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The aim of this project was to investigate the
effects of N-methyl-d-aspartate (NMDA) antagonists on
learning, memory and behaviour in the rat. These drugs
are of particular interest due to their ability to
block the triggering of "Long Term Potentiation"™ (LTP,

MOD €
a physiological v of memory), as well as their
gimiliarity (in behavioural and pharmacological terms)
with the drug of abuse Phencyclidine (PCP);
furthermore, their use in clinical triale as
antineurodegeneratives may be imminent.

Dose-responge studies were carried out with the
compound MK-801 (Merck, Sharpe and Dohme), a potent and
selective non-competitive NMDA-antagonist in the rat,
with the use of photocell activity cages and 3-arm
maze. Intraperitoneal doses of the compound without
overt motor or stereotypical effects (0.1-0.2 mg/Kg)
were then examined in various spatial tasks. An open
field study confirmed that Sg under the effect of the

above doses of MK-801, did not have increased levels of

activity, but that habituation te a novel environment

could be diminished. Deficits in efficiency were
observed in the radial arm maze, and during
acquisition, but not performance of a spatial

"reference memory" task.
Subjectse were also tested with MK-801 and PCP (3-4

mg/Kg) in the radial arm maze task with a delay

%



interposed at the midpoint choice (drug administration
occcurring either before the trial or Aduring the
interposed delay. The 7results from this paradigm
supported the hypothesis that NMDA antagonists cause
temporary deficits in a delayed stage of the encoding
process, or oh the retrieval of short-term memories.
The results from the project overall are coneistent
with an involvement of NMDA-mediated neural pathways

(and possibly LTP) with learning and memory.

However the possible relevance of non-specific effects '

(state-dependent learning, for example) could not be completelyg

discounted and should be addressed by future control studies.
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SECTION I: INTRODUCTION

Il: GENERAL INTRODUCTION

I1.1: The Principles of Physioclogical Models of Memory

One of the main higher functions of human and
non-human animale is the capacity for memory. Memory
can be described as the ablility to store, retrieve and
use information encountered in the past. The
information stored in memory can be of several forms,
such as events, ideas or associations between stimuli.
The memory trace (the theoretical contruect describing
the format of the storage of particular memories) can
persist for years in humans and for very long periods
of time in animals also.

One of the main goals of physioclogical psychology.
neuroscience and neurophysiology has been the discovery
of the neuronal mechanisms at the base of memory
encoding (formation), storage and retrieval. The
theories attempting to explain these mechanisme can be
thought of as '"physiological models of memory". There
is no a priori reason to expect that a sgingle
physioclogical mechanism underlies memory throughout the
different species, or even that only one mechaniesm is
present in each organism. Indeed Morris, Halliwell and
Bowery (1989) have suggested that the same

physiological mechanism may support different functions
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(even in the same organism) according to the
characteristics of the neural substrate in which it is

located.

I1.2: The Nature of Physiological Models of Memory

The main function of a physiological model of memory
ie to explain the way in which the brain can endow the
organism with the ability to acquire, store and use
information for variable intervals as shown in
behaviou?al tests 1in animals and humans (as well as
verbal reports in humans only).

Clearly, the formulation of a physiological model of
memory 1is made theoretically complex by the fact that
it would require the demonstration of a relation
between two types of phenomena, the behaviocural and the
physiological. In practical terms, it would be
particularly difficult to prove causal relationships
between the two. Thus, most studles attempting to study
the relevance of phsysiological models of memory to
behaviour, have used variations of correlational
methods. This 1s done by studying the interdependence
of behaviocural and physiological variables, thought to
reflect respectively the conseqguence and the underlying
mechanism of the memory process.

The detailed study of memory in neuronal substrates

has only recently become possible by the development of
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could underlie memory. This prompted a large research
effort on the characteristics and behavioural
serrelates 22 LTP (outlined in more detall in lates
sections) to evaluate the validity of LTP as a
physioclogial model of memory. The evidence on this
subject to date has been encouraging, but full
understanding of LTP or confidence as to its relevance
to learning and memory in animals and humans, have not

been achieved.

I1.4: The Hippocampus: an Ideal Focus for the

Study of the Relation Between LTP and Memory

The hippocampus is a part of the mammalian forebrain:

it has been the main site of observation of LTP

(principally in the rat). Ite ordered, layered
structure is also an excellent site for the
experimental recording of neuronal activity

(with extracellular and intracellular electrodes), both
in viveo and in vitro.

One of the turning points in the study of LTP, has
been the discovery that N-methyl-d-Aspartate (NMDA)
receptors were involved in its induction
(Collingridge, 1985). NMDA-receptors are a gilutamate
receptor subtype. The finding that an NMDA-antagonist
(that is, a compound that blocks the activation of

these receptors) blocked the induction of LTP,

13
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the high concentration of NMDA-mediated pathways in the
hippocampus (Monaghan and Cotman, 1985), it is expected
that behavioural c¢hanges caused by NMDA-antagonists
would be similiar to those observed after impairments

in hippocampal function.

The assﬁmption that the behavioural effects of NMDA
antagonists would be mediatedby the hippocampus is however not
unequivocal. The fact that the major NMDA mediated pathways are
in that structure, does not ensure its relevance in any possible‘
observed deficits. It is possible that a relatively small .
extrahippocampal concentration of NMDA mediated pathways may play
a disproportionate effect on behaviour.

On the other hand the primacy of the hippocampus with regard '
to the occurrence of LTP does make this structure highly relevant

to the study of LTP as a physiological model of memory.
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I2: THE HIPPOCAMPUS

I2.1: Hippocampal Structure

The hippocampus is a major part of the hippocampal
formation in the so-called limbic system. It is part of
the forebrain and liesg bilaterally below the neocortex.
Its size relative to the neocortex decreases in
phylogenetically more advanced species, thue 1t is
large in the rat and relatively smaller in humans.

The hippocampus is made of three main layers: the
dentate, CAl1 and CA3 (the 1initials CA standing for
Cornu Ammonis or Ammon's horn, an older name for the
hippocampus proper). Each layer containes a matrix of
neurones projecting to other layers in a
topographically organized manner. The main flow of
information within the hippocampus is thought to occur
between synapses from the perforant path (the major
extrinegic input) to the dentate gyrus, from the dentate
to CA3 (the '"Mossy Fibre system'") and from CA3 to CAl
(the "Schaffer collateral" system) (Gray, 1982). This
sequential structure 1is8 known ae the "“trisynaptic
pathway" (O'Keefe and Nadel, 1978). The trisynaptic
pathway %s thought to uese glutamate or a closely
related aminocacid aeg an excitatory neurotransmitter
(Monaghan and Cotman, 1985). Each step in the pathway
also containg inhibitory interneurones, which probably

use GABA (gamma-amino butyric acia) as

16



neurotransmitter. The function of the inhibitory
interneurones is to provide feedback control to
moaulate activity levels in the trisynaptic circuit
(Gray, 1982).

There are two main routes of extrinsic inputs to
the hippocampus (see Figure 1I2.1). The first carries
information from sensory cortical areas. This pathway
(known as the perforant path) originates 1in the
entorhinal cortex and synapses with the dendritic layer
in the dentate gyrus (O'Keefe and Nadel, 1978). The
perforant path 1is also thought to use glutamate as a
neurotransmitter (Cotman, Monaghan, Ottersen and
Storm-Mathisen, 1987). The second main extrinsic input
originates in the medial septal area (via the
fimbria-fornix) and hae projections to all areas of the
hippocampus (O'Keefe and Nadel, 1978). These
projections are thought to be mainly cholinergic (Gray,
1982).

Output from the hippocampus ie dividea into two
main groups. Firstly, projections from the CA3 layer to
the septal area via the fimbria. Secondly, axons from
the CA1l layef exit the hippocampus via the alveus (a
sheet of fibres covering the hippocampal surface)
towards <the subiculum. The latter region is thought to
be the origin of the hippocampal outflow in the fornix.

The structure of the hippocampus has been widely
studied. The neuroanatomically defined pathways and the

highly organized topographical projections from one

?
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layer to the next, have prompted a great interest in
the function of the hippocampus in the processing of
informaticn. VYaricus "unifying theories" of hippocampal
function have been proposed. It is however unlikely for
the moment, that any theory suggesting a single
function for the hippocampus will- be widely accepted to
the detriment of all others. The formulation of
theories has nevertheless provided a fertile research
ground through the testing of various hypotheses

deriving from them.
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I2.2: Hippocampal Memory Function Theories

The hippocampus has been considered by various theorists as
being directly involved with memory. The main locus of LTP in the
brain is in the hippocampus. Therefore, in order to investigate
the possible role of LTP as a model of memory, it is relevant'to

discuss the memory involvement of the hippocampus.

There have been many attempts to produce a single
unifying explanation for the behavioural functions of
the hippocampus, particularly using behavioural data in
lesioned animals (mostly rats). The fact that most of

the proposed explanations are based on hippocampal

lesioned animals causes various theoretical and
methodological difficulties (Webster, 1975). For
example, it 1is not always valid to assume that a

behavioural impairment observed after a discrete lesion
indicates that the brain area in question is
crucial to that behaviour in the normal animal. This
section will concentrate on theories of hippocampal
function which currently sregs an involvement of the
structure with learning and memory.

One of the major theories of hippocampal function

20



is the '"cognitive map" hypothesis by O'Keefe and Nadel
(1978). It wag proposed that in an animal such ae the
rat, the hippocampus would be the locus of a system
responsible for the formation and maintenance of a
non-egocentric record of the subject's (8's)
environment based on absolute rather than relative
spatial parameters. This hypothesis was produced from
an analysis of the behavioural congeqQquence of
hippocampal lesione as well as the discovery of '"place
cells" in the hippocampus. The firing pattern of these
"place cells" seemed to be dependent on the S's spatial
position. O'Keefe and Nadel (1978) proposed that other,
possibly egocentric spatial systems could be located
extrahippocampally. Therefore, impairments in
hippocampal function would result 1in disruptions to
tasks which make a major use of this putative
"cognitive map" system. Examples of such tasks could be
exploration, epatial alternation and maze learning.
O'Keefe and Nadel made an extensgion of this theory to
humans. It was based on reviews of evidence from
amnesias following discrete lesions in humans and brain
lateralization studies.

The main adapatation in the '"cognitive map'" theory
to humans is that while the »right hippocampus would
store a spatiotemporal map (such as in animals), the
left hippocampus would provi&e a "semantic map" systen.
That is, one which would provide a general framework

for the organization of semantic information (e.g.

31



words, concepts), analogously to a system holding
information on "absolute" space.

Olton, Becker and Handelman (1979) proposed the
"working memory" hypothesis, which makes predictions
orthogonal to those of O'Keefe and Nadel (1978). Olton
et al. (1979) suggested that 1n the mammalian
hippocampus resides the major "working memory' system
which stores flexible stimulus-response associations in
a temporal context. Working memory was thought to be
relatively vulnerable to interference (for instance,
from new information) and time-based forgetting. On the
other . hand, complementary "reference memory" systems
would be located extra-hippocampally. These systems
would store relatively long-term memories with constant
stimulus-response associations, in a state 1less
vulnerable to interference. This theory would seem to
suggest that when memories (or stimulus-response
associations) become relatively constant (possibly by
repeated presentation), they would be transferred from
working to reference memory. Thus working memory could
be viewed as éeneral organizer for current information,
comparing the present with the relatively recent past.

However, Olton et al. (1979) unexpectedly predict

independent acquisition systems for working and
reference memory, 80 that they predict that even

reference memory acquisition should be spared by
hippocampal lesions.

The classic radial arm maze (RAM) task in the rat

22



is the archetypal working memory task, one 1in which
stimulus-response information is not valid from one
trial to the next. Due to this flexibility the S would
need to discriminate between information acqQuired in
one trial rather than on previoues ones; the RAM task
therefore has a large temporal component. Olton et al.
(1979) found that this task was exquisitely sensitive
to hippocampal lesions, as predicted by their theory.
Other theories such as that proposed by Squire,
Cohen and Nadel (1984) suggest that the hippocampus

works by interacting with the neocortex to sallow the

process of consolidation for selected types of
information, particularly memory for events and
episodes. The hippocampus 18 furthermore thought to

carry out a classification of memories between those
that will or will not be stored in long-term storage.
This theory illustrates well the need to consider the
function of the hippocampus necessari%y ag part of a
larger system interacting both with the neocortex and
gubcortical areas.

Rawlins (198%) =suggested that a dissociation of
hippocampal involvement with memory should not be made
on the basis of information type (such as reference vs.
working, or spatial vs. non-spatial). In his view the
hippocampus acts as a large capacity intermediate
memory store for all types of information, while
separate low capacity short-term memory and high

capacity long term memory systems could be located

33



extrahippocampally. The 'hippocampus would therefore
become c¢critical when a task would demand associations
between memories which are not temporally contiguous to
each other. Rawlins (1985) carried out a re-analysis
of hippocampal 1lesion data which could lend partial
support for his theory. He suggested that the
sengitivity of hippocampally lesioned animals 1in the
RAM task could be explained by 1its requirements on
temporally discontiguous associations rather than on
working memory.

The striking feature of the above theories would
seem to be their heterogeneity. There is unfortunately
little "cross-talk'" between theories, and tﬁe discovery
of a single hippocampal function does not seem a likely
possibilty at least in the near future. Various
theorists pave tried to collect evidence that would
specifically support their own theories, while
disproving those of othere (for example Olton and
Feustle, 1981). This type of approach is however rarely
fruitful in terms of advancing the overall validity of

any one theory.

This project will use various forms and modifications of thé“
RAM because such tasks allow the manipulation of mnemonic
requirements within a commonly used paradigm in behavioural
' research. This should not be construed as an acceptance of the
"working memory" hypothesis by Oltqp_ et al,(1979)\,t6'_the .

jetriment of the other hippocampai theories cited abové{"_Q»

~
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I3: LONG TERM POTENTIATION

I13.1 The History of Long Term Potentiation

Bliss and Lomo (1973) and Bliss and Gardner-Medwin
(1973) firet reported (in the anesthetized and
unanesthetized rabbit preparation respectively) =a
long-lasting increase 1in efficacy following afferent
tetanic stimulation in the synapse between the
perforant path and the dentate gyrus in the
hippocampus. This is the main extrinsie d1input to the
hippocampus and is the origin of the "trisynaFTic
pathway", the main excitatory circuit in thie
structure. The increase in efficacy was in the order of
50% of amplitude of the post-synaptic response to a
constant afferent volley, and lasted from hours to
days. Thie became KkKnowm as '"Long Term Potentiation" or
LTP. The reports (Bliss and Lomo, 1973 and Bliss and
Gardner-Medwin, 1973) attracted much interest since
they were the first instance of 1long term functional
change in the CNS occurring as a result of a particular
input pattern.

The authors of both reports realized the potential
of LTP as a physioclogical model of memory. This was
bagsed on two main characteristice of the phenomenon.
Firstly, the fact that 1its triggering depended on
particular input patterns (high frequency afferent

stimulation), which could be thought of as ‘discrete
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"events" to be stored in memory. Secondly, the 1long
term duration of the increases in synaptic efficacy,
could mirror the persistence of memory traces in neural
substrates (as suggested by Hebb, 1949), Bliss and Lomo

(1973) and Bliss and Gardner-Medwin (1973) were however
reluctant to propose that LTP would actually be the
basis of memory, due to the unknown extent of its
relevance to the normal animal.

The hippocampus has been the main locus of
observation of LTP in the mammalian brain. Its ordered,
layered structure making the placing of electrodes on
discrete synaptic layers relatively easier than in more
heterogenous regions such as the neccortex. The
"tri-synaptic pathway" 1is composed of the following
synaptic connectionsg: perforant path to dentate gyrus
(the main extrinsic input from the cortex), dentate
gyrus to CA3 and CA3 to CAl. Alger and Teyler (1976)
found LTP in the CAl1 and CA3 layers as well as in the
perforant path-dentate gyrus synapse in the hippocampal
slice preparation. Buszaki (1980) 1later recorded
hippocampal LTP in the freely moving animal.

The finding that LTP could be observed both in vitro
and in normally behaving animals made it 1less 1likely
that it would be a simple artifact of experimental
manipulation.

Many studies attempted to define the parameters of

LTP induction and maintenance as well as its underlying

nechanisms (for example, Teyler and DiScenna, 1987).
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Various theories were proposed for the
neurophysioclogical bases of LTP maintenance. Lynch and
Baudry (1984) suggested that LTP could be maintained
through the activation of an enzyme (calpain) which

would cause the degradation of a synaptic protein

(fodrin), regulting in the "unmasking" of extra
glutamate receptors. This would increase the
postsynaptic sensitivity to glutamate, and could

explain the degree of potentiation observed.

Collingridge and Bliss (1987) instead hypothised
that LTP could be triggered postsynaptically, but
maintained either via increasee in the number or
sensitivity of postsynaptic receptors, by morphological
changeeg, or via increases in the release of presynaptic
neurotransmitter. They did not exclude a combination of
the above possibilities.

A great advance was made in the
neuropharmacological manipulation of LTP when 1t was
found that APV, a selective NMDA-receptor antagonist,
blocked triggering but not maintenance of the
enhancement (Collingridge, Kehl and McLennan, 1983).
Collingridge (1985) proposed that the triggering of LTP
was mediated by transient activation of NMDA-~receptors
while its maintenance depended on response increase at
non-NMDA excitatory amino acid receptors. This general

view is currently widely accepted.

28



I3.2 The Distribution of LTP-Supporting Pathways

LTP was originally observed in the rabbit perforant
path to dentate gyrus synapse (the main extrinsic input
to the hippocampus, Bliss and Lomo, 1973 and Bliss and
Gardner-Medwin, 1973). Reports of LTP in other areas of
the hippocampus soon followed (mostly in rat in vitro
preparations), for example in areas CA1l, CA3 and
dentate gyrus (Schwartzkroin, 1975 and Alger and
Teyler, 1976). The hippocampal formation haes been the
main locus of investigation, but other limbic
connectione have algo yielded positive results, such as
the medial septal projections to CAl1 (Racine, Milgram
and Hafner, 1983). LTP was also observed at synapses
between amygdala and dentate gyrus, entorhinal cortex
and dentate gyrus, CAl to subiculum and fimbria-fornix

to CA3, CAl, subiculum and amygdala (Racine et al.,

1983).

Neocortical LTP in the rat has also been
investigatedq, but presents greater methodological
problems due to the heterogeneous nature of the

synaptic connections within each area, as opposed to
the ordered laminar structure of the hippocampus.
Despite this, LTP also been observed in the striatum
(Lee, 1982) and in the somatosensory cortex (Bindman
and Murphy, 1989).

It is s8till unclear whether all LTP-like processes

(and especially those in the neocortex) are subserved
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by the same neurophysiclogical mechaniem as
hippocampal LTP. For example, Bindman and Murphy
{1939), Thomson., ulirdlestone and West (1989) and Sutor
and Hablitz (1989) found that in neocortical LTP, an
initial increase 1in efficacy was observed through
kainate and QuisqQualate-mediated receptors (the
two-subtypes of non-NMDA glutamate receptors), rather
than through NMDA-receptors (as normally observed in
the hippocampus).

It i however largely accepted that the main locus
of expression of LTP in the rat brain resides in the
hippocampal formation, and particularly in the

trisynaptiec circuit (Racine et al., 1983).
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I3.3: Mechanisme of Long Term Potentiation

I3.3.1: Properties of Long term Potentiation

Persistence

LTP is viewed primarily as an increase in synaptic
efficacy 1lasting from hours to days, resulting from
bursts of afferent tetanic stimulation. The neural
mechanisms underlying this phenomenon are not wholly
explained at present. Bliss and Lomo (1973) found that
full blown LTP was usually preceded by a short lasting
post-tetanic potentiation (or PTP, lasting around 90
seconds), but did not stem from identical neurocnal

changes.

Specificity

LTP is generally thought to be '"input specifice",
(or homosynaptic) that is, it will be shown only by
directly tetanized synapses (Rawlins, 1984 and
Andersen, Sundberg, Sween and Wigstrom, 1977). This
would indicate that it is not caused by a generalized
increase in excitation. This speclificity 1is a
requirement of a valid physiological model of memory,
as it would indicate that the precise pattern of input
(which could be viewed asanexperienced "event!" to be
stored) would be faithfully preserved during
potentiation (Hebb, 1949). Input specificity could

therefore guarantee that the c¢haracteristics of an
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input would be preserved in a memory '"trace".
Cooperativity of Inputs

Another property of LTP which has been widely
observed is that of cooperativity. This can be best
demonstrated by the "coactivation" paradigm, in which
interactions between inputs <to the same post-synaptic
cell are detected. Thus, a "weak input" could result
in LTP if ite activity was sufficiently closely coupled
to that of a stronzer>input to the same postsynaptic
cell. The converse would however not occur (as observed
by Barrionuevo and Brown, 1983, in the Schaffer
Collateral to CAl synapse, and by Levy and Steward,
1979, in the perforant path to dentate gyrus synapse).
White, Levy and Steward (1988) found that the
coactivation was greatest with spatially close inputs.
Therefore the postsynaptic cell must be able to detect
the conjunction between the stimuli from the two
separate inputs.

Such a paradigm has been termed "“associative
LTP", and 1its existence theoretically supports the
poseibility of LTP as the basis of associative memory,
recognition memory and stimulus completion. For
example, a complex stimulus could be coded by a variety
of weak and strong inputs, but the re-presentation of a
few s8trong inputs (based on major traits of the
stimulus or event) would result in the reactivation of

the complete synaptic array for the stimulus, and
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therefore recall. Teyler and DiScenna (1987)
proposed that coactivation could only result from a
postasvnaptic integrative funetion "ecrgarnizing" o
variety of synaptic inputs. Therefore, they postulated
the existence of a postsynaptic process by which the
summation of separate inputs to the game c¢cell could

occur.
I3.3.2: The Neurophysiological Phenomena Underlying LTP

The underlying mechanism of LTP has been the
subject of a major research effort but i1is still not
fu%ly characterized. Smith (1987) proposed three stages
to the process of LTP: i1induction, expression and

maintenance.

Induction

The process of induction has been widely studied,
via the manipulation of various parameters such as the
characteristics of the training stimulus, the state of
the postsynaptic c¢cell and the presence of various
compounds in the perfusate (the 1iqw1_ medium
surrounding the neurons during experimentation). The
two main types of preparations used to study the
phenomenon have been the hippocampal slice and whole
animal in vivo paradigms.

Collingridge and Bliss (1987) proposed that LTP

could be induced only when pre- and post-synaptic
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terminals were gimultaneocusly depolarized (activated):
one occasgion in whieh this could occur is after high
frequency afferent stimulation. Alternatively it could
occur at slower rates of stimulation, but with a
voltage c¢lamp 1in operation on the postsynaptic cell,
keeping it at a relatively depolarized state.

The above proposal was termed the "“LTP induction
rule'". This 1rule coincides with one of the important
characteristics of a "Hebb synapse'" (the building block
of current physiological models of memory). Hebb (1949)
proposed that synapses in '"cell assemblies" would
undergo sustained increases 1in efficacy triggered by
simultaneousg pre and pogt-synaptic depolarization.

Collingridge (1985) and Lester, Herron, Coan and
Collingridge (1988) proposed that LTP induction was
mediated via the transient activation of NMDA
receptors. One of the main findings which led to this
proposal was that the administration of a selective
NMDA-receptor antagonist, APV, would inhibit <the
triggering of LTP, but not ongoing LTP or normal low
rate transmission (which is thought to be mediated by
non-NMDA receptors). A voltage-dependent Magnesium
block of NMDA-agssociated ion channels was found (Nowak,
Bregestowski, Ascher, Herbert and Prochiantz, 1984 and
Coan and Collingridge, 1985). That is, magnesium ions
(present in the normal cerebrospinal fluid, CSF) are
thought to block dionic influx through the above

channels, unless the post-synaptic cell is at a
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threshold estage of depolarization. Tetanic stimulation
would cause such a partial depolarization, allowing
calcium d1ion influx in the post-synaptic cell, thus
allowing expression of the activation of NMDA
receptors, initiating LTP.

The influx of calcium ions is2 currently thought to
be the next step in the induction of LTP, as suggested
by two main 1lines of evidence. Andersen, Sundberg,
Sveen, Swann and Wigstrom (1980) found that LTP could
not be induced if calcium ions were absent from the
perfusion medium in vitro. On the other hand Lynch,
Larson, Keiso. Barrionuevo and Schottler (1983) found
that the calcium chelator, EGTA (a compound which binds
to calcium ions, preventing their interaction with
other compoundsg) injected intracellularly in vitro,
also stopped induction of the process.

Thus it would seem that the triggering process of
LTP initially depends on a release of the
magnesium-induced block to NMDA-receptors, followed by
transient activation and influx of calcium ions in the
postsynaptic cell. Caleium would then seem to initiate
a chemical process by which the potentiation can be

expressed.

Expression and Maintenance
Since NMDA receptors are critical for the induction
but not the maintenance of LTP, a multi-step process

(the later stages of which are independent of
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NMDA-receptor activation) must be in operation. In the
initial reports, Bliss and Lomo (1973) and Bliss and
Gardner-Medwin (1973) suggested 3 types of mechanisms
whieh could wunderlie the maintenance of LTP. Firstly,
increasee in the number of afferent fibres activated by
tetanic stimulation, secondly c¢hanges in the tonic
excitatory and inhibitory 1influences on postsynaptic
cells and lastly increases in the number of receptors

responding to a constant afferent signal.

The Calpain Hypothesis

The prediction that LTP could result from increases
in the number of post-synaptic receptors has been
etudied extensively by the group headed by G. Lynch and
M. Baudry, who in 1984 published what is known as the
"calpain hypothesis'". They proposed that LTP occurred
through the activation by calcium ions of a proteinase
enzyme, calpain, which would degrade a synaptic
protein, fodrin, thus unmasgking previously inactive
poet-synaptic receptors. Lynch and Baudry (1984)
reported increases in glutamate binding in the brains
of conditioned rabbits, and of rats after exposure to
an enriched environment. These findings led them to
suggest that glutamate binding was increased as a
conseqgquence of of an LTP-like process occuring during
learning and conditioning which had "unmasked" more
glutamate receptors.

A further line of evidence which seemed to support
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the "“calpain hypothesis" wae followed with the use of
leupeptin, an inhibitor of calpain. This compound would
be expected to prevent the expression of LTP by
inhibiting the activation of extra post-synaptic
receptors. Staubli, Baudry and Lynch (1984) and
Staubli, Faraday and Lynch (1985) found that leupeptin

impaired performance 1in the radial maze and olfactory

discrimination learning in the »rat. Acceptance of the
calpain hypothesis has however been hampered by
findings from another laboratory, which detected no

increase in glutamate binding during LTP (Sastry and
Goh, 1984). Such increases are a crucial requirement
for the validity of the model to be accepted.

More recently, Lynch, Muller, Seubert and Larson
(1988) agreed that a post-synaptic trigger (mediated by
caleium ion influx) existed, but added that maintenance
of potentiation could involve changes in shape of
dendritic spine, which could possibly bring
post-synaptic cell components closer to pre-synaptic
release sites (resulting in a potentiated response to a
constant afferent stimulus). They further suggest that
an LTP-like process could be induced 1in the intact
animal due to the normal hippocampal "theta" EEG
rhythm, which at around §-7 Hz would supply afferent
stimuli at a sufficiently high frequency. As a further
line of support to the the calpain hypothesis, they
also reported that leupeptin (the c¢alpain inhibitor)

blocked LTP, and that NMDA activation caused the
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breakdown of a calpain substrate protein. This evidence
would indicate that calpain activation was necessary
for LTP induction, and that LTP could result in the
breakdowm of the protein putatively masking inactive
postsynaptic receptors, as suggested by Lynch and

Baudry (1984).

Increasges in Presynaptic Glutamate Release
Another major group, headed by T. Bliss, has
detected increases in presynaptic glutamate release
after LTP induction, and have proposed this as one of
the main underlying factors for LTP maintenance
(Dolphin, Errington and Bliss, 1982 and Bliss, Douglas,
Errington and Lynch, 1986). Errington, Laroche, Lynch
and Bliss (1989) recently reported increases in
glutamate release at the perforant path- dentate gyrus
synapse after LTP induction in the freely moving rat.
Collingridge and Bliss (1987) accepted that LTP was
not fully understood, but suggested that it is
triggered post-synaptically (via NMDA-receptors and
Calcium ion influx, as shown by Lynch et al., 1983) and
maintained presynaptically, poesibly by sustained

increases in glutamate release.

Conclusion
Overall, it is accepted that while a postsynaptic
induction process occurse, the mechanisme of maintenance

of LTP remain largely undefined. However, it 1is
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I3.4: Long term Potentiation and Behaviour

The relevance of LTP to 1learning and memory can
be studied in two main ways. Firstly, by investigating
the relations between behaviour
and the induction or maintenance of LTP. Secondly, LTP
itself could be studied as a treatment in behavioural
tests. For example, the ability of Ss in a certain task
could be monitored in the presence or absence of LTP,

and any behavioural changes could be recorded.

I3.4.1: The Relation Between LTP and Behaviour

Some studies have centered on the possibility
that memory loss observed in senescent animals, may be
due to a decay in the capacity for LTP in aged brains.

Landfield, McGaugh and Lynch (1978) found an
inverse correlation between the duration of LTP which
could be induced in vivo and memory 1in senescent,
memory deficient rats. They found that only weak LTP
could be induced in Ss which had shown poor retention
in previocus tests of long-term memory. Barnes (1979)
similiarly found a correlation between the length of
hippocampal LTP in wvivo and the performance of
senescent rats 1in a task reqQuiring spatial memory, as
well as in spontaneous alternation in the T-maze. Thus,
senescent rats which had exhibited deficits 1in the

acqQuisition and retention of spatial memories were
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found to show proportionally decreased LTP levels.
Barnes (1979) also found that the correlation between
LTP duration and memory held both between groups of

young and old rats and within the groups. That is, the

length and amplitude of LTP was highly correlated to
the Sag' competence in behavioral tasks. Barnes (1979)
concluded that this correlation supported the

possibility that "Hebbian'" synaptic modifications could
be the base of memory formation.

Barneg and McNaughton (1985) continued the study of
the relation between LTP and senescent memory loss.
They confirmed that the degree of impairment in the
acqQuisition and performance of a spatial "reference
memory" task was proportional to the decrease in LTP
duration and extent. They concluded that both the
acquisition of information and its "“storage strength"
seemed to be impaired in senescent Ss, and that LTP
could underlie mnemonic processes.

Matthies, Ruethrich, Ott and Matthies (1986) found
a correlation between the acquisition and retention of
shuttlebox conditioning in the rat with the extent of
LTP expression. They reported that Ss which d4did not
exhibit LTP after tetanic stimulation were ‘“'poor
learners"™ 1in the task; thies correlation would be
eimiliar to that observed within age groups by Barnes
(1979). Matthies et al. also suggested that their
findings i1indicated a8 role for LTP in memory and

learning.
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I3.4.2: LTP as a Treatment

Sharp, McNaughton and Barnes (1983) reported the
occurrence of spontaneous LTP-like synaptic enhancement
in the perforant path- dentate gyrus synapse, when rate
were being exposed to novel enriched environments. They
found 1indicators of enhancement by increases 1in the
synaptic response to 1low frequency perforant path
stimulation (low frequency stimulation would not
normally result in LTP). Interestingly., they observed
the disappearance of the enhancement after the S had
been in the enriched environment for several days. They
suggested that the hippocampus was only inveolved in the
acquisition of "cognitive maps" (frameworks coding the
Se' environment, as propoeed by O'Keefe and Nadel,
1978).

Other studie= concentrated on LTP as a treatment
in behavioural tests. Berger (1984) found that inducing
LTP (of the perforant path- dentate gyrus synapse) in
the rabbit, facilitated the acquisition of nictitating
membrane 2-tone visual discrimination conditioning. He

suggested that the facilitation could be due ¢to a

LTP-1ike process occurring during aggociative
learning.
McNaughton, Barnes, Rao, Baldwin and Rasmussen

(1986) suggested that memories could be stored as

specific distributions of synaptic strengths 1in a
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population of modifiable synapses. Inducing maximal LTP
in one such population (again the perforant path-
dentate gyrus synapre) was avpected to “"saturzsta" the
synaptic strengths and thus cause impairments in
acquisition and use of previocously stored information.

McNaughton et al. (1986) saturated LTP
bilateralliy, and found impairments 1in acquisition but
not recall of a ’spatial "reference memory" task. They
found that acqQuisition after LTP-saturation was slower
and probably made use of a different (probably cued)
strategy to that in control Ss (which wold presumably
make greater use of spatial cues). Furthermore,
impairments 1in acqQuisition of the same task also
occurred if LTP induction occurred 5 minutes
post-trial, while performance in the radial arm maze
task wag unaffected by previous LTP saturation.

McNaughton et al. (1986) suggested that the
observed pattern of impairment was not similiar to that
after hippocampal lesions, but closer to that observed
after discrete lesions of the dentate gyrus. They also
suggested that the facilitatory effect of LTP (rather
than an impairment) found by Berger (1984) could be due
to differences in the nature of the tasks used; that
ie, classical conditioning by Berger (1984) as opposed
to acqQuisition of spatial memory in McNaughton et al.
(1986).

The difficulties involved in the direct

electrophysiological manipulation and recording in the
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freely moving animal, have 1limited the extent of
investigations - in this fiela. Administration of
NMDA-antagonists would present relative advantages in
the study of LTP and memory . in that 1t could be
consgidered an easily reversible and non-invasive form
of treatment.

Overall, electrophysiological studies would
indicate that LTP may be involved in the acquisition of
nmemnory rather than its long-term storage. This
coincides with s8some theories of hippocampal memory
function (Squire, Cchen and Nadel, 1984 and Teyler and

DiScenna, 1986).
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I1I3.5: Theoretical Bases of Physiological

Models of Memonry

1I3.5.1: Hebb's Theory of Cell Assembly

Many of the current theoretical approaches to
physiological models of memory stem from the monograph
"The Organization of Behaviour" by the Canadian
psychologist D.O. Hebb, published 1in 19049, In an
attempt to explain the coding of stimuli in a neural
network, Hebb proposged the concept of 'cell assembly’',
an array of cells (for example in association cortex)
which are simultanecusly activated by the particular
pattern of sensory inputs from &2 stimulus. The cell
assembly would act briefly as a closed system by
"reverberatory activity" (resulting from mutual
facilitation between simultaneocusly active synapses).

The reverberatory cell assembly would be the
simplest form of neural representation or memory (of
anv image, event or idea). Hebb (1949) proposed that
longer term (structural) changes could occur
after reverberation in the cell asgsembly, when pre and
postsynaptic cells would be simulatencusly depolarized
by high frequency firing. The similiarity between this
proposal and the "LTP induction rule" (see I13.3.2) (put
forward by Collingridge and Bliss, 1987) is obviously

striking. Structural changes could therefore be the
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base of the persistence of memory traces, and result in
etorage of information for long preriods of time.

Hebb's physiological account of memory therefore
involved the following sequence: An event (or stimulus)
would produce a characteristic pattern of synaptic
excitation in the cortex {the cell assembly),
simultaneous activation of synapses would result in
reverberatory activity in +the cell assembly, which
would stimulate structural changes (for example by
increases in the area of contact between pre-and
post-synaptic membranes), resulting 1in a long-term

representation of the relevant stimulus.

I3.5.2: Theoretical Properties of a Cell Assembly

Model of Memory

A *cell asgembly" model of activity-dependent
structural change can account for various empirically
observed properties of memory.

Recall would occur by the re-activation of a
previously existing cell-assembly, since this
re—activation would lead to experiencing the original
input patter for the stimulus.

Associations between two stimulil usually occur when
these are simultaneously experienced. Assoclations
could therefore be accomodated in this model, by the
concurrent activation of different cell assemblies

(each coding for a stimulus). The pathways between the
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different cell assemblies would be potentiated in a
similiar manner to that in synapses within each
assembly. Thus, re-presentation of a stimulus would
also stimulate parts of the cell assembly for the
agsocliated stimulus.

Recognition and cueing could also be accomodated in
the model, as re-presentation (partial re-presentation
in the form of a cue) of a previously experienced
stimulus, would re-activate an existing cell assembly.

The extreme persistence of some long-term memories
(for example, lasting for various decades in humans)
would be possible, in - Hebb's view, via large synaptic
changes which would be virtually impossible to disrupt.
For inetance, a fairly localized brain lesion would not
wholly destroy a long-term cell assembly due to its
distributed properties, gsince the destruction of some
of the component synapses would not completely

invalidate the cell assembly.

I3.5.3: The Work of D. Marr

D. Marr (1970) published an extensive article on
the theory of the neocortex in whieh he argued that its
relative neurcanatomical uniformity suggested that a
unitary mode of information coding was likely for a
variety of its functions. He formulated the concept of

a "codon'" as the basic unit of information, ae formed
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by networks of synapseg between groups of neurons. The
"codon'" being conceptually similiar to the Hebbian cell
assembly.

Two main ways of actual coding of easynaptic
strengths were proposed. The first essentially a
Hebbian-type model, while the second involved changes
to 1initially excitatory synapsee, which would become
ineffective by a ack of pre-synaptic activity in the
presence of post-synaptic activity. In either case .
Marr envisaged that inhibitory connections would be
present in the networks to allow for the setting of an
appropriate baseline threshocld for modification.

Marr's theory is more algebraically sophisticated
than Hebb's, and would be a productive base for studies
on the properties of artificial neural networks.
However, its formulation has not produced either more
powerful or directly testable hypotheses than cell

assembly theory.

I3.5.4: Evaluation and Use of Hebbian Theory

LTP is a very widely studied physiological model of
memory in the field of neuroscience. It has many of the
characteristics suggested by Hebb (1949), and the fact
that 1t consiste of an activity-dependent persistent
change in synaptic efficacy is particularly remarkable.

Thus LTP-1ike changeg could theoretically underlie

+8



enhanced neuroctransmission within "“cell assemblies" in
the CNS., LTP was primarily considered as a functional
enhancement (that is,it was firet studied ae a change
in the responses of tetanized neurones, rather than in
their physiology or structure). However, the underlying
changes leading to LTP may be structural (Lynch and
Baudry, 1984), +thus Hebb's prediction of 1long-term
structural changes ag the basis for cell assemblies
cannot be rejected at present.

A major discrepancy between Hebb's formulation of
cell assembly theory and empirical data on LTP is that
the former was proposed in the neocortex, while the
latter 1is principally observed in the hippocampus
(Racine, Milgram and Hafner, 1983). This discrepancy
doesg not directly invalidate any correspondence between
LTP and cell assembly theory, especially in view of the
large involvement of hippocampal strucutures in memory
mechanisms that is proposed by various current
theorieeg (O'Keefe and Nadel, 1978 and Olton, Becker and

Handelmann, 1979).
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It would therefore seem that LTP posesses many of
the properties which were thought to be necessary to a
physiological model of memory by Hebb. A greater
knowledge of the physioclogical mechanism of LTP and of
its relevance to learning and memory in animal models,

could greatly add to its status ag a physiological

model of memory. A great research effort, uesing
electrophysiological and neuropharmacological
paradigme, has developed 1in this direction in recent
yvears.
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13.6: The Role of LTP in Current Physiological Models

of Memory

Long Term Potentiation hasg been widely studied as a
physioclogical model of memory, mainly because of 1ite
persistence and the activity-dependence of its
triggering. Various authore have proposed that a LTP-
supporting synapse would have the main characteristics
required of a theoretical "Hebbian" synapse. A Hebbian
synapse being one of the components of a "cell
assembly"™, the putative coding unit in the human brain.

This section aims to consider in greater detail how
LTP and LTP-supporting pathways are thought to act in
current physioclogical models of memory. Current modele
have to take 1into account the data available both on
the occurrence of LTP and 1its parameters but aleo
evidence regarding the behavioursal effects of
treatments which are thought to affect the expression

of LTP.

I3.6.1: The Hippocampal Memory Indexing Theory

Teyler and DiScenna (1986) proposed the
"Hippocampal Memory Indexing Theory', one of the most
detailed accounteg for the role of LTP in memory. As its
nhame implies, the theory considers the hippocampus as

an "index" of neoccortical loci (or synapses); where the
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neural representation of a stimulus 18 the array of
neocortical 1loci which it simultaneocusgly activates (a
concept analogous to Hebb's "cell assembly"). Teyler
and DiScenna (1986) suggested that the hippocampal
index of these cortical arrays could be viewed as
memory. The theory predicted that a degree of mutual
topographical mapping occurs between the hippocampus
and the neocortex and that the formation of hippocampsal
indices occurred via an LTP-1like process. That is, the
activation of cortical 1loeci by stimulus representation
would trigger LTP in the corresponding hippocampal
synapses for those loci. A memory for a stimulus would
pereist -41f repeated presentatione reinforce the index.
Without reinforcement, the index (and therefore the
memory) would decay, gimiliarly to LTP in vivo and in
vitro.

Recognition memory could be explained by this
model, since the re-presentation of a stimulus would
elicit a facilitated responege, due to the existence of
a previocug "“index" for the same event. Associative
memory 1ig postulated to occur via "intracortical"
associations (also mediated by LTP) caused when two
arrays are simultaneously activated. Teyler and
DiScenna (1986) accounted for the fact that hippocampal
lesiong do not disrupt previously acquired long-term
memories (for example Olton et al., 1979), by
postulating the formation of hippocampal-independent,

"ocortico-cortical" indexing. Such cortico-cortical
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indexing would be formed when a gtimulus becomes
sufficiently familiar, after repeated presentations.
The authors also stated that their theory was not
incompatible with the '"cognitive map" hypothesie by
O'Keefe and Nadel (1979), in which the hippocampus is
thought to be the locus of formation and storage of a
epatial map of the S's environment. In the “"hippocampal
memory indexing' ‘theory, spatial information could be
considered a subset of all the possible data thought
to be indexed in the hippocampus.

Teyler and DiScenna's (1986) theory could be viewed
ag a development of cell assembly theory, as proposed

by Hebb (1949). The main addition to it being the

proposed interaction between the cortex and the
hippocampuse during memory formation and initial
storage. The "hippocampal memory indexing'™ theory

implies that LTP could be a valid model for the type of
long-term increagses 1in efficacy proposed by Hebb
(1949). Teyler and DiScenna (1986) predicted that
impairments in LTP or hippocampal function should
result in deficits in taske requiring memory formation
and associations between memorieas. Overall, a profound
encoding deficit (for spatial and non-spatial

information) would therefore be expected.

I3.6.2: "Neural Network'" Models
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Other workers have concentrated on the formulation

of models to account for the coding of information by

LTP-1ik¥e ~hangee 1in nreural "aetwoirka"™ such as the
hippocampus. Therefore rather than proposing direct
behavioural theorieg of hippocampal function, they

studied the posesible way in which neuronal networks
could be endowed with an information-processing
capacity.

Gary Lynch (1986) suggested that memory formation and
storage occurred in neuronal networks, which he termed
"combinatorial arraye'". He proposed that a astable
representation of & stimulus (and therefore memory)
could be formed by an LTP-1like mutual facilitation of
gsynapses excited by a particular event. Lynch (1986)
stated that all modalities and agsociatione of
modalities could be coded in this manner. He postulated
that different instances of such &a system could occur
at various 1levels during information processing, such
ag perception, memory and association. Thus each
progressive stage in the processing of information,
could encode and store increasingly complex elements.
Furthermore, the representations formed at each level
of processing could interact with each othenr, thue
investing the organism with the capability of recall,
recognition and agsociation between complex stimuldi.

The theory by Lynch (1986) 1{e also eseentially
based on cell assembly theory by Hebb (1949),:with a

more detailed explanation of the way 1in whiech a
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neuronal network could code for stimuli through use of
an LTP-like ‘fﬂ\ocess. The predictions resulting from
this theory are very wide ranging:; a profound encoding
and memory storage deficit would be expected after LTP
disruption.

McNaughton and Morris (1987) proposed the concept
that LTP could be the mechanism which would endow a
neuronal network (guch as the hippocampus) with
properties analogous to those of an information-coding
matrix, which can code for stimuli in a distributed,
overlaid manner. Matrix coding is achieved by changes
in the status of the various contained elements (or
synapses, in a " neuronal model). McNsughton and Morris
(1987) proposed that the status (or activity) of these
synapses could be modified by LTP-like changes,.

Three characterisgtics of LTP made it a suitable
analogy for the process underlying information coding:
activity~-dependent triggering, associativity and
synaptic specificity. Thus a neural network with
LTP-modifiable synapses, could theoretically code for
complex stimuli by activation of specific synapses
regsponding to the particular input pattern caused by a
stimulus. Similiarly, the fact that LTP could
facilitate the connections between synapses coding for
a single stimulus, would endow the sytem with recall,

association and recognition capabilities. McNaughton
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and Morris (1987) predicted that disruption to such a
system could cause both anterograde and retrograde

amnesia.

I3.6.3: The "Cell Assembly" Theory of Amnesia

Milner (1989) applied Hebb's theory of cell
assembly as a model for anterograde amnesia observed
after medial temporal lesions (affecting the

Lifpocampua). in humans. Milner suggested that two types
of synaptic enhancement could occur to form cell
assemblies: the firet by functional change (such as
LTP) and the second by long-term structural change. The
modification of synapses would be triggered initially
by "“reverberatory activity" within the cell assembly as
proposed by Hebb (1949). Milner therefore termed
LTP-modifiable synapses as "soft'" learning synapses,.
constituting an activity-dependent change which
eventually decays 1f unreinforced. On the other hand,
structural change would give rise to a "hard" learning
synapses which would allow permanent facilitation (ana
storage. of a memory).

In this theory therefore, short term memories
could become permanent 1if they would be reinforced by
repeated presentation or rehearsal. Milner (1989)
suggested that a complex stimulus would be coded by the

simultaneoue incorporation (into a cell assembly) of
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all the perceptual categories which it activates (for
instance ‘“green", "short"). An interesting feature of
Milner's theory is that he considers "familiarity" as a
percept. Thus a failure 1in recognition (a common
complaint in hippocampally lesioned patients) could be
viewed as a failure in the activation of the
"familiarity" system, which would normally form part of
the complex cell assembly for a previously presented
stimulus.

Milner (1989) predicted that hippocampal and LTP
impairments would result in anterograde amnesia, due to
the imposeibility of forming "eoft" learning synapses.
Therefore, Aan affected 8 or patient would only have a
very short-term capacity for memory, wholly relying on
"reverberatory activity"™ in the cell assembly. Thie
activity would start immediately after presentation of

a stimulus, and would decay rapidly.
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I4: N-METHYL-d-ASPARTATE RECEPTORS

Id.1: The History of N-Methyl-d-Aspartate Receptors

I.1.1: Discovery of Excitatory Amino Acid Receptors

Curtis and Watkins (1960) first proposed that the
excitatory action of the acidic amincacid glutamate on
neurons was mediated via specific receptors. They
therefore suggested that glutamate or a closely related
aminocacid could act as an excitatory neurotransmitter
in the central nervous system (CNS). They also found
that N-methyl aspartate (a synthetic derivative of
glutamate) was even more potent than glutamate itself
in eliciting excitatory responges.  That is,
post-s8ynaptic receptors responded more to N-methyl
aspartate than to glutamate, the putative
neurotransmitter. This was confirmed by Watkins (1962)
who synthetized N-Methyl-d-Aspartate { NMDA), and
suggested that it was the most potent synthetic agonist
(a2 compound activating receptor responses) for the
putative excitatory aminocacid (EAA) receptor.

Evans, Francis and Watkins (1978) studied the
blocking effect of magnesium ions on neurotransmission
at glutamate synapses. They also developed some
glutamate derivatives which would act as antagonists

(that 1s, compounds blocking excitation at glutamate
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synapses). Variations in the potency of responses
elicited in different neuronal populations, led Evans
et al. (1978) to hypothyse the existence of more thaﬁ
one type of EAA or glutamate receptor. Thies proposal
wag taken further by Watkins (1978), who found that
there could be both an agonist- and an antagonist-based
differentiation, since magnesium ions blocked synapse
activation (known as depolarization) induced by NMDA,
but was inactive against that induced by qQuisqualate
and kainate (two naturally occurring aminoacids with
excitatory properties). Watkins (1978) originally
proposed that kainate and QuisqQualate acted at the same
receptor type, and therefore proposed two receptor
populations: a "NMDA" and a "non-NMDA" type. After
further investigations however, Watkins and Evans
(1981) suggested the existence of 3 receptor subtypes
to be named after their most potent exogenous
(externally administered) agonist: NMDA, kainate and
quisqualate respectively. This nomenclature 1is still
currently in use, although it may not be wholly
satisfactory in the future, due to the possible

discovery of further receptor subtypes.
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I4.1.2: The Discovery of Selective NMDA-Receptor

Antagonists

Watkins and Evaneg (1981) reported the discovery of
the most potent and selective antagonists of
NMDA-induced currents to that date, 2-amino-5-
phosphonovalerate and 2-amino-5- phosphonoheptanocate
(known as APV and APH respectively), both were
compounds related to glutamate (glutamate analogs).

The study of NMDA-receptors attracted further
attention when 1t was reported (Collingridge, 1985)
that APV blocked the triggering but not the maintenance
of LTP, a long-lasting increase in synaptic efficiency,

proposed as a physioclogical model of memory.

Ik.1.3: The Magnesium '"Voltage-Dependent'" Block

NMDA-receptorsg were however not only controllable
from the proposed aminocacid binding esite, but also
through the "voltage-dependent®" block induced by
magnesium ions (Coan and Collingridage, 1985 and
Collingridge, 1985). Thig block 1is thought to be
"voltage-dependent" because 1t is particularly strong
when neurons are at highly negative voltages (that is,
at rest). Thus NMDA-receptors c¢an only be activated
when the whole neuron has already been partially

depolarized (that is, its voltage 18 lese negative)
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after the activation of kainate and quisqQualate

receptors.

IL.1.4: The Action of Phencyclidine and Glycine

A possible third mode of manipulation of NMDA
receptors was found by Stringer, Greenfield, Hackett
and Guyenet (1983) who found that the "dissociative
anesthetic" phencyclidine (pPCP) was also a
non-competitive antagonist (therefor; acting at a site
distinct from the neurotransmitter binding site).

More recently, Johnson and Ascher (1987) and Ascher
and Nowak (1987) found that NMDA-receptor activity was
positively modulated by &a novel type of glycine
receptor. They found that glycine could facilitate
NMDA-receptor responses (again after interaction at a
gite dietinect from the neurotransmitter binding site).
Johnson and Ascher (1987) and Ascher and Nowak (1987)
found that reponses to NMDA were greater if the
specific glyecine sites were occupied, and that
NMDA-receptor responses could not occur in the total
absence of glycine in the perfusion medium. Thus NMDA
receptor responses would be totally blocked by the

removal of glycine from the extracellular fluid.
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I4.2: Distribution of Glutamergic Pathways in the

Rat Central Nervous system,

I4.2.1: General Techniques to Trace Neuronal Pathways

The existence of excitatory pathways in the
mammalian CNS, using an acidic aminocacid (probably
glutamate) as neurotransmitter, has long been suspected
(Curtis and Watkins, 1960). The detection of these
pathways has been mainly carried out by the use of
tritiatedq (radicactive) d-aspartate (an aminoacid
related to glutamate). The compound is absorbed by
"gilutamergic" neurocns (that ie, neurons using glutamate
or a closely related aminocacid as neurotransmitter) and
is eventually released presynaptically. After
absorption by glutamergic neurones, the route of major
pathways can be traced by autoradiography.

Cotman, Monaghan, Ottersen and Storm-Mathisen
(1987) concluded after an extensive review, that
glutamate was in fact the most likely neurotransmitter
candidate for EAA-mediated pathways, on the basis of
its preferential uptake, ite release upon
depolarization and its binding characteristics. However
they did not exclude a possible role for aspartate.

A problem involved 1in the determination of

glutamergic pathways is the presence of a "metabolice"
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and a "neurotranemitter" pool of the aminoacid. That
is, not all the glutamate present in neurons acts as a
neurotransmitter, since glutamate is also involved in
various metabolic pathways unrelated to
neurotransmission. Therefore, high levels of glutamate
within a neuron would not automatically imply that the
neuron would use the compound as a neurotransmitter.

Other receptor 1localization and characterization
studiesg have been carried out by 1mmun9cytochemietry (a
technigue wich utilizes the selective binding of
antibodies to particularly distinctive proteins on the
surface of neurones to be traced).

NMDA receptors have been the mosgt widely studied
glutamate receptor subtype. They have been found to be
at their highesgt concentration 1in the hippocampue,
followed by half the concentration in the neocortex,
moderate 1levels in the corpus striatum, hypothalémus
and thalamus as well as midbrain, pons and medulla. Low
levels of binding were found in the spinal cord and
cerebellum (Olverman, Jones and Watkine, 1988).

Olverman et al. (1988) also found that the binding
characteristics for NMDA-receptors (as tested by
tritiated APV) did not differ significantly between in
hippocampal or extrahippocampal samples. They
therefore concluded that there was probably only one

type of NMDA-receptor in the CNS.
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I4.2.2: Glutamergic Pathwaye Related to the Hippocampus

Storm-Mathisen (1981, 1988) and Ottersen ana
Storm-Mathisen (1987) carried out extensive studies
examining the characteristics of glutamergic pathways,
mainly in the rat or guinea pig CNS. The moegt clearly
defined area of glutamergic neurotransmission was the
excitatory hippocampal "“tri-synaptic pathway" (see
Figure 1I2.1), comprising the extrinsic input from the
entorhinal cortex, via the perforant path, to the
dentate gyrus. The granule cells of the dentate gyrus
synapse 1in turn with the CA3 stratum lueidum,
projecting to the oriens and radiatum strata of CA1l,
and exiting the hippocampus via the subiculum. Ottersen
and Storm-Mathisen (1987) also found evidence of
glutamergic activity in the bilateral projections from
area CA4 1in the dentate hylus to the dentate stratum
molecularae.

Cotman et al. (1987) reporteda from preliminary
studies that the distribution of NMDA receptors in

humans was also highly concentrated in the hippocampuse

(especially area CA1l, known in humans as Sommer's
sector).
Some other efferent extringic hippocampal

connections were also found to be glutamergic: to
amygdala, mamillary body, mediobasal hypothalamus,
septal nucleus accumbens and interstitial nucleus of

stria terminalis, also in the sebtum (Cotman et al.,
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1987, Ottersen and Storm-Mathisen, 1987).

Monaghan and Cotman (1985) found unexpectedly 1low
levels of NMDA receptors in the "mossy fibre" system in
the hippocampus (the layer linking the dentate gyrus to
the CA3). Harris and Cotman (1986) further found that
while LTP could be induced 1in the above system, ite
induection was APV-insensitive. They c¢concluded <that
poesibly LTP 1in the mossy fibres could be independent

of NMDA-receptor triggering.

I4.2.3: Non-Hippocampal Glutamergic Pathways

Various cortico-cortical projections were found to
be glutamergic, as well as some corticofugal pathways

{(Ottersen and Storm-Mathisen, 1987). These included

cortical projections to the thalamus, pons,
caudatoputamen, nucleus accumbens, tuberculum
olfactorium, amygdala as well as superior and inferior

colliculi and substantia nigra. Salt (1986) and Salt
and Wilson (1987) found evidence that thalamie
responses to somatosensory input were NMDA-mediated;
thie led Cotman, Monaghan and Ganong (1988) to propose
that somatosensory activity could be partially mediated

by glutamergic pathways.
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I4.2.4: Conclusions

i It is the conclusion of the author that the peripheral
%administration of NMDA antagonists is currently one of the most

practical and non-invasive methods to study the behavioural
ieffects of these compounds and the possible involvement of LTP

jwith memory in the rat.
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Il.3: The NMDA Receptor and its Function

I4.3.1: General Mode of Function

The currently held view in the fields of
neuroscience and neuropharmacology is that there are
three relatively well defined EAA receptor subtypes,
although future changes in nomenclature cannot be
excluded. The three subtypes are labelled according to
their most potent synthetic agonist, and are known as
N-methyl-d-aspartate (NMDA), kainate and qQuisqQualate
receptors (Watkins and Evans, 1981). All three subtypes
are widely distributed in the mammalian central nervous
system (CNS). The NMDA-receptors have been the most
intensively studied due to their particularly
interesting electrophysioclogical properties and the
discovery of gelective antagonigts (Collingridge, 1985
and Watkines and Olverman, 1987).

Collingridge (1985) wae among the first to suggest
that NMDA-receptors were blocked during normal low-rate
neuronal activity due, to a magnesium ion
"voltage-dependent" block. Low rate neuronal
transmission was therefore thought to be mediated via
quisqualate and kainate receptors. Colliingridge (1985)
suggested that NMDA-receptors would be activated when
afferent impulses reached a sufficiently high

frequency. High freqQuency stimuli would cause partial
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depolarization of the postsynaptic cell (depolarization
being &a change in the normal festinz voltage of
approximately -60 mvV, to a less negative voltage, for
example -20 mV).

In Collingridge's hypothesis, the
coupling of partial depolarization of the postaynaptic
cell with afferent stimulation, would result in
activation of NMDA-receptors. This would be due to the
release of the '"voltage-dependent'" magnesium ion blocek
of NMDA receptors, which 1s particularly strong when
the cell is not depolarized. The opening of
NMDA-receptor associated 1ion channels 1is thought to
cause a transient influx of calecium and sodium ione in
the postsynaptic cell. Thie ionie influx (particularly
of calcium ions) 41is thought to be one of the
initiating steps for LTP (Collingridge, 1985 and Cotman

anda Iversen, 1987).

I4.3.2: Mechanisem of Synaptic Neurotransmission

- The neurotransmitters thought to be endogenously
present in EAA pathways are thought to be l-glutamate
and l-aspartate; both are thought to act on all three
receptor subtypes, although not necessarily with
identical potency. For example, NMDA-receptor mediated
neupProhs respond more to l-aspartate than to l-glutamate

(Evans, Francis and Watkins, 1978). On the other hand,
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kainate-receptor mediated responses show the opposite
preference (Watkins and Evans, 1981). Two "“pools" of
glutamate are present in the CNS, a "metabolic" and a
"neurotransmitter" one. Clearliy it is the latter which
is more relevant to neurotransmission, but it 1is not
known whether the synthesis of glutamate for the two
pools 1is completely esegregated (Hamberger, Chiang,
Nylen, Scheff and Cotman, 1979 and Hamberger, Chiang,
Sandoval and Cotman, 1979). It i alsgo unclear at
present whether EAA neurotransmitters are stored
presynaptically in vescicles, similiarly to the other
"classical" neurotransmitters. After arrival of a
neuronal stimulus to a presynaptic terminal,
l-glutamate (or 1l-aspartate) 18 released 1into <the
synaptic cleft anad interacts with specific binding
sites on postsynaptic receptors, thus propagating the
impulse to the post-synaptic cell. Neurotransmitter
molecules are inactivated by re-uptake into surrounding
neuronesg or glial c¢cells (Balcar and Johnston, 1972),
the rate of re-uptake being related to the level of
neurotransmitter present in the synaptie cleft.

Cotman and Iversen (1987) and Cull-Candy and Usowicz
(1987) suggested that NMDA and non-NMDA receptors might
share the control of similiar post-synaptic ion
channels, with differences in the conductance states

elicited by the dAifferent receptor types.
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I4.3.3: Clinical Implications of NMDA Receptor

Dysfunction

The dysfunction of NMDA receptors hae been
assocliated with neurodegeneration and epilepsy
resulting from anoxia or ischemia. Both the above
pathological changes seem to occur as a conseguence of
the "excititoxice" effects of hypersctivity 1in EAA
pathways (Meldrum, 1985). Benveniste, Drejer, Schusboe
and Diemer,1984) found that abhormally high release of
presynaptic glutamate céuld occur during anoxia. Olney
(1988) has suggested that overactivation of receptors
may cause neuronal death by excesgs calcium influx.

The calcium influx hypothesis of neurodegeneration
has beenrecently supported by the f£inding that lowering
the extracellular concentration of calcium ions reduced
post-anoxic neuronal damage (Garthwaite and Garthwaite,
1989).

Andine, Jacobgon and Hagberg (1988) esimulated
hyperactivity 1in 1imbic EAA pathways by electrically
stimulating the perforant path; they found decreases in
extracellular calcium, which they interpretead ae
increases in calcium ion influx to the postsynaptic
cell. The above treatment resulted in a large amount of
neuronal damage.

Meldrum (1984) also proposged that EAA hyperactivity
may mediate epileptic convulsions or neuronal damage

caugsed by convulsions, especially in the limbic syestem,
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where they EAAs play a major role. Limbic seizures in
humans are termed "complex partial seizures'" and result
in confusional states, altered c¢onsciousness and 1in
some caseg permanent memory defects. Czuczwar and
Meldrum (1982) had previously found that APH (a
competitive NMDA-receptor antagonist) could act as an
anticonvulsant. It was also found that peripheral
injections of kainic acid resulted in seizures in the

hippocampal CA3 area. This led to the hypothesis that

- some epileptic seizures may be mediated by -

over—-excitation at glutamergic synapses, either due to
increased pre-synaptic release or posgt-synaptic
sensitivity or altered neurotransmitter uptake.

The therapeutic potential of EAA antagonisgts (and
particularly NMDA antagoniste) in the above conditions
has stimulated a large research effort to discover

potent and selective compounds in this category.
I4.3.4: Pharmacological Manipulation of NMDA-Receptor
Function
Three typeg of compounds have been found to affect

NMDA-receptor function directly. after exogenous

administration. These are competitive ligands, acting
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at the neurotransmitter binding esite, ligands for the
NMDA-agsocaited glycine receptor and non-competitive
antagonists, thought to act primarily at the

NMDA-associated ion channel.

Competitive NMDA-Receptor Antagonists:

Competitive NMDA-antagonists were originally
described by Curtis and Watkine (1960). They are longer
chain or rigid analogues of glutamate, and their
potency and selectivity for the NMDA receptor has been
one of the reasons why this receptor is the best known
EAA receptor subtype. The two best known compounds in
the category are D-2-amino-5-phosphonovaleric acid
(APV) and D-2-amino-7-phosphonocheptanoic acid (APH)
(Watking and Evans, 19681).

One of the drawbacks of APH and APV for in viveo
studies, is that they have low capacity to c¢ross the
mammalian blood-brain barrier (Koek, Woods and
Ornstein, 1987 and Meldrum, 1984). More recently, some
even more potent compounds have been discovered, which
could have better activity on peripheral administration
(Murphy, Hutchison, Hart, Williams and Sills, 1988 and
Baron, France, Hartman and Woods, 1988). These could be
potentially important in the treatment of excitoxic

effects.

Glycine Antagonists:

Agcher and Nowak (1987) and Johnegon and Ascher
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(1988) founa that glycine (an endogenous aminoacid),
acting at a site distinct from the classical strychnine
sensitive site, positively modulated responses to NMDA
in vitro This modulation was allosteric (that is, it
did not occur through a direct interaction with the
neurotransmitter binding site). The presence of glycine
in the perfusing medium therefore augmented the
observed responses. to NMDA, while having no independent
effect.

Mayer, Vylicky and Clements (19895 reported that
the glycine modulatory activity was selective for the
NMDA =subtype of »receptors, since no changes in
responses to kainate and quisqualate were observed;
they also proposed a "Yco-transmitter'" role for glycine
in NMDA-receptors. Foster and Kemp (1989) found that an
antagonist for the NMDA-asgociated glycine receptor,
7-chlorokynurenate, blocked NMDA-responses, thus

supporting the proposed co-agonist role for glycine.

Non-Competitive NMDA-Antagonists

Anis, Berry, Burton and Lodge (1983) found that
phencyeclidine (PCP), a compound with moderate
anticholinergic ana "sigma opiate" properties, potently
antagonized responsges to NMDA but not to Qquisqualate or
kainate, in rat and cat spinal cords. Martin and Lodge
(1985%) reported that Ketamine (a compound closely

related to PCP) aid not exert 1itese antagonism
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competitively (that is, it did not bind at the
neurotransmitter site), and that its action occurred at
a stage subsequent to the activation of the receptor by
the agonist. Fagg (1987) reported that-inereases in
glutamate in the perfusing medium greatly enhanced PCP
binding to the NMDA-receptor complex. Thus PCP was also
thought to 1interact allosterically with NMDA-receptor

function, and its pinding was stimulated by the

occupation of the neurotransmitter site (these
properties suggesting its clagsification as a
non-competitive "use-dependent"™ antagonist). Honey,

Miljkovie and McDonald (1985) proposed that PCP could
act by causing a blockage to the open state of the
NMDA-assBociated ion channel, this proposal
accounting for the compound's use-dependent properties.

Later research hasg revealed that many of the
effects of peripherally administered PCP and ketamine
are mediated by their NMDA-antagonism. Thus, Bourne,
Capek, and Esplin (1989) reported that PCP blocked the
triggering of LTP, while both PCP and ketamine
exhibited anh neurodegenerative properties (Marcoux,
Goodrich and Dominick, 1988).

Wong, Kemp, Priestley, Knight, Woodruff and Iversen
(1986) reported that MK-801 (a novel compound) wae a
potent NMDA-antagonist. The discovery of MK-801 was
firset reported by Clineschmidt, Martin and Bunting
(1982) as a potent anticonvulsant with an unknown mode

of action. Wong et al. (1986) found that ites selective
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NMDA-antagonism, was similiar to that observed after
PCP administration. They also observed that the
highest levels of binding of MK-801 in the mammalian
CNS were in the hippocampus. Sakurai, Cha, Penney and
Young (1988) later confirmed that the highest levels of
binding were in the CAl1 area in the hippocampus and
that the MK-801 binding pattern was highly correlated
to the known distribution of NMDA-receptors. The
compound was found to block the induction of LTP in the
hippocampal s8lice preparation (Coan, Saywood and
Collingridge, 1987). Abraham and Mason (1988) 1later
obgerved an "in vivo" blockade of hippocampal LTP with
intraperitoneal MK-801 in the anesthetised rat. The
blockade was complete after high doses of the compound
(1 mg/Kg) and relatively liong intervale (over one hour
poset-injection). Abraham and Mason (1988) concluded
that MK-801 exerted a powerful effect on LTP in vivo.
The fact that a complete blockade was only observed at
high doses, does not preclude the possiblity
that the compound would interfere with LTP at 1lower
doses (a similiar argument would apply for the
threshold interval for effectiveness after
administration).

MK-801 has attracted a high 1level of interest due
to 1ite potent anticonvulsant and antineurodegenerative
effects upon peripheral administration (Moreau and
Pieri, 1989, and Foster, Gill, Kemp and Woodruff,

1987). Both the above effects are thought to be
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mediated by the compounds potent NMDA-antagonism (Kemp,

Foster, Gill and Woodruff, 1987).

Gill, Foster and Woodruff (1987) had found that MK-801l results
in a strong blockade of hippocampal NMDA receptors after
peripheral administration, at a dose of 0.3 mg/Kg ip (similiar to
those utilized in this study). Therefore, the peripheral
administration of this compound could result in an in vivo
blockade of NMDA receptors in vivo in the rat. Furthermore, a

study on the plasma levels of the compound (Hucker, Hutt, White,“

_ Arison and Zacchei, 1983) in the rat found that peak levels were

obtained 30 minutes after oral administration, but that the‘
levels were greatly decreased 4 hours after oral administration.
Slightly faster peak plasma levels of MK-801 would be expected
with intraperitoneal administration in the rat. This would
indicate that pre-treatment times in the order of 15 to 30
minutes would be adequate for this compound administered
intraperitoneally in the rat.

The potency and selectivity of the action of MK-801 (as well

as its ability to cross the blood-brain barrier) made it the

- major candidate compound for use in experimental studies on the

behavioural effects of NMDA antagonists.
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I4.4: Behavioural Effects of Pharmacological

Manipulation of NMDA-Receptor Function

Various researchers have tried to investigate the
behavioural effects of impairment in NMDA-receptor
function. The main motivation of these studies being
the determination of the relevance.of LTP as a model of
memory. As suggested by Barnes (1988), if LTP is to be
considered the physiological basis of memory,
treatments Lnnhferinz with it would be expected to
cause deficits in behavioural tests of memory.

Compounds which interfere with LTP triggering would
be efficient and selective tools for behavioural tests.
These would include competitive NMDA-antagonists (such
as APV), calpain inhibitors (such as leupeptin) ana
non-competitive NMDA-antagonists (euch as PCP and
MK-801). The capacity of non-competitive
NMDA-antagonists to cross the blood-brain barrier upon
peripheral administration, makes them particularly
attractive for use in behaviocural studies. Thie
property allows the manipulation of brain funection
without using invasive techniques (for example,
intracerebral cannulations). The use of invasive
techniques carries the danger of affecting the Ss'
brain function and behaviour in ways unrelated to the

specific pharmacological treatment.
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I4.4,1: The Effects of Competitive NMDA-Receptor

Ligands

Morris, Anderson, Lynch and Baudry (1986) etudied
the effect of dl-APV chronically infused
intracerebroventricularliy (icv) 1in +the rat lateral
ventricle (by the use of a minipump continucusly
delivering the -~ drug solution, through a cannula).
Using doses that had been previously shown to block LTP
induction, they found that dl-APV significantly
impaired the acquisition of a spatial response in the
Morrias water maze (in which the Ss have to learn the
spatial poeition of a platform in order to escape from
water). Morris et al. (1986) however found that a
control task, visual discrimination 1learning, was
unaffected by the same treatment. In the latter task,
Ss had to 1learn to associate one visually distinct
platform with escape, in an environment without spatial
cues. Morris et al. concluded that the impairment in
the spatial task was not secondary to deficits in
sensory functions or motivation, as indicated by the
unimpaired performence in the control task.

Morris (1988) in a later study, reported that
some non-specific behavioural changes (which would have
suggested a degree of motivational disruption with APV)
were in fact obgerved 1in the Ss of the 1986

investigation.
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Goddard (1986) had suggested a "double
dissociation" strategy, to test whether the effects
abgaervaed by Morris et al. {(1986) were artifacts of the
locue of administration. This would te3zt whether the
lack of impairment in the visgual discrimination task
was simply a consequence of the administration site of
the compound and not of an essential "“task-specificity"
of the action of dl1-APV.

Morris (1988) acting on Goddard's advice,
investigated the proposal that thé task-specificity
effect may have been an artifact of the administration
site of dl-APV. Therefore, he injected the compounad
into the visual occipital cortex, and again detected no
impairmente in visual discrimination 1learning; the
rationale being that +this part of the brain would be
more directly involved with the task. Morris (1988)
concluded that the impairment observed in the Morris et
al. (1986) indicated a genuine task-specificity in the
action of A4Al-APV.

Further evidence supporting a disruptive role for
APV in spatial learning was provided by Davis, Butcher
and Morris (1989) who found a dose-dependent increase
in impairment upon icv admnistration of the compound.
The lavel of impairment in the acquisition of spatial
responses was also highly correlated with the blockage
of LTP dinduction 4in the perforant path- dentate gyrus
synapse in the hippocampus.

Danysz, Wroblewski and Costa (1988) found that icv
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APV caused deficits in the radial arm maze task (a
spatial "working memory" task), at a dose range
similiar to that in Davis at al. (1989). The radial arm
maze task 1is very sensitive to functional impairment
in the hippocampus (Olton et al., 1979). Danysz et al.
(1988) also found impairments with APV in the
acqQquisition of passive avoildance, but only if the drug
wasg administered pre-triael. In the passive avoidance
task, Ss have to learn not to escape from a light to a
dark compartment in an experimental box, in order to
avoid an electrical shock. They excluded the
possibility of an effect of APV on nociception (the
perception of pain), but suggested that an
"anticonflict" effect of the compdund could have
partially mediated the passive avoidance effect.
Tonkigs, Morris and Rawlins (1988) also found that

iev APV caused impairments 1in the differential

reinforcement of low rates of responding (DRL)
schedules, at delays above 11 seconds, gimiliarly to
the impairment observed 1in hippocampally lesioned

rats. In the DRL task 8Ss had to learn to witholad a
response in Skinner box for a certain interval in order
to obtain a food reward. Since the DRL task does not
have a significant spatial component, Tonkiss et al.
(1988) concluded that APV disrupion of temporary
memory wasg not necessarily confined to tasks involving
spatial memory as suggested by the results of Morris et

al. (1986).
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Patterson, Scharre, Bennett and Rosenzweig (1988)
reported that APV given 1cv 5 minutes pre-trial
resulted in deficits 1in one-trial taste avoidance in
chicks (in which chicks have to acquire an avoidance
for a certain foodstuff, which is associated with an
aversive stimulus). They suggested that NMDA-mediated
pathways were involved in memory formation or an early
stage of the memory process.

Jones, Schaeffer, Steinfels and DeNoble (1988)
subcutaneously injected NMDA 1in the rat and found
deficits in the acquisition of passive avoidance if
injectione were made 30 minutes pre-trial, while it was
found to be ineffective if the administration was made
immediately post-trial. They concluded that NMDA could
interfere with the acquisition but not the
consolidation or retrieval of memory. The
interpretation of this experiment i1s however made
diffcult to interpret by the finding of DeNoble, Jones,
Schaeffer, Steinfels and Cook (1988) who reported that
the above effect of NMDA could not be blocked by
administration of a potent competitive NMDA-antagonist
CPP {related to APV). Thus, 1f the impairment
observed after NMDA administration was related to its
agonism of NMDA-receptors, its effect would be expected
to be reversed by the administration of a competitive

antagonist such as CPP.
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I4.4.2: The Effects of Calpain Inhibitors

Lynch and Baudry (1984) suggested that LTP was
mediated by an activation of the enzyme calpain, which
by degrading a synaptic protein (fodrin), would
uncover extra postesynaptic glutamate receptors.

In support of their theory, a calpain
inhibitor, leupeptin, has been found to block the
induetion of LTP (Lyneh, Muller, Seubert and Larson,
1989).

Staubli, Baudry and Lynch (1984) found that
leupeptin caused deficits in the radial maze task.
Increases in errors were alsco observed i1in a delayed
alternation task at delays over 10 minutes. They
proposed that 1leupeptin exerted its effect mainly in
the telencephalon by blocking neuronal plasticity (that
is, the process by which synaptic functional change
would be achieved) required for the above tasks. While
the data from the Lynch group is strongly suggestive,
wide support for the "calpain' theory of LTP expression

has not been found.

IL.4.3: The Effects of Non-Competitive NMDA-Antagonists

A Common Mode of Action for PCP and MK-801%
The "dissociative anegthetics" (PCP and

Ketamine) and MK-801, are currently the best known
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non-competitive NMDA-antagonists; they are believed to
share their main site of action in the NMDA-receptor
associated ion channel. This belief has recently been
supported by the finding from drug discrimination
studies that rats generalize between the interoceptive
cues of intraperitoneal (ip) PCP and MK-801 as reported
by Jackson and Sanger (1988). They found that Ss
trained with 2-4 mg/Kg PCP as a cue to press one lever
in an operant box, generalized their responses to
0.125-0.2 mg/Kg MK-801i. Therefore, rats seemed not to
be able to discriminate between the inner stimulus
caused by PCP or MK-801.

Koek, Woode and Winger (1988) also found that
MK-801 and PCP shared the same pattern of stereotypical
behaviour in the rat. Stereotypy can be defined as
distinctive and often repetitive patterns of behaviour
caused as a result of drug administration. Koek et al.
(1988) alsc found that rhesus monkeys were found to
self administer both ketamine and MK-801. Thie
behavioural evidence also supports the hypothesis that
MK-801 and the dissociative anesthetics share some
important pharmacological and reinforcing properties.
The discovery of PCP sgelf-administration (by Koek at
al., 1988) is consistent with 1its unfortunate success
as a drug of abuse in the USA.

Interestingly. Iversen, Singh, Oles and Tricklebank
(1987) and Willetts and Balster (1988) found that both

MK-801 and PCP- trained rats generalized their
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responses to icv APH (a competitive NMDA-receptor

antagonist) also in drug discrimination studies.
Therefore, it would seem that a common and distinct
interoceptive cue was caused by blockage of the

NMDA-associated 1ion channel and blockage of the
NMDA-receptor site. This would suggest that the cue
stems from 1impaired 1levels of neurotransmission 4in

NMDA-mediated pathways.

The Effect of PCP and Ketamine in Behavioural Tasks
Kesner, Hardy and Calder (1981) had described
the pattern of stereotypical behaviour in the rat

after ip PCP, and the threshold dose at which it

occurred 4 mg/Kg). They found that at
sub-stereotypical doses, motor changes and righting
reflex impairments did not occur. Kesner, Hardy and

Nowak (1983) later observed that no taste aversion was
caused at sub-stereotypical doses. That 1is, the
compound did not cause sickness or nausea in the Ss.
However, Kesner et al. (1983) found that PCP caused
impairments in performance of the radial arm maze, and
postulated an encoding-mediated deficit. McCann, Rabin
and Winter (1987) also observed radial maze
impairments, but at lower doses than above, possibly
due to differences between the rat strains used.

Giick and Zimmerberg (1971) found that PCP
given pre-trial resulted in deficits in the acquisition

of passive avoidance 1in the mouse. However, Nabeshima,
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Kozawa, Furukawa and Kameyama (1986) found that PCP
caused impairments in the same paradigm even up to 10
minutes post-delay. They proposed that the above effect
could be caused by the effect of PCP on cholinergic and
opioid function. Ketamine has also been found to cause
deficits in the radial maze task (McCann et al., 1987),
as well as in the acquisition of spatial memory in the
Morris water maze (Alessandri, Welzl and Battig, 1988)
and 1in the acquisition of taste aversion (Welzl,
Alessandri and Battig, 1988) when administeread

pre—-trial.

The Effect of MK-801 on Behaviour
" At the onset of the present project, the only

behavioural data available on the effects of MK-801,

indicated that it was a potent compound, producing behavioural
changes on peripheral administration (for example, in the |
"anticonflict" paradigm with thirsty rats receiviné eiectric
shocks when 1licking a water dispensef, as found by
.CIineschmidt, Williams, Witosiawski, Bunting, Risley and Totaro;
‘1982). The dose levels required to obtain the above effect were
1 0.05 to 0.4, mg/Kg orally; this dose range being the bases of the

pilot studies in this project aiming to find doses of MK-801

appropriate for use in maze studies.

Towards the end of this project, various
preliminary reports on the behavioural effects of

MK-801 were published. Benvenga and Spaulding (1988)

) 8S
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found that intravenous (1iv) MK-801 caused
impairments in the acquisition of passive avoidance in
the mouse, when administered 30 minutes pre-trial.
Venable and Kelly (1988) observed a similiar effect and
excluded the possibility of an underlying analgesic
{pain relieving) action of the compound. They algo
found that MK-801 caused deficits in the encoding of a
novel environment in the rat in the Morris water maze.
They concluded that NMDA—receptof mediated pathways
were involved either directly or indirectly in memory
formation.

Pontgcorvo and Clissold (1988) instead suggested a
general "disorientation effect" in a continuous
2-choice non-match to sample task. Wozniak,Olney and
Kettinger (1988) found that rats' competence 1in the
radial maze task and T-maze alternation was unaffected,
but that Ss had difficulty in recalling a spatial habit
learnt under the effects of MK-801, while the
acquisition of spatial memory was unaffected. The
profile of their findings seems to indicate that

MK-801 may have caused a degree of "state-dependent

learning" (Overton, 1984). However, the preliminary
nature of their report precludes a definite

conclusion.

Robinson, Crooke, Shinkman and Gallagher (1988)
found that MK-801 caused a deficit in the acquisition
of a espatial response (in the Morris water maze),

without affecting motor, perceptual or motivational
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processes, They observed that thie pattern of
impairment was similiar to that observed in
hippocampally lesioned rats.

The recent data on MK-801 would suggest that it
causes mainly deficits in 1information acqQuisition
rather than on retention or retrieval. Such a profile
would be expected to result in anterograde amnesia in
animale with MK-801. This would also suggest that
amnesie side effects could be observed 1in human
patients administered the product.

In the only published study on human oral
administration of MK-801, Troupin, Mendius, Cheng anda
Risinger (1986) received no direct complaints of memory
problems from the patients (epileptic sufferers, which
MK-801 did not seem to help in the long term reduction
of seizures). However, it hae to be emphasised that
memory and retention were not directly tested by
Troupin et al. (1986), so relatively subtle effects
could have gone undetected.

Some trends can be detected from a review of the
studies carried out on the behavioural effects of NMDA
antagonists. Mogst workers are seen to support the view
that a central blockade of NMDA receptors has specific
effects on behaviour. These changes are generally
interpreted as expressing an underlying impairment of

memory mechanisms.
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I5: AIMS AND RATIONALE OF THE PROJECT

This section inltially outlined the characteristics
of LTP. The LTP properties of synapse specificity and
asgociativity, as well as ite status ag an
activity-dependent change in synaptic function make it
a widely studied physiological hodel of memory.
However, the occurrence of an LTP-like process
in nature hae not yet been confirmed.

It has also been shown that NMDA-antagonists (such
as MK-801) result in a potent block of LTP induction,
The aim of this project is therefore to investigate the
relevance of LTP Ko memory 1in the rat, by the
intraperitoneal adminigtration of MK-801. That is, any
memory deficits occurring after MK-801 administration
could be ascribed to 1its effect on NMDA-mediated
pathways, and theoretically to the subsequent blockage

of LTP induction.

The experiments in this project will therefore attempt to
determine whether the behavioural effects of NMDA antagonists can
be thought of as being secondary to a memory deficit . The nature
of any such deficit will also be investigated.
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The clinical potential of NMDA-antagonists and tﬁeir
imminent wuse in human trials, also adds another
application the present project. Regardless of their
LTP-blocking properties and of the relevance of LTP to
memory, any effec?s of NMDA-antagonists on learning andad
memory may be a serious obstacle to their application
as therapeutic agents. This is especially the case 1if
thse componds were to be used in epileptic patients,
where prolonged periods of treatment could have serious

deleteriocus effects on higher brain functions.
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SECTION E: EXPERIMENTS

El:3s EXPERIMENT 1

The Effect of MK-801 on Activity and Behaviour

in the Photocell Cage

INTRODUCTION

The aim of the present experiment was to determine
the dose-activity relationship in the rat for
intraperitonesally (ip) administered MK-801. This
compound being a potent and selective non-competitive
NMDA-antagonist(as shown by Wong, Kemp, Priestley,

Knight and Woodruff, 1986 and Foster, 1986).

The effect of a range of MK-801 doses on overt
behaviour and activity was therefore studied in
photocell activity cages. This apparatus monitors

general activity by quantifying the interruptions of
photocell beams caused by a S. The determination of
the dose-activity relation would indicate a dose of
the compound suitable for experiments on learning and
memory. A suitable dose would be one at which a central
NMDA-receptor blockade 1is achieved, without causing

overt changes in behaviour or activity levels.
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Bunting (1982) and Clineschmidt, Williame, Witoslawski,
Bunting, Risley and Totaro (1982), who studied the
anticonvulsant and anticonflict effects of the
compound, and on pilot studies carried ocut in this
laboratory. The dose range gtudied was much lower than
that at which anticonflict and anticonvulsant effects

were observed by Clineschmidt group.

Oon the basis of previous pilot studies, a
stereotypical pattern of behaviour was expected,
consisting of increases in activity, head sways and
dose-dependent ataxia (an inability to carry out

locomotor behaviour in an efficient manner). This
pattern is very similiar to that observed by Koek,
Woods and Ornstein (1987) after icv APV administration
in the rat. Therefore it would seem that behavioural
effects of MK-801 resemble those of a better known
NMDA-receptor antagonist.

In standard pharmacological practice, dose-activity
relationships are studied up to doses that cause total
immobility in the S (Robbins, 1977). This was not done

in the present study, since its aim was simply to

"determine a dose level to be used in future behavioural

tests, requiring normal locomotion and overt behaviour.
Earlier pilot studies had determined the MK-801 dose

causing immobility at around 1 mg/Kg.
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METHOD

SUBJECTS: 32 Male Lister Hooded Rats (Harlan Olac,
Bicester, UK; weights 250-350 g at testing), housed in
pairs with a 12-hour 1l1light/dark cycle (lights on at
1100 hours). They had free access to food and water.

Testing took place between 0900 and 1400 hours.

APPARATUS: Plexiglas activity cages were 86 X 23 X 20
cm deep. Two parallel photocell beams were placed
across the cage at a height of 4 cm and 26 cm apart
from each other. Activity counts were obtained for
consecutive 5-minute periods. The experimental room was
dimly 1it to allow observation. Ss were handled daily

for 4 days prior to the start of the experiment.

DESIGN: A between-groups design was used, to avoid
confounding effectsvgabituation to the drug effect or
to the experimental setup. Separate control (saline)
conditions were run simultaneously with each
experimental condition (doge 1level), thus taking into
account the variability in baseline activity on
different experimental Adays and Ss. Four MK-801 dose
levels were used: .1,.2,.3 and .i4mg/Kg. From earlier
pilot studies, behavioural effecte were expected to

range from no overt changes to a definite stereotypical

pattern of behaviour. In each test session, four
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control and four experimental Ss were studied.

PROCEDURE: After handling, and one day prior to testing
S8 were habituated to the test setup by being placed
singly in an activity cage for a continuous 2-hour
period. In test sessions, the 8 Ss were injected ip in
close succession, control Ss receiving equivalent
volumes of the vehicle solution. After injection, Ss
were placed singly in activity cages for a 3-hour
period, while their activity levels and behaviour were

monitored.
[

DRUGS: The Compound used was (+)-5-methyl-10,11-
dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate
(MK-801, Merck, Sharp and Dohme). The compound was
dissolved in saline solution at a& concentration of 0.2
mg/ml, and fresh solutions were prepared daily.
Experimental 8Ss were injected with appropriate volumes
of the solution, control Ss with equivalent volumes of

vehicle solution.

STATISTICAL ANALYSIS: In the present study and all the
following experiments in this project, the 0.05 level
of eignificance was adopted a priori for rejection of

null hypotheses. Therefore, all "significant" test
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statistics are to ‘be considered as being based on this level of
probability of a typé I error.

'I"he use of parametric statistical techniques requires some
assumptions be made on the data that is under analysis (for
example, on normality of distribution and equivalence of the data
spread between groups). It is almost impossible to technically
achieve some of those conditions (for example, normality of
distribution) with small numbers of Ss in each experimental
group. Therefore, inferences should be drawn with caution with

these techniques, in this project.
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activity value for an experimental S by the mean
activity value for a control S (matched £fébr rank) in
the same session. A l-way (L X 1) ANOVA wag run
on experimental / control ratio data, yielding =a
significant dose effect F(3,12)=22.8; a Newman-Keuls
test revealed that the activity value for the .14 mg/Kg
was greater than all others. while that of the .3 mg/Kg
dose was greater than that of the .1 and .2 mg/Kg
doses, which in turn did not differ from each other.
Thus a dose dependent increase in activity was observed
with MK-801, from a threshold dose of .3 mg/Kg, while
no activity increases, stereotypical behaviour or
ataxia were observed at the 0.1 and 0.2 mg/Kg doses.

(see Figure E1.1).

A |
A breakdown of the activity counts obtained within the first |

hour post-injection is illustrated in Figure El1.2. In the figure
it can be seen that the activity at the two higher doses.of MK-
801 is consistently higher than control throughout the test
period. Furthermore, it is also apparent that activity counts at

the two lower doses, closely shadow control values throughout the

test period.

=1



The mean activity levels for the second and third hour post-
injection are illustrated in Figures E1.3 and El.4. From Figure
El.4 particularly, it can be seen that the increases in activity
observed in the first hour post-injection do not persist into the
third hour post-injection. In fact, in the third hour post-
injection, activity 1levels for the 0.3 and 0.4 mg/Kg MK-801
conditions were significantly reduced with respect to control.
This was revealed by two separate T-tests: in the 0.3 mg/Kg MK-
801 condition t(6)=3.12, while in the 0.4 mg/Kg MK-801 condition
t(6)=2.76. Activity in the 0.1 and 0.2 mg/Kg MK-801 conditions
did not differ significantly from control.

Furthermore, by the third hour post-injection, no stereotypy

was evident at the 0.3 and 0.4 mg/Kg MK-801 doses.
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Figure E1.{: Activity in the Photocell -
Cage With Intraperitoneal MK-801
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 Figure E1.2: Breakdown of Activity in the Photocell
Cage With Intraperitoneal MK—-801 in the First Hour

" Post—Injection
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Figure E1.3: Activity in the Photocell Cage in the

Second Hour Post—Injection
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Figure E1.4: Activity in the Photocell Cage in the
Third Hour Post—Injection

Experimental [

40+ Control [X]
3
2 I I
% 20+ 1 1 Q
< N & N AR
o N o\ \ N
- N TIN [N 1R

0 1N :b 1A :‘\

0.1 0.2 0.3 0.4

Dose MK-801 (mg/Kg)

96



DISCUSSION

The results indicated that the compound MK-801] has a
reliable, dose-dependent effect on behaviour and activity in the
rat in the first hour after intraperitoneal injection. The
threshold ip dose for the appearance of activity changes and
stereotypical effects was the same, namely 0.3 mg/Kg. Thus it
would seem that the highest appropriate dose for studies on
learning and memory (in which stereotypy and activity changes

are undesirable) would be approximately 0.2 mg/Kg.
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al.,1987). Interestingly, activity changes and sterotypy did not‘

. persist into the third hour pdst—injection, indicating that the.

ieffects of MK-801 on activity at the doses studied was relativelyi

' short-lived.

The presgent design, while time consuming, gave an
adequate estimate of the behavioural effects of MK-801
in the rat, on acute presentation. A repeated measures
design would have been inappropriate, in view of the
unknown effect of repeated administration of the
compound.

The desgign of the present experiment could have been
improved (while maintaining the between-groups
strategy) by the exclusion of separate control
conditions for each dose level. Sessions with equal S
numbersg frem the 5 conditions (4 experimental dose
conditions, 1 control condition), would have resulted
in a more efficient and powerful dose-response study.
This change would alsc have allowed for an increase in
the number of Ss per condition, which was fairly low in
this study.

A more standardized observation technique would
have also been useful, in order to construct a
stereotypy "scale" for MK-801 (eimiliarly to that for
PCP by Ellinwood and Balster, 1974). However, this was
not a requisite in view of the aim of the present
experiment.

Robbinse (1977) has criticised the use of single

93
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very similiar to that of other compounds with NMDA—antagonisbf

properties (such as ip PCP or icv APV, as shown by Koek etf



techniques when determining activity changes caused by
a compound. His criticisme centered mainly on the
varieblity of prcposad Ythreshold doses" according to
the sensitivity and characteristics of the procedure
used. Therefore, confirmation of the MK-801 threshold
dose determined in the present experiment, should be

sought with a separate technique.
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E2: EXPERIMENT 2

Th= Effact of MK-801 on Activity in tha 3-Arm Maze

INTRODUCTION

The photocell cage experiment (Fxperiment 1)
indicated that increases in activity and stereotypical
behaviour occurred in the rat with ip injections of
MK~-801 from a threshold dosge of 0.3 mg/Kg. Krsiak,
Steinberz'and Stolerman (1970) and Robbine (1977) have
indicated that activity changes as detected in
the activity cages alone could be unreliable, due to
the heterogeneity of the behaviours which could result
in an activity "ecount". PFurthermore, some particular
behavioural changes could be caused by the interaction
between the drug effect andad the particular
experimental setup (for instance, the shape, size or
material of the cage in Experiment 1).

The aim of this experiment was therefore to
investigate the reliability of the above threshold dose
for activity increases with MK~-801, by the use of an
unrelated technique, the 3~arm maze,.

In the 3-arm maze paradigm, the Se' spontaneous
exploratory pattern and activity 1level is monitored.
The number of arm entries per unit time can be used as
the dependent variable to measure activity and

locomotion. Stereotypy can also be observed in this
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apparatus.

In the present experiment the highest MK-801 dose
studied was 0.3 mg/Kg. This was because the measurement
of activity levels with the 0.4 mg/kg dose would have
been very unreliable in this paradigm due to the large
degree of ataxia observed. Furthermore, after the
findings of Experiment 1, the main aim of the present
experiment was to confirm whether activity and
locomotion were unaffecf?d at the 0.1 anda 0.2 mg/Kg,
which could be the suitable doses for future studies on

learning and memory.

METHOD

SUBJECTS: 24U Male Lister Hooded Rate (Harlan Olac,
Bicester UK), weizﬂfs 250-350 at testing, housged in
pairs, with free access to food and water. The 1light /
dark cycle was identical to that in Experiment 1. All

testing took place between 0900 and 1400.

APPARATUS: A grey brick 3-arm maze, with with 22 ¢m
high walls on a 1linoleum floor, was used. The three
egual arms were at 120-degree orientation from each
other (arm width 10 cm, arm length 42 cm). Arm entries
were scored visually as the presence of the whole body
minus the tail, by the E observing from one of 3

equidistant positions around the maze. The E changed
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position randomly from one trial to the next, in order

to eliminate any possible bias of the Ss.

DESIGN: A between-groups design was used, with each S
being tested 1in one session only, to avoid possible
effects of habituation to the experimental situation
or to the drug effect.

Three ip doses of MK-801 were used (.21,.2 and .3
mg/Kg). Higher doses of MK-801 were not used in this
study esince excessive motor impairments could render
this test unreliable. On test days, 8 Ss were evenly
eplit between experimental and control conditions.
Control (ealine) conditions were nrun for each dose
level to account for variability in baseline activity

on different test days.

PROCEDURE: U4 Se (2 control, 2 experimental) were
injected in close sucession. They then underwent two
5-minute trials in the maze with an inter-trial
interval (ITI) of approximately 30 minutes.

At the gtart of a trial a S was pPlaced in the
middle of the maze, and the number of arm entries made
in the <trial was monitored. The activity level wase
calculated as the mean number of arm entries for the
two trials. The position of the arms entered and their
sequence within the trial was also recorded, to provide

a measure of exploratory efficiency.
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DATA ANALYSIS: An experimental / control value for the
number of arm entries per trial was computed for pairs
of Ss8 13in the same condition, matched for rank. The
matching procedure had the advantage of allowing for
variability in baseline 1levels of activity between
different dose smessions. These valuesg were then

analysed with a 1-way ANOVA (3 x 1). The optimum

exploratory estrategy for the Ss would be an "“a-b-c"
pattern of arm entry (thue visiting the arm least
recently re-entered). The dependent variable used to

monitor perseveration was the ratio of "a-b-a" type
seQquences relative to the total number of arms entries
in ‘the trial. This would give a meagure of the
deviation from the optimum exploratory pattern,

adjusted for the overall activity level of each S.

RESULTS

The appearance of gtereotypical effects similiar to
those in Experiment 1, was again detected at the 0.3
mg/Kg dose.

The activity level of S8 in this task was analysed
by Experimental / Control values for the mean numbenr
of arm ehtries (S8 within each dose level were matched
by rank). A 1-way ANOVA revealed a significant
treatment effect P(2,9) 6.16. A Newman-Keuls test

showed that arm entries were selectively increased at
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the .3 mg/Kg MK-801 dose (see figure E2.1). This would
confirm 1t as the threshold dose for activity
increases.

The exploratory efficiency of the Ss was monitored
via the occurrence of perseverations of the a-b-a type
(gee figure E2.2). A 2-way ANOVA (condition X dose)
revealed no significant effects or interactions. Thus
exploratory efficiency did not seem to be affected by

treatment in this task.

DISCUSSION

The findinge of the present experiment support the
data from Experiment 1, indicating that the threshold
dose of MK-801 for stereotypical effecte and activity
increases is 0.3 mg/Kg. Thus, due to the lack of overt
behavioural effects, it would seem that doses below 0.3
mg/Kg would be suitable for use as treatments in
experimentse examining changes in 1learning and memory.

The design of this experiment would have also been
improved by the simple adoption of a single control
condition and test sessions with balanced numbers of Ss
from each condition (this would have enhanced the power
of the study by reducing the number of conditions, and
by increasing the number of Sg per condition).

The lack of a significant increase in perseveration

would suggest that exploratory ability was not impaired
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Flgure E2.2: Pergeveratlong In the
- 3-Arm Maze With Intraperitoneal MK-801
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Figure E2.{; Activitl 1n the 3-Arm Maze -
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E3: EXPERIMENT 3

The Effect of MK-801 on Performance in the

Radial Arm Maze

INTRODUCTION

The aim of the present experiment was to study the
effect of sub-stereotypical doses of MK-801 on the
radial arm maze {(RAM) task in the rat.

The standard RAM task (designed by Olton and
Samuelgon. 1976) wae found to be very sensitive +to
hippocampal damage (0Ol1ton, Becker and Handelmann,
1979). The authors proposed that this sensitivity was
due to the task'es reliance on '"working memory" which
they suggested was controlled by mechani_sme in the

wAS

hippocampus. Thus "“working memory"Ydefined as a store
for flexible sastimulus-response associations, with a
high degree of temporal discrimination, and vulnerable
to interference. The standard RAM task (which i1is a
spatial task) operationally teste for all the above
characteristics of the above system, and wag therefore
termed a "working memory task" by Olton et al. (1979).

Due to the particular concentration of
NMDA-receptors in the hippocampus, it was predicted
that NMDA-antagoniste, such as MK-801, would cause

deficits in the RAM task. Other compoundse with
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NMDA-antagonist properties (sguch ae PCP) have been
found to disrupt RAM performance (McCann, Rabin anda
Winter, 1987). Authors studying the behavioural effects
of PCP and NMDA-receptor antagonists, have suggeeted
that these deficits could be mediated by the
NMDA-antagonist properties of PCP (Koek, Woods and

Ornstein, 1987).

METHOD

SUBJECTS: 14 Male Lister hooded rats (Harlan Olac,
Bicester, UK) housed 1in pairs, with a 12-hour
l1ight/dark cycle (lights on at 1100 hours). The initial
masses were approximately 170g, Subjecte were gradually
food deprived to around 85 ¥ of expected free-feeding
masgs, with water freely-available. Feeding took place

30 minutes after the end of behavioural sessions. The
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S8 were handled daily for a week hefore the start of
the experiment. All testing took place between 0900 and

1600.

APPARATUS: An aluminium RAM similiar 1in design
to that in Olton and Samuelson (1976); it was elevated
at a height of 50 cm. The 8 arms were 75 cm long and
and 7.5 cm wide, slightly tapering at the end proximal
to the central octagonal platform (side 14 cm). A food
well was found at the endq4 of each arm. The room
containing the maze was dimly 1it and contained various

visual cuesg. Noyes food pellets (45 mg) were used.

DESIGN: A repeated measures design was used, with two
variables: condition (experimental-control) and dose
MK-801 (0.1-0.2 mg/Kg MK-801). Se were trained to
criterion in the standard RAM procedure (2 trials per
day, 2 days/week, separated by 2-3 daye). The Ss
competence at the task was monitored by the
"efficiency" value (McCann et 8l., 1987) defined as
(8/total number of arm entries to trial completion)X
100. Therefore, an errorless trial would have an
efficiency value of 100. The criterion level was
defined as 3 consecutive trials with an efficiency of
80 or ahove. After criterion, S8 were treated in random
order under the two doses (test days separated from
each other by at least 48 hours). On each test day, a

control and an experimental trial were run (separated
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by at least 4 hours).

The 4-hour interval between daily trials in a test day would
seem to be adequate in the face of the evidence by Hucker et al.
(1983), showing greatly decreased plasma levels of MK-801, 4
hours after oral administration. Plasma levls would be expected
to decline even faster after ip administration. Furthermore, data
in Experiment 1 indicate that the activity increases (and
stereotypy) induced by by the 0.3 and 0.4 mg/Kg MK-801 doses do
not persist into the third hour post-injection.

The order of conditions within a test day

log &



was random, to account for varying hunger levelse and
time of Aday. The experimental trial was preceded by an
MK-801 injection, the control trial by a saline
injection of equal volume. If the control efficiency
was not at the criterion level, the experimental value
would be excluded, and the test would be repeated not

less that 48 hours later.

PROCEDURE:
Training : Before each training trial, one pellet was
placed in each food well. Perfect performance would

involve the retrieval of all pellets within 8 arm
entries. At the start of a triasl, the S was placed in
the centre platform and allowed to enter arms until all
the pellets had been eaten or up to 10 minutes. The
time taken to the first 8 arm entries was also measured
to give an indication of the S's activity level.
Testing: On test days Ssg received 2 trials separated
by 4 hours approximately. The procedure being identical
to that used during training, except that Ss were
injected ip with the appropriate solution 15 minutes

before the start of the trial.
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RESULTS

The results indicated that the drug MK-801 caused a
dose-dependent impairment in the ability of Ss to carry
out the RAM task efficiently. That is , .1 and .2 mg/Kg
doses of MK-801 both caused significant impairments in
the task, the larger dose causing a higher degree of
impairment.

The activity level of the S8 (as measured by the
time taken to complete the first 8 arm entries) was not
affected by any of the treatments. This finding is
consistent with the data from Experiments 1 and 2 which
indicated .3 mg/Kg MK-801 as the threshold dose for

activity increases in the rat (see table E3.1).

TRAINING: Thirteen out of 14 S8 reached criterion (3

consecutive trials at 80% efficiency or more). One S

failed, apparently due ¢to the adoption of a
non-spatial strategy. The mean level of <trials to
criterion was 16 (s.e.m. 1.1 , range 10 to 23).

EFFICIENCY IN TEST TRIALS: Efficiency was analysed with
a 2-way (condition X dose) ANOVA (see figure E3.1). A
Significant condition effect F(1,12)=22.5 was found,

while a Newman-Keuls test showed that efficiency was
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Table E3.1: Activity Level in the RAM Task

Dose MK-801 (SEM)

0.1 mg/Kg 0.2 mg/Kg
Experimental 71.9 (4.5) 70.3 (5.4)
Control 71.7 (4.1) 66.2 (5.5)

Mean ¢time taken (s) to the first 8 arm entries in =a

trial

Table E3.2: Experimental/Control Ratio Efficiency

Level in the RAM Task

Dose MK-801

0.1 mg/Kg 0.2 mg/Kg
Exp/Cont Efficiency 89.8 74.4
SEM ' 6.8 5.5

Mean experimental/control efficiency, expressed as

percentage

ng



Figure £3.1: The Effect of MK-801 on
Efficiency in the Standard RAM Task
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Table E3.3: Control Efficiency and Order

of Conditions Within Test Days

Order of Conditions in Test Days

Experimental-Control

Efficiency 83.2
SEM 3.3
No. Ss a3

Mean control efficiency

MK-801 (0.1-0.2 mg/Kg)

1%

level

Control-Experimental
84.9
3.9

13
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significantly lower in the .1 and .2 mg/kg conditions

than in either of the control trialsl

The possibility of a "“carryover" effect occurring
when the experimental dose preceded the control doee in

the same test day was considered. Thus a control
trial, occurring after the experimental trial 1in the
same day, could s8till theoretically be under the effect
of earlier drug administration. To 1investigate thies
poseibility, control efficiency values were divided
between those occuring before and after the
experimental trial i1in the test Aday. The efficiency
values between categories with pooled dose levels were
studied with a Mann-Whitney test (see table E3.3). No
significant differences were found. This would indicate
that control trials occurring after experimental trials

in the same test day were not adversely affected.
DISCUSSION
The sgignificant deficit found in the RAM task

after doses of MK-801 which dai4 not cause overt

behavioural effects, indicated that the treatment may

s



have caused a disruption of vnernaﬁj.

The S8 under the effect of the drug seemed to fail in
their performance 1in a task that requires the storage
and use of closely temporally related, spatially
disgtinguishable events. The performance deficit was not
1ikely to be caused by altered hunger states, as
experimental subjects readily consumed the pellets they
found. It was alsc unlikely that the treatment affected
the '"reference memory" component of the task, regarding
the task regquirements and the optimal strategy, which
Ss had to learn in order to reach c¢riterion.
Furthermore, from observation, experimental Ss did not
readily édopt a non-spatial or motor strategy in order

to perform the task.

The testing of Ss under both control and experimental
conditions on the same day, was an unnecegsary
complication of the design (although the major problems
arieing fﬁom it 4ere adequately controlled for).

A better and more powerful design would have been
achieved by &a s=single control condition, run on a

separate day to the two experimental conditions. The

né



7 89:'

:N8N- S

&) &

89:

N 8K

%



>

11 9% ()

89 :

> 1

<L

89:

, N8 K -

I >

89:

8 9:



+
5 6 ' +
>
, 1 ' :NKN-"
+ #
" ,:NKN -
A
7 89 "
0 + "
7 89 , +
7 89
@ =
+ 7 89
)
+ 7 89



NMDA-receptor mediated pathways (and LTP) were not
involved in the retrieval or storage of longer term

information.

METHOD

SUBJECTS: 10 male Lister hooded rats from the lab
colony. The masses at the start of the experiment

ranged from 320 to L0O0 g. Seg were housed in pairs with

water ad 1ib., and were food deprived gradually to
around 8% percent of their original maeses, by
appropriate feeding 30 minutes after behavioural

sessione. They were handleda daily for one week before
the start of the experiment. All training took place
between 0930 and 1600. All testing took place between

0930 and 1300.

APPARATUS: A plus-shapedqd, aluminium maze with four
equal arms placed at right angles to each other. The
maze congisted of a central octagonal platform (side 14
em). Stemming at right-angles from 1it, were U4 equal
arms of length 75cm. and width Sem., slightly tapering
at the proximal end to the platform. The arms had .5 em
high walls, and a plastic food cup (1 cm. deep, 3 cm.
diameter) at the end distal to the platform. The bait

consisted of 4x U5 mg Noyes pellets in the same arm for
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each S throughout training an testing. The baited arm
was balanced across Ss.

The maze was elevated 50 ocm. from the floor, in a
room dimly 11t by one 60 W bulb, containing extramaze

spatial cues and background noise cover.

DESIGN: A within-Ss design , with 1 experimental and
1 control condition, given in balanced order. S8 were
first given 6 shaping trials in the maze in order to
ensure that they would consume the pellets. Twenty-one
training trials then followed (3 daily <triale, on
consecutive days). At the end of training, Ss were
tested under the two conditions (inter-test interval:
48 nhoure). Between the two test <trials, a further
undrugged trial was given in order to maintain baseline
performance asg constant as possible.

Subjects received a 0.2 mg/Kg MK-801 ip injection in
the experimental condition, and an equivalent volume of
vehicle solution (saline) in the control condition, 15
minutes prior to testing.

S8 were injected and tested at equal times on both
test days to control for varying hunger levels. The
dependent variable wase the number of arm entries
required until an entry to the correct (baited) arm was
made. Thus perfect performance would be detected as the
Ss' direct entry into the baited arm, giving an “arm
entry" value of 1.

Entries were scored visually as the presence of
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four paws within an arm. The rate of arm entry was also

monitored as a measure of general activity.

PROCEDURE:

Shaping: Ss2 were placed at the centre of the platform
and were allowed to explore the maze for 3 minutes.
Reward pellets were placed along the length of each S's
baited arm. Throughout the sessions the Ss were placed
in the maze platform facing random directions , so that
they could not use gimple motor patterns to guide them
congistently to the baited arm .

Training: S8 were placed at the c¢centre of the
platform, with the reward present in the food cup of
the correct arm (which was spatially constant). The
number of arm entries required until the entry to the
baited arm, was recorded. The S was removed from the
maze after it had entered the baited arm and consumed
the pellets, or after a period of 3 minutes in the
maze.

Testing: Trials were identical to <training , except
that S8 were 1injected 15 minutes previocusly with

either control or experimental solutions.
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RESULTS

Subiects rapidly learned the task, and perfect
trials were common towards the end of the training
reriod. The mean Jlevel of arm entries required at the
last training trial (trimsl 21) was 1.5 (s.e.m 0.17,
range 1 to 2).

The experimental treatment did not result in gresaster
numbere of errors in the present task. Thie was shown
by the 1lack of statistical significance when control
and experimental performance were tested with repeated
measures ANOVA or Wilcoxon's test.

Activity was also unaffected in the present
paradigm, as expected from the data obtained in the
photocell cage and 3-arm maze experiments (see table
E4.1).

The overt behaviour of the Ss under MK-801 was
normal. No stereotypical components were observed, and
Se in the experimental condition readily consumed the

reward pellets when these were found.

DISCUSSION

The present task, unlike the standard RAM task,
AdAid not seem to be sensitive to MK-801 administration.
This would suggest that the retrieval of previously

learnt long-term responses was unaffected by treatment.
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Table EL,1: Regquired Arm Entries and Activity

Level in the Reference Memory Task

Condition
Experimental Control
Arm Entries Required 1.6 (.2) 1.5 (.2)
Rate of Arm Entry (s) 12.4 (2.4) 2.3 (1.5)

Number of arm entries required up to entry to baited
arm, Experimental dose: 0.2 mg/Kg MK-801: SEM 1in

brackets.
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Therefore MK-801 would not seem to cause retrograde
amnesia. This finding, 1n conjunction with the obeerved
impairment in tﬁe standard RAM task, 1z consistent with
Morris!' (1987) prediction that 1impairments in LTP
primarily cause anterograde (and not retrograde)
amnesic effects.

The present finding 1is also congistent with
theoretical models of LTP involvement in memory (Teyler
and DiScenna, 1986 and Milner, 1989), in which the
process 18 thought to underlie memory formation

rather than long-term storage or retrieval.

The lack of impairment in the present task also
showse that the present doses of MK-801 probably do not
result in non-gpecific sensorimotor or motivational
changes. The impairment of performance in the standard
RAM task would therefore seem to be a result of a
specific action of the compound on memory.

The baseline level of performance was sufficient
to assume that Ss had 1learnt the task under study.
However, a higher basgeline performance could have

increased the sensitivity of this experiment ¢to
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