result in a reduction of inhibitory input onto pyramidal cells,
other research has shown that the postsynaptic responsiveness to GABA is
enhanced following CET. Rogers (1986) used extracellular responses to single

pulse stimulation to test the effectiveness of iontophoretic application of
GABA. He found that exogenous GABA application resulted in a larger

reduction of population spike (PS) amplitude in CET animals than in pair-fed
controls. Following iontophoresis of the specific GABAa antagonist,
bicuculline methiodide, the PS response to subsequent single pulse
stimulation was greater than pair-fed controls. These combined results
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suggest that the efficacy of GABA and bicuculline at the postsynaptic
membrane are enhanced following CET. Therefore, it appears that CET
results in a reduction of GABA release (most likely from interneuronal cell

loss) and enhanced GABA efficacy at the postsynaptic GABA receptor.

Recent studies have demonstrated a wide variety of GABAa receptor

subunit types, each with a specific regional distribution (Sato and Neale, 1989;
Verdoorn et al., 1990). This leaves open the possibility that CET may affect a

specific subtype of GABAa receptor. In fact, Wafford, et al. (1991) have

provided evidence that the Y2l subunit of the GABAa receptor is specifically

susceptible to the acute effects of ethanol. This particular subunit, though, is
not found in high concentration in the hippocampus. Further research may

provide additional clues to subunit function in the presence of protracted
ethanol toxicity. Another possibility is that basal functioning of GABAergic

synaptic transmission may be unchanged by CET while plasticity related

functioning, as tested in these experiments, may be altered. For example,
activation of the presynaptic GABAb autoreceptor by GABA and the

consequent reduction of GABA release only produces a postsynaptic effect
after 200 - 400 ms (Davies, et al., 1991). Postsynaptic conductances are reduced
with a similar time course by postsynaptic GABAb receptor activation

(Morrisett et al., 1991; Hahner et al., 1991). Single pulse stimulation,

therefore, would be unaffected by these autoreceptors (Pacelli, et al., 1991).
Under the plasticity related conditions described in these experiments,

conditioning trains would activate the autoreceptors which would in turn

enhance postsynaptic depolarization through reduction of GABA release. No
research to date has examined the effects of CET on plasticity-related function
of the GABAergic system in CA1.
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Just as the actions of CET may be limited to plasticity-related

GABAergic function, NMDA receptor function may be altered under
conditions unrelated to LTP induction. For example, NMDA receptor

activation is thought to play a major role in excitotoxicity and cell death

(Choi, 1988; Abele et al., 1990). Ischemia induced cell loss or development of
seizures can be prevented by concomitant administration of the glycine

antagonist, kynurenic acid or competitive inhibitors of NMDA receptor

channels, APV or carboxypiperazinephosphonate (Uckele et al., 1989). There
is no evidence to date that demonstrates that an increase in NMDA receptors

is associated with increased LTP. The possibility remains that expression of
NMDA receptors may be increased by CET resulting in greater susceptibility of
neurons to excitotoxic cell death.

Recent studies have provided evidence that localized lesions

involving only the hippocampus or more specifically, area CA1 result in

permanent inability to acquire memories while leaving other aspects of

cognitive performance unaltered (Zola-Morgan et al, 1986; 1992; Squire and

Zola-Morgan, 1991). Several unimodal and polymodal sensory areas send

reciprocal projections to the perirhinal, parahippocampal, and entorhinal
cortex (Insausti et al., 1987). Perirhinal and parahippocampal cortex also send

reciprocal connections to entorhinal cortex which in turn sends a major
connection to the dentate gyrus of the hippocampus. Removal of either

hippocampus or surrounding cortex results in short term memory loss (Zola-

Morgan et al., 1989). Combined lesions of hippocampus, perirhinal, and

parahippocampal cortex results in amnesia of greater severity than removal
of hippocampus or adjacent cortex alone. This suggests that the perirhinal,

parahippocampal cortex and hippocampus each contribute to memory

formation. Loss of any or all of these structures, though, does not impair
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recall of past events or retrograde memory. When new memories are

formed, recall of these memories is dependent on temporal lobe functioning
for only a limited period of time. Thereafter, the memory is apparently stored
in the neocortex and retrieval of the memory is independent of temporal lobe

function. Certain characteristics of LTP induction in the hippocampus

including induction by physiological stimuli and relatively long duration but
eventual decay both correlate well with the hypothesis that LTP is a

physiological correlate of memory formation in the hippocampus (Squire and

Zola-Morgan, 1991).
The enduring nature of the LTP deficit makes it a candidate substrate

for at least part of the pathology responsible for the memory impairments

associated with CET. It is possible, then, that functional disturbances

produced by CET in the hippocampus may be sufficient to produce

anterograde amnesia.



CHAPTER 6

GABAa RECEPTOR MEDIATED CHLORIDE UPTAKE IN CORTEX AND
HIPPOCAMPUS FOLLOWING CHRONIC ETHANOL EXPOSURE

Introduction

Previous chapters have described a phenomenon in hippocampus in
which chronic ethanol treatment acts to diminish the magnitude of long term

potentiation (LTP). When the hippocampal tissue is exposed to a selective

GABAa antagonist, bicuculline methiodide, the CET induced reduction of LTP is

masked. That is, hippocampal slices from chronic ethanol treated animals

respond as pair-fed controls to a given conditioning train only when that train is
delivered in the presence of bicuculline. A hypothesis to explain these results is

that chronic ethanol treatment (CET) produces an enduring increase in

GABAergic synaptic transmission. The postsynaptic action of enhanced

GABAergic responses counteracts the depolarizing effects of the LTP inducing,

high frequency conditioning train and subsequent NMDA receptor activation.

Experimental blockade of GABAergic synaptic transmission by bicuculline
would allow sufficient postsynaptic depolarization to produce LTP of equal

magnitude to that of controls.
Previous studies have demonstrated that CET reduces recurrent inhibition

onto CA1 pyramidal cells as well as the amplitude and duration of the GABA
mediated inhibitory postsynaptic potential (IPSP) and CA1 GABAergic
interneuron cell number (Abraham et al., 1981; Durand and Carien 1984a;

Lescaudron et al., 1986; Rogers and Hunter, 1992). These data suggest that

GABAergic inputs are actually reduced following CET. Therefore an

64



65
enhancement in inhibitory synaptic transmission would most likely be from a

postsynaptic source.

Rogers (1986) demonstrated that the postsynaptic response to single pulse
afferent stimulation following iontophoretic application of either GABA or

bicuculline was exaggerated following CET. This suggests an enhancement in
the efficacy of GABA and bicuculline at the GABAa receptor. Therefore, the

simplest explanation for this chronic ethanol action is that CET enhances the

efficacy of GABA stimulation of a GABAa mediated chloride current and/or the

efficacy of bicuculline antagonism of GABA stimulated GABAa receptor

activation. Several factors govern the GABAergic contribution to the

postsynaptic membrane potential. The GABAa receptor mediates a short

latency, brief duration hyperpolarization in response to single pulse stimulation

(Curtis et al., 1970; Newberry and Nicoll, 1985; Thalmann, 1988). The GABAa

receptor is linked to a Ch ion channel in the same protein complex. GABAb

receptors mediate a slower latency and longer duration hyperpolarization in

response to single pulse stimulation. GABAb activity is G-protein mediated and
linked to a K+ conductance (Andrade et al., 1986; Dutar and Nicoll, 1988). In

addition to the postsynaptic effects, synaptically released GABA activates

presynaptic GABAb autoreceptors to produce decreased release of GABA in a

time dependent manner (200 - 400 ms) following the single pulse (Davies et al.,

1990; 1991). This effect is also G-protein mediated and thought to result from a

decrease in presynaptic Ca2+ conductance. In response to high frequency

conditioning trains (as in LTP induction), GABA exerts the above mentioned pre-

and postsynaptic effects during delivery of the train. A diminution in GABA
release in response to high frequency trains has been hypothesized to facilitate

postsynaptic depolarization, thereby enhancing relief of the voltage dependent

Mg2+ block of the NMDA receptor channel and subsequent NMDA receptor
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activation (Davies et al., 1990; 1991). Subsequent to delivery of a conditioning

train, the AMPA mediated EPSP and GABAa and GABAg mediated IPSPs are

enhanced for prolonged periods (Morishita and Sastry, 1991). The magnitude of
the resulting LTP reflects summation of the potentiation of both excitatory and

inhibitory postsynaptic potentials (Abraham et al., 1987).
As a first step toward understanding the mechanism by which chronic

ethanol exposure disrupts LTP, the efficacy of GABA and bicuculline at the

GABAa receptor was examined by measuring uptake of 36C1 in cortical and

hippocampal membrane preparations.

Materials and Methods

Treatment Methods

Male Long Evans hooded rats (200-250 g) were matched by weight and

age and assigned to one of two liquid diet treatment groups described in detail in

Chapter 3, General Methods. Briefly, the diet treatment consisted of: 1) An
ethanol group (group E) in which ethanol comprised 35-39% of the total caloric
intake. The remaining calories were supplied by Sustacal (Mead-Johnson Co.); 2)
A sucrose group (group S) which received an identical diet except sucrose was

isocalorically substituted for ethanol. Group S animals were individually pair-

fed with group E animals such that each of a sucrose-ethanol pair received the
same volume of diet during the treatment period. The liquid diets were

administered as the sole source of food for a period of 28 weeks. At the end of
the 28 week period all animals received laboratory chow and water ad lib. for
either 2 or 6 months. The preceding protocol of chronic ethanol treatment (CET)
has been previously used as a valid model for studying the behavioral,

morphological, and physiological consequences of chronic alcohol abuse (Walker
and Freund, 1971; 1973; Walker and Hunter, 1978; Walker et al., 1981; 1982).
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Preparation of Microsacs

Each experiment included one each of an ethanol/sucrose pair. Brains
were removed from decapitated animals and placed on ice. Whole hippocampus
and one-half of the cortex (randomly chosen) were dissected from brains and

placed in 5 ml of ice-cold buffer (145 mM NaCl, 5.0 mM KC1,1.0 mM Mg CI2,1.0
mM CaCl2, 10 mM glucose, 10 mM N-2-hydroxyethylpiperazine-n2-
ethanesulfonic acid, pH 7.5 with Tris). Tissue was homogenized by hand (10

strokes) with a glass-Teflon homogenizer. The homogenate was centrifuged at

900 * g for 15 min at 0° C. The supernatant was decanted and the pellet

resuspended in 5 ml of fresh buffer, homogenized (10 strokes) and centrifuged at

900 * g for an additional 15 min at 0° C. The supernatant was decanted and the

pellet resuspended in fresh buffer (5 ml for cortex and 4 ml for hippocampus),

homogenized (10 strokes) and placed on ice. Protein content was determined by
the method of Lowry (1951).

Measurement of 36C1 Uptake
The procedure for measurement of 36C1 uptake in microsacs is taken from

Allan and Harris (1986). Microsacs (200 pi) were pre-incubated in a water bath at

34° C for 5 minutes in the presence or absence of bicuculline (see below). Next

200 pi of a solution containing 36C1 (New England Nuclear, Boston, MA, U.S.A.)
and varying concentrations of GABA (0 - 300 pM) or a constant concentration of
GABA (100 or 300 pM) and varying concentrations of bicuculline methiodide (0 -

100 pM) were added during constant vortexing. In experiments in which the

efficacy of bicuculline to inhibit GABA-stimulated Cl uptake was tested,
bicuculline was added during the preincubation and incubation. After 3 sec, ^Cl

uptake was terminated by the addition of 4 ml ice-cold buffer containing 100 pM

picrotoxin and rapid filtration onto a premoistened (GF/C) Whatman filter,

using a Hoefer manifold (Hoefer Scientific, San Francisco, CA). Filters were
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washed with an additional 8 ml of ice-cold buffer containing 100 (iM picrotoxin.
The amount of radioactivity on the filters was measured by liquid scintillation

spectrometry. The amount of 36C1 bound to the filters in the absence of
membranes was subtracted from all values. Total Cl uptake was calculated using
36C1 as a tracer. GABA-dependent Cl uptake was calculated by subtracting the Cl

uptake in the absence of agonist (GABA-independent Cl uptake) from the Cl

uptake in the presence of agonist (total Cl uptake).
Data Analysis

Statistical analysis was performed by a two-way analysis of variance

(ANOVA) with repeated measures (treatment vs. agonist or antagonist

concentration). ANOVA was used to compare the difference between two

means.

Results

Effect of Chronic Ethanol on GABA Stimulation of Cl Uptake
All comparisons were first made between the two (n =3 ethanol and 3

sucrose) and four (n = 5 ethanol and 5 sucrose) month abstinence groups. Since
the duration of abstinence did not significantly affect basal or stimulated Cl

uptake within each diet treatment (data not shown), animals from the two

abstinence periods were grouped together.
The objective of this set of experiments was to determine the efficacy of

GABA at the GABAa receptor following chronic ethanol exposure. Basal uptake
was first measured to determine differences in GABA-independent Cl uptake.
Mean values of group S and E animals are listed in Table 6-1. Comparison
between groups failed to demonstrate any difference in basal uptake.
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Table 6-1. Basal Cl uptake in hippocampus and cortex of chronic ethanol and
sucrose treated animals.

Basal Cl Uptake (nmol/mg protein/3 s) ;±SEM
Diet Treatment Hippocampus Cortex

Sucrose3 27.2 ±5.7 24.7 ±2.3
Ethanol3 21.5 ±2.2 24.5 ±3.1
3 Data were analysed by an ANOVA (P < 0.37 for hippocampus and 0.95 for
cortex).

The effects of chronic ethanol on GABA-dependent uptake of Cl was next

examined. Figure 6-1 shows the concentration-response curve for GABA (0 - 300

(iM) in microsacs prepared from hippocampus and cortex of ethanol and pair-fed
sucrose treated animals. Chronic treatment with ethanol had no effect on the

concentration-response curve for GABA stimulated uptake of Cl. EC50 values for

group E and S are listed in Table 6-2. Comparison of EC50 using an ANOVA
revealed no difference between diet treatment groups (P < 0.37 for hippocampus
and 0.87 for cortex).

Effect of Chronic Ethanol on Bicuculline Inhibition of GABA Stimulated Cl

Uptake
The objective of the next set of experiments was to examine the efficacy of

the GABAa antagonist, bicuculline methiodide, to inhibit maximal GABA

stimulation of Cl uptake in hippocampus and cortex. It has been previously
shown that bicuculline blocks the chronic ethanol induced reduction of LTP.

This capacity of bicuculline to prevent the disruption of LTP induction following
chronic ethanol exposure, may be mediated by an enhanced ability to block
GABA stimulated Cl uptake.

Chloride uptake was first examined in chow-fed control animals to

determine a concentration of GABA which produced maximal stimulation and
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in hippocampal (A), (B) and cortical (C), (D) microsac preparations. (A) and (C)
represent Cl uptake as a percent of maximal (100 |iM GABA) Cl uptake. (B) and (D)
represent actual values of Cl uptake expressed as nmol/mg protein/3 s of
exposure.
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Table 6-2. Effect of chronic ethanol treatment on GABA stimulated and
bicuculline inhibition of GABA stimulated Cl uptake.

Hippocampus Cortex

Sucrose Ethanol Sucrose Ethanol

EC50 GABAa 19.8 ±4.1 31.7 ±10.3 29.3 ±5.0 30.8 ± 7.2
IC50 Bicucullineb 10.7 ±3.6 16.9 ±7.5 16.6 ±6.5 12.7 ±3.3
a P< 0.37 for hippocampus and 0.87 for cortex
b P< 0.44 for hippocampus and 0.61 for cortex; IC50 was determined under
conditions of maximal GABA stimulation (100 pM).

also exhibited a range of responses to a range of bicuculline concentrations.

Figure 6-2 shows the effects of bicuculline (0 -100 pM) in the presence of either
100 or 300 pM GABA, concentrations which produce maximal stimulation of Cl

uptake. Since the bicuculline antagonism of Cl uptake was complete in 100 pM
GABA but not in 300 pM GABA, all subsequent experiments were performed
with 100 pM GABA.

The efficacy of bicuculline to block GABA-stimulated Cl uptake in

hippocampal and cortical microsacs from animals in groups S and E was then
examined. Comparison of group S and E revealed no difference in the

concentration-response curve for bicuculline (Fig. 6-3; P < 0.48). Table 6-2 lists
the IC50 for bicuculline in hippocampus and cortex from animals in groups S and
E. Again, between-group comparisons revealed no significant differences in
either measure (P < 0.44 for hippocampus and 0.61 for cortex).

Lastly, the effect of bicuculline on basal Cl uptake was determined to test

if bicuculline alone produced an effect on Cl uptake. To do this, uptake in the

presence of 100 pM bicuculline and no GABA in the incubation solution was

measured. This value measures the amount of basal Cl uptake resistant to
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Figure 6-2. Bicuculline inhibition of GABA stimulated Cl uptake in cortical and
hippocampal microsacs from chow-fed control animals.
Microsacs from chow-fed control animals were tested for the effectiveness of
bicuculline methiodide to block maximal GABA (100 or 300 pM) stimulated Cl
uptake in the hippocampus. Cl uptake was measured at bicuculline
concentrations of 0 -100 pM in (A) hippocampal and (B) cortical microsacs. In the
presence of 100 pM GABA, Cl uptake was blocked by bicuculline concentrations
of 30 pM or higher. When microsacs were incubated with 300 pM GABA,
blockade of Cl uptake was incomplete for bicuculline doses up to 100 pM.

bicuculline blockade. Bicuculline blocked virtually all basal Cl uptake in both

groups S and E. A two-way ANOVA with diet treatment as one factor and total
and bicuculline sensitive basal Cl uptake as the second factor showed no

significant differences (P < 0.89 for cortex and for hippocampus). Measurements

of bicuculline sensitive basal Cl uptake are listed in Table 6-3.
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Table 6-3. Bicuculline-sensitive basal uptake of Cl in hippocampal and cortical
microsacs.

Cl Uptake (nmol/mg protein/3 s) ;±SEM
Diet Treatment Hippocampus Cortex

Sucrose3 25.5 ±6.6 28.3 ±3.2
Ethanol3 20.2 ± 7.8 29.8 ±4.8
a Data were analyzed by a two-way ANOVA (P < 0.65 for hippocampus and 0.80
for cortex).

Discussion

The principal aim of these sets of experiments was to measure GABAa

receptor function following chronic ethanol treatment. GABAa receptor function
was assessed by quantifying GABA-dependent uptake of Cl in membrane

preparations. Increased Cl uptake reflects enhanced GABA receptor function to

open the Cl ionophore. No chronic ethanol effects were found in either GABA-

stimulated uptake or bicuculline-inhibition of GABA-stimulated Cl uptake.

Additionally, chronic ethanol exposure did not affect basal (GABA-independent)
Cl uptake. Taken together, these results indicate that chronic ethanol exposure

does not directly affect GABAa receptor channel activation by GABA or

inhibition of GABA activation by bicuculline.
Several previous studies using electrophysiological methods have

demonstrated that chronic ethanol decreases functional inhibition and increases

postsynaptic responsiveness to GABAergic inhibition. For example, Abraham et

al. (1981) and Rogers and Hunter (1992) found that animals chronically treated
with ethanol demonstrated an enduring reduction in functional recurrent

inhibition onto CA1 pyramidal cells. It was hypothesized that the reduction in

functional inhibition resulted from chronic ethanol produced interneuronal cell
loss in CA1. Rogers (1986) went on to test responsiveness of CA1 pyramidal cells
to iontophoretic application of GABA. Excitatory single pulse responses
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produced in the presence of exogenous GABA were reduced by a greater amount

in chronic ethanol treated animals as compared to pair-fed controls. This
indicated that chronic ethanol exposure produced a heightened sensitivity of
CA1 pyramidal cells to exogenous application of GABA. Excitatory single pulse

responses in the presence of bicuculline were next examined. In this case,

responses were larger in ethanol treated animals as compared with pair-fed

controls, suggesting that chronic ethanol produced a heightened sensitivity of the

postsynaptic membrane to bicuculline. Therefore, chronic ethanol treatment

appears to enhance either postsynaptic GABAa receptor number in CA1 or the

efficacy of both GABA and bicuculline.

In the present experiments, though, no apparent enhancement in GABA

stimulation or bicuculline inhibition of Cl uptake was detected. An important

difference between these two experimental paradigms was that the physiological
studies were localized to the CA1 region of the hippocampus whereas the Cl

uptake experiments described here measured whole hippocampal function.

Perhaps GABAergic susceptibility to the effects of chronic ethanol exposure is
limited to distinct hippocampal subfields such as CA1 which go undetected
because of a dilution from GABAa receptors of dentate gyrus and CA3 regions.
The number of [3H]bicuculline binding sites is greater in the dentate gyrus than
CA1 (Olsen, et al., 1990) as is the magnitude of functional inhibition and its

ability to suppress LTP induction (Steward et al., 1990). In order for chronic
ethanol to have an effect limited to CA1, there must be a distinct element in the

affected region susceptible to chronic ethanol. Such selectivity in ethanol

susceptibility may occur via regional differences in GABAa subunit composition.
There are five different GABA receptor subunit types (a, p, y, 8, and p) and

several variants of each type expressed in the CNS (Tobin et al., 1991). The
various combinations of these subunit variants confer distinct functional
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properties on the resulting GABA receptor (Verdoorn et al., 1990). The regional
distribution of GABAa receptor subunit variants throughout the CNS may-

produce a diversity of GABA responses, such that each functional type is specific
for the unique function that brain region subserves. Just as GABA receptor

subunit variants may determine specificity of receptor function, responsiveness
of subunit variants to various environmental toxins may be diverse. For

example, the 72-subunit which is thought to affect the size of the open channel

configuration and confers enhanced efficacy of GABA by benzodiazepines

(Pritchett et al., 1989; Sigel et al., 1990), is also sensitive to the acute action of
ethanol (Wafford et al., 1991). Perhaps the basic principle that a neurotoxic effect
can be directed toward a specific receptor subunit type may apply to chronic
ethanol toxicity.

The physiological effect of CET to reduce LTP induction was necessarily
recorded following a high frequency conditioning train (Chapters 4 and 5). The

present results of Cl uptake were measured from animals that had not received

prior LTP induction. It is possible the effect of CET is restricted to plasticity-
related events and therefore not a direct effect on the single pulse functioning of
the GABAa receptor channel. For example, LTP induction results in potentiation
of both the glutamate mediated EPSP and the GABAa mediated IPSP (Abraham

et al., 1987; Morishita and Sastry, 1991). CET could act to enhance the relative
contribution of GABAergicA potentiation to LTP. Such an enhancement of

GABAa LTP would effectively mask LTP of excitatory synaptic transmission.

Only when the GABAa mediated component was blocked by bicuculline, would
LTP of excitatory responses be seen. The CET produced enhancement of

GABAergic responses reported by Rogers (1986) were recorded following a 5

second iontophoretic application of GABA. Here too, it is possible that the
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prolonged exposure of the postsynaptic membrane to neurotransmitter produced
an effect that a shorter duration of exposure would not.

Future experiments should be aimed at investigating the single cell

responsiveness of GABA and receptor agonists and antagonists both in response

to single pulse stimulation and during LTP conditioning trains. This will provide
detailed information about postsynaptic GABAergic function both during single

pulse and plasticity-related synaptic transmission. The characteristics of the

GABA mediated IPSPs following an LTP conditioning train should be examined
to determine if LTP results in a specific enhancement of IPSP relative to EPSP

following CET. In addition, the numbers and affinities of GABAa and GABAp

receptors measured under equilibrium conditions will provide added
information about GABA receptor responses to CET.



CHAPTER 7

QUANTITATIVE AUTORADIOGRAPHIC ANALYSIS OF NMDA
RECEPTOR BINDING WITH [3H]MK-801 FOLLOWING CHRONIC

ETHANOL CONSUMPTION

Introduction

Recent research suggests that acute exposure to low doses of ethanol

functionally inhibits the N-methyl-D-aspartate (NMDA) receptor channel
while the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

receptor remains little affected (Lovinger et al., 1990). Additionally, long term

potentiation (LTP), which is produced by NMDA receptor activation, is

severely reduced by low doses of ethanol (Sinclair and Lo, 1986; Blitzer et al.,

1990). Few studies have examined the enduring or long term effects of
ethanol on NMDA receptor function. In humans, the number of 3-((±)-2-

carboxypiperazin-4-yl)-[l,23H]propyl-l-phosphonic acid ([3H]CPP, a

competitive NMDA receptor antagonist) binding sites in hippocampus is
decreased with chronic alcoholism while receptor affinity is increased

(Michaelis et al., 1990). Conversely, the number of [3H]glutamate binding sites
is increased with chronic alcoholism relative to age-matched control patients.

Experiments described in chapters 4 and 5 of this dissertation demonstrate an

enduring reduction in the magnitude of LTP following a 28 week exposure to

ethanol in rats. This disruption in LTP, though, was masked when GABAa

receptors were blocked with the specific antagonist, bicuculline methiodide.
These results suggest that chronic ethanol abuse impairs the mechanism by
which GABAergic inhibition modulates LTP induction rather than through a

direct action on NMDA receptor function.

78
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A wealth of research has demonstrated that the NMDA receptor not

only functions under normal physiological states as a mediator of long term

synaptic plasticity, but also plays a critical role in certain pathological
conditions such as excitotoxic mediated cell death. For example, upon

withdrawal from a 1 to 2 week period of exposure to low doses of ethanol,
mice and rats demonstrate a heightened susceptibility to seizures as well as

enhanced tolerance to ataxia induced by ethanol (Khanna, et al., 1991). Both
behavioral tolerance and susceptibility to seizures can be blocked by prior
administration of blockers of the NMDA receptor complex. In mice, a 7 day

exposure to low doses of ethanol results in upregulation of [3H]diclozipene

([3H]MK-801) binding sites within the hippocampus (Gulya et al., 1991 and
Grant et al., 1990). The upregulation of the NMDA receptor complex is

thought to be at least partially responsible for the heightened susceptibility to

seizures during ethanol withdrawal as well as behavioral tolerance to

repeated exposure to ethanol (Khanna et al., 1991). In this model, it is not

known what alteration of the NMDA receptor complex occurs following long

term (more than 2 weeks) exposure to ethanol. Neurotoxic effects of ethanol

following a 7 or 14 day exposure are typically transient in nature (Gulya et al.,

1991), while 20 to 28 weeks of exposure results in permanent effects such as

cell loss and alteration of dendritic density and morphology as well as

adaptive responses such as increases in the dendritic extent of surviving cells

(Lescaudron and Verna, 1985; Cadete-Leite et al., 1988; Durand et al., 1989;

Walker et al., 1981).

The aim of the present study was twofold. First, the effect of long term

(5 month) ethanol exposure on NMDA receptor binding was measured to

quantify changes in receptor number and binding affinity. Second, the ability
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of L-glutamate to enhance [3H]MK-801 binding was investigated as a means of

evaluating NMDA receptor function.

MK-801 binds the NMDA receptor only under conditions in which the
channel is open (Huettner and Bean, 1988; MacDonald and Nowak, 1990).
MK-801 binding to the NMDA receptor channel blocks current flow through
the channel and it is through this mechanism that MK-801 acts as a specific

noncompetitive NMDA antagonist. L-Glutamate activation of the NMDA

receptor produces channel opening, and therefore, MK-801 binding. In

experimental conditions, as the concentration of L-glutamate increases, so

does binding of [3H]-MK-801. The efficacy with which L-glutamate produces

receptor activation and channel opening can be measured by determining

pH]MK-801 binding in the presence of a range of glutamate concentrations.

Since excessive activation of the NMDA receptor complex may be excitotoxic

to neurons, an alteration of NMDA receptor number could be responsible for

morphological alterations such as neurotoxic cell loss following chronic
ethanol treatment. In addition, changes in glutamate stimulation of [3H]-MK-
801 binding may reflect an alteration of the efficacy of glutamate to open the
NMDA receptor channel.

Methods

Treatment Methods

Male Long Evans hooded rats (200-250 g) were matched by weight and

age and assigned to one of two liquid diet treatment groups described in detail
in Chapter 3, General Methods. Briefly, the diet treatment consisted of: 1) An

ethanol group (group E) in which ethanol comprised 35-39% of the total
caloric intake. The remaining calories were supplied by Sustacal (Mead-

Johnson Co.); 2) A sucrose group (group S) which received an identical diet

except sucrose was isocalorically substituted for ethanol. Group S animals
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were individually pair-fed with group E animals such that each of a sucrose-

ethanol pair received the same volume of diet during the treatment period.
The liquid diets were administered as the sole source of food for a period of 28
weeks. At the end of the 28 week period all animals received laboratory chow
and water ad lib. for 48 hours. Two similar age animals housed under

similar conditions as group S and E animals but receiving laboratory chow
and water during the entire treatment period were included in the study. The

preceding protocol of chronic ethanol treatment (CET) has been previously
used as a valid model for studying the behavioral, morphological, and

physiological consequences of chronic alcohol abuse (Walker and Freund,

1971; 1973; Walker and Hunter, 1978; Walker et al., 1981; 1982).

Autoradiographic Methods

Data were collected from 8 group S, 8 group E and 2 chow-fed control
animals 48 hours following cessation of the 28 week liquid diet treatment.

All animals were coded throughout data collection and analysis to avoid

experimenter bias. Rats were killed by decapitation, the brains removed and
frozen on powdered dry ice and maintained at -70° C. A midsagittal cut was

made through each brain. Each brain half was randomly chosen for

sectioning on the horizontal or coronal plane. Six micron sections were cut

on a cryostat and thaw-mounted on acid washed and gelatin-subbed slides.
Brains were sectioned such that each slide contained one coronal and one

horizontal section from each of an ethanol, sucrose pair. Sections from each
of the two chow treated animals were mounted with one of the sucrose-

ethanol pairs. Sections were refrozen and stored at -20° C for no more than 24

hr prior to use.
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PH1MK-801 saturation binding assay

The procedure for [3H]MK-801 binding represented a modified protocol
that has been previously described (Monaghan, 1991). Slides were warmed to

room temperature and dried with an air stream prior to preincubation with
buffer. The sections were then preincubated in 50 mM Tris acetate with 0.1%

saponin and 1.0 mM EDTA, (pH 7.7) at room temperature for 10 minutes.

Sections were then rinsed in 50 mM Tris-acetate buffer for 60 min at 30°C.

This treatment removes endogenous glutamate, glycine and various ions.
Sections were next incubated with varying concentrations of [3H]MK-801

(0.0005 - 1 pM; (30 pCi/mM) New England Nuclear, Boston, MA, U.S.A.) in 50

mM Tris buffer containing 25 pM L-glutamate, 20 pM D-(-)-2-amino-7-

phosphonoheptanoic acid (D-AP7), 20 pM glycine, and 250 pM spermine for
60 minutes at room temperature. Non-specific binding was determined in

the presence of 50 pM MK-801.

Following incubation, slides were rinsed in ice-cold buffer containing
20 pM D-AP7 for 60 min. Sections were dried under an air stream and placed
into x-ray cassettes with tritium-sensitive film (Hyperfilm, Amersham,

Arlington Heights, IL). Standards were included along with radioactive tissue

during exposure (microscales, Amersham). Film exposure was 4 weeks at

4°C, followed by standard film development in Kodak D-19 at 20°C.
Glutamate stimulation of [3H1MK-801 binding

Another group of sections were pre-incubated in 50 mM Tris acetate

with 0.1% saponin and 1.0 mM EDTA, pH 7.7 at room temperature for 10
minutes followed by a rinse in 50 mM Tris-acetate buffer for 60 min at 30° C.

Sections were next incubated in varying concentrations of glutamate (0 - 25

pM) and 10 nM [3H]MK-801 in 50 mM Tris buffer containing 20 pM D-AP7, 20

pM glycine, and 250 pM spermine for 60 minutes at 0 - 4° C. Non-specific
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binding was determined in the presence of 50 (iM MK-801. Sections were

rinsed, dried and processed as described above.
Determination of NMDA Receptor Density

Autoradiograms were analyzed by computer assisted densitometry
with a MCID (Microcomputer Imaging Device, Imaging Research, Inc.) image

analysis system. Densitometric measurements were converted during

analysis to pmol/mg protein binding. Statistical analysis was performed by a

two-way analysis of variance (ANOVA) with repeated measures (treatment
vs. brain region).

Results

The goal of this study was to determine the effects of protracted

exposure to ethanol on NMDA receptor complex number and function in the
central nervous system (CNS).
Effects of CET on (3H1MK-801 Saturation Binding Characteristics

In the first series of experiments, the number of receptor binding sites

and the affinity of [3H]MK-801 for the NMDA receptor channel was

determined in a variety of brain regions. MK-801 binds only to the open state

of the NMDA receptor channel (Huettner and Bean, 1988; MacDonald and

Nowak, 1990). Glutamate is thought to enhance MK-801 binding by

increasing the channel open time. Glutamate is also the endogenous
transmitter for the NMDA receptor channel. Glycine and spermine each bind
to specific and distinct sites on the NMDA receptor (Ransom and Stec, 1988).

Glycine and spermine, in isolation, do not cause NMDA channel opening.

Instead, these ligands act to allosterically enhance the ability of glutamate to

produce channel opening. Prior work has demonstrated that maximal MK-
801 binding occurs when assay conditions include glutamate, glycine and
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spermine in the concentrations used in these experiments (Ransom and Stec,

1988; Monaghan, 1991).

Autoradiograms reveal a high concentration of [3H]MK-801 binding
sites in hippocampal dendritic fields, dentate gyrus, layer I-III of cortex,

septum and several thalamic structures (Fig. 7-1). Within the hippocampus
and dentate, [3H]MK-801 binding predominates in stratum radiatum and

oriens, and the dentate molecular layer.

Specific [3H]MK-801 binding measurements from each of several brain

regions were taken and data from each brain region of each animal were

plotted versus the concentration of [3H]MK-801 in the incubation solution

(Fig. 7-2). The Kd and Bmax were calculated from the best fit of the binding
isotherm. Table 7-1 lists the values of Kd and Bmax of [3H]MK-801 binding
for several brain regions. The Kd values varied little among brain regions.
The highest affinity binding was found in hippocampus stratum radiatum
and dentate molecular layer. Bmax values were similar to those reported in
the literature (Grant et al., 1990). Among the sucrose and chow treated

animals, regional variations in Bmax were found between dorsal and ventral
stratum radiatum of CA1 (1.961 + 0.05 ventral; 2.331 + 0.07 pmol/mg protein

dorsal; P < 0.0001) and dentate molecular layer (1.756 ± 0.09 ventral; 2.085 ±

0.08 pmol/mg protein, dorsal; P < 0.0007). and Bmax values for sucrose and
ethanol treated animals are listed in Table 7-1. Statistical analysis across brain

regions failed to demonstrate an effect of chronic ethanol exposure on either

Kd or Bmax (ANOVA, P< 0.74, Kd and 0.1, Bmax ).

Previous work has demonstrated regional selectivity of the neurotoxic
effects of chronic ethanol (Walker et al., 1981; Lescaudron and Verna, 1985;



Figure 7-1. NMDA receptor distribution as determined by [3H]MK-801
binding. (A) Non-specific binding was measured with 0.1 pM [3H]MK-801 and
50 pM MK-801. (B) Total binding in the presence of 0.1 pM [3H]MK-801.
Binding density increases from black to white.
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Figure 7-2. Representative average specific [3H]MK-801 saturation binding.
Binding isotherms depicted were from (A) ventral stratum radiatum of CA1
and (B) parietal cortex layers I - III in chronic ethanol treated and sucrose
control animals. Each data point represents the mean + SEM of eight ethanol
or sucrose treated animals. Curves represent the optimal non-linear fitting to
the rectangular hyperbola equation. Binding constants are listed in Table 7-1.
(Inset), Scatchard plot of [3H]MK-801 binding. Line was fit by linear
regression.



88

Table 7-1. Effect of chronic ethanol on [3H]MK-801 binding in various brain
structures.

Treatment

Sucrose Ethanol Sucrose Ethanol

Brain region Kd (nM) + SEM Bmax ±_ SEM
(pmol/mg protein)

Dentate Gyms
d. Molecular Layer 5.93 ± 0.72 5.77 ± 0.59 2.063 ± 0.09 1.930 ± 0.05

v. Molecular Layer 6.07 ±1.19 5.61 ± 0.61 1.837 ±0.08 1.902 ± 0.07

Hippocampus
d. Stratum Radiatum 4.26 ± 0.54 4.61 ± 0.41 2.318 ± 0.09 2.494 ± 0.08

v. Stratum Radiatum 5.48 ± 0.89 5.38 ± 0.58 1.983 ± 0.06 2.059 ± 0.06

v. Subiculum 7.81± 2.2 8.67 ±1.1 0.726 ± 0.07 0.728 ± 0.04

Cortex
d. Cortex (layers I-III) 7.62 ± 1.34 8.82 ± 1.51 1.323 ±0.05 1.471 ±0.11

d. Cortex (layers IV- VI) 7.25 ± 1.02 6.59 ± 1.28 0.895 ± 0.04 1.031 ±0.09

v. Parietal Cortex 7.30 ± 0.64 7.30 ± 0.65 1.455 ± 0.07 1.477 ± 0.05
(layers I-III)

v. Parietal Cortex 5.94 ± 0.62 6.55 ±1.05 0.856 ± 0.07 0.935 ± 0.07
(layers IV-VI)
Entorhinal Cortex 5.29 ± 0.95 6.64 ± 1.40 0.993 ± 0.08 0.982 ± 0.07

Septum
v. lateral Septum 9.09 ±1.21 11.6 ±1.66 1.004 ±0.05 1.182 ±0.11

Thalamus
v. Medial Thalamus 9.67 ±2.2 13.0 ±3.1 0.777 ± 0.04 0.925 ± 0.06

v. Lateral Thalamus 9.59 ±1.12 11.9 ±1.56 0.915 ±0.06 1.031 ± 0.03

d. Thalamus 14.1 ±2.08 12.2 ± 2.29 0.863 ± 0.04 0.835 ± 0.02
Data was analyzed by a two-way ANOVA (P < 0.74 for Kd, and 0.1 for Bmax).
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King et al., 1988; Durand et al., 1989). Hippocampus and dentate gyrus are

among the most affected. When the Bmax from these regions only were

grouped as a repeated measure in an ANOVA, an interaction effect of liquid
diet treatment with brain region was found (P < 0.02). No effect was found

when comparing the Kj among these brain regions.

Effects of CET on Glutamate Stimulation of [3H]MK-801 Binding
As stated earlier, [3H]MK-801 binding is maximally enhanced when

glutamate, glycine and spermine are included in the incubation solution.

Glutamate's enhancement of MK-801 binding occurs in a dose dependent
fashion. Since glutamate is also the endogenous transmitter for the NMDA

receptor channel, one method of evaluating the functional capacity of the
NMDA channel is to examine the ability of glutamate to enhance [3H]MK-801

binding. In the next set of experiments, [3H]MK-801 binding was measured
with various concentrations of glutamate included in the incubation

solution. Quantifying [3H]MK-801 binding as a function of glutamate
concentration measures the ability of glutamate to stimulate channel

opening.

Representative autoradiograms of [3H]MK-801 binding under a range of

L-glutamate concentrations are shown in Figure 7-3. When no glutamate was

included in the incubation solution, only background levels of binding were

detected. Low but detectable levels of binding were found in most brain

regions studied when a low concentration of glutamate (0.05 pM) was used.

pH]MK-801 binding increased in a dose dependent manner with maximal

binding most typically at 10 pM glutamate. Measurements of [3H]MK-801

binding in different concentrations of glutamate from ventral stratum

radiatum and parietal cortex are represented graphically in Figure 7-4. EC50
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values calculated from curve fitting of these data demonstrate regional
differences among sucrose controls (Table 7-2). These results are consistent
with those previously reported in the literature (Monaghan, 1991). The

regional differences in EC50 are thought to reflect pharmacological diversity of
NMDA receptors in the CNS. A comparison of ECso's between diet treatment

groups across brain regions failed to demonstrate an effect of chronic ethanol

exposure (P < 0.86).

Discussion

The aim of these experiments was to determine the effect of prolonged
ethanol exposure on NMDA receptor number and function in the CNS.
Chronic ethanol treatment did not produce a global change in either the

affinity of [3H]MK-801 for the NMDA receptor channel, the number of

binding sites or the ability of glutamate to activate the receptor and thus cause

channel opening. These results contrast with human studies in which the
number of [3H]CPP binding sites decreased and receptor affinity increased with
chronic alcoholism (Michaelis et al., 1990). Several factors could explain this

discrepancy. First, the nutritionally supplemented diet used in the present

study controlled for any potential effects from alcoholic malnutrition. Such
controls are impossible in human studies. Also, it is difficult to eliminate

influencing factors such as prior drug exposure or disease states in human
studies. By the very nature of the disease of alcoholism, accurate and

complete histories are difficult to obtain.

In addition to the physiologic role of the NMDA receptor as mediator

of long term plasticity, several studies have implicated the NMDA receptor as

partially responsible for seizure generation associated with ethanol
withdrawal and excitotoxic cell death. Several studies have implicated



Figure 7-3. Total [3H]MK-801 binding in a range of concentrations of L-
glutamate and a constant concentration of [3H]MK-801 (10 nM).
Concentrations of L-glutamate in each of the depicted examples were as
follows: (A), 0.05 pM; (B), 0.1 pM; (C), 5.0 pM; (D), 25.0 pM. (A) Minimal
levels of binding were measured from sections incubated in the presence of a
low concentration of L-glutamate. (B - D) As the concentration of L-
glutamate increased, [3H]MK-801 binding increased in a dose dependent
manner. Binding density increases from black to white.
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Figure 7-4. Representative average specific [3H]MK-801 binding in the
presence of varying concentrations of L-glutamate. [3H]MK-801 binding
increased with increased concentration of L-glutamate in a dose dependent
manner. Semi-log plots depicted were from (A) ventral stratum radiatum of
CA1 and (B) parietal cortex layers I - HI in chronic ethanol treated and sucrose
control animals. Each data point represents the mean + SEM of eight ethanol
or sucrose treated animals. Curves represent the optimal non-linear fit to a
sigmoid equation. ECso's are listed in Table 7-2.
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Table 7-2. The effect of chronic ethanol on EC50 of glutamate at the NMDA
receptor complex in various brain regions.

REGION EC50 (pM) ± SEM
Sucrose Ethanol

Dentate Gyrus
d. Molecular Layer 1.28 ±0.40 1.37 ±0.48

v. Molecular Layer 0.98 ± 0.02 1.20 ±0.28

Hippocampus
d. Stratum Radiatum 1.21 ± 0.26 1.00 ±0.24

v. Stratum Radiatum 0.89 ± 0.28 0.88 ±0.17

v. Subiculum 1.59 ±0.30 1.24 ±0.20

Cortex
d. Cortex (layers I-III) 1.05 ±0.19 1.09 ± 0.25

d Cortex (layers IV- VI) 1.73 ± 0.31 1.60 ± 0.38

v. Parietal Cortex 1.25 ± 0.29 1.05 ±0.16
(layers I-III)
v. Parietal Cortex 2.42 ± 0.76 2.24 ± 0.84
(layers IV-VI)
v. Entorhinal Cortex 1.85 ± 0.56 1.42 ±0.42

Septum
v. lateral Septum 0.51 ± 0.13 0.60 ±0.20

Thalamus
v. Medial Thalamus 0.98 ± 0.25 1.15 ±0.12

v. Lateral Thalamus 0.90 ± 0.20 1.04 ±0.25

d. Thalamus 1.05 ± 0.22 0.96 ±0.21

v. Striatum 0.64 ± 0.14 0.66 ±0.11
Data were analyzed with two-way ANOVA (P< 0.86).
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increased calcium influx through voltage-gated or NMDA receptor channels
to be at least partly responsible for ethanol withdrawal seizure activity (Grant
et ah, 1990; Khanna et al., 1991). During the withdrawal period, NMDA

receptor binding increases with no change in receptor affinity. It is possible
that the enhanced calcium flux also contributes to excitotoxic death of

pyramidal cells. Binding properties of [3H]MK-801 were examined in brain

regions particularly susceptible to the excitotoxic effects of ethanol
withdrawal. Comparison of Bmax values across dorsal and ventral stratum

radiatum of CA1 and molecular layer of dentate revealed a significant

interaction effect of treatment with brain region (P < 0.02). Bmax values in

dorsal and ventral stratum radiatum of CA1 and ventral dentate molecular

layer were increased in chronic ethanol treated animals. Bmax decreased in

dorsal dentate molecular layer. Several studies have described a 15% or

greater principal cell loss from hippocampus and dentate gyrus following
chronic ethanol toxicity (Walker et al., 1981; Lescaudron and Verna, 1985).

The observed trend toward increased number of binding sites found in the

present study may suggest an increase in the number of NMDA receptors per

pyramidal cell. Correlation though, must be made between chronic ethanol
induced cell loss and NMDA receptor density within the same animal.

In summary, the dramatic increases in [3H]MK-801 binding observed
coincident with ethanol withdrawal were not immediately apparent as a

chronic feature of ethanol abuse although a trend toward an increased

number of binding sites in hippocampus and perhaps dentate gyrus may be

present. Analysis of receptor binding as a function of cell number could
determine whether there is an upregulation in NMDA receptor number per

neuron.



CHAPTER 8
SUMMARY AND DISCUSSION

Summary and Interpretation
The hypothesis tested by the experiments presented in this dissertation

was that chronic ethanol treatment is associated with transient and/or

permanent alterations in one or more components of the induction process of

long term potentiation (LTP) in the hippocampus. Several observations can be
drawn from the results of experiments performed to test this hypothesis.

1. The magnitude of LTP is reduced as a result of chronic ethanol

exposure (P < 0.08). After 48 hr of abstinence from a 28 week exposure to a diet
in which ethanol comprised 35 - 39% of the total caloric intake, the magnitude of
LTP was reduced by 18% and 31% following a 50 or 100 pulse conditioning train

respectively.
2. The reduction of LTP was a permanent consequence of CET and not

dependent on sustained ethanol ingestion (P < 0.06). Following a 5 to 7 month

recovery period from the chronic ethanol diet, the magnitude of LTP remained

markedly reduced. The CET produced reduction in the magnitude of LTP was

present over a range of stimulus conditions, and therefore not limited to a

specific set of stimulus parameters.

3. Experimental blockade of GABAa receptors with the specific

antagonist, bicuculline methiodide (3.5 - 5.0 pM) eliminated the reduction in LTP

produced by CET. This effect was observed after both a 48 hr and 5-7 month
abstinence period.

4. CET did not overtly affect the early phases of LTP maintenance.

96
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5. Quantitative autoradiography showed that CET did not alter the Bmax

or IQ of [3H]MK-801 binding to the NMDA receptor channel. Additionally, CET
did not affect the ability of L-glutamate to stimulate [3H]MK-801 binding.

6. Neither GABA-stimulated nor bicuculline inhibition of GABA-

stimulated Cl uptake in microsac preparations from hippocampus or cortex was

altered by CET.
Taken together, these results indicate that CET produced a lasting

reduction of LTP induction in the hippocampus. The reduction was not

produced by a direct alteration of NMDA receptor number or the efficacy of

glutamate to produce NMDA receptor channel opening. Rather, CET altered
some aspect of GABAergic synaptic transmission and its impact on NMDA

receptor function so as to reduce the ease with which LTP could be induced. The
effect of GABAergic synaptic transmission was not due to a direct alteration in

the efficacy of GABA at the GABAa channel or to the efficacy of the

experimentally used antagonist, bicuculline to block GABA-stimulated receptor

activation.

There are several potential mechanisms through which CET may impart
its effect on LTP induction.

1. Basal functioning of GABAergic synaptic transmission may be

unchanged by CET (as evidenced by the lack of CET effect on GABA-stimulated
Cl uptake in hippocampal and cortical microsac preparations) while plasticity
related functioning, as tested in the physiology experiments, may be altered. For

example, activation of the presynaptic GABAg autoreceptor by GABA and the

consequent reduction of GABA release only produces a postsynaptic effect after
200 - 400 ms (Davies, et al., 1990; 1991). Postsynaptic conductances are reduced
with a similar time course by GABAg receptor activation (Morrisett et al., 1991;
Hahner et al., 1991). Single pulse stimulation, therefore, would be unaffected by
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activation of autoreceptors (Pacelli, et al., 1991). Under the plasticity related
conditions described in these experiments, conditioning trains would activate the

autoreceptors as well as produce the postsynaptic depolarizing effect of the
reduction of GABA release. No research to date has examined the effects of CET

on the activation of GABAergic plasticity during high frequency stimulation.
One possibility consistent with what is currently understood of CET effects on

GABAergic function is that CET may decrease presynaptic GABAb receptor

number or function. During an LTP inducing conditioning train, the reduced

GABAb influence would fail to mediated the normally occurring decrease in
GABA release. This in turn would result in greater postsynaptic

hyperpolarization, making relief of the Mg2+ block on the NMDA receptor and
LTP induction more difficult.

2) CET may act to enhance LTP of GABAergic inputs relative to excitatory

inputs onto pyramidal cells. The mechanisms through which LTP of GABAergic

synaptic transmission occurs are poorly understood. It is clear that in control

animals, a lasting increase in GABA release occurs following an LTP

conditioning train and the amplitude of the postsynaptic IPSP increases (Ghijsen
et al., 1992; Morishita and Sastry, 1991). Whether there are postsynaptic
mechanisms responsible for enhanced GABAergic synaptic transmission is as yet

unknown. No study to date has examined any aspect of GABAergic synaptic
transmission following LTP in CET animals.

3) CET may exert its effect on a specific subtype of the GABAa receptor.

Alternatively, CET may restrict its effect on the GABAa receptor to the CA1

region of the hippocampus. Recent studies have demonstrated five GABAa

receptor subunit types, each with a specific regional distribution (Sato and Neale,
1989 and Verdoorn et al., 1990). Wafford, et al. (1991) have provided evidence

that the 2yL subunit of the GABAa receptor is vulnerable to the acute effects of
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ethanol. This particular subunit, though, is not found in high concentration in
the hippocampus. Further research may provide additional clues to specific

GABAa subunit function in the presence of protracted ethanol toxicity.

Future Directions

Based on the findings of this study, future research should be aimed at

understanding how GABAa and GABAb receptors function following CET.
Since both receptors types play an important role during single pulse and

plasticity related synaptic transmission, it will be important to carefully

investigate GABA receptor function associated with both types of stimulus
conditions.

Basal function of the GABAa receptor in cortex and hippocampus was

found in the present study to be unaffected by CET. The next step then would be
to examine GABAa function under conditions that induce plasticity. This could
be examined in two ways. First, the mechanisms activated during a conditioning
train could be studied using a hippocampal microsac preparation. The aim
would be to measure the effect of GABAb receptor activation on the efficacy of
GABA to stimulate Cl uptake in hippocampus. In cerebellum and cortex, GABAb

receptor activation reduces Cl uptake through GABAa receptor channels.

Specifically, one would measure the IC50 of baclofen to inhibit GABA stimulated
Cl uptake and the ability of a GABAb antagonist (e.g. phaclofen) to block the
baclofen effect. This experiment would provide information about potential

postsynaptic modulatory effects of GABAb receptor activation following CET.

Second, the postsynaptic response during an LTP conditioning train could be
examined with intracellular recordings from pyramidal cells. In this study one

would examine the plasticity of the GABAa and GABAb mediated IPSP in
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response to either conditioning trains of 200 - 400 ms duration (typical for
activation of GABAb receptor systems) or in response to paired pulse stimuli
with interpulse intervals of 200 - 400 ms. These data would provide information
about the effects of CET on physiological responses to endogenous release of
GABA under conditions that would typically be involved in plasticity. One
could next test the efficacy of antagonists and agonists to the GABAa and

GABAp receptor to measure the function of specific receptor subtypes and

binding sites. Because pre- and postsynaptic GABAb receptors are

pharmacologically different, their respective contribution to LTP induction could
be measured. For example, phaclofen is a more potent antagonist at the

postsynaptic receptor and 2-hydroxy-saclofen is more potent at the presynaptic

receptor in the hippocampus (Dutar and Nicoll, 1988). If CET alters the

presynaptic GABAb receptor, then the alteration in release would be manifested
in both the postsynaptic GABAa and GABAb responses. If CET produced its
effect via alteration of postsynaptic GABAa or GABAb function, then the
abnormal response would be limited to the effected receptor type.

In addition to investigating the function of GABA receptors during an LTP

inducing conditioning train, it is important to investigate the long lasting effects
of plasticity on GABAergic synaptic transmission. To do this the characteristics
of the intracellular GABAergic IPSP would be measured both before and after
LTP induction. If CET reduces LTP through an enhancement of GABAergic LTP
relative to glutaminergic LTP, then one would measure a greater increase in LTP

of the IPSP than the EPSP. This study may also be performed using extracellular

recordings. The magnitude of LTP following a conditioning train would first be
measured. Once a stable potentiated EPSP was measured, bicuculline
methiodide would be added and single pulse responses again measured. Both
measurements would be recorded within the same slice and in response to the
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same conditioning train. Again, if CET produces its effect on LTP induction by

enhancing LTP of the IPSP relative to the EPSP, then comparisons between
sucrose and ethanol treated animals should reveal reduced LTP in ethanol

treated animals in the absence of bicuculline. Ethanol and sucrose treated

animals would produce similar magnitude LTP in the presence of bicuculline.
Recent studies have revealed interactions of ethanol with specific GABAa

receptor subunits (Wafford et al., 1991). To investigate this as a potential
mechanism for the effect of CET in the hippocampus, the binding properties of

GABAa and GABAb receptors could be examined. To do this, quantitative

receptor autoradiography using a series of radioactive agonists and antagonists
to the binding sites of the GABA receptors would be measured. In particular, it
would be interesting to examine the binding properties of GABAb agonists as

this has not even been examined in control animals. The effect of CET on

receptor number or affinity would shed light on the mechanism by which CET
alters GABAergic synaptic transmission.

Several anatomical and behavioral as well as human clinical studies have

demonstrated the critical role of the hippocampus in memory formation (Squire
and Zola-Morgan, 1991). LTP is at present a candidate physiological substrate

for memory acquisition for several reasons including: 1) it can be induced in
several anatomical substrates of the memory system, 2) LTP is induced by

physiological stimuli, 3) LTP has a long duration of expression, and 4) LTP

eventually decays. The hippocampus is selectively damaged both

morphologically and physiologically as a result of chronic ethanol exposure. In

particular, the enduring nature of the LTP deficit makes it a candidate substrate
for at least part of the pathology responsible for the memory impairments
associated with CET.



102

In summary, CET reduces the magnitude of long term potentiation. The
reduction of LTP is a permanent consequence of CET and not dependent on

sustained ethanol ingestion. CET affects the reduction of LTP by altering some

component of GABAergic synaptic transmission and not via alteration of NMDA

receptor number or function. The effect of CET on GABAergic synaptic
transmission is not via a direct alteration of the efficacy of GABA at the GABAa

receptor. The CET effect may be restricted to plasticity related events, or be via
an indirect action of GABAb receptor activation and subsequent changes in
GABA release or GABAa function.
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