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ABSTRACT

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 ’’Lone Term Potentiation" (LTP,

MOt> <S<—
a physiological  ̂ of memory), as well as their
similiarity (in behavioural and pharmacological terms) 
with the drug of abuse Phencyclidine (PCP); 
furthermore, their use in clinical trials as 
antineurodegeneratives may be imminent.

Dose-response 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-&**m
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 Ss under the effect of the 
above doses of MK-801, did not have increased levels of 
activity, but that habituation to 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.

Subjects were also tested with MK-801 and PCP (3-4 
mg/Kg) in the radial arm maze task with a delay
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Interposed at the midpoint choice (drug administration 

occurring either before the trial or during the 

interposed delay. The results from this paradigm 

supported the hypothesis that NMDA antagonists cause 

temporary deficits in a delayed stage of the encoding 

process, or on the retrieval of short-term memories.

The results from the project overall are consistent 

with an involvement of NMDA-mediated neural pathways 

(and possibly L T P ) with learning and memory.

However the possible relevance of non-specific effects 
(state-dependent learning, for example) could not be completely 
discounted and should be addressed by future control studies.
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SECTION I: INTRODUCTION

II: GENERAL INTRODUCTION

II.1: The Principles of Physiological Models of Memory

One of the main higher functions of human and 
non-human animals is the capacity for memory. Memory 
can be described as the ability 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 contruct 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 physiological 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 mechanisms can be 
thought of as "physiological models of memory". There 
is no a priori reason to expect that a single 
physiological mechanism underlies memory throughout the 
different species, or even that only one mechanism 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.

11.2: The Nature of Physiological Models of Memory

The main function of a physiological model of memory 
is 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 
behavioural tests in animals and humans (as well as 
verbal reports in humans only).

Clearly, the formulation of a physiological model of 
memory is made theoretically complex by the fact that 
it would require the demonstration of a relation 
between two types of phenomena, the behavioural and the 
physiological. In practical terms, it would be 
particularly difficult to prove causal relationships 
between the two. Thus, most studies attempting to study 
the relevance of phsysiological models of memory to 
behaviour, have used variations of correlational 
methods. This is done by studying the interdependence 
of behavioural and physiological variables, thought to 
reflect respectively the consequence 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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advanced techniques to trace neuronal pathways and

precisely monitor their activity in vivo or in vitro. 

The main initial hurdle for workers attempting to give 

an account of memory trace formation and persistence is 

the detection of changes in neuronal structure or 

function (known as structural or functional plasticity) 

with time courses similiar to those detected in

behavioural tests of memory. Furthermore, the 

physiological changes studied must have, at least 

theoretically, the potential to support various 

observed properties of memory (such as decay, cueing,

interference and a high level of accuracy in the 

storage of events).

11.3: The Discovery of Long Term Potentiation:

A Possible Physiological Model of Memory?

In 1973, Bliss and Lomo and Bliss and Gardner-Medwin 

showed that persistent increases in efficacy (lasting 

for several hours) in a population of rabbit

hippocampal synapses after short bursts of high 

frequency (tetanic) afferent stimulation. This change 

was named ’’long-term potentiation” (or LTP) and was of 

interest because it was the first instance of sustained 

changes in neuronal function occurring after a brief 

’’triggering episode” . It therefore became the major 

candidate for the type of functional plasticity which
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could underlie memory. This prompted a large research 
effort on the characteristics and behavioural 
correlates of LTP (outlined in more detail in latex* 
sections) to evaluate the validity of LTP as a 

physiologial 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.

II.U: The Hippocampus: an
Study of the Relat

The hippocampus is a 
it has been the main 
(principally in the 
structure is also 
experimental recording 
(with extracellular and 
in vivo and in vitro.

One of the turning 
been the discovery 

receptors were
(Collingridge, 1985). 
receptor subtype. The 
(that is, a compound 
these

Ideal Focus for the 
Between LTP and Memory

mammalian forebrain; 
observation of LTP 

ordered, layered 
site for the

neuronal activity 
electrodes), both

in the study of LTP, has 
N-methyl-d-Aspartate (NMDA) 

its induction 
are a glutamate 
NMDA-antagonist 
activation of 

induction of LTP,

ion

part of the 
site of 

rat). Its 
an excellent 

of
intracellular

points 
that
involved in 

NMDA-receptors 
finding that an 
that blocks the 

receptors) blocked the
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suggested that transient activation of NMDA-receptors 

was critical to the triggering of the potentiation 

( rni i ingri d g e , 1985)- It had also tear, known timi. the

highest concentration of NMDA-mediated pathways was in 

the hippocampus (Monaghan and Cotman, 1935).

Many theories have attempted to describe the 

function of the hippocampus in animals and humans. Two 

of the most currently studied theories have ascribed 

specific memory roles to this structure (O’Keefe and 

Nadel, 1978 and Olton, Becker and Handelmann, 1979). A 

main source of evidence for these theories has been 

the study of the behavioural consequences of 

hippocampal lesions in animals.

Due to the shared importance of the hippocampus to 

both NMDA-receptors and LTP, as well as the proposed 

involvement of this structure on memory, it is the 

obvious focus of studies on the role of LTP in memory. 

The rationale for the present project was that a potent 

and selective NMDA-antagonist (the novel compound 

MK-801) could be used to test the validity of LTP as a 

model of memory. Thus, the behavioural consequences of 

NMDA-receptor blockade (and inability to induce LTP) 

would be used to test whether LTP had any relevance in 

particular learning and memory tasks in the rat. Due to

14



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

in hippocampal function.

The assumption 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.



121 THE HIPPOCAMPUS

12.1: 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 lies bilaterally below the neocortex. 
Its size relative to the neocortex decreases in 
phylogenetically more advanced species, thus it is 
large in the rat and relatively smaller in humans.

The hippocampus is made of three main layers: the
dentate, CA1 and CA3 (the initials CA standing for 
Cornu Ammonia or Ammon’s horn, an older name for the 
hippocampus proper). Each layer contains 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 
extrinsic input) to the dentate gyrus, from the dentate 
to CA3 (the f,Mossy Fibre system” ) and from CA3 to CA1 
(the ’’Schaffer collateral” system) (Gray, 1982). This 
sequential structure is known as the ’’trisynaptic
pathway” (O’Keefe and Nadel, 1978). The trisynaptic 
pathway is thought to use glutamate or a closely 
related amlnoacld as an excitatory neurotransmitter
(Monaghan and Cotman, 1985). Each step in the pathway 
also contains inhibitory interneurones, which probably 
use GABA (gamma-amino butyric acid) as
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neurotransmitter. The function of the inhibitory 
interneurones is to provide feedback control to 
moauj.ate activity levels in the trisynaptic circuit 
(Gray, 1982).

There are two main routes of extrinsic inputs to 
the hippocampus (see Figure 12.1). The first carries 
information from sensory cortical areas. This pathway 
(known as the perforant path) originates in the 
entorhinal cortex and synapses with the dendritic layer 
in the dentate gyrus (O’Keefe and Nadel, 1978). The 
perforant path is also thought to use glutamate as a 
neurotransmitter (Cotraan, Monaghan, Ottersen and 
Storm-Mathisen, 1987). The second main extrinsic input
originates in the medial septal area (via the 
fimbria-fornix) and has 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 is divided into two 
main groups. Firstly, projections from the CA3 layer to 
the septal area via the fimbria. Secondly, axons from 
the CA1 layer 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 
information. Various "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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12.2: 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 is 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 sress an involvement of the 
structure with learning: and memory.

One of the major theories of hippocampal function
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is the ’’cognitive map” hypothesis by O ’Keefe and Nadel
(1978). It was proposed that in an animal such as 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 (S’s) 
environment based on absolute rather than relative 
spatial parameters. This hypothesis was produced from 
an analysis of the behavioural consequence of 
hippocampal lesions 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 (1 9 7 8) proposed that other, 
possibly egocentric spatial systems could be located 
extrahippocampally. Therefore, impairments in
hippocampal function would result in disruptions to
tasks which mak€ a major use of this putative 
"cognitive map" system. Examples of such tasks could be 
exploration, spatial alternation and maze learning. 
O ’Keefe and Nadel made an extension 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 adapatatlon in the "cognitive map" theory 
to humans is that while the right hippocampus would 
store a spatlotemporal map (such as in animals), the 
left hippocampus would provide a "semantic map" system. 
That is, one which would provide a general framework
for the organization of semantic information (e.g.



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 in the mammalian
hippocampus resides the major "working memory” system 
which stores flexible stiraulus-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-hippocarapally. These systems 
would store relatively long-term memories with constant 
stlmulus-response associations, in a state less
vulnerable to interference. This theory would seem to 
suggest that when memories (or stlmulus-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 general 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, so that they predict that even
reference memory acquisition should be spared by
hippocampal lesions.

The classic radial arm maze (RAM) task in the rat
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is the archetypal working memory task, one in 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 acquired in 
one trial rather than on previous 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 allow the 
process of consolidation for selected types of 
information, particularly memory for events and 
episodes. The hippocampus is 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 necessarily as part of a 
larger system interacting both with the neocortex and 
subcortical areas.

Rawlins (1985) 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

13



extrahippocampally. The hippocampus would therefore 
become critical when a task would demand associations 
between memories which are not temporally contiguous to 
each other. Rawlins (1 9 8 5 ) carried out a re-analysis 
of hippocampal lesion data which could lend partial 
support for his theory. He suggested that the 
sensitivity of hippocampally lesioned animals in the 
RAM task could be explained by its requirements on 
temporally discontinuous 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 the discovery 
of a single hippocampal function does not seem a likely 
possibilty at least in the near future. Various 
theorists have tried to collect evidence that would 
specifically support their own theories, while 
disproving those of others (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 the , 
RAM because such tasks allow the manipulation of mnemonic i 
requirements within a commonly used paradigm in behavioural 
research. This should not be construed as an acceptance of the 
"working memory" hypothesis by Olton et al.<1979) ,to the, , 
detriment of the other hippocampal theories cited above. -
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13: LONG TERM POTENTIATION

13-1 The History of Long Term Potentiation

Bliss and Lomo (1973) and Bliss and Gardner-Medwin 
(1973) first reported (in the anesthetized and
unanesthetized rabbit preparation respectively) a 
lons-lasting increase in efficacy following afferent 
tetanic stimulation in the synapse between the
perforant path and the dentate gyrus in the
hippocampus. This is the main extrinsic input to the 
hippocampus and is the origin of the f,trisynap"fic 
pathway” , the main excitatory circuit in this
structure. The increase in efficacy wa,s in the order of 
50% of amplitude of the post-synaptic response to a 
constant afferent volley, and lasted from hours to 
days. This became knowm 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 long 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 physiological model of memory. This was 
based on two main characteristics of the phenomenon. 
Firstly, the fact that its triggering depended on 
particular input patterns (high frequency afferent 
stimulation), which could be thought of as discrete



"events" to be stored in memory. Secondly, the Iona 
term duration of the increases in synaptic efficacy, 
could mirror the persistence of memory traces in neural 
substrates (as suggested by Hebb, 19^9). 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 neocortex. The 
"tri-synaptic pathway" is composed of the following 
synaptic connections: perforant path to dentate gyrus 
(the main extrinsic input from the cortex), dentate 
gyrus to CA3 and CA3 to CA1. Alger and Teyler (1976) 
found LTP in the CA1 and CA3 layers as well as in the 
perforant path-dentate gyrus synapse in the hippocampal 
slice preparation. Buszaki (1980) later 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 less likely 
that it would be a simple artifact of experimental 
nanipulation.

Many studies attempted to define the parameters of 
LTP induction and maintenance as well as its underlying 
nechanlsms (for example, Teyler and DiScenna, 1987)*
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Various theories were proposed for the
neurophysiological bases of LTP maintenance. Lynch and 
Baudry (198/1) suggested that LTP could be maintained 
through the activation of an enzyme (calpain) which 
would cause the degradation of a synaptic protein 
(fodrin), resulting 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 increases in the number or 
sensitivity of postsynaptic receptors, by morphological 
changes, 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
neuropharraacological manipulation of LTP when it 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.
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13-2 The Distribution of LTP-Supportine 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 CA1, CA3 and 
dentate gyrus (Schwartzkroin, 1975 and Alger and 
Teyler, 1976). The hippocampal formation has been the 
main locus of investigation, but other limbic 
connections have also yielded positive results, such as 
the medial septal projections to CA1 (Racine, Milgram 
and Hafner, 1983). LTP was also observed at synapses 
between amygdala and dentate gyrus, entorhinal cortex 
and dentate gyrus, CA1 to subiculum and fimbria-fornix 
to CA3, CA1, subiculum and amygdala (Racine et a l ., 

1983).
Neocortlcal LTP in the rat has also been 

investigated, 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 still unclear whether all LTP-like processes 

(and especially those in the neocortex) are subserved
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by the same neurophysiological mechanism as 
hippocampal LTP. For* example, Bindman and Murphy 
(1939). Thomson, Uirdlestone and West (1989) and Sutor 
and Hablitz (1 9 8 9) found that in neocortical LTP, an 
initial increase in efficacy was observed through 
kainate and quisqualate-mediated receptors (the 
two-subtypes of non-NMDA glutamate receptors), rather 
than through NMDA-receptors (as normally observed in 
the hippocampus).

It is however largely accepted that the main locus 
of expression of LTP in the rat brain resides in the 
hippocampal formation, and particularly in the 
trisynaptic circuit (Racine et al., 1983)*
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13*3: Mechanisms of Lons Term Potentiation

13.3.1: Properties of Lons term Potentiation

Persistence

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

Specificity
LTP is generally thought to be "input specific” , 

(or homo8ynaptic) that is, it will be shown only by 
directly tetanized synapses (Rawlins, 19SU and
Andersen, Sundberg, Sween and Wlsstrom, 1977). This
would indicate that it is not caused by a generalized 
increase in excitation. This specificity is a
requirement of a valid physioloslcal model of memory, 

as it would indicate that the precise pattern of input 
(which could be viewed as an experienced "event" to be 
stored) would be faithfully preserved durins
potentiation (Hebb, 19^9)• Input specificity could 
therefore guarantee that the characteristics of an
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input would be preserved in a memory "trace” .

v

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 its activity was sufficiently closely coupled 
to that of a stronger input to the same postsynaptic 
cell. The converse would however not occur (as observed 
by Barrionuevo and Brown, 1983. in the Schaffer 
Collateral to CA1 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 its existence theoretically supports the
possibility 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 strong 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 DlScenna (1987) 
proposed that coactivation could only result from a 
poBtsvnaptic integrative function "organizing” c. 
variety of synaptic inputs. Therefore, they postulated 
the existence of a postsynaptic process by which the 
summation of separate inputs to the same cell could 
occur.

13-3-2: The Neurophysioloeical Phenomena Underlying LTP

The underlying mechanism of LTP has been the 
subject of a major research effort but is still not 

fully characterized. Smith (1987) proposed three stages 
to the process of LTP: induction, 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 cell and the presence of various

compounds in the perfusate (the liquftL 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 simultaneously depolarized (activated); 
one occasion in which this could occur is after high
frequency afferent stimulation. Alternatively it could 
occur at slower rates of stimulation, but with a

voltage clamp in operation on the postsynaptic cell, 
keeping it at a relatively depolarized state.

The above proposal was termed the "LTP induction 
rule". This rule 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 in efficacy triggered by
simultaneous pre and post-synaptic depolarization.

Collingridge (19&5) 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-assoclated ion channels was found (Nowak, 
Bregestowskl, 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 ionic influx through the above 
channels, unless the post-synaptic cell is at a
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threshold stage of depolarization. Tetanic stimulation 
would cause such a partial depolarization, allowing 
calcium ion influx in the post-synaptic cell, thus 
allowing expression of the activation of NMDA 
receptors, initiating LTP.

The influx of calcium ions is currently thought to 
be the next step in the Induction of LTP, as suggested 
by two main lines 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, Kelso, Barrionuevo and Schottler (1983) found 
that the calcium chelator, EGTA (a compound which binds 
to calcium ions, preventing their interaction with 
other compounds) 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. Calcium 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) suesested 3 types of mechanisms 
which could underlie the maintenance of LTP. Firstly, 
increases in the number of afferent fibres activated by 
tetanic stimulation, secondly chances in the tonic 
excitatory and inhibitory influences 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 
studied 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 unmasking previously Inactive 
post-synaptic receptors. Lynch and Baudry (198U) 
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 
consequence of of an LTP-llke process occurlng 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” was 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 (198*0 and 
Staubli, Faraday and Lynch (1985) found that leupeptin 
impaired performance in 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. 198U). Such increases are a crucial requirement 
for the validity of the model to be accepted.

More recently, Lynch, Muller, Seubert and Larson 
(1 9 8 8 ) agreed that a post-synaptic trigger (mediated by 
calcium 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-llke process could be induced in the intact 
animal due to the normal hippocampal ’’theta" EEG 
rhythm, which at around 5-7 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 calpain inhibitor) 
blocked LTP, and that NMDA activation caused the
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breakdown of a calpain substrata 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 (198U).

Increases 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, 1 9 8 6 ). 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, possibly by sustained
increases in glutamate release.

Conclusion
Overall, it is accepted that while a postsynaptic 

induction process occurs, the mechanisms of maintenance 
of LTP remain largely undefined. However. it is
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generally accepted that administration of potent and 

selective antagonists of NMDA-mediated

u eurctr duSniieioiuM l a  a. r e i i a D i e  way to block the 

triggering of LTP, rendering its expression

impossible.
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13. U: Lons term Potentiation and Behaviour

The relevance of LTP to learning 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.

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.

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



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 S s * competence in behavioral tasks. Barnes (1979) 
concluded that this correlation supported the 
possibility that "Hebbian” synaptic modifications could 
be the base of memory formation.

Barnes and McNaughton (1985) continued the study of 
the relation between LTP and senescent memory loss. 
They confirmed that the degree of impairment in the 
acquisition 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 did not 
exhibit LTP after tetanic stimulation were “poor 
learners” in the task; this correlation would be 
simlllar to that observed within age groups by Barnes 

(1979). Matthies et al. also suggested that their 
findings indicated a role for LTP in memory and 

learning.



13.4.2: 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 rats 
were being exposed to novel enriched environments. They 
found indicators of enhancement by increases in the 
synaptic response to low 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 Involved in the 
acquisition of "cognitive maps" (frameworks coding the 
S s * environment, as proposed by O'Keefe and Nadel, 
1978).

Other studies 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-like process occurring during associative 
learning.

McNaughton, Barnes, Rao, Baldwin and Rasmussen
(1986) suggested that memories could be stored as 
specific distributions of synaptic strengths in a



population of modifiable synapses. Inducing maximal LTP 
in one such population (again the perforant path- 
dentate eyrus synapse) was expected to "saturata” ths 
synaptic strengths and thus cause impairments in 

acquisition and use of previously stored information.
McNaughton et al. (1966) saturated LTP 

bilaterally, and found impairments in acquisition but 
not recall of a spatial "reference memory" task. They 
found that acquisition 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 in acquisition of the same task also 
occurred if LTP induction occurred 5 minutes 
post-trial, while performance in the radial arm maze 
task was unaffected by previous LTP saturation.

McNaughton et al. (1 9 8 6 ) suggested that the
observed pattern of impairment was not slmlllar 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 (198*1) could be due 
to differences in the nature of the tasks used; that 
is, classical conditioning by Berger (198*1) as opposed 
to acquisition of spatial memory in McNaughton et al. 
(1986).

The difficulties involved in the direct 
electrophyslological manipulation and recording in the
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freely novine animal* have limited the extent of 
investigations in this field. Administration of 
NMDA-antaeonists would present relative advantages in 
the study of LTP and memory . in that it could be 
considered an easily reversible and non-invaslve form 
of treatment.

Overall, electrophyslological studies would 
indicate that LTP may be involved in the acquisition of 
memory rather than its Ions-term storage. This 
coincides with some theories of hippocampal memory 
function (Squire, Cohen and Nadel, 1984- and Teyler and 
DiScenna, 1986).



13*5? Theoretical Bases of Physiological 
Models of Memory

13*5*1: H e b b *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 in 19&9. In an
attempt to explain the coding of stimuli in a neural 
network, Hebb proposed the concept of ’cell assembly*, 
an array of cells (for example in association cortex) 
which are simultaneously activated by the particular 
pattern of sensory inputs from a stimulus. The cell
assembly would act briefly as a closed system by 
"reverberatory activity” (resulting from mutual 
facilitation between simultaneously active synapses).

The reverberatory cell assembly would be the 
simplest form of neural representation or memory (of 
an image, event or idea). Hebb (19&9) proposed that 
longer term (structural) changes could occur
after reverberation in the cell assembly, when pre and 
postsynaptic cells would be simulatenously depolarized 
by high frequency firing. The similiarity between this 
proposal and the ”LTP induction rule” (see 13*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 
storage of Information for long periods of time.

H e b b ’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 in a long-term 
representation of the relevant stimulus.

13.5.2: Theoretical Properties of a Cell Assembly
Model of Memory

A "cell assembly” 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 stimuli usually occur when 

these are simultaneously experienced. Associations 
could therefore be accomodated in this model, by the 
concurrent activation of different cell assemblies 
(each coding for a stimulus). The pathways between the



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 
associated 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 instance, a fairly localized brain lesion would not
wholly destroy a long-term cell assembly due to its 
distributed properties, since the destruction of some 
of the component synapses would not completely 
invalidate the cell assembly.

13.5.3* The Work of D. Marr

D. Marr (1970) published an extensive article on
the theory of the neocortex in which he argued that its 
relative neuroanatomical 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, as formed



by networks of synapses between groups of neurons. The 
"codon” being conceptually similiar to the Hebbian cell 
assembly.

Two main ways of actual coding of synaptic 
strengths were proposed. The first essentially a 
Hebbian-type model, while the second involved changes 
to initially excitatory synapses, which would become 
ineffective by a lack of pre-synaptie 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 threshold 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.

1 3 . 5 * 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 (19&9), and the fact 
that it consists of an activity-dependent persistent 
change in synaptic efficacy is particularly remarkable. 
Thus LTP-like changes could theoretically underlie



enhanced neurotransmission within "cell assemblies1* in 
the CNS. LTP was primarily considered as a functional 
enhancement (that is.it was first studied as 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 long-term
structural changes as 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 is principally observed in the hippocampus 
(Racine, Milgram and Hafner, 1983). This discrepancy 
does not directly invalidate any correspondence between 
LTP and cell assembly theory, especially in view of the 
large involvement of hippocampal strueutures in memory 
mechanisms that is proposed by various current 
theories (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 physiological mechanism of LTP and of 
its relevance to learning and memory in animal models, 
could greatly add to its status as a physiological 
model of memory. A great research effort, using 
electrophysiological and neuropharmacological
paradigms, has developed in this direction in recent 
years.

So



13*6? The Role of LTP In Current Physiological Models
of Memory

Long Term Potentiation has been widely studied as a 

physiological model of memory, mainly because of its 
persistence and the activity-dependenee of its 
triggering. Various authors 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 Mcell 
assembly", the putative coding unit in the human brain.

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

13.6.Is The Hippocampal Memory Indexing Theory

Teyler and DiScenna (1 9 8 6 ) proposed the 
"Hippocampal Memory Indexing Theory", one of the most 
detailed accounts for the role of LTP in memory. As its 
name implies, the theory considers the hippocampus as 
an "index" of neocortical loci (or synapses); where the



neural representation of a stimulus is the array of 
neocortioal loci which it simultaneously 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 hippocampal 
indices occurred via an LTP-like process. That is, the 
activation of cortical loci by stimulus representation 
would trigger LTP in the corresponding hippocampal 
synapses for those loci. A memory for a stimulus would 
persist -if repeated presentations reinforce the index. 
Without reinforcement, the index (and therefore the
memory) would decay, slmlllarly 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 response, due to the existence of 
a previous "index" for the same event. Associative 
memory is postulated to occur via "intraeortical"
associations (also mediated by LTP) caused when two
arrays are simultaneously activated. Teyler and
DiScenna (1986) accounted for the fact that hippocampal 
lesions do not disrupt previously acquired long-term 
memories (for example Olton et al., 1979), by
postulating the formation of hippocampal-independent, 
"cortico-cortical" indexing. Such cortico-cortical
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indexing would be formed when a stimulus becomes 
sufficiently familiar, after repeated presentations. 
The authors also stated that their theory was not 
incompatible with the ’’cognitive map” hypothesis by 

O ’Keefe and Nadel (1979). in which the hippocampus is 
thought to be the locus of formation and storage of a 
spatial 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 (1 9 8 6 ) theory could be viewed 
as a development of cell assembly theory, as proposed 
by Hebb (19*19)* The main addition to it being the 
proposed interaction between the cortex and the 
hippocampus 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 increases in efficacy proposed by Hebb 
(19U9). Teyler and DiScenna (1 9 8 6 ) predicted that 
impairments in LTP or hippocampal function should 
result in deficits in tasks requiring memory formation 
and associations between memories. Overall, a profound 
encoding deficit (for spatial and non-spatial 
information) would therefore be expected.

13.6.2: "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-like changes in neural "networks** such as the
hippocampus. Therefore rather than proposing direct 
behavioural theories of hippocampal function, they
studied the possible way in which neuronal networks 
could be endowed with an information-processing
capacity.

Gary Lynch (1 9 8 6 ) suggested that memory formation and 
storage occurred in neuronal networks, which he termed 
"combinatorial arrays". He proposed that a stable 
representation of a stimulus (and therefore memory)
could be formed by an LTP-like mutual facilitation of
synapses excited by a particular event. Lynch (1986) 
stated that all modalities and associations of 
modalities could be coded in this manner. He postulated 
that different instances of such a system could occur 
at various levels during information processing, such 
as 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 other, thus 
investing the organism with the capability of recall, 
recognition and association between complex stimuli.

The theory by Lynch (1 9 8 6 ) is also essentially 

based on cell assembly theory by Hebb (19&9) *with a 
more detailed explanation of the way in which a
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neuronal network could code for stimuli through use of 
an LTP-like ^ihocess. The predictions resulting from 
This rheory are very wide ranging; a profound encoding 
and memory storage deficit would be expected after LTP 
disruption.

McNausthton and Morris (1987) proposed the concept 
that LTP could be the mechanism which would endow a 
neuronal network (such 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). McNaughton and Morris
(1 9 8 7 ) proposed that the status (or activity) of these 
synapses could be modified by LTP-like changes.

Three characteristics 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 
responding: 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.

13*8.3: The "Cell Assembly" Theory of Amnesia

Milner (1 9 8 9) applied Hebb*s theory of cell 
assembly as a model for anterograde amnesia observed 
after medial temporal lesions (affecting the 

k 1 p pocampus), in humans. Milner suggested that two types 
of synaptic enhancement could occur to form cell 
assemblies: the first 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 (19^9). Milner therefore termed 
LTP-modifiable synapses as "soft" learning synapses, 
constituting an activity-dependent change which 
eventually decays if unreinforced. On the other hand, 
structural change would give rise to a "hard" learning 
synapses which would allow permanent facilitation (and 
storage, of a memory).

In this theory therefore, short term memories 

could become permanent if they would be reinforced by 
repeated presentation or rehearsal. Milner (1 9 8 9 ) 
suggested that a complex stimulus would be coded by the 

simultaneous 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 in recognition (a common 
complaint in hippoeampally 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 impossibility of forming "soft” learning synapses. 
Therefore, an affected S or patient would only have a 
very short-term capacity for memory, wholly relying on 
"reverberatory activity” in the cell assembly. This 
activity would start immediately after presentation of 
a stimulus, and would decay rapidly.
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Ik: N-METHYL-d-ASPARTATE RECEPTORS

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

I a . 1.1: Discovery of Excitatory Amino Acid Receptors

Curtis and Watkins (I960) first proposed that the 
excitatory action of the acidic aminoacid glutamate on 
neurons was mediated via specific receptors. They
therefore suggested that glutamate or a closely related 
aminoacid 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 responses. That is,
post-synaptic 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 
(a compound activating receptor responses) for the 
putative excitatory aminoacid (EAA) receptor.

Evans, Prancls and Watkins (197&) studied the 
blocking effect of magnesium ions on neurotransmission 
at glutamate synapses. They also developed some 
glutamate derivatives which would act as antagonists
(that is, compounds blocking excitation at glutamate

5 8



synapses). Variations in the potency of responses 
elicited in different neuronal populations, led Evans 
et al. (1978) to hypothyse the existence of more than 
one type of EAA or glutamate receptor. This proposal 
was 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 quisqualate 
and kainate (two naturally occurring aninoacids with 
excitatory properties). Watkins (1978) originally 
proposed that kainate and quisqualate acted at the same 
receptor type, and therefore proposed two receptor 
populations: a ,fNMDAM 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 is 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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14.1.2: The Discovery of Selective NMDA-Receptor
Antagonists

Watkins and Evans (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- phosphonoheptanoate
(known as APV and APH respectively)^ both were 
compounds related to glutamate (glutamate analogs).

The study of NMDA-receptors attracted further
attention when it was reported (Collingridge, 1 9 8 5) 
that APV.blocked the triggering but not the maintenance 
of LTP, a long-lasting increase in synaptic efficiency, 
proposed as a physiological model of memory.

14.1.3: The Magnesium ’’Voltage-Dependent” Block

NMDA-receptors were however not only controllable 
from the proposed aminoacid binding site, but also

through the ’’voltage-dependent” block Induced by
magnesium ions (Coan and Collingridge, 1985 and
Colllngridge, 1985)* This block is thought to be 
’’voltage-dependent” because it is particularly strong 
when neurons are at highly negative voltages (that is, 
at rest). Thus NMDA-receptors can only be activated 
when the whole neuron has already been partially 
depolarized (that is, its voltage is less negative)
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after the activation of kainate and quisqualate
receptors.

I&.1.U: 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 (PCP) was also a 
non-competitive antagonist (therefore 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 
site distinct from the neurotransmitter binding site). 
Johnson and Ascher (1987) and Ascher and Nowak (1987)
found that reponses to NMDA were greater if the
specific glycine 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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IU.2: Distribution of Glutamergic Pathways in the
Rat Central Nervous system.

IU.2.1: General Techniques to Trace Neuronal Pathways

The existence of excitatory pathways in the 
mammalian CNS, using an acidic aminoacid (probably 
glutamate) as neurotransmitter, has long been suspected 
(Curtis and Watkins, I960). The detection of these 
pathways has been mainly carried out by the use of 
tritiated (radioactive) d-aspartate (an aminoacid 
related to glutamate). The compound is absorbed by 
"glutamergic” neurons (that is, neurons using glutamate 
or a closely related aminoacid 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, its release upon
depolarization and its binding characteristics. However 
they did not exclude a possible role for aspartate.

A problem involved in the determination of 
glutamergic pathways is the presence of a "metabolic"
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and a ”neurotranemitterM 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 localization and characterization 
studies have been carried out by immunocytoehemistry (a 
technique wich utilizes the selective binding of 
antibodies to particularly distinctive proteins on the 
surface of neurones to be traced).

NMDA receptors have been the most widely studied 
glutamate receptor subtype. They have been found to be 
at their highest concentration in the hippocampus, 
followed by half the concentration in the neocortex, 
moderate levels in the corpus striatum, hypothalamus 
and thalamus as well as midbraln, pons and medulla. Low 
levels of binding were found in the spinal cord and 
cerebellum (Olverman, Jones and Watkins, 1 9 8 8 ).

Olverman et al. (1 9 8 8 ) also found that the binding 
characteristics for NMDA-receptors (as tested by 
tritiated APV) did not differ significantly between in 
hippocampal or extrahlppocampal samples. They 
therefore concluded that there was probably only one 
type of NMDA-receptor in the CNS.
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lit. 2.2: Glutamergic Pathways Related to the Hippocampus

Storm-Mathisen (1981, 1988) and Ottersen and

Storra-Mathisen (1987) carried out extensive studies 
examining the characteristics of glutamergic pathways, 
mainly in the rat or guinea pig CNS. The most clearly 
defined area of glutamergic neurotransmission was the 
excitatory hippocampal ”tri-synaptic pathway” (see 
Figure 12.1), comprising the extrinsic input from the 
entorhinal cortex, via the perforant path, to the 
dentate gyrus. The granule cells of the dentate gyrus 
synapse in turn with the CA3 stratum lucidum,
projecting to the oriens and radiatum strata of CA1,
and exiting the hippocampus via the subiculum. Ottersen 
and Storm-Mathisen (1987) also found evidence of 
glutamergic activity in the bilateral projections from 
area CA& in the dentate hylus to the dentate stratum 
moleculare.

Cotman et al. (1987) reported from preliminary
studies that the distribution of NMDA receptors in 
humans was also highly concentrated in the hippocampus 

(especially area CA1, known in humans as Sommer's
sector).

Some other efferent extrinsic hippocampal 
connections were also found to be glutamergic: to
amygdala, mamillary body, mediobasal hypothalamus, 
septal nucleus accumbens and interstitial nucleus of 
stria termlnalls, also in the septum (Cotman et al.,
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1987, Ottersen and Storra-Mathisen, 1 9 8 7).
Monaghan and Cotman (1985) found unexpectedly low 

levels of NMDA receptors In the ’’mossy fibre” system in 
the hippocampus (the layer linking the dentate gyrus to 
the CA3)• Harris and Cotman (1 9 8 6 ) further found that 
while LTP could be induced in the above system, its 
induction was APV-insensitive. They concluded that 

possibly LTP in the mossy fibres could be independent 
of NMDA-receptor triggering.

Itt.2.3: Non-Hippocampal Glutamergic Pathways

Various cortico-cortical projections were found to 
be glutamergic, as well as some cortlcofugal pathways 
(Ottersen and Storm-Mathisen, 1987). These Included 
cortical projections to the thalamus, pons, 
caudatoputamen, nucleus accumbens, tuberculum
olfaetorium, amygdala as well as superior and inferior 
colliculi and substantia nigra. Salt (1 9 8 6 ) and Salt 
and Wilson (1987) found evidence that thalamic 
responses to somatosensory input were NMDA-mediated; 

this led Cotman, Monaghan and Ganong (1 9 8 8 ) to propose 
that somatosensory activity could be partially mediated 
by glutamergic pathways.



14.2.4: Conclusions

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 
effects of these compounds and the possible involvement of LTP 
with memory in the rat.
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IU.3: The NMDA Receptor and its Function

Iil.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 quisqualate 
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 eleetrophysiological properties and the 
discovery of selective antagonists (Collingridge, 1985

and Watkins and Olverman, 1 9 8 7 ).
Collingridge (1 9 8 5 ) was 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. Collingridge (1 9 8 5) 
suggested that NMDA-receptors would be activated when 
afferent impulses reached a sufficiently high
frequency. High frequency stimuli would cause partial
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depolarization of the postsynaptic cell (depolarization 
being a change in the normal resting voltage of
approximately -60 mV, to a less negative voltage, for 
example -20 mV).

In Collingridge*s hypothesis, the
coupling of partial depolarization of the poetsynaptic 
cell with afferent stimulation, would result in
activation of NMDA-receptors. This would be due to the 

release of the "voltage-dependent” magnesium ion block 
of NMDA receptors, which is particularly strong when 
the cell is not depolarized. The opening of
NMDA-receptor associated ion channels is thought to 
cause a transient influx of calcium and sodium ions in 
the postsynaptic cell. This ionic influx (particularly 
of calcium ions) is thought to be one of the 
initiating steps for LTP (Collingridge, 1985 and Cotman 
and Iversen, 1987)*

Ift.3.2: Mechanism of Synaptic Neurotransmission

The neurotransmitters thought to be endogenously 
present in EAA pathways are thought to be 1-glutamate 
and 1-aspartate; both are thought to act on all three 
receptor subtypes, although not necessarily with 
identical potency. For example, NMDA-receptor mediated 
h^upoKs respond more to 1-aspartate than to 1-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. Clearly it is the latter which 
is more relevant to neurotransmission, but it is not 
known whether the synthesis of glutamate for the two 
pools is completely segregated (Hamberger, Chiang, 
Nylen, Scheff and Cotman, 1979 and Hamberger, Chiang, 
Sandoval and Cotman, 1979)* It is also 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 presynaptie terminal, 
1-glutamate (or 1-aspartate) is released into the 
synaptic cleft and 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 
neurones or glial cells (Balcar and Johnston, 1972), 
the rate of re-uptake being related to the level of 
neurotransmitter present in the synaptic cleft.

Cotman and Iversen (1987) and Cull-Candy and Usowicz
(1 9 8 7 ) 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 different receptor types.
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Ift.3.3* Clinical Implications of NMDA Receptor 
Dysfunction

The dysfunction of NMDA receptors has been 
associated with neurodegeneration and epilepsy 
resulting from anoxia or ischemia. Both the above 
pathological changes seem to occur as a consequence of 
the "excititoxic” effects of hyperactivity in EAA 
pathways (Meldrum, 1985). Benveniste, Drejer, Schusboe 
and Diemer,198ft) found that abnormally high release of 
presynaptic glutamate could occur during anoxia. Olney 
(1988) has suggested that overactivation of receptors 
may cause neuronal death by excess calcium influx.

The calcium influx hypothesis of neurodegeneration 
has been recently supported by the finding that lowering 
the extracellular concentration of calcium ions reduced 
post-anoxic neuronal damage (Garthwaite and Garthwaite, 

1989).
Andine, Jacobson and Hagberg (1988) simulated 

hyperactivity in limbic EAA pathways by electrically 
stimulating the perforant path; they found decreases in 
extracellular calcium, which they interpreted as 
Increases in calcium ion influx to the postsynaptic 

cell. The above treatment resulted in a large amount of 

neuronal damage.
Meldrum (198ft) also proposed that EAA hyperactivity 

may mediate epileptic convulsions or neuronal damage 
caused by convulsions, especially in the limbic system.



where they EAAs play a major- role. Limbic seizures in 
humane are termed "complex partial seizures" and result 
in confusional states, altered consciousness and in 

some cases 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 post-synaptic 
sensitivity or altered neurotransmitter uptake.

The therapeutic potential of EAA antagonists (and 
particularly NMDA antagonists) in the above conditions 
has stimulated a large research effort to discover 
potent and selective compounds in this category.

Ift.. 3 . it: Pharmacological Manipulation of NMDA-Receptor
Function

Three types of compounds have been found to affect 

NMDA-receptor function directly, after exogenous 
administration. These are competitive ligands, acting



at the neurotransraitter binding site, ligands for the 
NMDA-aesocaited 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 Watkins (i9 6 0 ). 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-phosphonoheptanoic acid (APH) 

(Watkins and Evans, 1961)*
One of the drawbacks of APH and APV for in vivo 

studies, is that they have low capacity to cross the 
mammalian blood-brain barrier (Koek, Woods and 
Ornstein, 1987 and Meldrum, 198&). 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 excito#»c 
effects.

Glycine Antagonists:
Ascher and Nowak (1 9 8 7 ) and Johnson and Ascher



(1988) found 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 (1 9 8 9 ) 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 "co-transmittei*" role for glycine 
in NMDA-receptors. Foster and Kemp (1 9 8 9 ) found that an 
antagonist for the NMDA-associated 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 

phencyclidine (PCP), a compound with moderate 
anticholinergic and "sigma opiate” properties, potently 
antagonized responses to NMDA but not to quisqualate or 
kainate, in rat and cat spinal cords. Martin and Lodge
(1 9 8 5 ) reported that ketamine (a compound closely 
related to PCP) did not exert its antagonism
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competitively (that is, it did not bind at the 
neurotransraittei? site), and that its action occurred at 
a stage subsequent to the activation of the receptor by 
the agonist. Fagg (1987) reported that- increases in 
glutamate in the perfusing medium greatly enhanced PCP 
binding to the NMDA-receptor complex. Thus PCP was also 
thought to interact allosterically with NMDA-receptor 
function, and its binding was stimulated by the 
occupation of the neurotransmitter site (these 
properties suggesting its classification as a 
non-competitive '’use-dependent” antagonist). Honey, 
Mildkovic and McDonald (1985) proposed that PCP could 
act by causing a blockage to the open state of the 
NMDA-associated ion channel, this proposal
accounting for the compound's use-dependent properties.

Later research has revealed that many of the 
effects of peripherally administered PCP and ketamine 
are mediated by their NMDA-antagonism. Thus, Bourne, 

Capek, and Esplln (1989) reported that PCP blocked the 
triggering of LTP, while both PCP and ketamine 
exhibited ant) neurodegenerative properties (Marcoux, 
Goodrich and Dominick, 1988).

Wong, Kemp, Priestley, Knight, Woodruff and Iversen
(1986) reported that MK-801 (a novel compound) was a 
potent NMDA-antagonist. The discovery of MK-801 was 
first reported by Clinesehmidt, Martin and Bunting
(1982) as a potent anticonvulsant with an unknown mode 
of action. Wong et a l . (1 9 8 6 ) found that its selective



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 (1 9 8 8 ) later confirmed that the highest levels of 
binding were in the CA1 area in the hippocampus and 
that the MK-801 binding pattern was highly correlated 
to the known distribution of NMDA-reeeptors. The 
compound was found to block the induction of LTP in the 
hippocampal slice preparation (Coan, Saywood and 
Collingridge, 1 9 8 7 ). Abraham and Mason (1 9 8 8 ) later 
observed an Min 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 long intervals (over one hour 
post-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 lower 
doses (a similiar argument would apply for the
threshold interval for effectiveness after
administration).

MK-801 has attracted a high level of interest due 
to its 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-801 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 3 0 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 3 0 
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.



lU.Ux 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.

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) and
non-competitive NMDA-antagonists (such 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 behavioural studies. This 
property allows the manipulation of brain function 
without using Invasive techniques (for example, 
intracerebral cannulations). The use of invasive
techniques carries the danger of affecting the S s '
brain function and behaviour in ways unrelated to the
specific pharmacological treatment.

treatments with it would be expected to
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Ik.k.lt The Effects of Competitive NMDA-Receptor 
Ligands

Morris, Anderson, Lynch and Baudry (1986) studied 
the effect of dl-APV chronically infused 
intracerebroventricularly (icv) in the rat lateral 
ventricle (by the use of a minipump continuously
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 
Morris water maze (in which the Ss have to learn the 
spatial position of a platform in order to escape from 
water). Morris et al. (1986) however found that a
control task, visual discrimination learning;, was 
unaffected by the same treatment. In the latter task, 
Ss had to learn 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 performance in the control task.

Morris (1 9 8 8 ) 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 observed in the Ss of the 1986 
investigation.



Goddard (1986) had sussested a "double 
dissociation" strategy, to test whether* the effects 
observed by Morris et al. (1986) were artifacts of the 
locus of administration. This would test whether the 
lack of impairment in the visual discrimination task 
was simply a consequence of the administration site of 
the compound and not of an essential "task-specificity" 
of the action of dl-APV.

Morris (19 8 8 ) acting on Goddard's advice, 
investigated the proposal that the task-specificity 
effect may have been an artifact of the administration 
site of dl-APV. Therefore, he injected the compound 
into the visual occipital cortex, and again detected no 
impairments in visual discrimination learning; 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 dl-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 lev admnistratlon of the compound. 
The level of impairment in the acquisition of spatial 
responses was also highly correlated with the blockage 
of LTP induction in the perforant path- dentate gyrus 

synapse in the hippocampus.
Danysz, Wroblewskl and Costa (1988) found that lev
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APV caused deficits in the radial arm maze task (a 
spatial ’’working memory" task), at a dose ranee 
similiar to that in Davis at al. (1989)* The radial arm 

maze task is very sensitive to functional impairment 
in the hippocampus (Olton et al., 1979)* Danysz et al.
(1988) also found Impairments with APV in the 
acquisition of passive avoidance, but only if the drug 
was administered pre-trial. In the passive avoidance 
task, Ss have to learn not to escape from a lleht 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 compound could have 
partially mediated the passive avoidance effect.

Tonkiss, Morris and Rawlins (1988) also found that 
lev APV caused Impairments in the differential
reinforcement of low rates of responding (DRL)
schedules, at delays above 11 seconds, siralllarly to 
the impairment observed in hlppocampally lesioned 
rats. In the DRL task Ss had to learn to withold 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 was 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 Rosenzweis (198S) 
reported that APV given lev 5 minutes pre-trial 
resulted in deficits in 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* Stelnfels and DeNoble (1 9 8 8 ) 
subcutaneously injected NMDA in the rat and found
deficits in the acquisition of passive avoidance if
injections 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 is however made 
diffcult to interpret by the finding of DeNoble* Jones, 
Schaeffer* Stelnfels and Cook (1 9 8 8 ) 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, if 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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14.4.2: The Effects of Calpain Inhibitors

Lynch and Baudry (1984) suesested that LTP was 
mediated by an activation of the enzyme calpain, which 

by deerading a synaptic protein (fodrin), would
uncover extra postsynaptic glutamate receptors.

In support of their theory, a calpain
inhibitor, leupeptln, has been found to block the 
induction of LTP (Lynch, Muller, Seubert and Larson, 

1989).
Staubll, Baudry and Lynch (1984) found that

leupeptln caused deficits in the radial maze task.
Increases in errors were also observed in a delayed
alternation task at delays over 10 minutes. They
proposed that leupeptln 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.

I4.4.3: The Effects of Non-Competitive NMDA-Antaeonlsts

A Common Mode of Action for PCP and MK-801?
The "dissociative anesthetics" (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-k mg/Kg PCP as a cue to press one lever 
in an operant box, generalized their responses to 
0.125-0.2 rag/Kg MK-801. Therefore, rats seemed not to 
be able to discriminate between the inner stimulus
caused.by PCP or MK-801.

Koek, Woods 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) also found that rhesus monkeys were found to 
self administer both ketamlne and MK-801. This 
behavioural evidence also supports the hypothesis that 
MK-801 and the dissociative anesthetics share some 
important pharmacological and reinforcing properties. 
The discovery of PCP self-administration (by Koek at 
al., 1 9 8 8 ) is consistent with its 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 lev APH (a competitive NMDA-receptor
antaeonist) also in drug discrimination studies.
Therefore, it would seem that a common and distinct 
interoceptive cue was caused by blockage of the
NMDA-associated ion channel and blockage of the 
NMDA-receptor site. This would suggest that the cue 
stems from impaired levels of neurotransmission in 
NMDA-mediated pathways.

The Effect of PCP and Ketamlne in Behavioural Tasks 
Keener, Hardy and Calder (19SI) had described 

the pattern of stereotypical behaviour in the rat
after ip PCP, and the threshold dose at which it
occurred (.U 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 is, 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.

Glick and Zlmmerberg (1971) found that PCP
given pre-trial resulted in deficits in the acquisition 
of passive avoidance in the mouse. However, Nabeshima,
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Kozawa, Furukawa and Kaneyama (1986) found that PCP 
caused Impairments in the same paradlem 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 Battle, 1988) 
and in the acquisition of taste aversion (Welzl, 
Alessandri and Battle, 1988) when administered 

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 receiving electric 
shocks when licking a water dispenser, as found by 
Clineschmidt, Williams, Witoslawski, Bunting, Risley and Totaro, 
1982). The dose levels required to obtain the above effect were

I0.05 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 Spauldlns (1988)
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Found that intravenous (iv) 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 also
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-receptor mediated pathways 
were involved either directly or indirectly in memory 
formation.

Pontecorvo 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 in 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, 19SU). However, the preliminary 
nature of their report precludes a definite 
conclusion.

Robinson, Crooks, Shlnkman and Gallagher (1988) 
found that MK-801 caused a deficit in the acquisition 
of a spatial response (in the Morris water maze), 
without affecting motor, perceptual or motivational



processes. They observed that this 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 information acquisition 
rather than on retention or retrieval. Such a profile 
would be expected to result in anterograde amnesia in 
animals with MK-801. This would also suggest that
amnesic side effects could be observed in human
patients administered the product.

In the only published study on human oral
administration of MK-801, Troupin, Mendius, .Cheng and 
Risinger (19S6 ) 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 has to be emphasised that 
memory and retention were not directly tested by
Troupin et al. (1 9 8 6 ), 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. Most 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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151 AIMS AND RATIONALE OF THE PROJECT

This section initially outlined the characteristics 
of LTP. The LTP properties of synapse specificity and 
associativity, as well as its status as an
activity-dependent change in synaptic function make it 
a widely studied physiological model of memory.
However, the occurrence of an LTP-like process
in nature has 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 "t® memory in the rat, by the 
intraperitoneal administration of MK-801. That is, any 
memory deficits occurring after MK-801 administration 
could be ascribed to its 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 their 

imminent use in human trials, also adds another 
application the present project. Regardless of their 
LTP-blockintc properties and of the relevance of LTP to 
memory, any effects of NMDA-antagonists on learning and 
memory may be a serious obstacle to their application 
as therapeutic agents. This is especially the case if 
thse componds were to be used in epileptic patients, 
where prolonged periods of treatment could have serious 
deleterious effects on higher brain functions.
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SECTION E: EXPERIMENTS

Eli EXPERIMENT 1

The Effect of MK-801 on Activity and Behaviour 
in the Photocell Case

INTRODUCTION

The aim of the present experiment was to determine 
the dose-activity relationship in the rat for
lntraperitoneally (ip) administered MK-801. This
compound beins a potent and selective non-competitive 
NMDA-antagonist(as shown by Wong, Kemp, Priestley, 
Kniffht and Woodruff, 1986 and Foster, 1986).

The effect of a ranee 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 is achieved, without causing 
overt changes in behaviour or activity levels.

So



Bunting (1982) and Cllneschmldt, Williams, Witoslawski, 
Bunting, Risley and Totaro (1982), who studied the
anticonvulsant and anticonflict effects of the
compound, and on pilot studies carried out in this
laboratory. The dose range studied was much lower than

that at which anticonflict and anticonvulsant effects 
were observed by Cllneschmldt group.

On 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 lev 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 rag/Kg.
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METHOD

SUBJECTS: 32 Male Lister Hooded Rats (Harlan Olac,

Bicester, UK; weights 250-350 s at testing), housed in 
pairs with a 12-hour lischt/dark cycle (lights on at 
1100 hours). They had free access to food and water. 
Testing took place between 0900 and IkOO hours.

APPARATUS: Plexiglas activity cases were U6 X 23 X 20
cm deep. Two parallel photocell beams were placed 
across the case at a helsht of k cm and 2j6 cm apart 
from each other. Activity counts were obtained for 
consecutive 5-minute periods. The experimental room was 
dimly lit to allow observation. Ss were handled dally 
for ll days prior to the start of the experiment.

DESIGN: A between-sroups design was used, to avoid
0rconfoundins effects if habituation to the drus effect or 

to the experimental setup. Separate control (saline) 
conditions were run simultaneously with each 
experimental condition (dose level), thus taklns into 
account the variability in baseline activity on 
different experimental days and Ss. Four MK-801 dose 
levels were used: .1,.2,.3 and . 4rag/Kg. From earlier
pilot studies, behavioural effects 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 
Ss 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 Ss 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 significance was adopted a priori for rejection of 
null hypotheses. Therefore, all "signif leant” test
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statistics are to be considered as being based on this level of 
probability of a type I error.

The 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.





GRAPHICAL DEPICTION OF DATA: Throughout this report,

values shown in graphical form were not repeated in 
tables. The "error bars” in figures represent the 
standard error of the mean (SEM).

RESULTS

Behavioural observations revealed dose-related 
ataxia (observable at the .3 and . li mg/Kg doses), 
mainly of the hind quarters. The ataxia resulted in
falls from standing or rearing positions. A
stereotypical pattern of head sways and increased 
locomotion was also observed at the . 3 and . ll mg/Kg 
levels, while no sterotypical effects were observable 
after .1 and .2 mg/Kg doses. A slight relaxation in
muscle tone was revealed upon handling in the .2 mg/Kg
MK-801 condition, but this did not result in any overt 

increase in ataxia.

Due to the design of the study, and to the 
variability of control values between dose sessions.

were analysed as experimental / control ratio values. 
The values were arrived at by dividing the mean

activity data I tom
of \Z , 5 - k v i c h u t e
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activity value for an experimental S by the mean 
activity value for a control S (matched f6r rank) in 
the same session. A 1-way (k X 1) ANOVA was run 
on experimental / control ratio data, yielding a 
significant dose effect F(3.12)=22.8j a Newman-Keuls 

test revealed that the activity value for the . U rag/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 rag/Kg doses.

(see Figure El.l).

_. - \
A breakdown of the activity counts obtained within the first ‘ 

hour post-injection is illustrated in Figure El.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.
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The mean activity levels for the second and third hour post
injection are illustrated in Figures El. 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 levels 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-8 01 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 Ei.l: Activity in the Photocell : Cage Hith 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

cDO
O
&
*>
O<
c o0)
2

Post—Injection

4 0 --

1 2 3 4 5 6 7 8 9 10 11 12

Order of 5 —Minute Reading

Symbols:
Empty Circles= Mean Control 
Filled Circles= .1 mg/Kg MK-801 
Empty Triangles= .2 mg/Kg MK-801 
Filled Triangles= .3 mg/Kg MK-801 
Empty Squares= .4 mg/Kg MK-801

i



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
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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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very similiar to that of other compounds with NMDA-antagonist1
properties (such as ip PCP or icv APV, as shown by Koek et
al.,1987). Interestingly, activity changes and sterotypy did not 
persist into the third hour post-injection, indicating that the. 
effects of MK-801 on activity at the doses studied was relatively
short-lived. >

The present 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 design 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
numbers from 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 also 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’1 for MK-801 (similiarly to that for
PCP by Ellinwood and Balster, 1974). However, this was 
not a requisite in view of the aim of the present 

experiment.
Robbins (1977) has criticised the use of single



techniques when determining activity changes caused by 
a compound. His criticisms centered mainly on the 
v&riablity of proposed "threshold 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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E 2 : EXPERIMENT 2

Ths Effect of MK-801 on Activity in the 3-Arm Maze 

INTRODUCTION

The photocell cage experiment (Experiment 1) 
indicated that Increases in activity and stereotypical 
behaviour occurred in the rat with ip injections of 
MK-801 from a threshold dose of 0.3 me/Kg. Krsiak, 

Steinberg and Stolerman (1 9 7 0 ) and Robbins (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 "count” . Furthermore, some particular 
behavioural changes could be caused by the interaction 
between the drug effect and 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 S-ai'm maze paradigm, the Ss* spontaneous 
exploratory pattern and activity level 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 me/Kg. This was because the measurement 

of activity levels with the 0 .U 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 and 0.2 mg/Kg, 
which could be the suitable doses for future studies on 
learning and memory.

METHOD

SUBJECTS: 2U Male Lister Hooded Fats (Harlan Olac,
Bicester UK), weigA/s 250-350 at testing, housed in 
pairs, with free access to food and water. The light / 
dark cycle was identical to that in Experiment 1. All 
testing took place between 0900 and lti-00.

APPARATUS: A grey brick 3-&**m maze, with with 22 cm 
high walls on a linoleum floor, was used. The three 
equal arms were at 120-degree orientation from each 
other (arm width 10 cm, arm length ft2 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 in 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 (.1..2 and .3

mg/Kg). Higher doses of MK-801 were not used in this
study since excessive motor impairments could render 
this test unreliable. On test days, 8 Ss were evenly
split between experimental and control conditions. 
Control (saline) conditions were M/n for each dose 
level to account for variability in baseline activity 
on different test days.

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

At the start of a trial a S was placed in the 
middle of the maze, and the number of arm entries made
in the trial was monitored. The activity level was
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 Ss in the same condition, matched for rank- The 
matching procedure had the advantage of allowing for 
variability in baseline levels of activity between 
different dose sessions. These values were then 
analysed with a 1-way ANOVA (3 x 1). The optimum 
exploratory strategy for the Ss would be an "a-b-c" 
pattern of arm entry (thus visiting the arm least 
recently re-entered). The dependent variable used to 
monitor perseveration was the ratio of Ma-b-a,f type 
sequences relative to the total number of arms entries 
in the trial. This would give a measure of the 
deviation from the optimum exploratory pattern, 
adjusted for the overall activity level of each S.

RESULTS

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

The activity level of Ss in this task was analysed 
by Experimental / Control values for the mean number 
of arm entries (Ss within each dose level were matched 
by rank). A 1-way ANOVA revealed a significant 
treatment effect F(2,9) 6.16. A Newman-Keuls test
showed that arm entries were selectively increased at

lot



■the .3 mg/Kg MK-801 dose (see figure E2.1). This would 
confirm it 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 
(see 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 findings of the present experiment support the 
data from Experiment 1, indicating that the threshold 
dose of MK-801 for stereotypical effects 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 
experiments examining changes in learning 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 Ss per condition).

The lack of a significant increase in perseveration 
would suggest that exploratory ability was not impaired
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Figure E2.2: Perseverations In the 
3-Arm Maze With Intraperltoneal MK-801
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Fiqure E2.1: Activity in the 3-Apbi Haze - With Intraperitoneal HK-801
Hean ExperiJiental/Control Ratio Activity (Percent)
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by treatment. An efficient exploratory strategy in a 
3-arm maze requires at least the recall of the 2 most
recently visited arms in the arm entry sequence. The

rate of arm entry was around 15 seconds. It could
therefore be suggested that the encoding and use of

information up to at least U-5 seconds delay, was 
unaffected by sub-stereotypical doses of MK-801. to be 
used in learning and memory experiments. The lack of 
perseveration would also indicate that the S s ' 

motivation and strategy was relatively unaffected, and 
suggests that gross perceptual deficits were not caused 
with the sub-stereotypical doses used in the present 
experiment.

The overall conclusion from the present experiment 
is that .1 and .2 mg/Kg MK-801 doses could be suitable 
for use in experiments on learning and memory due to 
the lack of changes in sensory-motor function, overt 
behaviour and activi ty; u/lthib f U  A  t  h a w  a o s f - i M z c t i e h .
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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
Sanuel8on, 1976) was found to be very sensitive to
hippocampal damage (Olton, Becker and Handelmann, 
1979)* The authors proposed that this sensitivity was 
due to the task's reliance on "working memory" which
they suggested was controlled by mechanic sms in the 
hippocampus. Thus "working memory" Ifdefined as a store 
for flexible, stimulus-response associations, with a 
high degree of temporal discrimination, and vulnerable 
to interference. The standard RAM task (which is a
spatial task) operationally tests for all the above
characteristics of the above system, and was 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-antagonists, such as MK-801, would cause 
deficits in the RAM task. Other compounds with
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NMDA-antagonist properties (such as PCP) have been 
found to disrupt RAM performance (McCann, Rabin and 
Winter, 1 9 8 7 ). Authors studying the behavioural effects 
of PCP and NMDA-receptor antagonists, have suggested 
that these deficits could be mediated by the 

NMDA-antagonist properties of PCP (Koek, Woods and 

Ornstein, 1987)«

METHOD

SUBJECTS: lU Male Lister hooded rats (Harlan Olac,
Bicester, UK) housed in pairs, with a 12-hour
light/dark cycle (lights on at 1100 hours). The initial 
masses were approximately 170g, Subjects were gradually 
food deprived to around 85 % of expected free-feeding 
mass, with water freely-available. Feeding took place 
30 minutes after the end of behavioural sessions. The



Ss were handled daily for a week before the start of 
the experiment. All testing took place between 0900 and 
1600.

APPARATUS: An aluminium RAM similiar in 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 end of each arm. The room 
containing the maze was dimly lit and contained various 
visual cues. 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). Ss were trained to
criterion in the standard RAM procedure (2 trials per 
day, 2 days/week, separated by 2-3 days). The Ss 
competence at the task was monitored by the 

"efficiency” value (McCann et al., 19&7) 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 above. After criterion, Ss 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
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was random, to account for varying hunger levels and 

time of day. 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 ll& 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 armm

entries. At the start of a trial, 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 Ss received 2 trials separated

by H 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.



RESULTS

The results Indicated that the drue 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 Ss (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»l)«

TRAINING: Thirteen out of 1U Ss 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*l)* A 
Significant condition effect F(l,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 rag/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 ms/Kfif 0. 2 mg/Kg
Exp/Cont Efficiency 89.8 74.4

SEM 6.8 5.5

Mean experimental/control efficiency, expressed as a 
percentage
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F i l m  E3.1: The Effect of HK-801 on Efficiency in the Standard RAH Task
Kean Efficiency IS

100-

0.1 Dose HK-B01 lig/Kg)
E 2  Experisental Control
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Table E3.3: Control Efficiency and Order
of Conditions Within Test Days

Order of Conditions in Test Days 

Experimental-Control Control-Experimental

Efficiency 83-2 84.9

SEM 3•3 3-9
No. Ss 13 13

Mean control efficiency level for pooled doses of 
MK-801 (0.1-0.2 mg/Kg)
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significantly lower in the .1 and .2 me/kg conditions 
than in either of the control trials]

The possibility of a "carryover” effect occurring 

when the experimental dose preceded the control dose in 
the same test day was considered. Thus a control 

trial, occurring after the experimental trial in the 
same day, could still theoretically be under the effect 
of earlier drug administration. To investigate this 
possibility, control efficiency values were divided 
between those occuring before and after the 
experimental trial in the test day. 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 significant deficit found in the RAM task 
after doses of MK-801 which did not cause overt 

behavioural effects, indicated that the treatment may
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have caused a disruption of

The Ss under the effect of the drug seemed to fail in 

their performance in a task that requires the storage 

and use of closely temporally related, spatially 

distinguishable events. The performance deficit was not 

likely to be caused by altered hunger states, as 

experimental subjects readily consumed the pellets they 

found. It was also unlikely that the treatment affected 

the "reference memory” component of the task, regarding 

the task requirements and the optimal strategy, which 

Ss had to learn in order to reach criterion. 

Furthermore, from observation, experimental Ss did not 

readily adopt 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 unnecessary 

complication of the design (although the major problems 

arising from it w e r e  adequately controlled for).

A better and more powerful design would have been

achieved by a single control condition, run on a
f

separate day to the two experimental conditions. The
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problem of a steady baseline level of performance could 
have been solved by running undrugged trials on the 
days separating the tests. The adoption of "reference" 
drugs such as PCP and scopolamine in this experiment 
could have also been a useful framework against which 
to test the extent and type of disruption induced by 
MK-801. The information that could have been gleaned 
from such comparisons would however be limited, in view 
of the lack of knowledge on the precise effect of
such compounds on memory (Olton, 1987 and Izquierdo, 

1989) •

If it is accepted that the deficit observed in the present 
experiment was due to a memory impairment, it would be of great 
Interest to investigate whether MK-801 only causes deficits in 
:asks requiring particular types of memory processes. This 
information could be used to test the hypothesis that NMDA- 
receptor mediated pathways (and possibly LTP) play a specific 
role in memory in the rat.



E & : EXPERIMENT U

A Study on the Effect of MK-801 
on a Learnt "Reference Memory" Task

INTRODUCTION

The results of the RAM experiment (E3) would
indicate that MK-801 causes an impairment Ln haeĥ i orj.

Morris (1987) has suggested that disruption of 
LTP causes only anterograde impairments (that is, the 
acquisition of novel memories would be impaired, but 
not the retrieval established memories)

The RAM task also has a "reference memory"
component, required by the Ss to perform the correct 
strategy. This did not seem to be affected by MK-801 in 
the RAM experiment, since the Ss did not seem to adopt 
unusual vS*th&-Tsj>ies (for example a "motor" strategy, 
such as "turn left when exiting an arm").

The impairment on performance in the RAM task by 
MK-801 would therefore seem to be mediated by an
anterograde amnesic effect. This is because the Ss
could not remember which arms had been previously
entered in the trial.

The purpose of the present experiment was
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therefore to determine whether MK-801 (at a dose at 

wh ich n ,  ftA-ii task. was affected) would cause a
retrograde impairment In a spatial "reference memory" 

task (Olton et al., 1979). A "reference memory" task is
one which requires the use of information which is 
constant from trial to trial, thus the
stimulus-response associations in it are inflexible. 
Olton et al. (1979) found that "reference memory" tasks 
were relatively insensitive to hippocampal damage or 
functional impairment.

The present experiment could therefore indicate 
whether a dissociation on the behavioural effects of 
MK-801 could be made on the basis of a task’s 
sensitivity to hippocampal impairment. Since "reference 
memory" tasks would be primarily sensitive to agents 
causing retrograde amnesia, Morris (1987) would predict 
that they should not be affected by administration of 
MK-801 (which could interfere with LTP-triggering in 
vivo).

The task used in the present experiment involved the 
retrieval of a previously learnt spatial response, 
under the effect of MK-801. In the task, the Ss were 
initially trained to retrieve food in a particular arm 
of a plus-shaped /l-arm maze. After training, they were 
treated with MK-801, and their performance monitored.

Correct performance in the task therefore relied 
mainly on the use of established memories. A lack of 
impairment with MK-801 could indicate that
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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 IlOO g. Ss were housed in pairs with 
water ad lib., and were food deprived gradually to 
around 85 percent of their original masses, by
appropriate feeding 30 minutes after behavioural
sessions. They were handled 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-shaped, aluminium maze with four
equal arms placed at right angles to each other. The 
maze consisted of a central octagonal platform (side 1U 
cm). Stemming at right•angles from it, were U equal 
arms of length 75cm. and width 5cm., slightly tapering 

at the proximal end to the platform. The arms had .5 cm 
high walls, and a plastic food cup (1 cm. deep, 3 cm. 
diameter) at the end distal to the platform. The bait 
consisted of ttx &5 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 cm. from the floor, in a 
room dimly lit 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. Ss 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 trials, on 
consecutive days). At the end of training, Ss were 
tested under the two conditions (inter-test interval: 
48 hours). Between the two test trials, a further 
undrugged trial was given in order to maintain baseline 
performance as 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.

Ss were injected and tested at equal times on both 
test days to control for varying hunger levels. The 
dependent variable was the number of arm entries 
required until an entry to the correct (baited) arm was 
made. Thus perfect performance would be detected as the 
S s * 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: Ss 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 simple motor patterns to guide them
consistently to the baited arm .
Training: Ss were placed at the 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 Ss were injected 15 minutes previously with 
either control or experimental solutions.

12.Z.



RESULTS

Subjects rapidly learned the task, and perfect 

trials were common towards the end of the training 

period. The mean level of arm entries required at the 
last training trial (trial 21) was 1.5 (s.e.m 0.17, 
range 1 to 2).

The experimental treatment did not result in greater 
numbers of errors in the present task. This was shown 
by the lack of statistical significance when control 
and experimental performance were tested with repeated 
measures ANOVA or Wileoxon’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 
Ea.1 ) .

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

DISCUSSION

The present task, unlike the standard RAM task, 
did 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 EU.l: Required 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.il (2. H) 9.3 (1..5)

Number of arm entries required up to entry to baited 
arm. Experimental dose: 0.2 mg/Kg MK-801; SEM in
brackets.
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Therefore MK-801 would not seem to cause retrograde 
amnesia. This finding, In conjunction with the observed 
impairment in the standard RAM task, is consistent with 
Morris* (1987) prediction that impairments in LTP 
primarily cause anterograde (and not retrograde) 
amnesic effects.

The present finding is also consistent with 
theoretical models of LTP involvement in memory (Teyler 
and DiScenna, 1986 and Milner, 1989)* in which the 
process is thought to underlie memory formation
rather than long-term storage or retrieval.

The lack of impairment in the present task also 
shows that the present doses of MK-801 probably do not 
result in non-specific 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 learnt the task under study. 
However, a higher baseline performance could have 
increased the sensitivity of this experiment to
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pharmacological disruption.
The present experiment could have also been 

improved by th#» adoption of an appropriate 'Active1* 

reference drug. That is, if a compound had been used to 
show that disruption of this task could occur in the 

absence of overt behavioural changes, the lack of 
sensitivity to MK-801 in this paradigm would have been 
more strongly supported.

If it is assumed that MK-801 causes an in vivo 
block of LTP triggering (Coan, Saywood and 
Collingridge, 1988), it can be concluded that intact
LTP is not needed to successfully complete all tasks 
requiring spatial memory (this finding is in
accordance with those of McNaughton et .al.,19 8 6).

Specifically, intact LTP-like processes would not 
seem to be necessary for the retrieval of information 
stored in I -t memory (McNaughton et al. , 1986).
It is therefore of great interest to find out what 
component of the mnemonic process was affected by 
NMDA-antagonist treatment in the RAM task (which was 
sensitive to MK-801 administration). Since the 
retrieval of information was found
to be unaffected in the present task, the acquisition 
of spatial information should be investigated as a 
candidate for the memory stage sensitive to 
NMDA-antagonist treatment*

17.6



However, the present experiment also has a lesser degree of 
difficulty than the RAM task in Experiment 3. Therefore a lack of 
an MK-801 induced deficit in the present task may for instance be 
due to a decreased attentional or perceptual load in this simpler 
task, rather than to its qualitatively different memory 
requirements.
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E 5 : EXPERIMENT 5

The Effect of MK-801 on the Acquisition of 3l 
Spatial "Reference Memory” Task

INTRODUCTION

The findings of Experiment U (the "reference 
memory” task) indicated that MK-801 did not cause 
impairments in the retrieval of a previously learnt 
response. On the other hand, the impairment observed in 
Experiment 3 (the standard RAM task) showed that a 
task requiring flexible encoding and retrieval of 
short-term memories was instead affected by the same 
treatment.

Furthermore, the lack of impairment in the 
"reference memory” task, supports the notion that the 
effect observed in the RAM was due to a relatively 
specific action of MK-801 on the memory processing.

The interest in the behavioural correlates of LTP 
is mainly due to its status as a physiological model of 
memory. Therefore, it was of particular interest to 
define what operational memory stages would be affected 
by a treatment thought to block LTP triggering (such as 
MK-801 administration).

Since the retrieval of long-term memory has been 
shown to be insensitive to MK-801 administration, the
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present experiment aimed to test whether the 

acquisition of such memories would be affected by the 
same treatment.

Various workers have found that treatments 

interfering with hippocampal LTP resulted in deficits 

in the acquisition of long-term memories. McNaughton et 
al . (1 9 8 6 ) for example, electrically stimulated maximal
LTP in the synaptic layer between the perforant path
and the dentate gyrus in rat hippocampus. They found 
that this treatment strongly impaired the acquisition 
of a spatial "reference memory" task (the "hole board" 
task, in which rats have to learn the position of a box
which allows them to escape from bright light).
Interestingly, McNaughton et al . (1 9 8 6 ) found that the
same treatment did not disrupt performance if the 
position had been previously learnt. They concluded 
that during the formation of "cognitive maps" (O’Keefe 
and Nadel, 1979) spatial information must be 
temporarily stored at modifiable synapses, in the 
hippocampus. This would account for their sensitivity 
to LTP disruption during acquisition only.

Morris, Anderson , Lynch and Baudry (1 9 8 6 )
similiarly found that intracerebroventricular (icv) 
chronic injection of APV (the competitive NMDA-receptor 

antagonist), produced deficits in both the acquisiti.** 
of a spatial "reference memory” task, and reversal of 
responses after a change in the stimulus-response 

contingency.
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The present experiment’s findings could therefore 
serve two main uses. Firstly, to study the 
correspondence between the behavioural effects

occurring after LTP saturation, APV icv administration 
and MK-801 ip administration.

The second motivation 
of the present experiment would be to determine 
whether MK-801 affects specifically the acquisition of 
long-term memories, but not their retrieval after 
prolonged intervals. This would allow to further define 
the possible involvement of NMDA-receptor mediated 
pathways and LTP in memory.

METHOD

SUBJECTS: Twelve male Lister hooded rats from the
laboratory colony. They were housed in pairs, with a 
12-hour light/dark cycle (lights on at 1100 hours). All 
behavioural sessions took place between 0930 and 1300. 
Their weights before training were in the range 220-&20 
g; they were gradually food deprived to around 85# of 
expected ad lib. weight, by partial food deprivation 
from seven days prior to training, and were fed 
appropriate amounts 30 minutes after behavioural 

sessions.
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APPARATUS: An aluminium il-arm radial maze identical in
construction to that in Experiment k. Four arms (75 cm 
wide, 7*5 cm long) stemmed from a central octagonal 

platform (side Ik cm) at right angles to each other. 
Arms were slightly tapering at the end proximal to the 
platform, and had .5 cm high walls. At the end of each 
arm was a round plastic cup in which three it5 mg Noyes 
pellets were placed. A hollow black plastic cylinder 
(diameter 20 cm, height 25 cm, used as a start "box” ), 
could be placed on the platform and lifted via a pulley 
system. All behavioural testing took place in a room 
with visual extramaze cues, background noise, and dimly 
lit by a single 60 W bulb.

DESIGN: A between-Ss design with 2 conditions was used.
These were saline and 0.2 mg/Kg MK-801 (6 Ss per
condition). The experiment consisted of three stages: 
training, testing and post-relocation (PR).

The Ss received 16 training trials under the effect 
of the appropriate treatment (U trials per session, 2-3 
days apart from each other) with the same arm baited 
throughout. This was followed by testing with the bait 

in the same arm (k trials in one undrugged session). 
The post-relocation stage started 2-3 days after 
testing (with the bait in a different arm than that in 
the training and testing stage), for 8 undrugged trials
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(ll trials per session, 2-3 days apart).
The baited arras were balanced between conditions 

throughout.

Two dependent variables were measured. Firstly, the 
number of arm entries required the S entered the
baited arm (a value of 1 therefore indicating perfect 
performance). Secondly, the rate of arm entry, to 
monitor the level of activity. An arm entry was 
visually scored as the presence of ll paws within an 
arm.

The design allowed to study the acquisition of a 
spatial response under MK-801, as well as the effect of 
testing for the response in the absence of the drug. 
The post-relocation stage was adopted in order to 
investigate any long term effects of the compound.

PROCEDURE:
Shaping: Ss were shaped, with food pellets liberally 

strewn across the maze, during the first shaping 
session, in which each S received three 3-minute 
shaping trials. In the second shaping session, 2
days later, the number of pellets was gradually 
reduced until rats were running the maze for pellets 
exclusively placed in the food wells at the end of

the arms.
Training: After shaping, each S received ll training 

sessions (H trials/session, inter-trial interval 10-12
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minutes), 2-3 days apart from each other. At the 
beainnine of the training stage, extraraaze cues in the 
room were altered and maintained in the new 
configuration until the end of the experiment. This was 
done in order to stop Ss from forming arm-cue
associations during the shaping period. Subjects were 
injected ip 15 minutes prior to the beginning of each 
training session. During behavioural testing, the E was 
ftblindM to the drug condition.

The trial procedure (standardized until the end of 
the experiment) was as follows: The S was placed in the 
start cylinder, which was lifted after 5- seconds, 
allowing the S to enter the arras of the maze. One arm 
(spatially constant and balanced across Ss) was
rewarded for each S (the arm being spatially constant 
through training and testing, but was changed during 
post-relocation trials). A trial lasted for a maximum 
period of fl minutes. The S was removed
from the maze after it had spent 30 seconds in the 
baited arm, or if it attempted to leave the arm. The 
maze arms were rotated at the end of each trial to 
make odour trails unreliable as cues for solution of 

the task.
Testing: Two to three days after the end of

training, Ss were given one further session identical

to one in the training stage, except for the lack of 

drug injections.
Post-Relocation: Starting two to three days after
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the test session, Ss received 2 sessions (identical to 
testing sessions, 2-3 days apart from each other) in 
which the rewarded arm was changed for all Ss and 
maintained in the new "relocated” position until the 

end of the experiment.

RESULTS

The data were analysed in three portions: firstly
the "acquisition" stage (comprising the it training 
sessions) , secondly, the Test stage and thirdly the
Post-relocation stage, comprising the last two
sessions.

The findings indicated that acquisition of the
response was impaired by MK-801. A deficit was also
observed at the first trial of the test stage, 
confirming that the experimental Ss had achieved a 
lower level of proficiency during training than 
controls. The post-relocation stage was unaffected, 
suggesting that no long-term impairments in acquisition 
occurred after suspension of the treatment.

Acquisition Stage: Two-way (session X treatment)
repeated measures ANOVAs were carried out for Arm Entry 
and Rate of Arm Entry data, based on the mean levels
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for each session (U trials/session) or on the first 

trial of each session (see figures E5.1 to

MK-oOl resulted in significantly higher mean number 

of arm entries to completion of trials F(1 ,1 0 )=5«63, 
while the rate of arm entry was unaffected. This would 

Indicate that acquisition of a spatial response was 

impaired by MK-801 at a dose which did not cause 

changes in activity levels. The lack of significance 

in the analysis on the arm entries required on first 

trial of each session, indicated that the effect was 

not due to between-session forgetting, but rather to 

poor acquisition within sessions.

Test Stage: The analysis revealed that experimental

Ss required more entries in the first trial to locate 

the baited arm t(7)=2.35 (seefLjutf Ex5«l). This would 

indicate that MK-801 treatment during acquisition 

resulted in a lower level of proficiency in the task. 

The lack of significant differences between control and 

experimental mean arm entry values indicated that 

experimental Ss previously under the effect of

MK-801, could rapidly acquire the appropriate spatial 

response in the absence of the compound. Hence the 

MK-801-induced effect on acquisition was fully 

reversible.
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Figure E5.1: H e r  of Ari Entries 'Required; First Session Trial
Kean H e r  Ari Entries Required
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Figure E5.2: Mustier of Ari Entries Required: Session Mean
Kean Haber Jin Entries Required
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Figure E5.3: Activity. Level: First Session Trial
Kean Hate of Ari Entry (Seconds)
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Figure E5.4: Activity Level; Session Kean
Kean Rate of Ari Entry (Seconds)
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Surprisingly, the rate of arm entry was
significantly slower in Ss in the experimental group, 
t(8)=2.13 for the first trial and t(6)=2.32 for the 
session mean values (see Figures E5.3 and E5.U 
respectively).

Post-Relocation Stage: The format of the data
analyses were identical as for the acquisition stage. 
There were no significant differences between control 
and experimental groups in arm entries to completion or 
in the rate of arm entries (see Figures E5*l to E5.&).

This would indicate that experimental Ss did not 
suffer from long-term acquisition or reversal deficits 
after the MK-801 treatment had been discontinued. 
Furthermore, the lack of significant differences in the 
rate of arm entries at this stage, would suggest that
the rate decrease found during the test session may
have been due to habituation changes in experimental 

S s .

DISCUSSION

The findings of the present experiment indicated 
that 0.2 mg/Kg doses of MK-801 caused a deficit in 
the acquisition of a long-term ("reference memory") 

spatial response.
The test stage data confirmed that the level of
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proficiency of experimental Ss in the task was inferior 

to that of controls, after an equal number of training 

tr i a l s .

The lack of a significant difference during the 

post-relocation stage, suggested that the impairment 

caused by MK-801 did not extend to later acquisition of 

spatial responses.

The occurrence of a deficit under training and

testing, rather than at testing alone, would suggest

that the MK-801 effect was not a case of simple

"state-dependent learning" (Overton, 198 ll) , but of a

more specific impairment of the acquisition process. A

common instance of state-dependent learning (SDL) in a

pharmacological context, involves the Ss inability to

recall stimuli encoded under the effect of a drug, when

the drug effects have waned (Overton, 1 9 8 U). The

expected profile for (SDL) in the present task, would

have therefore consisted of a deficit at the test

stage, without an impairment being shown during

acquisition. H o U / * i / ? h ,  cL W h ?  c /,L r? c t QlL d f t h a & c h  s h w tc L
he used to Ltjate the tfccishrehce of S\>L.

State-dependency of the level of habituation to the

experimental situation be ruled out, due

to the significant difference in the rate of arm entry 

at the test session (when experimental Ss were

undrugged). A simple activity effect is unlikely, as 

the rate of arm entry was unaffected during the

training stage. From visual observation, it would seem 

that this effect was due to more time being spent by
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experimental Ss in the central platform of the maze. 
The Ss orientated towards various arms before making an 
entry. This ’’hesitation" cannot be validated from the 
data collected in this experiment, since no record of 

time spent on the platform was made.

A study on the acquisition of a spatial response 
could only adopt a between-Ss design, but a greater 
number of Ss per condition would have been more 
appropriate. A 0.1 rag/Kg MK-801 condition could also 
have been useful in confirming the validity of the 
findings, and establishing the dose-dependence of the 
effect.

The relatively low level of control performance is 
another shortcoming of the present experiment. 
However, since perceptual or motivational effects of 
MK-801 could be ruled out (from the observations in 
Experiment ft), a relative deficit in acquisition in 
experimental Ss was indicated, even though control Ss 
themselves had not shown a striking degree of 

acquisition.
A useful change that could be made to the present 

protocol would be to study the effect of MK-801 on the 
reversal of a learnt reference memory response. Thus Ss 
could be trained to criterion without the drug and 
response reversal (or relocation) could be studied 
under treatment.

The findings of the present experiment are 
especially suggestive if viewed in conjunction with



those in Experiment tl. It would seem that although 
acquisition of this task was affected by MK-801, 
administration of the drug would have no effect if the 
task had ben previously learnt. This selectivity could 

indicate that NMDA-receptor mediated pathways (and

possibly LTP) are critical only during the acquisition
\l / /of a reference memory task (or of a long term

stimulus-response association).
These findings mirror closely the predictions of

Teyler and DiScenna (1986) in their ’’hippocampal memory
indexing" model. In that model, a learnt task of the
kind used in this study, was predicted to become
relatively independent of hippocampal function due to
the formation of a "cortico-cortical index” .

i . .
i

i .

The acquisition deficit observed in this experiment 
indicates that MK-801 produced simillar behavioural 
effects to icv APV (Morris et al. 1986) and LTP 

saturation (McNaughton et al. 1987). This would 
therefore suggest that there are operationally specific 
behavioural consequences to treatments which impair LTP 
(pharmacologically or otherwise). This would further 
support the assumption that LTP plays a specific and 
significant role in learning and memory in the rat.



E6: EXPERIMENT 6

The Effect of MK-801 on Post-Delay Performance 
In the RAM Task with an Interposed Delay

INTRODUCTION

It was shown in Experiment 3 that MK-801 could 
cause Impairments in the standard RAM task. This is 
consistent with the hypothesis of O'Keefe and Nadel 
(1978) and Buresova an<L Bures (1982) that druss 
affecting hippocampal function would cause deficits 
tasks requiring spatial memory. It was also shown (in 
Experiments U and 3 ) that the same treatment impaired 
the acquisition but not the performance of a spatial 
"reference memory" task.

The purpose of the present experiment was to
determine whether the above effects of MK-801 could be
specifically related to a particular stage of the
processing of information. This would allow to 
formulate a more detailed account of the Involvement of 
NMDA-receptor mediated pathways and LTP with memory.

The results of Experiment k indicated that MK-801
did not cause impairments in the retrieval of
long-established memories. Therefore, long-term memory 
retrieval would be an unlikely candidate as the
information processing stage sensitive to MK-S01

1*3



treatment.
The type of processing Involved in a "working 

memory" paradigm such as the RAM task would
conceptually involve short term encoding* storage and 

retrieval of information. Acquisition of a "reference 
memory" task (such as in Experiment 5) would Involve 
all of the above, in addition to long-term processes.

Some authors have suggested that LTP would be
involved in the encoding and initial storage of 
information (Teyler and DiScenna, 1986 and MCNaughton 
et a l ., 1986).

The present task aimed to test the above
prediction. This was achieved with the use of a
modified version of the RAM task. Involving a delay 
Interposed at the midpoint choice within a trial. This 
modified version of the RAM task was chosen in order to 
achieve comparability with the other studies in the 
project.

Beatty and Shavalla (1980) found that 
rats could reach a high level of proficiency in the RAM 
task with delays (of up to U hours length) interposed 
at the midpoint choice. Such a task would still be 
considered a "working memory" procedure according to 

the definition by Olton et al. (1979) because 
information about the stlmulus-response relationships
is only valid for a single trial. This exemplifies
clearly the point that "working memory" procedures need 
not be limited to short-term tasks.
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In the present task, a 15-minute delay was adopted 
at the midpoint choice (that is, between the fourth and 
the fifth arm entry). Drug administration occurred at 
the start of the delay. No errors were expected to 

occur in the pre-delay stase of test trial, since 
trained animals rarely make re-entries in the first 
four choices.

The adoption of the interposed delay allowed the 
division of the errors occurring during the post-delay 
stage into two main types. Firstly, re-entries to arms 
originally visited in the pre-delay stage (these will 
be called "Pre” errors'*). Secondly, re-entries to arms 
originally visited earlier in the poot-delay stage 
(known as "Post" errors).

Thus, a pure retrograde amnesic effect of treatment 
would result in Pre error Increases, while a purely 
anterograde amnesic effect would result in Post error 
increases.

Morris (1988) predicted that NMDA-antagonist 
treatment or LTP impairment would result primarily in 
an anterograde amnesic effect. It was also found in 
Experiment k that a retrieval deficit does not seem to 
occur on MK-801 administration. Furthermore
Teyler and DiScenna (1 9 8 6) and McNaughton et al. (1 9 8 6) 
have suggested that LTP could be involved in the 
encoding and initial storage of informal Von. The above 
factors would lead to the prediction that in the 
present task, an increase in Post errors should be
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observed with NMDA-antagonist treatment.
However, It must be noted, that the chance 

probability of a Pre error is generally much higher 

that of a Post error. Therefore, the data analysis for 
either type of error was carried out separately.

The treatments observed in the present task 
Included two sub-stereotypical doses of MK-801 and one 
PCP condition. PCP has been found to have
NMDA-antagonist properties (Anis, Berry, Burton and
Lodge, 1983) and to cause deficits in the RAM task
(McCann, Rabin and Winter, 1987). Therefore, its use 
would allow for the definition of a possible
"NMDA-antagonist” pattern of memory impairment in the
rat.

METHOD

SUBJECTS: 12 Male Lister Hooded Rats (Harlan Olac,
Bicester, UK) housed in pairs, their weight at the
start of the experiment were 200-220g. Ss were
gradually food deprived to around 85X of their expected
free-feeding weight by adequate feeding approximately 

30 minutes after the end of behavioural sessions which 
took place between 0900 and 1300, 5-7 days per week. 
The Ss were kept in a 12-hour light/ dark cycle (lights 

on at 1100 hours).
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APPARATUS: The aluminium RAM used was identical to
that in Experiment 3. The only variation beine a 
circular start box in which the S was placed before the 
start of a trial (and after the Interposed delay) on 

the central platform. The box was lifted to allow the S 
to enter the arms. The Ss were kept in a separate larse 
case durine the interposed delay. One Noyes (45 ms) 
pellet was placed in each arm as reward.

DESIGN: A simple repeated measures desisn was used with 
four treatments: Saline (control), 0.1 ms/Ks* 0.2 ms/Ks 
MK-801 and 4 ms/Ks PCP in saline solution. The rats 
were trained to criterion on the RAM task with a 
15-minute interval between the fourth and fifth 

choices. The criterion level was defined as 3 
consecutive trials with a maximum of 1 error per trial.

Subjects subsequently underwent the four test 
conditions consecutively in balanced order. Testlns 
(drus) days were separated by at least 48 hours and one 
undrussed trial at the criterion level of performance. 
If performance in the undrussed day between drus tests 
was below criterion level, training was resumed until a 
trial was completed at the required efficiency level.

TRAINING SCHEDULE: The Ss were handled for 4 days

previously to beins placed in the maze for shapins* 
which besan one day after the start of food
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deprivation. Shaping consisted of 3 consecutive days in 
which Ss had two 4-minute exploration periods/day.

Training in the standard RAM task then started, Ss 
receiving 1 daily trial, 5 days/week up to 12 trials. 
They then received Ik trials with a 1-minute delay 

Interposed between the fourth and fifth choices, and 
were accustomed to the delay cage. The delay was then 

Increased to 15 minutes, and training continued (one 
trial/day, 5-7 days/week) up to criterion. Testing 
followed, Interspersed with at least one training trial 
at the criterion level of performance. The number and 
type (Post or Pre) of errors per trial were recorded, 
as well as the rate of arm entry in the post-delay 
stage.

PROCEDURES:
Shaping: The S was placed in the middle of the maze, 

which had been liberally covered with reward pellets. 
The amount of pellets was gradually reduced, until only 
1 pellet was present in each food cup of the maze.

Training: Training in the delayed RAM task was
identical to that in the standard RAM task (Experiment 
3), except Ss were removed from the maze on returning 
to the central platform after the fourth arm entry. 
They were then placed in the special holding cage for 
the duration of the delay (15 minutes). Few or no 
errors were expected in the pre-delay period. However
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if one such error occurred, it was recorded and the S 
was allowed to make another choice in its place, to 
ensure that U different arms were entered at the 
pre-delay stage.

Testing: In test trials, the S was removed from the
holding cage 2 minutes into the interposed delay, and 
i n j e c t e d  ip with the appropriate solution, before being 
returned to the holding cage until the the end of the 

delay period. The post-delay stage then followed as 
normal.

DATA ANALYSIS: The basic dependent variable used was
the number and type of errors (re-entries). Errors were 
divided into two mutually exclusive sets (Post and 
Pre). As explained in the introduction, a Pre error is 
a re-entry to an arm originally entered in the
pre-delays stage, while a Post error is a re-entry to 
an arm originally entered in the post-delay stage.

The chance probability of making a Pre error was 
higher than that of making a Post error in the present
task. For example, at the onset of the post delay
stage, the chance probability of a Pre error is 0.5 
while that of a Post error is 0. The effect of recency 
also makes Pre errors more likely than Post errors. For 
example, Olton and Samuelson (1976) found that most 
re-entries in the RAM were made to arms visited

originally at the beginning of a trial.
It was therefore necessary to consider
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increases in the two error types separately. This 
approach was also adopted by Olton and Papas (1979) in 
a radial maze task involving "reference” and "working 
memory" components.

DRUGS: The drugs used in the present and all following
experiments were MK-801 (Merck, Sharp and Dohme) and 
Phencyclidine Hydrochloride (Sigma). The drugs were 
dissolved at appropriate concentrations in saline 
solution. Control Ss were injected with appropriate 
volumes of the vehicle solution. Fresh drug solutions 
were prepared dally.

RESULTS

While overall performance was impaired by MK-801, 
the prediction that Post errors would be selectively 
Increased by NMDA-antagonist treatment was not 

supported by the data from this experiment.
Various analyses were carried out to study the 

effect of treatment over Pre and Post errors, and 
errors overall, as measured by the "efficiency" value.

All Ss reached the criterion level of competence in
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the task (defined as 3 consecutive trials with a
maximum of one error per trial). The mean number of 
delayed trials to criterion was 32 (sem 2.8, range 19 
to 50).

The overall activity level under treatment was not 
affected by the drug treatments, as shown by a
non-significant treatment effect on the rate of arm 
entry at the post-delay stage (see figure E6.1). The 
administration of ft mg/Kg PCP occasionally resulted in 
mild stereotypical behaviour (e.g. slow head sways). 
When this occurred, the trial was suspended and a new 
control trial was run in the following behavioural 

session.

The efficiency level was computed for all treatments 
(see figure E6.1); a significant treatment effect was
obtained F (3.33) 3* ft. while the analysis for saline
and MK-801 conditions yielded a significant linear 
trend F (1,11) ft. 97. Furthermore, a Dunnett's test 
Indicated that the 0.2 mg/Kg MK-801 condition resulted 
in significant decrease in efficiency compared to 
control (saline). This would indicate that MK-801 
dose-dependently disrupted performance in this task. 
Further characterization of the disruption was 

attempted.

Repeated measures analyses of variance were carried
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Fig. E6.1: Efficiency and Rate of Ann Entry Post-Drug in the Delayed RAM Task
Efficiency (!) Rate of Art Entry (Ari/sec)

60-

X
0.1 HK-601 0.2 M lTreatient (mg/Kg)

E S  Efficiency E E B  Rate of Ari Entry
Injected at the Start of the Delay



Hean No. Errors
Fig E6.2: Error Type in Delayed M Task

0.1 MK-801 0.2 MK-801Treatnent (mg/Kg)
5 3  Pre Errors E E D  Post Errors

Injected at the Start of the Delay
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out on 2 other dependent variables: Pre and Post
errors. No significant effects were found, however the 
large majority of errors were of the Pre type (sec 

figure E6.2). Q v ? r  2l( ( ; it was not possible to
conclude that e<fh<?h tvas selectively increased by
treatment.

DISCUSSION

The RAM task with an interposed delay was well 
learnt by all Ss, and as expected from previous 
findings, both the 0.1 and 0.2 mg/Kg MK-801 and the H 

mg/Kg PCP conditions did not cause significant
increases in general activity. However, a slightly 
lower PCP dose (eg 3 mg/Kg) would best be used in 
future, in order to completely avoid the mild 
stereotypical effects which occasionally occurred 
during the present experiment.

A selective increase of Post or Pre errors was not 
supported by the results, as the only significant 
treatment effect was observed on efficiency values 
(which are based on the overall level of errors). The 
significant linear trend and post-hoc test would 
indicate that MK-801 caused a dose-dependent impairment 
in efficiency in the task. The PCP condition resulted 
in a decrease in efficiency, which however did not 
reach significance in the post-hoc test.
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Due to the lack of statistical support for selective 
increases in either Pre or Post errors, it is
impossible to make conclusions as to a specific action 
of NMDA-antaeonists on a particular stage of

Information processing in this task. Similiarly, it is 
Impossible to conclude from the present data whether 
the amnesic effect observed was mainly anterograde or 
retros^ede.

The present results lend support to the findings of 
Experiment 3 in which the standard RAM task was 
disrupted by MK-801 treatment. The findins that PCP 
also caused deficits in the present task, also suggests 
that the effect could be mediated by NMDA-antasonist 
effect of the compounds.
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It Is not clear if the present result genuinely 
indicates that Pre and Post errors are increased 
indiscriminately by NMDA-antagonists, or if a selective 
effect on one type of error was ’’masked” by 

methodological problems. Two main factors in the 
procedure may have obscured the issue: these were
differences in recency and chance probability between 

Pre and Post errors.
A future experiment should be designed, controlling 

for the above factors, in order to resolve the issue.
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E7: Experiment 7

An Experiment to Clarify the Findings of the 
Delayed RAM Investigation

INTRODUCTION

Earlier findings from the present project and from 
other sources, had suggested that NMDA-antagonist
treatment would result primarily in anterograde 
amnesia.

This led to the prediction in Experiment 6, that 
Post but not Pre errors would be increased by MK-801 
(this being the profile expected to result from an 
anterograde amnesic effect of the compound). The 
prediction was however unconfirmed, as neither type of 
error was selectively Increased, and the level of
Post errors was very low throughout.

The aim of the present "follow-up** investigation 
was to clarify whether lack of support for the
predictions of Experiment 6 was a reliable finding or

one due to problems in task design. Two main 
methodological problems could have "masked" the
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occurrence of Post errors. Firstly, the low chance 
probability of a Post error as opposed to a Pre error. 
Secondly, the effects of recency, also made Post errors 
less likely than Pre errors (Olton and Samuelson, 

1976).
The purpose of the present task was to maintain the 

theoretical framework of the previous experiment, while 

attempting to reduce the effect of the above problems. 
This was achieved by modifying the task in two ways.
Firstly, the chance probability of Pre or Post
errors was rendered equal. Secondly, the
differences in recency between arms visited pre- or 
post-treatment were reduced.

Two basic changes were therefore made to the RAM 
task in order to achieve this: The addition of a
separate sample period in which post-treatment entries 
(but not errors) could be made, and the use of an
"alternative forced choice'* (AFC) procedure (introduced 
in the RAM by Roberts and Smythe, 1979). The AFC 
procedure allowed for a test stage in which equal 
chance probabilities of Pre and Post errors could be 
achieved. Furthermore,the delay between the
post-treatment sample period and the AFC test reduced 
the relative differences in recency between arms 
visited pre- and post-treatment.

The hypotheses relating to this experiment are the 
same as those in Experiment 6, namely that 
NMDA-antagonist treatment should result in an
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anterograde amnesic effect* probably involving 
primarily the encoding of stimuli in this type of 
paradigm. Again* a selective increase in Post errors 
would support such a hypothesis.

METHOD

SUBJECTS: The same 12 male Lister Hooded rats as in
Experiment 6 were used. Housing and feeding conditions 
were also identical. At the onset of this experiment, 
the Ss had a mean weight of &31 g. Feeding was carried 
out in the required amounts. 30 minutes after the end
of each dally session. Ss were habituated to the
experimental room for approximately 15 minutes before 
all training and testing. All behavioural sessions took 
place between 0930 and 1300.

APPARATUS: The same RAM was used as in Experiment 6, 
the only addition being the use of a variable number of 
clay bricks (2 or 5t depending on the stage in the
task) used to block the entrance of selected arms in
the maze.

DESIGN: A simple repeated measures design was used with 
four treatments (saline, .1 and .2 mg/Kg MK-801 and k 
mg/Kg PCP) given in balanced order. Ss were trained in
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the standard RAM task up to criterion (taken as 3 
consecutive trials with a maximum of one error in each) 
before the beginning of testing. Test trials were
separated by at least 48 hours and one standard RAM 

trial at the criterion level. If this level was not 
achieved* standard RAM training was resumed until one 
trial at the required level of performance occurred.

PROCEDURES: Throughout the experiment* one daily
testing or training trial was given , 5-7 days per
week; the procedures used in training and testing are 
described below.

Training: Ss received training trials initially up to 
the criterion level of performance, and between test
sessions. The procedure used in training was identical 
to that used in the RAM experiment Experiment 3 with 
the additional use of the circular start box, in which 
the Ss were confined for 5 seconds before being 
allowed to enter the maze arms.

Testing: There were three main stages in a test
trial. Firstly, the "pre-treatment" sample stage. In 

this stage, the S was placed in the start at the 
centre of the maze, after 5 seconds the box was 
lifted, and the S was allowed to make two arm entries 
to any of the arms in the maze (all of which were
baited). The S was then removed to the holding cage.
After a period of 2 minutes, the S was injected ip with 
the appropriate type and volume of solution, and
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returned to the holding case for a further 13 minute 
period, to allow for the drue to take effect.

At the end of the delay, the S was placed in the 
maze for the "post-treatment" sample stage in which it 

was allowed to make two more free choices. The two arms 
entered in the pre-treatment stage would be blocked off 
(therefore six rewarded arms were available). After the 
two choices were made, the S was again removed to the 
holding cage, for a 3-minute delay.

The test stage began after the end of the delay. 
Two consecutive AFC tests were given per trial. In each 
AFC test, only three arms were left unblocked. Of 
these, one had not been previously visited, and was 
therefore baited. Of the remaining two arms (both 
unbalted) one had been previously entered in the
pre-treatment sample stage , and one in the
post-treatment sample stage.

In the AFC stage, the S was placed in the start box 
for 3 seconds before being allowed to make as many
arm entries as necessary before entering the baited 
arm. The number of entries in each AFC test was 
recorded} Pre or Post errors would be defined
identically as in Experiment 6. Thus, for example a 
re-entry to an arm visited pre-treatment would be 

classed as a Pre error.
An AFC test was terminated when the S had spent 30 

seconds in the baited arm or if the S attempted to 
leave it. The S was then removed to the holding cage
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for a short period (typically 60 seconds) in which the 
pattern of blocked arms was re-arranged for the second 
AFC test of the trial.

The second AFC test was identical to the first, but 
utilized three different arms, the arms used in each 
test being balanced for the order of their original 
entry during the sample stages (for unbaited arms) or 
was chosen randomly (for baited arms).

The rate of arm entry in the two sample stages was 
monitored as a measure of general activity.

RESULTS

The Ss rapidly reached criterion in the standard RAM 
task within a short number of trials (mean trials to 
criterion <1.1* SEM .61. range 3-10). This was to be 
expected, due to the previous extensive training in 
the RAM task with an Interposed delay (in the course of 
Experiment 6).

The activity levels of the Ss were analysed in a 
2-way, k X 2 ANOVA of rate of arm entry (treatment X 
trial stage, i.e. pre- or post-treatment). There was no 
significant treatment effect, indicating that none of 
the drugs caused chances in activity, confirming the 
results of previous experiments (see figure E7.1). 
However, there was a significant effect of trial stage 
F (1,11) 11.20. No significant Interactions between
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Fig. E7.i: Rate of Arm Entry in the Sample Stages of Experiment 7
Mean Rate of Arm Entry (sec)

Saline 4 PCPTreatment (mg/Kg)
E 3  Pre-Treatient C H I  Post-Treatient



Fig. E7.2: Error Type in the Test ■ Stage of Experiment 7
Hean No. Errors

4 PCPSaline Treatment (mg/Kg)
I S 3  Pre Errors E E B  Post Errors



treatment and trial stage were observed. Therefore, the 
time taken per entry increased in the post-treatment 
stage across conditions. This may be due an increase 
in exploratory behaviour by Ss investigating the bricks 

placed on the maze at that stage. This may possibly be 
due to insufficient habituation to the full
experimental situation.

The number of Pre or Post errors occurring under
different treatments during the AFC tests was analysed 
initially with a 2-way ANOVA (error type X treatment). 
No significant effects were observed (see figure E7.2). 
Friedman’s non-parametrlc ANOVA was used to analyse 
the frequency of Pre, Post and Total errors separately} 
again without any significant outcome.
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DISCUSSION

The specific predictions of this experiment were 
not supported by the results. Furthermore, while no 
significant effects were observed, the saline treated 

Ss did not tend to be the best performers across 
conditions, which was surprising in view of the results 
from the previous experiments in this project.

It is therefore impossible to draw direct 

conclusions as to the anterograde or retrograde action 
of NMDA-antagonists from the present experiment.

However, it was observed that some of the design 
changes which were carried out from Experiment 6 were 
effective. For example, the relative occurrence of Post 
errors was greatly increased.

As in previous experiments, the 0.1 and 0.2 mg/Kg 
MK-801 doses did not cause increases in activity during 
testing. The k mg/Kg PCP also did not cause activity 
changes, (as had been previously observed in Experiment 
6 and in Keener et al., 1983). However, slight
stereotypical behaviours were observed in some Ss (mild 
ataxia and head sways). When these occurred, the trial 
was suspended and repeated after at least Jl8 hours and 
one control trial had been carried out. This would lead 
the present experimenter to use a slightly lower PCP 
dose (for example 3 mg/Kg) in future experiments, in 
order to totally eliminate occasional stereotypical 

effects.
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Many of the problems encountered In the present 
experiment, could have been averted with appropriate 

training in the AFC procedure rather than on the 
standard RAM task. This may have resulted in hlsher 

control performance, and may have annulled any possible 
intervening effects of novelty in the experimental 
situation.
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E8t Experiment 8

An Investigation on the Effects of NMDA Antagonists 
on Open Field Behaviour and Responses to Novelty

j  INTRODUCTION
j

‘ The aim of the present experiment was to investigate whether
i

the impairments observed in the previous studies in this project 
may be secondary to drug-induced, non-specific changes in 
emotionality or in the Ss' response to novelty in experimental 

| situations.

In the present experiment, a standard open field 
paradigm was used to test the effects of 
sub-stereotypical MK-801 and PCP doses on emotional 
behaviour and adaptation to novelty (Archer, 1973, 
1975).

Adaptation to novelty was investigated firstly by

16%



testing habituation to a new environment (the open 
field)♦ and secondly* by the S s * interaction with an 
unfamiliar object after the habituation period in the 
open field. The paradigm was also designed in order to 
test effects that could have been important in maze 
studies such as Experiment 7.

Two groups of variables were therefore measured 
in the present study: those Involving emotional
behaviour, and those centering on responses to novelty.

General motor activity levels have been shown not 
to be affected by MK-801 ip up to a dose of .2 mg/Kg. in 
the activity cage and 3-Arm maze studies in the present 
project. It is however possible that a decrease in 
emotional behaviour in the open field could be caused by 
the compound’s reported antianxiety activity 
(Clineschmldt, Williams. Witoslawski, Bunting, Rlsley 
and Totaro, 1982).

Phencyclidine (PCP) was found by Kesner, Hardy and 
Calder (1981) to affect rats' behaviour in the open 
field. Specifically, a k mg/Kg ip dose did not cause 
initial increases in locomotion, but Ss maintained 
higher levels of activity after 3 to 10 minutes in the 
field. Kesner et al. (1981) Imputed this effect to an 
Impairment in habituation rather than an Increase in 
locomotion. In the present study, a 3 mg/Kg PCP dose was 
used in order to avoid the slight stereotypical effects 
observed at the 4- mg/Kg dose in Experiments 6 and 7*

Increases in locomotor activity may therefore be
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expected in the open field with NMDA-antagonists, 
especially after extended habituation periods. 
Simile arly, it was expected that Ss under MK-801 could 
possibly reveal less emotional behaviour towards a novel 

object (such as defecations or avoidance) due to the 
anti-anxiety effects of the drue.

METHOD

SUBJECTS: Twenty-four male Lister Hooded rats (Harlan
Olac, Bicester, UK), housed in pairs. Their mean weight 
at testing was 236 g (range 215 to 255 2)« They were 
caged in pairs and maintained at a 12-hour light-dark 
cycle (lights on at 1100 hours). The Ss had food and 
water ad libitum throughout the experiment, except 
during open field testing. All testing took place 
between 0930 and 1300.

APPARATUS: A simple unpalnted aluminium open field was 
used, on a transparent plexiglas bottom resting on a 
dark green linoleum floor (field diameter 76.5 cm, field 
height k6 cm ). The bottom of the open field was 
subdivided with black lines. The lines delineated a 
smaller concentric circle of diameter 25 cm, while the 
outer annulus was subdivided into 8 equal sectors.

The "novel" object used was half a red clay brick. 
The whole apparatus was wiped clean between different
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trials.
The testing room was dimly lit and maintained at 

20-22 degrees C, the open field itself was uniformly 
Illuminated by two 60W bulbs either side of the 
apparatus. A video camera was placed directly overhead 
to the centre of the maze (height 2 m) and each trial 
was recorded for visual analysis of different dependent 
variables.

DESIGN: A simple between-Ss design was used, with U

conditions and 6 Ss per condition. The conditions used 
were saline, .1 and .2 mg/Kg MK-801 and 3 mg/Kg PCP 
administered ip. Analyses were carried out between 
groups for various dependent variables at the different 
stages of the task. All testing took place in four 
consecutive days, 6 Ss/day. The Ss studied in each test 
day were balanced for condition. The order of the 
conditions within each test day was randomized.

PROCEDURES: Subjects were handled daily for five days 
before testing. On test days, a cage holding 2 Ss would 
be transported from the holding room to the door outside 
the experimental room. The 2 Ss would then be placed 
into two separate new holding cages. One S would then be 
Injected with the appropriate solution, prior to being 
placed in the experimental room for 15 minutes. After



the delay, the top of the cage was removed and the
emergence latency for the S was measured. Emergence was

defined as the presence of the whole head above the 
upper rim of the holding cage. After emergence, the S 
was placed In the clear open field (near the field wall
and facing It) and monitored for a period of 2 minutes.

At the end of the Initial 2 minutes, the S was 
left In the open field for a further 16 minutes 
habituation, after which a further 2-mlnute period was 
monitored. The S was then removed shortly from the open 
field while the novel object (half a red brick) was 
placed In a random sector of the outer annulus of the 
open field. The S was then replaced In the field In a 
position diametrically opposed to that of the novel 
object, and was monitored for 2 more minutes. At the end 
of this period, the S was replaced In Its normal holding 
cage outside the test room and the process was repeated 
with the second S In the sequence.

Three 2-minute trials were therefore recorded for 
each S. The first trial monitored the S s * behaviour on 
being placed In a novel environment, while the second 
aimed to monitor behaviour after a habituation period. 
The third trial was designed to study the S s * 
interaction with the novel object placed in relatively 

familiar environment.
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DATA ANALYSIS: Between-sroups data analyses were carried 
out for all the measured variables, identical dependent 
variables were measured in the two initial trials, while 
measurements in the third trial centered mainly on the 
S s * interaction with the novel object.

In the first two trials, the following variables 
were analysed: number of outer sectors entered (an
entrance being defined throughout as the presence of the 
whole body minus tail within a sector), and the 
number of entries within the inner circle, as well as 
the number of defecations.

The variables recorded during the third trial were: 
the number of defecations, the number of foot contacts 
with the object and the cumulative time spent within one 
sector's distance of the object (including the inner 
circle). All variables except emergence and defecations 
were determined a "blind" manner during later analysis 
from the video tape recording.

RESULTS

All Ss completed the experiment and were monitored 
for the expected period of time. No stereotypical 
effects were observed with any treatment, therefore the 
reduction of of the PCP dose (from & mg/Kg to 3 mg/Kg) 
was sufficient to eradicate any sporadic effects found 

earlier.
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Table E8.1: Behaviour in the Open Field

Treatment Emergence No. Foot Time Around
(mg/Kg) Latency (s) Contacts Object (s)

Saline 
0.1 MK-801 
0.2 MK-801 

3 PCP

26.3 (9-8) 
a5-2 (17) 

23.5 (8.9) 
55-7 (28.2)

8.0 (2 .3 ) 
a .3 ( 2 . 0 ) 

1.8 (1.6 ) 
2.2 (1 .1 )

80.0 (9 -2 ) 

6a.2 (12.7) 
56.7 (20.7) 
5a.8 (16.0)

Emergence: Mean time to emerge from cage. No. Foot
Contacts: Mean number of foot contacts with novel
object. Time Around Object: Mean time spent in area

surrounding novel object. SEM in brackets.
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Table E8.2: Defecations in the Open Field

Treatment Trial 1 Trial 2 Trial 3
(mg/Kg)

Saline 0. 8 (.5) 0. 2 (.2) 0. 5 (.3)
0.1 MK-801 1.7 (.8) 0. 3 (.2) 0. 8 ( • 7)
0.2 MK-801 0. 5 ( .5) 0 0
3 PCP 1.5 (.8) 0. 2 (.2) 0

Mean number of defecations in each 2-minute -trial, SEM 
in brackets.



No significant effects on interaction with the novel 

object were observed. However, both MK-801 doses
resulted in decreases in habituation to the novel

environment. Possible decreases in emotionality were 
also observed with MK-801 and PCP, since Ss in these 
conditions had a higher degree of entries into the inner 
circle of the field.

One-way ANOVAs and Kruskal-Wallls analyses of variance 
were run on emergence data, defecations at each trial, 
foot contacts with the novel object and time spent in 
the area surrounding the novel object. None of the above 
yielded any significant differences (see tables E8.1 and 
E 8 .2).

Two-way mixed ANOVAs (b X 2, condition X trial) were 
rv h on the number of outer sector and inner circle
entries in the first and second trial. The analysis for 
the number of outer sector entries yielded a condition 
main effect F(3*20)*6.58, a trial main effect 
F(1,20)=18.46 and a condition X trial Interaction 
F( 3, 20)=8. Ill (see figure E8.1). A Newman-Keu Is test 
later revealed that at the second trial, both MK-801 

conditions had higher sector entry values than either 
the PCP or saline condition. No significant differences 
were detected between the two MK-801 doses or between 
the PCP condition and control.

The 2-way ANOVA on the trial X condition inner



Fig. EB.i: Outer Sector Entries in the Open Field
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Fig. E8.2, Inner Circle .Entries

6
Mean No. Inner Circle Entries

5 -
4 -
3 -  
2 -  

l- 

0

"V

\ :
\N
\ -

Saline 0.1 IK-801 0.2 IK-801Ireatient (og/Kg) 3 PCP

E 3  Trial 1 E E H  Trial 2

03697396



circle entry data yielded a significant condition main 
effect F (3•20) 3*35 (see figure E8.2). A Newman-KeuIs 
test on pooled data from the two trials revealed that 
the saline condition had a lower level of inner circle 
entries than all experimental conditions. None of the 
experimental conditions however differed from each 
other. This finding would indicate that MK-801 and PCP 
decreased the degree of emotional behaviour which 
usually confines Ss to the periphery of novel 
environments.

DISCUSSION

Experimental treatments did not result in significant 
changes in most variables monitoring the Ss' emotional 
behaviour (such as emergence, defecations, or freezing). 
An increase in the number of inner circle entries 
however suggested that NMDA-antagonlsts may decrease 
emotionality associated with novel environments.

Responses to a novel object seemed to be unchanged 
by treatment. This was shown by the lack of significant 
differences between treatments in foot contacts and 

time spent in the area surrounding the object itself.
No stereotypical effects were found at either MK-801 

dose or with 3 mg/Kg PCP, this would confirm that the 
latter was an appropriate dose to be used with this 
strain of rat for learning and memory experiments.
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The overall level of locomotion was also unaffected, 
but both MK-801 doses seemed to result in a decrease in 
habituation to the novel environment, since the number 
of outer sector entries was significantly higher than 
control during the second, "post-habituation” trial.
Thus, Ss in the saline and PCP conditions considerably 
decreased their level of activity after 18 minutes spent 
in the open field, while Ss under the effect of MK-801 
did so to a lesser extent. This result was expected due
to the finding by Kesner et al. (19&1) that habituation
was reduced by ll mg/Kg doses of PCP ip.
Unexpectedly, PCP itself did not cause decreases in

- -habituation in the present experiment. This could have 
been caused by differences in rat strain, dose and 
monitoring period in the present experiment. That is, 
Kesner et al. (1981) monitored habituation from 5 to 10 
minutes in the open field with Albino rats after a U 

mg/Kg dose of PCP.

The present findings do not suggest that emotionality or the 
Ss1 response to novelty are significantly affected by MK-801 
at the doses and pre-treatment times used in the previous 
experiments in this project.

The decrease in habituation observed in the present 
experiment was unlikely to play an important part in
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behaviour In the RAM, since Ss in that paradigm were
rarely in the maze for more than 2 minutes, when the
effects of habituation are still undetectable. Indeed, 
it has been proposed by Kesner et al. (1981) that
decreases in habituation (such as the one observed in 
the present experiment) may in fact be secondary to
impairments in the encoding of the environment. That is, 
habituation may have been reduced due to a failure by 
the Ss to encode aspects of the environment.
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E9: EXPERIMENT 9

An Experiment to Study the Effects of NMDA Antagonists 

on the Overall Performance of the RAM Task with an 
Interposed Delay

INTRODUCTION

The results of Experiment 6 could be as being 
consistent with an involvement of NMDA receptors and 
LTP in a delayed stage of the encoding process. The 
immediate stages of encoding seemed to remain 
unaffected by NMDA-antagonist administration (as shown 
by the lack of a significant increase in Post errors). 
The pattern of impairment observed in Experiment 6 
could have also been the result of a retrieval deficit 

after delays in the order of minutes. However, previous 
experiments Indicated that acquisition rather than 
retrieval of memories was affected by MK-801 
administration (Experiments 5 and U respectively).

Theories on the effects of LTP-disruption (an effect 
observed after MK-801 administration in vitro by 
Saywood and Collingridge, 1987) generally predict an
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encoding deficit ( e . g .  McNauahton and Morris, 1987). 
The specific prediction that LTP disruption would 
affect a delayed stage of the encoding process was made 
by Milner (1989) in his account of hippocampal amnesia.

The task studied in the present experiment was
identical in behavioural terms to that in Experiment 6
(that is, a RAM task with a 15-minute delay interposed
at the midpoint choice). In the present experiment
however, drug administration occurred prior to the

tkeonset of the trial (while it occurred at(beginning of 
the interposed delay in Experiment 6).

This modification allowed the investigation of some 
issues which had arisen from previous studies. Firstly, 
whether the near immediate stages of the encoding 
process as well as very short-term retrieval were 
indeed unaffected by NMDA-antagonists. This was 

suggested by the lack of s e l e c t i v e  e r r o  r
(hchea.<,P5 in Experiment 6. The issue could be tested by
performance in the pre-delay stage of the trial. That
is, if performance in the first four choices of the 
task remained unaffected, the early stages of 
information processing could be fudged to be intact.

The second main issue to be investigated in the 
present experiment was whether Pre errors were 
selectively increased by NMDA-antagonist treatment. 
This would support the conclusion that NMDA-antagonists 
disrupt primarily a delayed stage of the encoding
process. This point had been addressed by Experiment 7
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(using an "alternative forced choice" procedure), but 
was not adequately clarified.

METHOD

SUBJECTS: 16 Male Lister Hooded rats (Harlan Olac,
Bicester, UK) housed in pairs. They were maintained 
with water ad libitum, but were partially food deprived 
to to approximately 85# of expected free-feeding 
weight. The Ss were held in an air conditioned room 
with temperature between 20-22 degrees C, with a 
12-hour light/dark cycle (lights on at 1100 hours). All 
training and testing took place between 0930 and 1300.

APPARATUS: The apparatus used was identical to that in 
Experiment 6.

DESIGN: A simple repeated measures design was used. The 
conditions used were: saline, .1 and .2 mg/Kg MK-801 
and 3 mg/Kg PCP, the drugs being dissolved at 

appropriate concentrations in saline solution.
Data analysis centered mainly on the number and type 

of errors occurring during the pre- and post-delay 
stages. Errors during the post-delay stage were 
classified as "Pre" or "Post" errors, as in 
Experiment 6.
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The rate of arm entry was also measured at the pre- 
and post-delay stages, to monitor the general level of 
activity.

TRAINING SCHEDULE: Ss were handled for 5 days before 
shaping. which started one day after partial food 
deprivation. Shaping was carried out for four 
consecutive days, with two H-minute periods given on 
the maze per S. Standard RAM training (see Experiment 
3) was then started, with 2 trials/day , 5-7
days/week, until 2U trials had been completed by each 
S.

Training in the delayed version of the RAM task was 
then started (one dally trial, 5 days/week). Initially 
a 1-minute interposed delay was used, while the Ss were 
habituated to the interval holding cage. Training with 
the 15-minute delay followed, up to the criterion level 
of performance (3 consecutive trials with a maximum of 
one error in each) or up to a maximum of 60 trials.

PROCEDURES: All behavioural procedures were identical
to those in Experiment 6. Drug i n j e c t i o n s  took place 
15 minutes before the start of the trial.
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RESULTS

The results Indicated that the present task was
sensitive to MK-801 and PCP treatment.

All but two Ss achieved the criterion of 3
consecutive trials with a maximum of one error per 
trial, in the allowed time. The two Ss which failed to 
reach criterion within 60 trainins trials, were
eliminated from the study. The mean number of trials to 
criterion was 28 (SEM 3.8, ranee 12 to 53).

The overall level of activity was not affected by 
treatment, as shown by the lack of any slgnifleant
effects in a 2-way ANOVA (treatment X trial stage) 
on the rate of arm entry before and after the 
Interposed delay (see figure E9.1).

The occurrence of errors was approached in a layered
manner, first considering ’’efficiency" (taking into 
account all errors), then the distribution of errors 
lnthe pre- and post-delay stages, then the level of Pre 
and Post errors (as defined in Experiment 6) during the 
post-delay stage.

Efficiency values were computed (as defined in 
Experiment 3)t a significant effect of treatment was 

observed: F (3, 39) =*t. 39* an analysis of saline and
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Fig. E9.1: Rate of Arm Entry in Experiment 9
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Figure E9.2: Efficiency Level in Experiment 9

60-
- z

Drugs injected before the trial
0.1 IK-001 0.2 M lDose IK-801 lig/Kg)

189



Mean No. Errors
Fig. E9.3: Error Type in Post-Delay Stage of Experiment 9
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MK-801 conditions only, yielded a significant linear 
trend: F (1 ♦ 13)=10. 21, indicating that MK-801
dose-dependently impaired efficiency in this task (see 
figure E9.2).

The large majority of all errors occurred during 
the post-delay stage of experimental trials. In fact, 
only one S in the whole experiment, made a single error 
during the pre-delay stage (the S was under the effect 
of PCP).

This would indicate that NMDA-antagonlst treatment 
did not cause impairments when items (visited arms) had 
to be stored or recalled after very short delays. The 
duration of the pre-delay stage (across conditions) was 
around HO seconds.

The lack of errors during the pre-delay stage also 
suggested that MK-801 and PCP did not disrupt 
motivation, task strategy or other non-specific 
processes.

Separate 1-way ANOVAs were rvh on the level of Post 
and Pre errors across conditions. Significant treatment 
effects were observed in Pre errors: F(3.39)-H.16 and
Post errors: F(3#39)=3.^2 (see figure E9«3).

Linear trends were observed in analyses of saline and 
MK-801 conditions only, for Pre and Post errors: 

F(1,13)*8.22 and F (1,13)**9«27 respectively.
Newman-Keuls tests revealed that the 0.2 mg/Kg
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treatment resulted in more errors of either type than 
control. Thus MK-801 caused dose-related increases in 
Pre and Post errors.

A question prompted by the concurrent increase of 
Pre and Post errors was whether the two were caused by 
the same mechanism. If this was the case. hi«h levels 
of Post errors would be expected in Ss with hiffh levels 
of Pre errors (and vice versa). This should be 
especially noticeable under the most effective 
treatment (the 0.2 m*/k« MK-801 condition, in the
present experiment).

The Pearson correlation between the level of Pre and 
Post errors in the 0.2 me/Kg MK-801 condition, was 
non-sijnificant: r(12)=.19. p>.05. This would susgest
that the significant increases in Post and Pre errors 
were not caused by the same type of underlying

DISCUSSION

The task was well learnt by the Ss, as demonstrated 
by the hieh efficiency level in the saline condition.

Efficiency was dose-dependently affected by MK-801: 3
mst/Kfi: PCP also resulted in efficiency impairments which 
however were not significant. These results indicate 
the simile arity of this task (with respect to

impairment. Htfu/rvtlr, Mvs t 9 s f H-i S l/ P fhalA* cL LH<il(

of di/9 fj 1U? SV\ncl(L
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NMDA-antagonlst sensitivity) to the standard RAM task 
(Experiment 3).

The almost total lack of errors in the pre-delay 
stage indicates the absence of non-specific effects on 

performance or task strategy (e.g. by causing the use 
of motor response patterns) as their occurrence would 
have resulted in re-entries in this stage. SimiJ_ arly, 
this finding also confirmed predictions that the 
encoding, storage and use of information in the
short-term (up to around Ho seconds after presentation) 
was unaffected by NMDA-antagonlsts.

The significant increase in Pre errors with MK-801 
suggests that NMDA-antagonlsts affected principally a 
delayed stage of the mnemonic process. It is 
particularly interesting that Pre errors were caused in 
this paradigm, regardless of whether the pre-delay 
stage was under the effect of treatment or not (as
shown by the large but unconfirmed Increase in Pre
errors in Experiment 6).

The increase in Post errors was not predicted in 
this experiment other than through Increases in "memory 
load" or in the delay between the first and 
subsequent visits to each arm post-delay. An increase 
in Pre errors would result in a higher number of 
post-delay entries, resulting in Increases in "memory
load". Longer Intervals between the first presentation 
and subsequent visits to the same arm, would be another 
consequence of the Pre error increase.
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The lack of correlation between Post errors and Pre 
errors in the 0.2 mg/Kg MK-801 condition, would
indicate that the observed level of Post errors was in 
fact unrelated to both the above causes. Had the
correlation been significant, it would have been 

possible to that the increase in Post errors was
secondary to that in Pre errors (produced via the
mechanisms outlined above).

Therefore, the only remaining reason for the
significant increase in Post errors in the present 
experiment, was the longer interval elapsing between
the drug injection and the start of the post-delay 
period. That is. in the present experiment, about 30 
minutes from drug injection had elapsed before the 
start of the post-delay stage, while in Experiment 6 

(in which no Post error increase was observed) the 
interval was around 15 minutes.

The observed increase in Post errors in the present 
experiment could result from a
separate mechanism from that underlying the increase in 
Pre errors.

A selective increase of Pre errors in the absence 
of errors during the pre-delay stage, still suggests 
that MK-801 caused an impairment in a delayed stage
of the encoding process, while leaving short-term 

encoding storage and retrieval relatively intact.
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SECTION Dt GENERAL DISCUSSION

Pit REVIEW OP EXPERIMENTAL FINDINGS

Dl.l: Experiment 1

The aim of Experiment 1 was to determine an 
adequate intraperitoneal dose of MK-801 In the rat for 
use In experiments on learnine and memory. The 
requirements for such a dose would be the- lack of 
observable changes In overt behaviour, activity level 
and locomotion. The photocell cages give fairly 
reliable Index of general activity or locomotion, but 
other behavioural changes may only be detected by 
direct observation. A threshold dose for Increases In 
activity was found (0.3 rag/Kg). and a characteristic 
stereotypical pattern was also found to have the same 
threshold. The pattern observed consisted of head 
sways, locomotion and hlnd-quarter ataxia (pilot 
studies had revealed that at a 1 mg/Kg dose, total 
Immobility would result from ataxia). The stereotypical 
pattern was slmlliar to that usually observed with PCP, 
another compound with NMDA-antagonist properties. The 
main finding of the study was that doses of up to 0.2 
mg/Kg MK-801 could be suitable for experiments on 
learning and memory.
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D1.2: Experiment 2

The determination of the threshold dose for the 
appearance of unwanted behavioural effects was an 
Important requirement to this project, and therefore 
warranted confirmation. This was achieved by
Experiment 2, with a paradigm unrelated to the activity 
case (the 3-arm maze).

Increases in locomotion were detected at the same 
threshold dose as in Experiment 1. Interestingly, 
exploration in the 3-arm maze was not affected (as 
shown by the lack of increases in perseverative arm 
entries). This would indicate that MK-801 (at the doses 
which were to be used in later experiments) probably 
did not cause impairments in memory for spatial 
locations after very short delays. Such Impairments 
could have resulted in a perseverative exploratory 
pattern. Similiarly, exploratory motivation would seem 
to be unaffected by sub-stereotypical doses of MK-801.

D1.3: Experiment 3

Experiment 3 was designed to test whether
administration of MK-801 would cause a pattern of
impairment in the RAM slmiliar to that observed after
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hippocampal lesions. A dose-dependent decrease in
efficiency in the task was detected. No changes in task
stratejy, overt behaviour or activity levels were 
observed. This would suacest that MK-801 Aii j

-a. ih Sovv\f ft. a <? e(<?) o f

mfhnor-J . The further definition of this memory
deficit was the main aim of the experiments that 
followed.

D1.4: Experiment ti

l t  was attempted in Experiment k to test whether
MK-801 caused deficits in a previously learnt spatial
’’reference memory” task. Rats were therefore trained to 
enter one arm of a 4-arm maze for reward and their 
performance after training was tested under the effect 
of the compound. In terms of the information processing 
required to perform correctly in this task, retrieval 
of lona-term memory would seem to be critical. No 
impairments in this task were observed with 0.2 rao/Kfi 
MK-801. This would suggest that the impairment observed 
in Experiment 3 was not Just a generalized effect on 
performance, motivation or perceptual ability (since 
deficits in any of these would have caused errors in 
the present task as well). The finding from this 
experiment also indicates that a task that would not be 
disrupted by hippocampal lesions was unaffected by



NMDA-antagonist administration. A purely retrograde
effect of MK-801, or one centering on memory retrieval,
was not supported by the results. Hou/Pl/Ph, di/P to fh ?
MhPy*\cv\ i c of this i

tPfoct cv\ â i/9 ur\

D1.5: Experiment 5

The lack of an impairment in Experiment U 
prompted the question whether the selectivity of MK-801 
was due to the task used. or the type of information 
processing under study. Thus Experiment 5 aimed to
study whether the acquisition of the same task as in 
Experiment ll (a spatial "reference memory" task) would 
be affected. The results showed that acquisition of the 
task was impaired by MK-801. Since the task was 
identical to that in Experiment U it is possible to 
conclude that the ability of MK-801 to cause 
impairments in behavioural tasks depends on the type of 
information processing which the task requires. Thus 
the acquisition (which would require both short and 
long- term memory encoding: and retrieval) of the
present task was affected, while performance on the 
previously -learnt task (which would presumably only 
require long-term memory retrieval) was not.



D1.6: Experiment 6

Experiment 6 was designed to study which 
stage(s) of the mnemonic process was selectively 
impaired by MK-801. Since retrieval of long-term 
memories could be excluded (due to the findings of 
Experiment 4) the possible mnemonic operations which 
could be affected. were retrieval of short-term
memories or part of the encoding process. The pattern 
of errors caused in the experiment, could suggest 
whether one or more of the stages was particularly 
affected. The results indicated that very short-term 
encoding or retrieval of Information was unaffected by 
treatment. The pattern of errors caused, would seem to 
suggest that impairments occurred when information 
needed to be used after delays in the order of minutes. 
This would indicate that deficits could be caused on a 
non-immediate part of the encoding process or on the 
retrieval of short term memories.

D1.7» Experiment 7

Experiment 7 aimed to resolve whether the lack of 
an anterograde amnesic effect of MK-801 in Experiment 6 
was an artifact due to methodological problems. No 
significant treatment effects were observed in this 
experiment. However, the lncidendce of "anterograde
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amnesic" (Post) errors did increase relatively to that 
of retrograde (Pre) errors , indicating that the 
design of the follow-up experiment had achieved some of 
its goals.

Dl.81 Experiment 8

The effect of MK-801 and PCP on open field 
behaviour was studied. The main aim of Experiment 8 was

to •jtudu K'Uthef' HK-Bal c e l  l«cts a *  l ^ < X i o ^ 3.Utu 

& U  hespcMses to ^  <zffecU < L

ppV'Fohi^a.HCe Llo (A? tv i3 E P  sto'cii.es

The decreases in
habituation observed with MK-801, may have been due to 
a relative failure to encode aspects of the novel 
environment.

D1.9: Experiment 9

The last experiment in this project. Experiment 9. 
aimed to study further the impairment caused by MK-801 
in the delayed RAM paradigm (as observed in Experiment
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6). The main purpose this experiment was to determine 
whether the lack of anterograde errors observed 

previously, could be reversed if the initial sample 
period would also be under the effect of MK-801. It was 
found that both anterograde (Post) and retrograde (Pre) 

errors could be caused with this modification. The 
increases in the two types of errors were not 
correlated. The profile of the results supported the 
notion of an NMDA-antagonist-induced impairment in 
delayed stage of the encoding process.
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02: GENERAL INTERPRETATION OF FINDINGS

D2.1: Determination of Dose Levels for Experimentation

The assumption behind Experiments 1 and 2 was 
that an intraperitoneal dose of MK-801 could be found, 
at which the compound would reliably block hippocampal 
NMDA receptors and thus block the triggering of 
hippocampal LTP. However, this dose had to be 
sufficiently low so as not cause any overt behavioural 
changes which could result in non-specific impairments 
(on sensori-motor function or motivation, for example). 
The status of LTP as a physiological model of memory 
also suggested that NMDA-antagonlsts could cause 
memory deficits, detectable in appropriately designed 
behavioural tasks.

Dose levels of MK-&01 ip at which no overt 
behavioural changes were observed in the present 
project (0.1-0.2 mg/Kg), are within the dose range 
found to produce a strong antagonistic effect on 
hippocampal NMDA receptors (Rogers and Tllson, 1988). 
Thus the Intraperitoneal injection of MK-801 at the 
above doses could be considered an effective and 
relatively low-stress treatment (compared to lev 
administration) probably resulting in hippocampal 
NMDA-receptor blockage. The lack of effect of MK-801 on 
the exploratory pattern in the 3-arm maze (Experiment
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2) also suggested that there were no underlying 
motivational or motor effects to MK-801 administration 
at the above dose levels.

02.2: Habituation Effects of MK-801

The open field study (Experiment 8) gave further 
support to the notion that the deficits observed in 
maze tasks in the present project, were not secondary 
to the S s f response to novelty or to changes in 
exploratory patterns and motivation. The decrease in 
habituation observed in the open field study could in 
fact be viewed as secondary to a memory formation 
impairment, as suggested by Keener at al. (1981) and 
Venable and Kelly (1988). Furthermore, habituation 
would not be thought to play a significant part in S s 1 
performance in maze tasks. This is because in maze 
trials (such as those used in this project), rats are 
never in the apparatus for more than a one to two 

minutes at a time, too short a period for habituation 
to be significant.

The lack of effect of MK-801 on activity levels in 
maze tasks in the present project, also indicates the 
absence of Intervening treatment effects on 

habituation.
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D2.3* The Effect of MK-801 on Memory

The fact that efficiency Impairments were observed 
In the RAM In the absence of exploratory perseverations 
In the 3-arra maze could have been the result of two 
differences between the tests. Firstly, the larger 
number of arms (events) which have to be accurately 
recalled for correct performance in the RAM, could have 
resulted in an overload of working memory processes in 
the hippocampus under the effect of MK-801. That is, a 
working memory system could become sensitive to 
treatment beyond a certain "memory load" requirement of 
the task.

A second possibility for the MK-801 sensitivity of 
the RAM task, could have been the increase in the 
interval elapsing between the first presentation of an 
event (such as the first time in a trial that a ceratln 
arm is entered) and its recall (in the RAM, accurate 
recall of the visited arms has to be maintained until 
the last baited arm is entered). Thus, by the end of a 
RAM trial, around 1-2 minutes have elapsed since the 
first arm entry was made (while in the 3-arm maze this 

interval is in the order of 30 seconds). Correct 
performance demands that all the previous arm entries 
be recalled by the S. It could therefore be possible 
that the storing or recalling of information becomes 
sensitive to MK-801 treatment after certain threshold 
interval from presentation of the stimulus.
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The lack of Impairment in the



task with MK-801 also suseeeted that NMDA-mediated 
pathways are not involved in the retrieval of

Lftfo^yyidX Loh  s t ei t_h e r ^

This would support the predictions of various 
LTP models of memory which state that well established 
memories become independent of hippocampal and 
LTP-raediation (Teyler and DiScenna, 1986 and Milner, 

1989).
The fact that the acquisition of a "reference 

memory” task was affected by MK-801 (Experiment 5), 
also supports the above models of LTP involvement. This 
is because the acquisition of Iona term memories but 
not their Ions term storase or retrieval is thousht to 
be mediated by LTP.
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Milner (1989) specifically predicted that LTP 
disruption would cause impairments in non-immediate 
stases of the encoding process. This was because the 
immediate stages of the encoding process would rely, in 
his view, on "reverberatory" activity of cell 
assemblies, while delayed stage would rely on LTP-like 
functional change at "soft" learning syanpses. A 
similiar prediction (although couched in a different 
vocabulary) was made by Squire et al. (198U), who 
suggested that the hippocampus played an important part 
in the selective consolidation of memories. Therefore 
both the above theories predict by implication that the 
formation of stable, long-term memories is initially 

oft short-term processes (operationally 

defined as "working memory" by Olton et al., 1979).
mediated in the hippocampus.

The main finding from Experiment 9 (when viewed in
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conjunction with Experiment 6) is that very short-term 
encoding, storage and recall processes remained 
unaffected by MK-BOl, while the use of information 

after delays in the order of several minutes became 
sensitive to treatment. This was illustrated by the 
lack of errors in the pre-delay stage, while "Pre" 
errors were later increased. This would suggest that 
memory for arms which had been correctly encoded (and 
retrieved after short delays) could not be stored for 
longer periods, or retrieved after longer delays.

It is suggested that the increase in Post errors in 
Experiment 9 was a consequence of the long period 
elapsed between drug administration and post-delay 
stage. This suggestion was supported by the lack of 
correlation between Pre and Post errors and between 
Post errors and post-delay rate of arm entry. The lack 
of correlation would indicate that the increase in Post 
errors in Experiment 9 was unrelated to the underlying 
impairment causing Pre errors, or to longer delays 
between the first presentation of an arm and its 
required recall in the post-delay stage. A L i h o u c j l \  "f/i?
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D2.U: Conclusions

The direct conclusion that can be made from this 
project Is that hippocampal NMDA-receptor mediated 
pathways (and possibly the triggering of LTP) Is 
Involved In a delayed stage of the formation of short 
term memories. The consequences of NMDA-antagonlst 
administration could also be noticed In the acquisition 
of long-term memories, as the latter would seem to rely 
at least initially on neural substrates common to to 
those underlying short-term processes.

Three possible direct effects of NMDA-antagonlsts 
on short term memory could be responsible for the
profile of impairment observed. Firstly, NMDA-receptor 
mediated pathways could be Involved In the storage of 
information after threshold delays in presentation. 
That is. Information would be transferred from the 
initial "reverberatory” stage to a more lasting stage, 
only to decay due to treatment. Alternatively, those 
pathways (or LTP) could be involved in the transfer of 
information from one coding mode to the other. That is, 
the storage system Itself could be intact, but the
mechanism responsible for the modification of
Information from an Initial to a more permanent status 
could be sensitive to NMDA-antagonlst treatment. Thus, 
no longer lasting record of events would be formed 
(making recall impossible). Thirdly, the recall of 
Information from delayed stages of short-term memory
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could Itself be sensitive to NMDA-antagonlst treatment. 
Clearly, a combination of the above efects is also 
theoretically possible.

The present data by their nature cannot be used to 

resolve the above question. The three explanations 
could however be studied by related behavioural studies 
in the field.

D2.5: Implications for the Use of NMDA-Antagonists in
Humans

The main conclusion indicates that the use of 
NMDA-antagonlsts in the clinic could be complicated by 
memory side-effects. The danger of such effects would 
clearly be unacceptable if the treatment regime would 
consist of chronic administration of the compounds 
(such as in anti-convulsant therapy). The memory 
side-effects of NMDA-antagonlsts would however be less 
of an obstacle for acute treatment after episodes of 
cerebral ischemia. It is envisaged that treatment in 
these conditions would be limited to the period 
lmedlately following the Ischemic episode. If this was 
the case, temporary memory impairments could be 
considered a reasonable "price'* to pay in exchange for 
protection against long term neurodegeneration.
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D3: Problems in Methodology and Rationale

D3*l: The Basic Theoretical Model

The basic theoretical model underlying 
intraperitoneal MK-801 administration in this project, 
was that the main behavioural effects observed would be 
mediated by a blockade of hippocampal NMDA receptors. 
This blockade could be of a sufficiently complete 
nature as to impair the triggering of hippocampal LTP 
(as found in the hippocampal slice preparation by Coan, 
Saywood and Collingridge, 1987 and in vivo by Abraham 
and Mason, 1988). A disruptive effect of MK-801 on 
memory, could therefore be due to impaired function
of NMDA-receptor mediated pathways, or of LTP within 
those pathways. Various workers support the above model 
(for example, Benvenga and Spaulding, 1988), and agree 
that the amnesic effects of MK-801 could result from 
its NMDA-antagonlst properties.

It has also been shown that ip MK-801 at a dose 
range close to that used in this project, caused a 
clear blockade of hippocampal NMDA-receptors (Gill, 
Foster and Woodruff, 1987). Price, Ahiers, Middlemlss

and Wong (1988) found that after intravenous
administration of MK-801 in the mouse, the highest 
levels of specific binding (that is, binding to the 
NMDA-receptor complex) were in the hippocampus, as had
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been previously shown by studies In vitro (Bowery, Wong 
and Hudson, 1 9 8 8 ). On the other hand, Hucker, Hutt, 
White, Arison and Zacchei (1 9 8 3 ) had found that in the 
rat, plasma levels of MK-801 peak at about 30 minutes 
after oral administration, and that the plasma level 
had greatly decreased after k hours. The above flndinss 
on the specificity, potency and time lapse of MK-801 
absorption, suggest that a powerful blockade of 
hippocampal NMDA-receptors was likely in the maze 
studies in the present project.

More direct evidence would be desirable in order to 
accept conclusively the validity of the model, 
particularly regarding detailed parameters of LTP 
blockage in vivo, after ip MK-801 administration. A 
'’dissociation'’ study, slmlliar in rationale to that in 
Morris (1988) would also be very convincing. Thus, 
intrahlppocampal injections of MK-801 should produce 
simlllar memory effects to those observed after ip 
injection, while injections into other areas of the 
brain should not result in a slmlliar pattern of 
impairment. The relation between memory impairment, 
NMDA-neurotransmlssion and ability to induce LTP, 
should also be studied in the above paradigm.

D3.2: Use of Reference Drugs in the Project

The use of PCP as a treatment condition in the
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present project, should have been started In parallel 
with MK-801. Its specificity and potency as an 
NMDA-antaeonist are much lower than those of MK-801, 
but a direct comparison with all the effects caused by 
the more potent compound would have been useful in the 
determination of an "NMDA-antagonist" pattern of memory 
impairment. A particularly convincing argument for the 
involvement of NMDA-receptor pathways (and LTP) in 
memory, could be made if a consistent pattern of 
impairment in different tasks was detected with 
different NMDA-antagonlsts. This is particularly true 
if the degree of impairment would be related to the 
drugs' potency as NMDA-antagonists.

The comparison with a "standard” amnesic drug (such 
as scopolamine, an anticholinergic compound), could 
have been informative, particularly by assessing: the
contribution of different neurotransmitter pathways to 
memory processes. However, the lack of understanding: as 
to the processes underlying: scopolamine-induced amnesia 
would have limited the the clarity of such comparisons 

(IZQuierdo, 1989)-

D3.3: Spatial Versus Non-Spatial Tasks

The present project concentrated on tasks with a 
large spatial component. This was done in order to 
achieve a direct comparability between tasks with
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different memory requirements. Related experiments 
(that is, studying "reference” and "working" memory, 
acquisition and performance) could have been carried 
out in a non-spatial domain. This could have been 
achieved with the use of non-spatial mazes (usinst 
intramaze cues only), for instance with non-matching to 
sample techniques. These tasks also have the advantage 
of relatively distinct sample, storage and retrieval 
stages. However, comparability between spatial and 
non-spatial tasks could have been made difficult by the 
fact that rats generally find non-spatial tasks harder 
than mnemonically equivalent spatial tasks (Olton and 

Feustle, 1 9 8 1).

D3.U: Is the Effect of MK-801 Specific to Memory?

' The main aim of this project was to investigate the effects 
of NMDA antagonists and memory. However in many behavioural 
tasks of the type used in this project, an observed impairment

i
, may not be assumed a priori to result from a "memory deficit".I

It is necessary to be able to exclude the possible influence 
I of non-specific variables in the tasks, which may by themselves1!j result in behavioural impairments.



Changes in Hunger Levels or on Overt behaviour

Experiments 1 and 2 in this project aimed to determine doses 
of MK-8 01 at which motor effects would be absent. This 
determination proved to be reliable throughout the project as no 
changes in general activity (as measured by the rate of arm 
entry) or on overt behaviour were observed in Ss directly under 
the effects of the compound. Similiarly, Ss under the effect of 
MK-801 and PCP always consumed the reward pellets as they were 
found in the baited arms. It is therefore unlikely that the 
impairments observed in the maze tasks in this project were due 
to changes in motivation, hunger levels or general activity 
caused by PCP or MK-801.

Habituation

In the open field study (Experiment 8), a decrease in 
habituation was observed after 18 minutes were spent in a novel



environment. This effect is unlikely to have played a part in the 
deficits observed in the maze studies in this project. This is 
mainly because as stated above, no changes in the rate of arm 
entry were observed in those maze studies when Ss were directly 
under the effects of MK-801 and PCP. It is possible that the 
relevance of habituation changes would increase if the Ss stay in 
the maze for more than a few minutes at a time. Interestingly, 
some authors have suggested that habituation deficits occurring 
after sub-stereotypical ip doses of PCP could in fact be 
secondary to impairments in the Ss1 ability to encode aspects of 
the environment (e.g. Kesner et al. 1981).

The Effect of Task Complexity

The suggestion might be made that the profile of impairments 
| observed across experiments in this project (such as the deficit 
in Experiment 3 but the lack of one in Experiment 4) did not 
result from the different types of information processing 
required, but simply on the relative difficulty of the tasks.
If this were to be the case, the deficits observed in the maze 

; studies in this project could be secondary to attentional or 
perceptual deficits caused by MK-801 and PCP. That is, Ss with 
such deficits could only carry out tasks with moderate 
attentional or perceptual requirements. For instance, Experiment 
3 (using the standard RAM procedure) could be sensitive to 
treatment due to the necessity for the S to discriminate between 
8 closely related arms, while Experiment 4 could be insensitive
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to treatment due to its decreased perceptual or attentional 
requirements (only 4 arms had to be discriminated from each 
other).

This issue may not be directly resolved from the data in this 
project. One way to test directly for the relevance of perceptual 
or attentional processes would be to study a task with 
qualitatively similiar mnemonic requirements to that in 
Experiment 4, but with a greater degree of difficulty (for 
example requiring the retrieval of pellets from two arms in an 8- 
arm RAM) . The occurrence of a deficit in such a task would 
suggest that it is complexity, and not the type of information 
processing required, which determines its sensitivity to NMDA- 
antagonist treatment.

A second way to test for the same possibility would be to use 
a simpler "working memory" task than that in Experiment 3, for 
example with the use of a 4- or 6-arm radial maze.

State-Dependent Learning

State-dependent learning (SDL) can be described as the 
facilitation in the retrieval of responses learnt under the 
effect of a centrally active compound (such as a barbiturate or 
ethanol) on re-presentation of the compound (Overton, 1984).
Two main types of explanations have been proposed for this 
phenomenon. The first type concentrates on the interoceptive drug 
cue acting as a strong "context" cue. Thus the event itself is 
strongly associated with the drug "cue" and may not be recalled
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in its absence. A second type of explanation suggests that the 
drug may cause a particular "mode" of stimulus encoding, such 
that the stimulus itself may only be recalled on re-establishment 
of this mode (that is, on drug re-administration).

In the present project SDL could be relevant to Experiments 
4, 5, 6 and 7. This is because in these experiments, the Ss were 
required to recall information under a state (drug effect) 
different from that in which it was acquired. SDL is less 
relevant to Experiments 3 and 9 because in these studies, 
deficits were observed when both acquisition and retrieval of 
information was under drug effect.

The experiments in this project were not designed to test 
directly for SDL, and its possible influence on the experiments 
mentioned above may not be discounted. However some of the data 
in this experiment seem to indicate that SDL may not have been 
the major cause of the impairments observed. For instance, the 
finding that Pre errors were increased in Experiment 9, suggests 
that MK-801 is at least capable of causing errors even when both 
the acquisition and retrieval stages are under its effect.

One possible way to test directly for SDL induced by MK-801 or 
PCP may be to train separate responses in a S under saline and 
drug conditions (for example in a T-maze) and to test whether re
establishment of the drug condition facilitates the retrieval of 
the response acquired under its effect.



ft u ' y
II



DU: Future Developments

The predictions and findings from the present 
project could be tested in future experiments by the 
adoption of various manipulations. The delayed RAM 
paradigm could be used to confirm various hypotheses. 
However, a non-spatial non-matching to sample procedure 
would also be very useful in this respect. The main 
requirement in the future task(s) would be the presence 
of relatively distinct "presentation” (sample), storage 
and retrieval stages, to be selectively influenced by 
drugs.

The main conclusion from the present project was 
that MK-801 impairs a delayed stage of the encoding 
process. The neural processes Involved in encoding of 
stimuli seem to become sensitive to MK-801 
administration, after Intervals of approximately one 
minute post-presentation. This conclusion could be 
tested in a delayed RAM paradigm, by slowing the rate 
of responses in the post-delay stage, through the use 
of forced Intervals between consecutive arm entries. In 
this paradigm (with drug administration at the onset of 
the interposed delay). Post errors should be Increased 

by MK-801, when the rate of arm entry has been slowed 
enough to cause sensitivity to treatment. The same 
issue could be studied in a delayed non-match to sample 
study, with drug administration previous to the 
"sample” stage, and manipulation of the delay period



before the recall stage.
Results in the predicted direction would support 

the notion that encoding is a multi-step process, 
relying on different types of neuronal mechanisms. 
Confirmation of the prediction would suggest that 
NMDA-receptor mediated pathways (and possibly LTP) 
mediate a delayed stage in the processing: of short term 
information.

The possibility that NMDA-antagonists could impair 
the retrieval of short term memories (rather than their 
encoding or storage) should also be investigated. The 
retrieval of lone-term memories is

insensitive to MK-801 (Experiment U ). Studies on 
the retrieval of short-term memories are problematic, 
mainly because of practical difficulties in
selectively influencing retrieval without affecting 
encoding or storage of memories.

Overall, the study of the behavioural effects of 
NMDA-antagonists, seems a very promising area for the 
advancement of knowledge on the types of neuronal 
substrates and processing involved in memory.
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