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Abstract

This thesis aims to examine the role of the hippocampus in declarative memory through

the development of animal behavioural models of episodic memory for laboratory rats.

Episodic memory- memory for unique events or episodes- is part of the declarative mem-

ory system thought to be mediated by the medial temporal lobe area of the brain in hu-

mans. One commonly used test of episodic memory in human subjects is paired associate

learning. The first part of this thesis describes the adaptation of this human test for use

with laboratory rats. Using their natural foraging tendency, rats were trained to search

for different flavours of food at different locations within a large enclosure. When cued

with a piece of food of a particular flavour in a separate box, rats learned to return to

the place where that flavour of food had previously been found. This paradigm was

used to investigate the role of the hippocampus in paired-associate learning using tem-

porary pharmacological inactivation and permanent neurotoxic lesion techniques. The

hippocampus has also been strongly implicated in spatial navigation, learning and mem-

ory in rats and humans. In the experiments described previously, attempts were therefore

made to demonstrate that the results were not confounded by a simple deficit in spatial

navigation.

An alternative approach to studying episodic memory in the laboratory rat is to use

the criteria established by Tulving in 1972 to describe episodic memory. He stated that

episodic memory should encompass the memory for an event and the spatiotemporal

context in which it occurred, i.e. the ”what”, ”where” and ”when” of an event. He later

updated these criteria to include demonstration of autonoetic consciousness- most easily

described as a sense of self awareness. Since this is difficult or impossible to demonstrate

in animals, the term ”episodic-like” memory was coined (Clayton & Dickinson 1998) to

describe the flexible use of information about the spatiotemporal aspects of an event by

non-human species. Since it has been difficult to demonstrate the use of time (when)

in rats (Bird et al; 2003, Babb & Crystal 2006a), Eacott & Norman (2004) suggested that

the ”when” component could be replaced by context; i.e. another element specific to a

particular event that they labelled ”which”. The next part of this thesis describes the use

of the task published by Eacott & Norman to test episodic-like memory in the labora-

tory rat. Using the innate spontaneous behaviour of rats to explore novel aspects of their

environment, they were exposed to multiple unique events. These consisted of various

three-dimensional objects being presented in different locations within different contexts.

Their memory for manipulations of the environment was then tested by presenting them

with an event in which one combination of object, location and context was different from

combinations which had previously been encountered. Due to their tendency to explore
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novel aspects of their environment, normal rats spent the majority of their time exploring

the object that was in a novel location relative to the context in which it was presented.

This successfully demonstrated integrated memory for what, where and which- similar

to that previously defined by Tulving. The rats also showed that they could use this in-

formation flexibly because every trial involved unique combinations of objects, locations

and contexts so there was no inadvertent semantic rule-learning involved. Permanent

neurotoxic lesions of the hippocampus were used to determine the extent to which this

structure is involved in memory for the what, where and which of an event.

The experimental results presented in this thesis demonstrate an indisputable role for

the hippocampus in a variety of tasks designed to parallel episodic memory in humans.

The next steps in this line of research should involve characterisation of the roles of the

various subregions of the hippocampus in episodic-like and paired associate memory.
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Chapter 1. Introduction 2

1.1 Different types of memory processing

Memory has over the course of history been primarily studied due to its absence, being

defined by the lack of abilities in humans who have lost it. As early as 1881, the French

philosopher/psychologist Ribot suggested that memory loss may be a symptom of pro-

gressive brain disease, even suggesting that it might be caused by alterations in neurons.

It has long been known that memory is not a unitary process: division of memory on

the basis of habits vs. explicit memory expressed through language was made as long

ago as 1890 (James 1890). Division of memory based on its temporal characteristics was

only officially recorded just over 50 years ago. Waugh and Norman (1965) made the first

segregation of memory into primary (short term) memory and secondary (long term)

memory. Primary memory as defined in 1965 is now more intuitively labelled as work-

ing memory (Baddeley and Hitch 1974) and involves the temporary storage, rehearsal

and manipulation of information over short time scales (seconds to minutes). An exam-

ple of a very simple working memory test still used in humans is simply to repeat a list

of digits immediately after studying them, without referring back to the original study

material (Miller 1956), a test that was devised as a measure of “information processing

capacity” long before the term working memory was introduced. Long term (secondary)

memory involves both procedural (skill learning) and declarative (fact learning) aspects

of memory (James’(1890) habits vs. explicit memory). Procedural memory can be most

easily exemplified by the ability to carry out a motor or perceptual task such as riding

a bicycle or mirror reading. These tasks can be performed implicitly with ease once the

appropriate skill has been learned over repeated sessions, but may not necessarily be

easy to describe explicitly. Declarative memory, in contrast, encompasses the ability to

explicitly communicate facts about the world and descriptions of our own personal ex-

periences, usually via the medium of language in humans. Declarative memory is the

type of memory that will be discussed and explored experimentally in this thesis.

1.1.1 Declarative memory: the semantic vs. episodic distinction

Declarative memory may be subdivided into knowledge of facts, such as “Porridge is

normally eaten for breakfast” and “Prince Charles plays polo at Cirencester Park”, which

are known as semantic memories. This type of knowledge is explicit and can be easily

communicated to others but it does not necessarily include any contextual features that

specify the occasion during which the fact was learned. You need not remember the time

and place of the first experience you had of eating porridge in order to declare that it is

normally eaten for breakfast. Similarly, exposure to newspaper articles, television and
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conversations with others may have instilled in you the fact that Prince Charles plays

polo at Cirencester Park, and if asked how you know this fact, your probable answer

would be “I just know it”. Over the course of everyday life you will have been exposed

to facts like these on multiple occasions and will have learned them without necessarily

having a conscious memory for when or how this learning occurred. Memory for specific

events (including their temporal and spatial parameters), such as “When did I last eat

porridge for breakfast?” or “Which team won when I went to watch Prince Charles play

polo at Cirencester Park?” is known as episodic memory. These are unique personal

events that have only occurred once and therefore have not had the repeated exposures

required in order to be established as learned facts. In order to answer the questions

above, it is essential to remember the event itself and have a conscious awareness of it

before extracting the necessary details. This distinction between semantic and episodic

memory was made known by Endel Tulving (1972) although it was based on previous

ideas from many sources that had simply been ignored up until this point. These putative

memory systems are not completely separate- this is a matter of common sense since

semantic facts about the world must be learned over various unique occasions which

have specific episodic features. However these episodic features need not necessarily be

encoded or stored in order to extract semantic factual information from the occasions.

1.1.2 The Serial Parallel Independent model of declarative memory

Tulving (2001) was also the proponent of the serial parallel independent (SPI) model of

declarative memory, which is designed to deal with the independent processes of encod-

ing, storage and later retrieval which underlie any long-term memory. In this model,

different features of declarative memory are arranged hierarchically, meaning that the

most basic prerequisite of an explicit memory- the perceptual features allowing identi-

fication of the content the memory (e.g. “this looks like porridge”)- are at the bottom of

the hierarchy. Semantic features or learned facts related to the memory (e.g. “porridge

is normally eaten for breakfast”) are next and at the top of the hierarchy is the episodic

component of the memory- the features that make the memory unique in aspects of time,

space and context of the event being encoded (e.g. “I remember the last time I ate por-

ridge for breakfast. It was at my Aunt’s farm last summer and we made it with fresh milk

from the cows”). Encoding is believed to be serial (S), meaning that in order to encode the

episodic (unique spatiotemporal) features of a event, semantic facts and perceptual obser-

vations about the things in the memory must also be included as prerequisites. Likewise,

in order to encode the semantic knowledge from an event, the perceptual features must

be processed. Perceptual features about an event can be stored alone as a purely percep-
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tual memory. Storage is parallel (P), so all the 3 features of the declarative memory can

be consolidated simultaneously. Retrieval can take place via independent (I) processes

which permits that the retrieval of a memory can use processes associated with any of

the three levels of memory for which details were provided at encoding.

1.1.3 The Automaticity of Encoding Theory

A previous but related theory- the automaticity of encoding theory of Morris and Frey

(1997)- predicts that in an intact brain, all the feature levels (perceptual, semantic and

episodic) are by default encoded at the time of an event. This process is important be-

cause events or episodes may only occur once, and may be unanticipated, so this theory

gives a chance for all the necessary information to be encoded at the time of experiencing

an event. Retrieval may therefore flexibly use any of the 3 types of memory, depending

on the complexity required by the demands of the retrieval task or the available neu-

ral mechanisms at retrieval. Thus an independent retrieval process enables the use of

episodic memory to retrieve perceptual or semantic details of an event provided the rele-

vant neural mechanisms are intact. If however experimental manipulations have blocked

the use of the putative episodic memory system at any stage during memory processing,

semantic or perceptual details may be retrieved but are not sufficient to reconstruct the

full episodic content of the memory.

1.1.4 Declarative memory: the recollection vs. familiarity distinction

Another related dissociation within declarative memory is the distinction between famil-

iarity and recall based retrieval judgements, described by Tulving (1993) as the difference

in humans between “knowing” as opposed to “remembering”. This is well established in

humans through the use of language to ask subjects whether they remember the specifics

of the encoding event and this is how they are making a retrieval decision, or whether

the retrieval decision is based on a feeling of familiarity with the retrieval stimulus. This

can be exemplified by being asked whether you recognise a photograph of Cirencester

Park (is it a familiar stimulus?). A positive answer may simply be given on the basis

of a “feeling of familiarity” with the stimulus, i.e. the place on the photograph looks fa-

miliar. However your answer may also be based on a memory for a specific event or

episode, for example you recognise the photograph of Cirencester Park because whilst

studying the photo you are recalling the occasion when you went there to watch Prince

Charles playing polo. This type of judgement, based on recognising the stimulus along

with recollection of other (incidental) contextual details about the occasion on which it
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was previously seen are usually given a much higher confidence rating and are more

accurate relative to familiarity judgements when human subjects are asked to rate how

sure they are that the given stimulus has been seen before (Dewhurst and Hitch 1999).

Receiver operating characteristics (ROCs) have been used to study the contributions of

recollection and familiarity to declarative memory retrieval in humans for a number of

years (Yonelinas 1994). The proportion of correct responses to a question or task, for ex-

ample “have you seen this item before” are plotted against the false positive responses

(identifying an item as previously seen when it is actually novel) based on the confidence

level reported for each judgement (“how sure are you on a scale of (e.g.) 1-5?”). The shape

of the graph in healthy human subjects produces an asymmetric result across confidence

levels that cannot be explained by one memory process alone and resulted in the popular

dual process model of declarative memory retrieval: contributions from both recollection

and familiarity (Yonelinas 2001). Recollection and familiarity are not thought to be nec-

essarily exclusive- declarative memory judgements can be made using a combination of

both.

1.1.5 Declarative memory: distinctions intertwined

As can be inferred from the previous paragraphs, for a memory to be classed as episodic,

it must be retrieved by a process consisting at least partly of recollection (remembering

or even mentally reexperiencing the event itself). Simply having a feeling of familiar-

ity about an event (“knowing” that it happened) does not fit the criterion for episodic

memory. It is not possible just by recognising something as familiar to extract any of the

necessary details about it which are integral to a context-rich episodic memory as defined

by Tulving (2001). Semantic memory can of course be “remembered” using an episodic

strategy of travelling back in one’s mind to a specific event and recalling the semantic

details, as well as just “known” by a feeling of familiarity with the stimulus. Both of the

above statements are predictable by Tulving’s SPI model, Frey and Morris’ automaticity

of encoding theory and Yonelinas’ dual process model of declarative memory retrieval.

There was a period during the 1980s in which Tulving’s divisions of declarative memory

into episodic and semantic or recollective and familiarity components was challenged

(Roediger et al. 1989; Humphreys et al. 1989), particularly with the criticism that exper-

imental data was simply being interpreted in the light of these useful definitions rather

than experiments being designed to test the validity of the data (McKoon et al. 1986).

However, experimental evidence to support Tulving’s division of declarative memory

has continued to accumulate, for example through functional magnetic resonance imag-

ing studies (Eldridge et al. 2000), event related potential recordings (Duezel et al. 1997)
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and further work using ROC analyses (Yonelinas and Levy 2002)and his definitions are

still generally accepted today (Agrest 2001).

1.1.6 What constitutes an episodic memory, and is it uniquely human?

Tulving (2001) has a basic belief that episodic memory is a uniquely human attribute and

cannot be possessed by animals, and he has updated his original opinions on the crite-

ria for classification of episodic memory regularly since his original definition (Tulving

1972), with it becoming more and more complex each time (Tulving 1983; Tulving 1993;

Tulving 2001) thereby raising the bar for the expectations of the qualities that should be

possessed by a species in order to conclude that it has episodic memory.

In his 1972 landmark paper, Tulving described episodic memory as memory for events

and their unique spatiotemporal aspects. This can be more simply interpreted as remem-

bering the what, where and when of an event and has been demonstrated, although only

relatively recently and not frequently, in animals (Clayton and Dickinson 1998; Babb and

Crystal 2006; Eacott and Norman 2004a; Eacott et al. 2005; Kart-Teke et al. 2006; Good

et al. 2007). The content of these papers will be discussed later.

In 1983, Tulving updated his definition to add in the requirement for autonoetic con-

sciousness. This may be termed self-awareness and permits the realisation that you

yourself have experienced an event and that this event occurred in the past (a sense of

subjective time). In humans, self-awareness is only evident from the age of 3 or 4 years

in children (Perner and Ruffman 1995; Suddendorf and Corballis 1997). This has been

the biggest stumbling block in animal research: self-awareness has been demonstrated

in chimpanzees (Gallup 1970; Hirata 2007) and in fact its development somewhat mir-

rors that of humans (Povinelli et al. 1993) but it has not been successfully shown in any

other non-human species. Showing self awareness does not automatically imply that the

animal in which it is shown uses it for episodic memory, and the previous demonstra-

tions have all involved extended training periods in order for the animals to “learn” self

awareness- it may not be implicit. There has followed fierce debate between psycholo-

gists and neuroethologists as to whether animals can ever truly possess episodic memory

since, without the aid of language, it is incredibly difficult to know whether an animal

is consciously experiencing an event and can later demonstrate recall of that experience

(Suddendorf and Corballis 1997; Griffiths et al. 1999; Clayton et al. 2001; Morris 2001;

Clayton et al. 2003; Suddendorf and Busby 2003b; Clayton et al. 2003; Suddendorf and

Busby 2003a; Dere et al. 2006).

In 1993, Tulving discussed the concept that there may be different kinds of conscious
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awareness that accompany episodic vs. semantic memories in humans, these being the

qualities of conscious memory for the rich contextual details of events (episodic recall) vs.

a feeling of familiarity with them (semantic knowledge). Although humans can simply

be asked whether or not they “just know” or actually recall a memory, assessment of this

property is not so easy in animals. The most common approach to this problem in animal

research is to design tasks that we believe cannot be solved by familiarity and must be

solved by recollection (Day et al. 2003; Bird et al. 2003; Eacott et al. 2005; Babb and Crys-

tal 2006) but laboratory rats in particular have a huge capacity for solving tasks based on

familiarity judgements, even in cases in which humans would be expected to primarily

employ a recollective strategy (Bunge et al. 2004; Clark and Martin 2005; Eichenbaum

et al. 2007). Recently it has been shown using ROC analysis (Yonelinas 2001) that odour

recognition memory in the rat shows a similar dual process pattern of recollection and

familiarity to that of human declarative memory. Fortin et al. (2004) very cleverly used

manipulations of task difficulty and reward size to bias the rats’ choices therefore cre-

ating the equivalent of different confidence levels reported in human tasks, which are

necessary to analyse the receiver operating characteristics. This novel approach shows

the first evidence that putative declarative memory in laboratory animals may have the

same characteristics of combined recollection and familiarity as in humans. This finding

is of critical importance in proving that it is possible to test a system analogous to human

episodic memory under controlled conditions in laboratory rodents: suitable criteria for

exploring the neural mechanisms underlying the phenomenon of episodic memory.

In 2001 Tulving added yet more dimensions to his criteria for assessment of episodic

memory, one of which was the flexible use of information. This was related to the

progress in research of modelling episodic memory in animals. This new criterion de-

mands that rather than always demonstrate a fixed behaviour prompted by fixed knowl-

edge, subjects should be able to make a response to demonstrate memory that is not

directly related to the expected response to the stimuli. This can be easily demonstrated

in humans by the use of language to describe a memory, rather than its physical demon-

stration. An animal, in contrast, is forced in the absence of language to demonstrate

some kind of conditioned response to a stimulus rather than being able to describe it

abstractly. It appears that Tulving’s aim with this latest criterion was to escape the

“stimulus-response” nature of animal memory tests, since in humans displaying memory

by thought or speech does not necessarily lead to action. With the lack of language in non-

human species however he only succeeded in alienating the animal kingdom from the

possibility of possessing episodic memory. The other suggestion made in 2001 which he

claimed would make a convincing argument that animals could possess episodic mem-

ory was that a characteristic of human episodic memory is forward planning. This is an-
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other demonstration of autonoetic consciousness or self awareness, but this time based on

knowing what may happen in the future and taking steps- based not on current stimuli

but on future anticipated needs- to prepare oneself for this future. Tulving suggested that

since humans spend a very large proportion of their time on behaviours that are oriented

towards responding to future stimuli, a demonstration of this in animals would imply

the possession of a human-like episodic memory system. Forward planning behaviour

which is not dependent on current stimuli has been shown in scrub jays (Raby et al. 2007;

Correia et al. 2007), apes (Mulcahy and Call 2006) and squirrel monkeys (McKenzie et al.

2004) but the same experiments have failed in rats (Naqshbandi and Roberts 2006).

There is much debate in the literature with regard to how many of Tulving’s criteria

are necessary to demonstrate a capacity for episodic memory and how many are purely

human qualities which may enhance the description of episodic memory in our own

species, but may not necessarily be prerequisites for the memory of unique events in

other species. Evidence that some non-human species can display self-awareness and

future planning provides support for neuroethologists who aim to show that animals

can possess episodic memory and that it is not just a uniquely human quality. However

the question of whether or not animals possess episodic memory is a different question

that that which is being asked by this thesis. The aim of the thesis is to explore ways in

which aspects of human episodic memory can be modelled in animals in order to explore

its underlying neurobiological mechanisms and their possible roles in health and disease.

1.2 Curriculum Vitae of the hippocampus in research

1.2.1 Discovery of a valuable research tool

The hippocampus is currently at the centre of research interest in a wide variety of dis-

ciplines, from psychologists interested in its role in learning and memory to clinicians

studying its pathology in Alzheimer’s disease. It also has a more generic role as a re-

search tool, in that many methodological developments and new hypotheses about gen-

eral brain function have been made using its anatomical and physiological properties.

The 1960s and 1970s were a particularly important time for these methodological de-

velopments: intracellular activity was first recorded, pyramidal cells were recorded ex-

tracellularly in behaving rats, the method of in vitro hippocampal slice recording was

developed and long term potentiation was first described. Other methodological devel-

opments at this time that would prove very important in defining the role of the hip-

pocampus in memory later included the introduction of computerized recognition mem-
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ory tasks for non-human primates and the invention of the Morris watermaze, for the

examination of spatial navigation and memory in laboratory rodents.

1.2.2 Hypothesised functional roles of the hippocampus

Until the middle of the 20th century, the functional role of the hippocampus had for many

years been assumed to be as part of the olfactory system. This may have been based on

observations that animals with a strong reliance on their sense of odour had large hip-

pocampi as well as olfactory areas. More substantive evidence for this theory is thought

to have arisen from clinical observations of epilepsy patients. It was reported during the

1940s that epileptic seizures originated in the hippocampus and in some case studies that

their onset was preempted by patients experiencing subjective olfactory sensations (Pen-

field and Jasper 1954), therefore linking the hippocampus to the sense of olfaction. This

is still a well known but little understood phenomenon today, characterised by a patient

always being aware of a particular smell (e.g. roses) which reliably indicates the rapid

onset of a seizure (Slater 2001).

An alternative theory of hippocampal function that abounded during the 20th century

was that the hippocampus was an anatomical substrate of emotion, first formally pro-

posed by Papez (1937). This provided a popular alternative to the theory of an olfactory

role for the hippocampus, particularly following the discovery of Allen (1940). Allen de-

veloped a task to test conditioned reflexes in the dog using an olfactory discimination

procedure and found that ablation of the hippocampus (and much more besides!) did

not affect conditioning based on odour discriminations. Papez’s theory was that the hip-

pocampus acted to integrate multiple types of sensory information in order to produce

an appropriate emotional response to the current environment. This was followed up by

experimental evidence from Kluver and Bucy (1939) who showed that complete removal

of the temporal lobe in monkeys led to visual agnosia and a complete lack of fear. These

symptoms were attributed to the hippocampus- even though it is now known that they

were probably caused by loss of the amygdala and its connections to the visual cortex-

and the now well-known effects of memory loss with medial temporal lobe removal were

not even noticed, let alone investigated. However Kluver and Bucy had a strong influ-

ence on the field at the time and there were, relatively recently, still proponents of their

original theory (Gray 1983; Gray 1988).

The role of the human hippocampus in memory was eventually brought to light (it may

even be said accidentally) in a key publication by Scoville and Milner (1957). It involved

the case of patient H.M. who had received bilateral surgical removal of parts of the medial
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temporal lobe (including the hippocampus) in a radical and rather experimental attempt

to cure his epilepsy in 1953. This radical surgery was being tested primarily to treat psy-

chosis: removal of the ventral part of the frontal lobe had shown to be of some therapeutic

effect in this condition and due to the known connectivity between the posterior part of

the frontal lobes and the medial temporal lobes, it had been decided that additional re-

moval of medial temporal tissue could be of further benefit to psychotic patients. Patient

H.M. was not psychotic but severely epileptic, and his frequent seizures had been unre-

sponsive to all available medications and left him completely incapacitated. The focus

of H.M’s seizures was widespread (in most cases electro-encephalographic recordings

could identify the locus of seizure activity) and so removal of the specific brain area re-

sponsible for the electrical hyperactivity was not possible. However since in many cases

the hippocampus was the main focus of seizure activity, and medial temporal lobectomy

in psychotic patients had not led to the induction of seizures, it was hypothesised that

medial temporal lobectomy in H.M. would at least not worsen the epilepsy. After the

surgery, the frequency of H.M.’s seizures was indeed decreased dramatically, but with

additional devastating consequences: a loss of memory. This was first reported by Scov-

ille (1954) and then, in the landmark paper of Scoville and Milner (1957), the extent of this

memory deficit was systematically examined in H.M. and nine other patients who had

received similar surgeries for psychosis. H.M.’s lesion was estimated to have affected

the anterior two thirds of his hippocampus bilaterally, plus the amygdaloid complex and

the uncus (part of the olfactory cortex). Functional magnetic resonance imaging later

revealed that in fact only the anterior 50% of the hippocampal complex (hippocampus

+ subiculum) was damaged, but the remaining hippocampal tissue would have been

completely deafferented due to the complete removal of the entorhinal cortex, making it

potentially useless (Corkin et al. 1997). Memory was tested using the Wechsler Memory

Scale, which tests various categories of memory including personal (episodic) knowl-

edge, general (semantic) knowledge, logical memory, verbal and visual paired associate

learning, configural memory and memory span both verbal and visual. This memory

scale was used alongside the Wechsler Adult Intelligence Scale, with the important mea-

sure being the difference between the scores of an individual on the intelligence scale

and the memory scale, which indicates a dissociation between memory and intelligence

rather than an overall deficit in mental capacity, which could feasibly be concluded with

less sensitive tests. The patients studied were categorised according to their memory

deficits into 3 groups: severe deficits, moderate deficits and no deficits. H.M. was cate-

gorized as having severe memory defecits, which included very poor scores on recall of

stories (verbal) and drawings (visuomotor), very poor associative learning performance

(visual and verbal paired associate learning and recall) and it was observed that each
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time a new test was begun, H.M. could no longer remember completing the previous

one. His intelligence score was unchanged since before the surgery, and he appeared to

show normal perception and reasoning ability. His family reported his behaviour as be-

ing completely normal apart from the obvious memory deficit. Of the two other patients

categorized to have severe memory deficits, one had a lobectomy of approximately the

same size and location as H.M. and the other had a smaller medial temporal lobectomy

but this was accompanied by additional removal of tissue from the frontal cortices. Pa-

tients categorized as having moderate memory deficits typically had smaller amounts of

brain tissue from the same areas as H.M. removed. Interestingly, the two patients in the

group characterised by no memory deficits after the surgery provided very interesting

evidence that has been verified in many human (Bechara et al. 1995; Scoville and Milner

2000; Williams et al. 2001; Hanlon et al. 2003; Somerville et al. 2006; Cipolotti and Bird

2006; Buchanan et al. 2006) and animal (Olton et al. 1982; Kesner and Hardy 1983; Ridley

and Baker 1991; McDonald and White 1993; Kesner and Williams 1995; Warburton et al.

2000) studies since. The first received bilateral removal of the amygdaloid complex and

the uncus, but the hippocampus was not targeted. The second received the same sized

and located lesion as H.M. but only unilaterally, leaving one complete medial temporal

lobe and one damaged. Both of these patients produced memory scale scores consis-

tent with their intelligence scores, both of which were completely normal. The patients

in this group helped to verify that H.M.’s memory deficit was due to damage suffered

by the hippocampus, and not to the amygdala or uncus, and that bilateral damage was

necessary to see these devastating effects on declarative memory.

1.2.3 The hippocampus in episodic memory

Further testing of H.M. revealed that he showed a complete loss of the ability to form

new episodic memories for events (anterograde amnesia). He also showed no episodic

memory for the 19 months prior to the surgery (retrograde amnesia) and an impairment

in some episodic memories for up to 3 years before the surgery. This was in contrast

to the fact that he would frequently talk about events from his childhood. This appar-

ently graded retrograde amnesia, with memories from the more recent past being more

affected than those from the remote past, shaped a popular idea of a temporary role of

the hippocampus for memory storage (Marr 1971; Alvarez and Squire 1994; Morris 2006).

However over the last 50 years, the differentiation of semantic and episodic memory has

been refined, H.M.’s capacity for these types of memory has been examined more closely,

and it is now doubted that he has any episodic memory at all (Corkin 2002). It is possi-

ble that all the memories he has previously described from childhood which appeared to
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show spared remote episodic memory have actually been based on multiple combined

representations of personal semantic knowledge, which would have been repeatedly ex-

perienced. It is very difficult in fact to investigate episodic memory in humans (as au-

tobiographical reports of previous life experiences). Personal semantic memory is likely

to consist of memories for things that have been experienced over and over again, either

actions that are carried out regularly or facts that are told repeatedly. Personal episodic

memories which last for a long time are likely to consist of things that happened which,

although they only actually occurred once, were out of the ordinary- different from the

normal semantic routine. This in turn means that even if you do not remember them

very clearly, they will likely have been repeated to you over and over again by friends

or family members, purely because they are perceived as novel or interesting things that

have happened. This implies that many episodic memories, even the most convincing

examples provided by H.M., are likely to have been semanticized by repeated “story-

telling”from other people and that they may be retrieved in a semantic way that may

not require the hippocampus. The current information about H.M. suggests that he has

no episodic memory, but his semantic memory prior to his medial temporal lobectomy

is intact. This distinction between memory systems supports Tulving’s previous clas-

sifications of declarative memory (Tulving 1972; Tulving 1983; Tulving 2001) and also

provides support for the Nadel and Moscovitch (1997) multiple trace theory of memory,

in which certain types of memory (in this case episodic memory) are stored in the cortex

but an index is kept in the hippocampus in order to direct retrieval to the correct cor-

tical memory traces. This therefore requires that the hippocampus (or at least the part

containing the relevant index) must always be intact in order to retrieve the episodic

memory. Thus, the relative sparing of semantic memory retrieval relative to episodic

memory retrieval in amnesic patients such as H.M. is explained by the fact that semantic

memories are (or have been) frequently experienced in unique events (episodes), each of

which are encoded by the hippocampus. Each episode in which the semantic memory

is experienced creates a new index entry in the hippocampus, so for any semantic mem-

ory there are more indices distributed around the hippocampus (via which the memory

can be retrieved) than there are for each episodic memory. After hippocampal damage

there is therefore more chance of any remaining hippocampal tissue containing an index

to a given semantic memory than there is of it containing an index to a given episodic

memory (Moscovitch et al. 2005). This is in contrast to the earlier thoughts of Marr

(1971) whose standard consolidation theory suggests that after a certain period of time,

all memories which required the hippocampus for their encoding will cease to rely on

it for retrieval of those memories, as they have become completely “copied” over to the

cortex. Perhaps elements of the multiple trace theory contribute to a valid hypothesis
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for episodic memory, which it appears may always require the hippocampus for encod-

ing, storage and retrieval, whilst the standard theory of consolidation that hypothesises

a time-dependent role for the hippocampus in memory is relevant to semantic memory,

which may require the hippocampus for normal learning but not necessarily for later

retrieval.

Vargha-Khadem et al. (1997) subsequently showed more clear cut evidence for the role of

the hippocampus in episodic but not semantic learning, and the recollective but not famil-

iarity aspects of memory in a study of 3 patients who had developed amnesia as a result

of brain injury during early childhood and whose functional magnetic resonance imaging

profiles showed bilateral damage relatively restricted to the hippocampus. These patients

had normal intelligence levels, performed well at school and acquired normal levels of

semantic knowledge as demonstrated by their capacity to communicate good general

knowledge. However in all 3 cases their episodic memory for unique day to day events

was completely absent and they could not provide recollective details about the contexts

or episodes in which they had learned any semantic facts. It is not yet clear whether or

not these patients’ ability to acquire new semantic information at a relatively normal rate

is due to some kind of compensatory strategies employed at an early age whilst their

memory systems were still developing, which rescued their capacity for semantic learn-

ing but were unable to compensate for the lack of a hippocampus for episodic memory

processing.

Cases of adult onset amnesia are relatively rare (Agrest 2001) particularly those that can

be confirmed to have damage limited to the hippocampus. More recent data from adult

onset amnesia patients has not clarified the situation in terms of whether anterograde am-

nesia for semantic memory or semantic and episodic memory is affected by hippocampal

damage, and whether the hippocampus has a temporary or permanent role in retrograde

memory for events (Bayley et al. 2003; Bayley and Squire 2005; Steinvorth et al. 2005).

The case remains clear however from most of the human data that there is support for

a semantic-episodic and recollection-familiarity distinction in human declarative mem-

ory and that episodic memory and the recollective component of declarative memory are

mediated by the hippocampus in humans (Vargha-Khadem et al. 2001).

1.3 Studies of memory dysfunction in animals

One of the first animal models of memory dysfunction was complete medial temporal

lobe lesion in monkeys (Mishkin 1978), aiming to target the same brain areas (hippocam-

pal formation and amygdaloid complex) that were thought to have been lesioned by
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H.M.’s operation (Scoville and Milner 1957). Monkeys with these lesions were tested on

a delayed non-match to sample (DNMTS) task commonly employed with non-human

primates. The task involved the presentation of a sample stimulus, either on a computer

screen or in the form of a 3D object. After a short delay, 2 stimuli were presented concur-

rently, one of which was identical to the sample stimulus and one of which was novel to

the monkey. The monkey would be rewarded with an edible prize for selecting (point-

ing to on a screen or picking up) the novel stimulus that had not been presented during

the sample. Monkeys with combined lesions of the hippocampus and amygdala were

severely impaired on this task, which led to the idea that the DNMTS task was a good

model of the type of memory in which H.M. showed impairments. The fact that some

monkeys in this study also received lesions of either the hippocampus or the amygdala

alone- lesions which had no effect on the DNMTS task- suggests in the light of more cur-

rent work that this task was not a good episodic memory test, but the available data of

the time did not conflict with the finding of Mishkin (1978). Although one of the other

patients in the study of Scoville and Milner (1957) had bilateral amygdala lesions and

showed no memory impairments, there had not been any evidence that bilateral damage

limited to the hippocampus had any effect on memory. Since H.M. had a lesion of the

amygdaloid and hippocampal systems, it was an informed conclusion at the time that

damage to both of these structures was necessary to see memory impairments and that

the two systems were interlinked in terms of H.M.’s memory deficit.

It was not until some years later that further experiments showed that the lesion tech-

nique that had been used to produce the combined hippocampal and amygdaloid lesion

in the monkeys had actually resulted in the ablation of most of the rhinal cortices as well

(Murray and Mishkin 1986). Subsequent experiments removing the rhinal cortices with-

out hippocampal and amygdaloid ablation showed that in fact it was the perirhinal cor-

tex in monkeys (Meunier et al. 1993) and rats (Otto and Eichenbaum 1992) that was the

crucial area for task performance in the DNMTS task and that both monkeys (Nemanic

et al. 2004) and rats (Steckler et al. 1998; Mumby 2001) were capable of performing the

task if lesions were restricted to the hippocampus- or even hippocampus and amygdala

(Murray and Mishkin 1998)- and did not damage the parahippocampal (rhinal) cortices.

Already, new tasks were being designed to better test the concept of episodic memory.

Gaffan (1991) and Tulving (1993) believed that a vital component of episodic memory

in humans was the organization of spatial stimuli in a scene. This was envisaged as a

critical part of episodic memory because each unique event will occur with a different

configuration of stimuli present in space and remembering components of each scene

could help to differentiate episodic memories which are similar in many other ways. The
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elegant example Gaffan used to describe this theory in his 1991 review was that of giving

a lecture in which you fielded questions at the end. If a colleague inquired about what

questions were asked after the lecture, in order to answer you would be likely to retrieve

the information (which is of an entirely non-spatial nature) by using a recall process that

reconstructs the whole scene in the lecture hall as you previously viewed it, including the

positions in the audience of the people who asked you the questions. Thus Gaffan’s scene

memory became the next example of a putative episodic memory task (Gaffan 1994). He

described data in his 1991 paper showing that monkeys with transection of the fornix

were impaired at recognising naturalistic complex visual scenes that they had experi-

enced before surgery and were also much slower than controls at learning to recognise

new scenes after the surgery. Subsequent data showed that in more controlled conditions

it was the associations of objects with positions in their environment that was affected by

the transection of the fornix, rather than discriminating objects alone as in the traditional

DNMTS task (Gaffan and Harrison 1989). This deficit has also been shown in rats with

lesions of the hippocampus (Save et al. 1992; Mumby et al. 2002) and humans with dam-

age similar to that of H.M. (Milner et al. 1997; Stepankova et al. 2004). The scene memory

tasks designed by Gaffan were also much more similar to tasks commonly used to test

episodic memory in humans, which used paired associate learning (forming associations

between 2 stimuli) to test episodic memory. The association of objects with visual scenes

was thought to mimic this kind of learning.

While Gaffan’s scene memory task is much more representative of human episodic mem-

ory tests than its predecessor the DNMTS task, there is still another aspect of paired as-

sociate tests in humans that neither task exploits, and this is the use of forced recollection

rather than familiarity based processes. In the scene memory task, monkeys (or rats)

would be rewarded for choosing a scene that was familiar and/or had been designated

as a positive (rewarded) stimulus over choosing a novel or negative (non-rewarded) stim-

ulus. Animals are able to learn over a long training period to discriminate scenes that are

rewarded compared to those that are not- a process that is most likely consolidated into

semantic memory- and could use a familiarity judgement to decide whether a scene pre-

sented is completely novel or not. Thus, although this task is hippocampal dependent,

there is no evidence that animals are using recollection to solve it. The recruitment of

the hippocampus may arise due to the spatial nature of the task (Olton and Papas 1979;

Morris et al. 1982) - an alternative account of hippocampal function in animals - rather

than any episodic or recollective requirements. The importance of this was brought to

light by data suggesting that humans solve many recognition memory tasks using an ad-

ditional recollection strategy rather than familiarity alone (Yonelinas 1994) and that the

recollection component of the memory is the part that recruits the hippocampus (Ran-
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ganath et al. 2004; Yonelinas et al. 2005; Aggleton and Brown 2006), which has also been

shown more recently to be the case in rats (Fortin et al. 2004; Eacott et al. 2005). This rec-

ollective property of certain memory tasks in humans is independent of whether or not

the tasks have any spatial elements (Cave and Squire 1991; Burgess et al. 2002; Corkin

2002). These data indicate that if we are to test episodic memory thoroughly, we need to

create tasks in animals which require that they use recollection rather than being able to

rely on familiarity, and ideally tasks that do not involve a spatial or navigational element

in order to eradicate this as a confound.

1.4 Paired Associate Learning

Paired-associate learning is a frequently used tool in the examination of episodic memory

in humans (Tulving 1983) where lists of abstract stimuli (often pairs of random words that

would not normally be linked via semantic knowledge) are studied by a subject who is

later asked to recall one stimulus of a pair when presented with just the other stimulus

alone (a verbal or written response is usually required). This type of task is known as

paired associate recall, since only one half of the pair of stimuli is available at the test

phase and the task cannot therefore be solved by a recognition judgement (see Figure1.1.
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Paired associate learning in humans
Human subjects are required to study lists of abstract word pairs, with no semantic 
relationship, as a sensitive test for specific episodic memory impairments. 
Only one half of the original stimulus pair is available at the test,  necessitating cued 
recall rather than simply recognition of the stimulus pair. This test is carried out using 
verbal or written memory in humans . 

Study Phase

"dog"  -  "tree"

"ball"  -  "horse"

"pen"  -  "rug"                                                     "pen"  -    "?"

                                
                               

                                   Test Phase

                                "?"        -  "tree"

                                "ball"  -    "?"

variable delay

Figure 1.1: Paired associate recall tested in humans.

Paired associate recall in humans has proved to be a very sensitive test of episodic mem-

ory in humans, perhaps because it encourages thet a recollection process be used in or-

der to solve the task, while at the same time using trial-unique lists of words, which

incorporates the episodic factor. Episodic memory impairment as tested by paired asso-

ciate learning has been proved useful as a tool to detect early symptoms of Alzheimer’s

Disease (AD) (Swainson et al. 2001), specific to early onset AD type dementia (Lee

et al. 2003). Paired associate recall is also indisputably severely impaired in human sub-

jects with medial temporal lobe damage including damage to the hippocampus (Vargha-

Khadem et al. 1997; Spiers et al. 2001). Functional imaging studies in intact, healthy

human subjects have reported activation of the hippocampus specifically during paired

associate recall tasks (Eldridge et al. 2000; Burgess et al. 2002). Creation of an animal

analogue of paired associate recall tasks will therefore be an invaluable link to under-

standing the neurobiology of human episodic memory in health and disease, and will be

reported in the first two experimental chapters of this thesis.
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1.5 The What, Where and When of Episodic Memory

An alternative approach to studying models of episodic memory, to be described in the

second two experimental chapters of this thesis, is that of designing novel behavioural

tasks for rats based on elements of the literary definition of episodic memory. Episodic

memory was seminally described by Endel Tulving (Tulving 1972) as memory for the

spatiotemporal aspects of unique events. This can be simplified as the event (“what”),

“where” it took place and “when” it happened. These 3 pieces of information- the what,

where and when of an event- are what Tulving considered to be the foundation of episodic

or event memory and this view was widely adopted.

Clayton and Dickinson’s landmark paper (Clayton and Dickinson 1998) demonstrating

that scrub jays could remember the “what, where and when” of an event provided the

first evidence of something resembling episodic memory in a non-human species. Clay-

ton and Dickinson coined the term “episodic-like” memory to describe the behaviour

shown by their scrub jays and this term is now in general use to describe demonstrations

of Tulving’s original (1972) definition of episodic memory in non-human species whilst

appreciating that autonoetic consciousness, as demanded by his 1983 definition, cannot

as yet be irrevocably demonstrated in animals.

Clayton & Dickinson’s experiment utilised the natural behaviour of scrub jays to store or

“cache” food, for retrieval at a later date (Shettleworth 1995). Birds were given access to

food (e.g. wax worms) which they were allowed to cache in one side of an ice cube tray.

The wells of the ice cube tray were filled with sand in which the birds could bury the food

(see Figure ?? on page ??). 120 hours later the birds were given access to a second type of

food (e.g. peanuts) and allowed to cache these in the other side of the ice cube tray (the

first side that the birds had cached in 120h previously was now covered and inaccessible).

After this second caching event, there was a delay of 4 hours before the retrieval phase.

Over just 2 or 3 training trials the birds learned the rule that if a long period of time had

passed since caching (124h) their favourite food - the wax worms - would have decayed

and no longer be suitable for consumption, so they should recover peanuts from the

appropriate wells in the ice cube tray where they had stored them 4h ago and disregard

the locations where they had stored the wax worms 124h ago. If presented with the foods

for caching in the opposite order - peanuts first 120h before the retrieval phase then wax

worms just 4h before the retrieval phase - the birds learned that the wax worms would

still be fresh and since this was their favourite foodstuff, they would preferentially search

in the locations where they had cached the wax worms 4h ago. In a series of critical

probe tests the ice cube tray in which a bird had cached peanuts and wax worms would
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be emptied of food and sand and refilled with only fresh sand containing no food at all

and therefore no odour to guide the birds to where they had stored the different types

of food. In these tests, the birds’ memory for what food they had stored where and

when could be assessed by observing in which wells of the ice cube tray a bird directed

its first and subsequent searches for food. As predicted, birds directed their searches

preferentially to the locations where they had cached wax worms after a 4h delay, but

after a 124h delay they searched more in the locations where they had cached peanuts.

The birds successfully showed memory for what foods they had stored where, and how

long ago (when) and their behaviour was not guided by the odour of the foods. The

criteria for episodic memory as defined by Tulving also include the fact that an event

must be unique, since repetition of the same event would constitute something more like

semantic fact learning. In the experiments of Clayton and Dickinson, the ice cube trays

that the scrub jays stored food in were made unique on each trial, so no two trials were

ever the same for a given bird. This was done by attaching the ice cube tray to a wooden

board on which stood a 3D Duplo (children’s building brick) model. Each ice cube tray

was attached to a board with a different 3D model. Birds could use the visuospatial

features of the model to locate which wells of the ice cube tray they had stored particular

foods in. However this information could only be used for one trial (2 caching sessions

and a retrieval phase) as on the next trial the birds would be presented with a new tray

and 3D visuospatial model that they had never previously encountered. This ensured

that each trial was indeed a unique event, although there is no evidence presented in

this paper to show that the birds actually encoded the visuospatial cues during caching

or that they used them to locate the correct wells from which to retrieve the food. This

could be investigated in a variety of ways: for example by removing the 3D visuospatial

Duplo model at caching, retrieval or both phases; or by presenting a different ice cube

tray with a different model at retrieval to the one presented at caching. To show that the

birds in this experiment were not just searching at the most familiar cache sites (e.g. those

used 4h ago rather than 124h ago) and may simply have forgotten the caching event from

124h ago, a second control group of birds ( the “Replenish” group) was employed. This

group of birds never experienced degradation of the wax worms, their favourite food, so

regardless of the delay between caching and retrieval, they would always preferentially

search for food in the sites where they had previously stored the wax worms and did not

search for the peanuts. This piece of data provides crucial evidence that the birds could

remember what food they had stored and where, even at the 124h delay. This shows that

the birds in the original “Degrade” group; who experienced the decay of the wax worms

they had stored 124h before retrieval; were not just choosing the most familiar cache sites

because they had forgotten where the 124h old cache sites were located or the memory
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trace was weaker, since the birds in the “Replenish” group (who never experienced the

decay of the wax worms) could accurately locate the 124h old cache sites when they

contained their preferred food (wax worms).

A number of further studies by the same group carried out after this 1998 paper was

published provided further and more convincing evidence for the existence of episodic-

like memory in scrub jays. Clayton and Dickinson showed that their scrub jays could

learn to use time intervals that were not necessarily based on circadian interval timing

(in the original 1998 experiment the scrub jays had to distinguish between 124h and 4h

which could be easily deduced from whether a night period had passed or not), use more

than two time intervals to judge whether different foods had decayed or not and also infer

whether or not a food would have decayed at a previously untrained time interval, using

knowledge from their previous experience of decay times (Clayton and Dickinson 1999,

unpublished observations in Clayton et al. 2001). They also showed that the memories

for what, where and when were integrated (Clayton et al. 2001) and that they could be

used flexibly in situations other than those previously trained (Clayton et al. 2003). Much

of this further evidence is summarised in two review articles (Clayton et al. 2001; Clayton

et al. 2003) with the conclusion that animals may in fact possess at least some features of

episodic memory which are therefore not unique to humans.

The episodic-like food caching task described above was the first task to begin to fulfill

Tulving’s criteria for episodic memory in a non-human animal, however the scrub jay is

used primarily to study convergent evolution and little is known about the functional

anatomy of this species. Since the amount of available techniques and knowledge of

functional neuroanatomy is so extensive with regard to more common laboratory species

such as rodents and primates, it seems a sensible progression would be to adapt Clayton

and Dickinson’s insightful task to suit these alternative species. It must be borne in mind

however that this task was designed from a neuroethological perspective in order to be

particularly relevant to the natural behaviours of the species for which it was designed (in

this case, the scrub jay). This must be taken into account when trying to adapt this task

for other species, as we are unlikely to be able to evoke such sophisticated behaviour

in other animals unless, like Clayton and Dickinson, we are asking the right questions

(Mackintosh 1983; Real 1993; Healy and Braithwaite 2000).

Bird et al. (2003) attempted to directly replicate Clayton and Dickinson’s scrub jay experi-

ment in the common laboratory rat (Norway rat, Rattus Norvegicus) using a similar food

caching paradigm on an 8-arm radial maze (Olton and Samuelson 1976). Although this

species does not generally show caching behaviours in the wild except in the case of lac-

tating females (Whishaw 2005), the phenomenon of food storing has been demonstrated
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in the Norway rat in the laboratory (Wolfe 1939). Further studies showed that manipu-

lating the size and supply of food items and also the availability of sheltered spaces for

eating can encourage temporary food hoarding behaviour in the Norway rat (Whishaw

and Oddie 1989). In this extended and complex series of experiments by Bird et al. (2003),

many aspects of food preferences and food hoarding were explored. Rats learned to carry

4 pieces of food (cheese or pretzels) down experimenter-chosen arms of an 8-arm radial

maze (this was a measure designed to prevent rats choosing preferred arms down which

to carry food based on a series of body turns or other non-spatial strategies, see Olton

and Samuelson (1976)). They very quickly developed a preference for returning accu-

rately to arms in which they had stored food compared to arms where they had not in a

later retrieval phase of delays from 1 min to 24h. Rats also showed a strong preference

for cheese over pretzels in the home cage and on the maze and returned preferentially to

maze arms in which they had previously stored cheese rather than those in which they

had stored pretzels. This showed evidence that the rats could remember “what” food

type they had stored and “where” they had stored it (i.e. in which arms of the maze).

In an attempt to teach rats to use a temporal rule to determine which arms of the maze to

enter, and therefore completing the “what-where-when” triad demonstrated by Clayton

and Dickinson in their scrub jay experiments, rats were split into 2 groups to learn about

the degradation of specific food types. They had already demonstrated knowledge of

what food types they had stored and where they had stored them by preferentially locat-

ing cheese first then pretzels later whilst avoiding arms in which neither food had been

stored (see Hulse and O’Leary (1982) for earlier evidence of similar behaviour in rats).

The next stage was to attempt to teach one group of rats - the 25h degrade group - that

their preferred food - cheese - would have degraded after a 25h delay since storage, so

they should choose to retrieve pretzels when returned to the maze. The 25h degrade

group were also tested separately at a delay of 1h between storage and retrieval in which

they could successfully retrieve cheese which would not have decayed during this short

period. The second group of rats - the 1h degrade group - were supposed to learn a

different rule. In their case, their preferred food - cheese - would have degraded at an in-

terval of only 1h after storage, so if allowed to retrieve food 1h after storage they should

choose to retrieve pretzels. If, however, they were returned to the maze to retrieve food

at a 25h delay since storage, they could now retrieve cheese as it would not be decayed

or inedible. Cheese was degraded and made unpalatable by soaking in a quinine solu-

tion. Unfortunately neither group of rats demonstrated that they had learned to use the

temporal information about how long ago they had stored food to decide which arms to

enter and search for food in in the retrieval phase. All rats in both conditions continued

to search for cheese rather than pretzels, even after repeated presentations of degraded
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cheese (the inedibility of which was proven by the rats’ refusal to eat this cheese). The

ethological validity of the 1h degrade group seems questionable however, since if rats

have any intrinsic knowledge or can remember anything about the food decay process,

this rule would be nonsensical- how can a food which was decayed beyond palatability

after just 1h be perfectly edible after 25h? It may have been more valuable to imitate

Clayton and Dickinson’s scrub jay model more closely and have a “replenish” group of

rats who never experienced the decay of any food. In this way their performance and

pattern of behaviour could have been compared to the rats who experienced the degra-

dation of cheese to see if there were any other quantitative or qualitative behavioural

variables which may have cast light on the reason why the rats in the degrade group did

not learn the degrade rule.

There are many possible explanations as to why the rats in this series of experiments

could not learn to use a temporal rule in order to direct their food searches. One of the

most simple reasons could be that the cheese was much too salient relative to pretzels

and was so strongly preferred by the rats that they may have taken an incredibly long

time (if at all) to inhibit their tendency to search for it as a priority. Perhaps the use of

another food which was more preferable than pretzels, i.e. somewhere on the scale of

preference between pretzels and cheese, could have been used. On the other hand, if

rats do not have an intrinsic reason to learn about the rate at which different foodstuffs

degrade (perhaps due to the fact that this species does not cache food in the wild for re-

trieval at a later date) then there is in fact no need to have a preferred and non-preferred

food in the context of the experiment by Bird et al. The experiment could have been car-

ried out just as effectively with 2 foods highly favoured by the rats, for example cheese

and chocolate, and if the incentive value of both these foods was very high it may have

stimulated some differential search activity in the retrival tests. The idea that the degra-

dation times of different foods may not be an inbuilt mechanism which rats utilise in the

wild is supported by a comparison of this experiment with that of Clayton and Dickin-

son. In the latter, scrub jays learned very quickly (within 2-3 trials) which foods would

degrade at which time intervals and ethological evidence supports that this is a skill that

they do indeed use in the wild. The rats in Bird et al’s experiment however showed no

learning about which food would degrade even after 40 trials, suggesting that this may

not be an ethologically valid paradigm for use with laboratory rats.

There is evidence in the literature that rats do in fact have some knowledge of time (re-

viewed in Gallistel 1990) and temporal order, so it seems unlikely that a complete lack

of a sense of time is the reason for the failure of the rats in the experiment by Bird et al

to show use of a temporal rule. Meck et al. (1984) showed that rats could discriminate



Chapter 1. Introduction 23

between and respond differentially to auditory stimuli with durations of 2 or 8 seconds,

remember the stimulus length over a 5s retention interval before being allowed to re-

spond and also transfer this judgement of stimulus length to the visual modality with

ease. However there is a lack of convincing evidence that rats can keep track of exact

time over longer intervals.

Babb & Crystal (2005;2006) succeeded in designing a task for rats which involved the

animals remembering which arms of a radial maze contained certain types of food, and

to use a time interval (long or short) to choose which arms to return to (memories for

what, where and when) although the evidence that these 3 components are integrated at

any one time is lacking. In Babb and Crystal (2005), rats were trained to sample 4 arms

of a radial maze, 3 of which contained standard rat chow and 1 of which contained their

preferred chocolate flavoured chow. After a 30 minute delay, rats were exposed to the

radial maze again with all 8 arms open and were trained to visit the 4 arms that had not

contained food during the sampling phase (a simple DNMTS rule). After a 4 hour delay,

rats were trained to return to the arm that had contained chocolate food in the sampling

phase to receive a chocolate reward, along with any of the other 4 arms not open in

the sampling phase, which were also rewarded but only with standard rat chow. The

measure of whether or not the rats remembered what food was found when and where

was based on how many of their initial 4 arm choices in the test phase were directed

towards the maze arm that contained the chocolate food. The result was that after the 30

minute delay, rats chose the chocolate arm as one of their first 4 choices approximately

20% of the time (“chance” level), whereas after the 4 hour delay (when the chocolate arm

had been replenished), rats chose it as one of their first 4 choices approximately 50% of the

time. These results appear promising, but the large number of training sessions required

to acquire the task (approximately 80), alongside the fact that the training had to be very

methodical (teaching the rats what to do at the 30 minute delay first, then introducing

the 4 hour delay, then intermixing trials) in addition to the fact that the rats were very

well trained on the layout of the radial maze (having been trained on it for a different

experiment beforehand) are all facts that imply that some kind of long-term semantic

rule-learning was occurring, rather than trial-unique episodic-like memories for the task.

In the experiments of Clayton and Dickinson (1998), the birds tested required barely any

training to acquire the temporal rules, suggesting that the use of this kind of temporal

memory was easier or more natural for them. Also, the performance of the rats on the

task of Babb and Crystal (2005) was not very convincing: considering that these rats had

spent weeks (or even months) learning that the chocolate arm should be revisited after

the long retention interval, choosing the chocolate arm as one of their first 4 choices only

50% of the time seems a very low level of performance.
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The authors attempted to show that the memory for what (chocolate food), where (choco-

late arm) and when (long delay) was not an effect of matching or non-matching to sample

rules by incorporating three testing days in which chocolate exposure after sampling was

associated with lithium chloride, which induces nausea, producing a conditioned taste

aversion. Rats were then tested after the long delay in which they previously showed re-

peated visits to the chocolate arm. After lithium chloride treatment, rats decreased their

number of visits to the chocolate arm, which indicates superficially that they remembered

where the chocolate arm was and actively avoided it. However, the criterion for ending

the test phase in the lithium chloride condition was altered, in that rather than collect-

ing pellets from the 4 correct arms before termination of the trial, the rats now simply

had to visit 4 locations and may not have eaten any pellets during the test phase. Also,

the proportion of correct choices in the test phase after lithium chloride decreased by

approximately the same amount as the proportion of visits to the chocolate arm, which

may indicate a general decrease in accuracy or motivation to eat after the lithium chlo-

ride treatment, or some other non-specific side-effect of the treatment. The authors tested

the efficiency of their protocol to induce taste aversion in naı̈ve rats, who showed a dra-

matic decrease in choosing chocolate food over standard chow when chocolate food had

been paired with lithium chloride. This is in contrast to the much smaller decrease seen

in rats choosing the chocolate arm in the radial maze after lithium chloride treatment,

which implies that perhaps the memory for where the chocolate food was was not very

well intact. Interestingly, the rats undergoing treatment with lithium chloride showed no

aversion to eating the chocolate pellets when they encountered these pellets in the sam-

ple phases during the taste aversion testing days. This is unusual as conditioned taste

aversion usually produces a very strong and long-lasting memory (Morrison and Col-

lyer 1974), although the relevance of this observation to the experimental results is not

clear.

In a later paper, Babb and Crystal (2006) used a slightly different paradigm in order to

provide more convincing evidence that the rats actually remembered the specific loca-

tions of the flavoured foods in the radial arm maze. In this study, 2 of the 4 available arms

in the sample phase contained 2 different flavoured foods, both of which were preferred

by the rats to the standard rat chow available in the other 2 arms. In the test phase, both

of these preferred flavours were replenished after a long but not a short delay. Rats pref-

erence for one or the other flavoured foods was then biased by feeding them to satiation

with food of one flavour. Results showed that after the long delay, rats showed a decrease

in the number of entries to both of the arms that contained flavoured foods relative to nor-

mal training performance, although the food flavour that had been satiated did show a

barely significantly lower number of entries than the one that had not. Biasing the ani-
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mals’ preferences by treating them with lithium chloride to produce a conditioned taste

aversion to one of the flavours did show a convincing differentiation between choices of

the arm associated with the conditioned flavour relative to the non-conditioned flavour,

thus demonstrating that the animals did remember what food was at what location. This

was a much stronger result than that seen in the previous paper (Babb and Crystal 2005)

but there was a small change in protocol that actually makes the standard task on which

the rats were trained rather less convincing than in the original paper. In the 2006 version,

the arms rewarded after the short retention phase were the ones not available in the sam-

ple phase, so again requiring a simple DNMTS rule to solve them. However in the test

phase after the long retention interval, the arms that were rewarded were the 2 flavoured

arms, and the other 2 standard arms were not rewarded. The 4 arms not presented in

the sample phase were also rewarded in this test phase, but a simple DNMTS rule after a

short delay and the opposite rule after a long delay would mean that these 4 sample arms

would not be entered after a long delay. If rats used a matching to sample rule on the long

delay trials, they would choose to enter the 2 flavoured rewarded arms that they experi-

enced during the sample phase, along with the 2 arms that had contained standard chow

in the sample phase. It is not necessary to learn which arms are replenished to learn this

rule. The measure used to judge whether a rat was correct was whether it entered one of

the flavoured arms during one of its first 4 choices. Since there were only 4 arms that had

been available on the sample trial, and using a simple match to sample rule after a long

delay, rats would always have entered one of the correct arms within the first 4 choices,

especially since they had been trained from the start of the experiment not to re-enter an

already visited arm within a single session on the maze. This experiment again shows

evidence that the rats remember when and where in the standard training, and that they

remember what and where during the conditions where they are biased against one food

flavour. However, since during the bias testing, only the long delay is used, there is no

evidence for integration of the temporal rule in the conditioned taste aversion condition.

An elegant way to address this would be to train the rats to choose one flavour at each

time delay and then bias them against each flavour to see the effects at both delays.

The task of Babb and Crystal (2005) has been replicated since (Naqshbandi et al. 2007),

but although all the elements required for an episodic-like memory task are present, the

large amounts of training required imply that the task involves a substantial amount of

semantic rule learning, which takes away from its value as an episodic memory test.

There is also a lack of convincing evidence that the 3 elements of the task - the what,

where and when - are truly integrated at any single time point in the task.

An easier way to examine temporal memory in rats may be to look at their memory for
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temporal sequences - orders of events - or their knowledge of how long ago a previous

event occurred based on the relative familiarity (upon re-presentation) of the associated

stimuli. These methods have been successfully used in a radial arm maze task (Kesner

and Novak 1982; Chiba et al. 1997), examining the ability of rats to return to arms in the

same order that they originally visited them or to discriminate between a more or less

recently visited arm in a forced choice paradigm.

The spontaneous novelty exploration paradigm has also been successfully used to exam-

ine temporal order memory in rats. In its basic form it is often referred to more simply

as “object recognition”. This paradigm is based on the innate capacity of rats to display

preferential exploration of novel aspects of their environment over familiar aspects. This

phenomenon was probably first observed by Pavlov (1927) in dogs. Whilst involved in

conditional learning experiments, Pavlov observed that if a novel or unexpected stimu-

lus occurred, his dogs would redirect their attention to this stimulus, although this was

a completely unconditioned response. The detection of and response to novel stimuli

was investigated further in the laboratory rat (Berlyne 1950) and has been carefully as-

sessed (Renner and Seltzer 1991; Mumby 1995) and systematically reviewed (Berlyne

1966; Mumby 2001). Ennaceur and Delacour (1988) published a landmark paper describ-

ing a carefully controlled laboratory paradigm which could be used to quantify rats’ be-

havioural responses to novelty. This involved familiarising rats with a testing box, then

placing 2 identical copies of a 3D object into the box for the rat to explore during a ha-

bituation session (lasting a predetermined amount of time, commonly 2-5 mins). After a

retention interval (of between 1min and 24h) the rat would be returned to the testing box

and presented with 2 more 3D objects. One of these would be another identical copy of

the object presented in the habituation session and the other a completely new object that

the rat had not encountered before. Memory for the previously encountered(familiar)

object was quantified by measurement of the amount of time the rats spent exploring the

new object compared to the familiar one. This task can also easily be extended to include

other factors as well as the identity of the object. Rats can detect and will preferentially

explore spatial changes such as a familiar object moving to a novel position, or familiar

objects whose locations have been swapped (Save et al. 1992; Ennaceur and Aggleton

1994; Ennaceur et al. 1997; Dix and Aggleton 1999; Mumby et al. 2002; Eacott and Nor-

man 2004a; Kart-Teke et al. 2006; Barker et al. 2007; Good et al. 2007). They are also

able to detect novel combinations of objects and contexts, e.g. a familiar object which is

then encountered in a different context from that which it was originally presented will

be re-explored (Dix and Aggleton 1999; Mumby et al. 2002; Norman and Eacott 2005).

(Context in this paradigm can be various features of the environment, such as colour,

texture, shape or spatial cues/location). It has also now been shown that rats will pref-
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erentially explore an object which was presented longer ago in time over a more recently

presented object (Mitchell and Laiacona 1998; Kart-Teke et al. 2006; Barker et al. 2007;

Good et al. 2007) which provides another possible way of approaching the study of time

and temporal order in rats.

Episodic-like memory task design from Kart-Teke et al. (2006)

Figure 1.2: Task design from Kart-Teke et al. (2006)

Recently Kart-Teke et al. (2006) made use of a combination of these novel exploration

paradigms to attempt to create a new model of episodic-like memory in the laboratory

rat involving memory for objects, their locations and the order in which they were pre-

sented (see Figure 1.2). Rats were familiarised with a square testing box before the testing

began. They were then presented with 4 identical copies of an object in 4 different spatial

locations within the testing box (the first exposure phase). The rats were allowed to ex-

plore these 4 objects for 5 mins before being removed from the testing box. 50 mins later,

rats were replaced in the testing box for a second exposure phase in which they were

presented with another 4 identical but new objects in new places which they were again

allowed to explore for 5 mins. After another retention delay of 50 mins, the rats were re-

placed in the testing box for the memory retrieval phase. As shown in Figure 1.2, 2 copies

of each of the objects from the exposure phases were present in this phase. All 4 objects

(A1, B1, A2 & B2) were placed in locations in which objects had been previously encoun-

tered in the exposure phases, but one of the two objects from each exposure phase was

displaced during the test phase (A2 & B2) while the other two objects (A1 & B1)remained

in their previouisly experienced locations. The prediction made by the authors was that

the displaced objects (A2 & B2) would be explored more than the stationary objects (A1

& B1) demonstrating memory for what and where; and that the least recent (110 min

old) objects (A1 & A2) would be explored more than the more recent (55 min old) objects

(B1 & B2) demonstrating memory for what and when. These predictions were partially
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upheld in that the more recent displaced object (B2) was explored more than the more

recent stationary object (B1) demonstrating memory for what and where. Also, the less

recent stationary object (A1) was explored more than the more recent stationary object

(B1) indicating memory for what and where. It was shown that this result was not due to

less exploration of the objects in the second exposure phase and therefore a weaker mem-

ory trace for these objects. Unfortunately the rats showed a preference for the less recent

stationary object (A1) over the less recent displaced object (A2) which was not predicted.

There is a possibility that this was due to the object A2 being located in a position which

had been explored more recently (in the second exposure phase), albeit containing a dif-

ferent object, which would imply that the temporal order of the locations used in this task

were of more salience to the rats than the identity of the objects. This hypothesis would

be consistent with the result that the more recent displaced object (B2) was explored more

than the recent stationary object (B1) since B2 was placed in a location which had been

encountered less recently than the location of B1, irrelevant of object identity. To fulfil

the criterion for demonstrating episodic-like memory, the experiment should show evi-

dence for integration of all three features- what, where and when- which I believe it fails

to do. The object A2, which was less recently experienced and displaced, should most

importantly have been explored the most by the rats, followed by either A1 or B2, de-

pending on the salience of the temporal vs. spatial elements of this particular task. The

object B1, which had been seen recently and had not been displaced, should have been

explored least by the rats. A slightly stronger case for the integration of these 3 aspects

of episodic-like memory has been shown recently, with the exploratory behaviour of the

rats showing a pattern of results more similar to those predicted by the above hypothe-

sis (Good et al. 2007). This experiment also showed that the task was dependent on the

presence of an intact hippocampus, however the hippocampus lesions also produced an

impairment in the spatial part of the task alone, suggesting that the “what, where, when”

impairment may just be secondary to a purely spatial deficit.

The details of the experiments from this section illustrate the difficulties of combining

the basic requirements- memory for what, where and when- into a task suitable for lab-

oratory rats in which the results are easily interpretable and the hippocampus does not

become involved due to the purely spatial nature of the task.

1.6 Why is When So Important?

Tulving’s original (1972) definition of episodic memory concentrated on the 3 key ele-

ments of what, where and when; but assessing the ability of animals to keep track of time
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over experimentally viable delays has proved to be difficult, with an additional lack of

evidence that animals use anything other than relative familiarity to judge how long ago

an event occurred, outside the realm of a few seconds. I believe showing that animals do

have a knowledge of exactly when events occurred in the past will remain virtually im-

possible without the aid of language. To address this point, Eacott and Norman (2004b)

suggested that memory for the exact time of an event- the when- may not be critical for

the demonstration of episodic or episodic-like memory in humans or animals. Clayton

et al. (2003) however state that the temporal component of an episodic memory is the

most important of the 3 key elements described by Tulving. Their reasoning for this is

simple: that every episodic memory must have its own unique time, since no 2 episodes

can be personally experienced by an individual at exactly the same time. It is easy to

assume that their argument makes sense- it is obvious that 2 separate events or episodes

experienced by the same individual cannot have an identical temporal element. How-

ever since this is true by definition, then it is also possible to make the opposite argument.

Since any given episode cannot possibly have happened simultaneously with another, it

seems that it may be unnecessary to explicitly encode an exact temporal marker for each

one. There may be more value in remembering other more salient and diverse contextual

features of the event in question in order to aid discrimination of the event from other

similar ones. Although it is commonly assumed that part of the episodic memory phe-

nomenon in humans includes knowledge of the specific time of past events, this may not

necessarily be true. Friedman (1993) reviewed evidence from many human studies, both

in the laboratory and out, concluding that in fact there does not seem to be one single

temporal code in human memory which naturally stores events and their associated de-

tails chronologically. There have been many theories about how people encode time and

subsequently recall the time of past events. Friedman (1993) divided these theories into

3 basic categories: distance theories, location theories and theories of the relative time of

occurrence of an event.

The first type- distance theories- are based on processing which calculates the amount of

actual time that has elapsed since an event occurred (Hinrichs and Buschke 1968; Anis-

feld and Knapp 1968; Glenberg et al. 1983; Brown et al. 1985). This is to say, for example,

that you know you had a particular meal exactly 11 months ago because you have an

intrinsic mechanism which has been altering the memory since it occurred, and can be

correlated with the amount of time that has passed since encoding. This may be based on

the memory strength (Hinrichs and Buschke 1968; Anisfeld and Knapp 1968), the num-

ber of details that can be remembered about an event (Brown et al. 1985), or the amount
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of contextual overlap between the past event and the present time1 (Glenberg et al. 1983).

The second type- location theories- are based on information provided at the time of the

event and are not reliant on the knowledge of the passage of time (Yntema 1963; Glen-

berg and Swanson 1986; Brown et al. 1985; Friedman and Wilkins 1985). Some uphold

the belief that every event is assigned a “time tag” at encoding, which is unchanged by

the passage of time or by future events and from which the temporal value can simply

be retrieved at any point (Yntema 1963; Glenberg and Swanson 1986), i.e. the particular

meal you ate was encoded with its own unique time stamp at the time you ate it. The

reconstructive view (Brown et al. 1985; Friedman and Wilkins 1985)(sometimes called

the contextual association model) theorises that many contextual elements are encoded

at the time of the event (both internal and external) and that these are combined with

a subjects knowledge of time (on a factual and personal experience level) to determine

the actual time at which an event occurred, e.g. the meal you ate was a dinner, which

from your factual knowledge of the world’s eating patterns you can deduce would most

likely have occurred in the evening). The important factor in this model is that no spe-

cific time tag need be assigned upon encoding- other contextual features are enough to

enable a calculation of the temporal context of an event when retrival necessitates this

and therefore memories need not be stored in any kind of chronological order.

The third and final type of theories are those based on the relative times of occurrence

of events (Hintzman et al. 1975; Tzeng et al. 1979; Lewandowsky and Murdock 1989).

Lewandowsky and Murdock (1989) proposed a very simple theory based on the pairwise

association of events- one event is associated with its predecessor and then subsequently

the next event that occurs. This could be interpreted in various ways- e.g. the meal that

you ate at a restaurant could be associated with the last time that you ate at a restau-

rant, or the last time that you ate dinner or even the last time you ate anything at all.

It could alternatively work on a different scale based on time in hours or even minutes

and seconds- a chronological, scalar system rather than associating events in similar cat-

egories. Hintzman et al. (1975) and Tzeng et al. (1979) are both proponents of the order

code theory, the last one that will be discussed here. They also demand no specific time

tag to be attached to an event upon its occurrence, only that multiple contextual elements

are encoded. According to this theory however, not only are contextual features allocated

to an event at the time it occurred, but extra information can be added to memories of the

event even after it has been stored. This means that if another event occurs that is similar

or relevant to the original event of, for example, eating that meal at a restaurant (perhaps

1This assumes that certain contextual elements of an event will be more likely to be similar at the time of
retrieval if the event was more recent and that the degree of contextual overlap provides some kind of scale
from which a temporal value can be read off.
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reading a review of that same restaurant some time later), these two events will become

linked, even though they did not occur consecutively in time.

Friedman (1993) provides a thorough investigation of these theories of temporal mem-

ory and the methods used to investigate them in human studies. Many differences be-

tween the findings from these studies are confounded by the methods used for testing-

the experiments are subjective and designed specifically to test the desired hypothesis,

therefore subtle manipulations could easily lead to very different conclusions. In spite

of these confounds, the majority of support from Friedman’s review is in favour of those

theories which are not in fact based on the time-stamping of an event at the time it occurs,

or even the knowledge of the passing of time since an event. Theories that support the

encoding (and possible updating) of contextual (but not necessarily temporal) informa-

tion at the time an event actually occurs, followed at the time of retrieval by integration

of episodic contextual memories and semantic knowledge to invoke an accurate memory

for the time of a past event are the ones least criticised in this review.

1.7 The What, Where and Which of Episodic-Like Memory

The information provided previously (Section 1.6) provides a convincing body of evi-

dence that the actual time at which an event occurs may not be directly encoded, stored

or retrieved. If this is the case in human episodic memory, then surely it is a huge expecta-

tion to assume that animals should be able to demonstrate this type of knowledge when

we ourselves cannot? Eacott and Norman (2004b) therefore suggested that the temporal

element of an event can be replaced by a different occasion setting characteristic. In this

way, the temporal or “when” element of an event is replaced by a different contextual

element that the authors call “which”. So, now we have a new episodic-like memory

triad consisting of the what, where and which of a unique event. In the example of eating

dinner at a restaurant, you may remember “what” the occasion was, “where” the restau-

rant was and; rather than the exact date and time that you were there (“when”); in this

example you may be more likely to remember what the weather was like, or who you

were with: both could be examples of “which” - another occasion specifying element of

the event that helps you to identify it as unique.

Eacott and Norman (2004b) designed an elegant task to show that rats could in fact dis-

play memory for “what, where and which”. In this task, rats were exposed to different

3D objects (what) in different locations (where) in different testing boxes (which). As in

Kart-Teke et al. (2006), this task required no training as it relied upon the spontaneous

behaviour of rats to explore novel features which are introduced to an otherwise familiar
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environment2.

Sample 1 Sample 2 Test

Figure 1.3: Schematic representation of Eacott and Norman’s what-where-which task.

In the task designed by Eacott and Norman (2004b), naı̈ve rats were habituated to a

square testing box which could be configured as either of two different contexts by replac-

ing the floor and walls with alternative coloures and textures. In the context 1 condition,

the testing box had a matt black painted wooden base and matt white painted wooden

walls. In the context 2 condition, these were replaced with natural wooden walls and

an insert of plastic coated white wire mesh was laid on the floor of the box. Rats were

allowed to explore and habituate to these context configurations of the testing box before

the start of the experiment proper. Testing on the what, where and which task consisted

of the following (see Figure 1.3). For the first sample event, a rat was placed into the

testing box which contained 2 different objects (e.g. rectangle on the left, cylinder on the

right) at locations equidistant from the side walls of the box, with the box configured

as (e.g.) context 1. The rat was allowed to explore the objects until it had accumulated

15 seconds of exploration time at each object, within a time window of between 2 and 5

mins3. The rat was then removed from the box and placed in a separate holding cage for

a 2 min retention delay. The rat was then placed back into the testing box, which was now

2This is an important feature of this task: the idea of replacing the temporal or “when” aspect of the
episodic-like memory triad with a different contextual element in this task came from earlier studies by D.
Gaffan and colleagues. Gaffan proposed that his experiments on monkeys and rats which involved discrimi-
nation of objects and their locations in background scenes provided a model of episodic memory in animals.
This was based on the fact that various components of the putative hippocampus related memory system
were shown to be involved (using lesion studies) in these types of tasks. The contextual element in these
tasks was defined by the background scene. However, these tasks are typically learned over many trials,
which detracts from their episodic-like nature and suggests a role for semantic rule learning. The task de-
signed by Eacott and Norman (2004b) on the other hand requires no training and is acquired with ease by
intact rats.

3Exploration was defined as: “the rats nose being within 1cm of and oriented toward the object, sniffing
at, or otherwise closely attending to the object” (Eacott and Norman 2004b).
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configured as (e.g.) context 2, for the second sample event. Copies of the same 2 objects

were located in the box in the same positions as the previous sample event, but the object

identity at each location was reversed (e.g. cylinder on the left, rectangle on the right).

The rat was allowed to explore as in the first sample event and was then removed to the

holding cage for a variable retention delay (2,5,10,15,30,60 or 120 mins). After the reten-

tion delay the rat was returned to the testing box for a 3 min test session. The box was

configured as (e.g.) context 1 and contained 2 identical copies of one of the previously

experienced objects, e.g. the rectangle. At this point, the rat has seen the rectangle in both

the left and the right locations. It has also seen the rectangle in context 1 and context 2.

However, the rat has not previously seen the rectangle in the right location in context 1.

Therefore, by combining information about the objects and their previous locations and

contexts, the rat should be able to detect that the copy of the rectangle on the right is in

fact in a novel location for the current context, context 14. To demonstrate this knowl-

edge, the rat should preferentially explore the rectangle on the right over the rectangle

on the left, as it is in a novel configuration of location and context. Intact rats show robust

preferences for this novel configuration of object, location and context (what, where and

which) at short retention delays of up to 15 mins, and still show some residual level of

performance at 30 and 60 min delays, although this is abolished by imposing a 120 min

delay. Each trial was conducted with entirely new objects, making the task trial-unique,

an important requirement of episodic (-like) memory. The authors also tested rats with

pretraining permanent lesions of the postrhinal or perirhinal (parahippocampal) cortices,

or of the fornix (fibre bundles providing input to and output from the hippocampus and

its numerous connected structures (see 1.8) on the exact same task but using only the 2

min and 5 min retention delays. Only rats with fornix lesions were impaired at detecting

the novel what-where-which configuration, exploring both objects equally during the 3

min test phase.

These rats were also tested on a control task involving objects and locations, with no

intentional contextual processing required. This was in order to establish that the impair-

ment seen in the fornix lesioned rats was not simply due to an inability to process location

(where) or object-in-location (what-where) information. This control task consisted of the

following: a rat was placed into the testing box (e.g. context 1, see Figure 1.3) and allowed

to explore 2 different objects (e.g. cube on the left and cylinder on the right The criteria for

exploration were identical to those described previously in the sample and test events.

After this single sample event, the rat spent the retention interval (2 min or 5 min) in the

holding cage before being returned to the box for the test event. In the test event, the

context of the box was the same as in the sample event (e.g. context 1). 2 identical copies

4although I’m not sure that I would be able to do the same with no training!
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of 1 of the objects from the sample event were now present in the box (e.g. cube on the

right and the left), and the rat was allowed to explore them for 3 mins. In this situation,

the rat has seen the cube on the left in the previous sample event, so the novel configura-

tion of object and location is the copy of the cube on the right in this example. There is no

contextual element involved in this task, as both the sample and the test events take place

in the same context. All rats (regardless of surgical manipulation) showed a preference

for the copy of the cube that was on the right, demonstrating that they could recognise

the novel configuration of object with location (what-where). This result showed that the

impairment seen in the rats with fornix lesions on the what-where-which task described

previously was not due to an inability to process what-where information alone.

There remains the possibiity that the deficit seen in the fornix lesioned rats was due to an

inability to process context (which), or object-in-context (what-which) information. In a

subsequent paper (Norman and Eacott 2005), the authors demonstrate (in the same rats)

that an object-in-context task reveals some deficits in the fornix lesioned rats at recognis-

ing a novel configuration of object and context (what-which). This control task consisted

of the following: a rat was placed into the testing box (e.g. context 1) where it was al-

lowed to investigate 2 identical copies of an object (e.g. cylinder in both the left and right

locations). The criteria for exploration in this task were that the rat had to spend 30 secs

in total exploring either or both of the objects within a time window of between 2 and 5

mins. The reason for the slight change in criteria from 15 secs at each object to 30 secs

at either/both objects was due to the fact that processing of the locations of the objects

was not necessary for this task, so exploring one object to establish an association of ob-

ject identity with context was sufficient. After a 2 min delay (spent in the holding cage)

the rat was replaced in the testing box for the second sample event. The testing box was

configured as the opposite context to that seen previously in the first sample event (e.g.

context 2). It contained 2 identical copies of another object (e.g. cubes in both the left and

right locations). After this second sample event there was a retention delay of either 2 or

5 mins (as in the previous 2 tasks) before the rat was replaced in the box for the test event,

again lasting 3 mins. The testing box was configured as (e.g.) context 1 and contained 1

copy of each of the objects from the previous 2 sample events (e.g. cylinder on the left

and cube on the right, although the relative locations of the 2 objects were not important

in this task). In this situation the rat has seen both of the objects before, but has only seen

the cylinder in context 1 and the cube in context 2. Since the testing box is now config-

ured as context 1, the novel configuration of object and context is the cube on the right in

this example. There is no location (where) element involved in this task as both objects

appear in both locations, only the identity of the object is context-specific (what-which).

In this what-which task, fornix lesioned rats showed a mild impairment which could
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have contributed to their performance deficit in the what-where-which task. However

the difference in severity of the deficit between the 2 tasks makes it seem unlikely that

the deficit seen in the fornix lesioned rats in the what-where-which task is entirely due to

the contribution of the fornix to context processing as seen in the what-which task.

The spontaneous memory for what, where and which provides a useful and flexible task

to measure these elements of episodic memory. It seems that removing the temporal

context of an event from the criteria for episodic memory and replacing it with another

similar contextual feature makes it much more amenable to study elements of episodic

memory in the laboratory rat. The spontaneous and unrewarded nature of the task re-

moves the confounds of semantic rule learning, and the evidence in the previous sec-

tions regarding humans processing of time makes this a valid model of Tulving’s original

(1972) definition of episodic memory with which to start to unravel its neurobiological

mechanisms.

1.8 The Rat Hippocampus

The hippocampus has remained very similar throughout evolution between humans, pri-

mates and rodents so is an ideal candidate for attempting to study types of memory that

may be analogous between these species (Amaral and Witter 1989)). The rat hippocam-

pus is a large and prominent structure that resides in the medial temporal lobe of the

brain. It is a central hub which is connected with many cortical and subcortical struc-

tures, receiving input of multiple modalities from different sensory cortices whilst also

being influenced by brainstem, thalamic and other limbic structures, making it a good

candidate for being involved in processes which involve many different types of stimuli

such as episodic memory. The intrinsic anatomy of the rat hippocampus was first ex-

plored and comprehensively defined at the beginning of the 20th C by Cajal Ramon y

Cajal (1911), however the constant introduction of new techniques means that the struc-

ture and function of the hippocampus and its surrounding parahippocampal areas is still

progressing, and technical advances such as 3D reconstruction of brain manipulations

(see Figure 3.8 on page 93) mean that the hippocampus can be visualised more clearly

then ever before (Amaral and Witter 1989). The following section will discuss solely the

rat hippocampus and associated areas and will use terminology specifically relevant to

the rat brain unless otherwise stated.

It is possible to separate the hippocampus from the surrounding allocortex partly by its

3-layered laminar structure and also by the unidirectionality of its neuronal connections,

both of which are properties which make it unique from neocortical areas which typi-
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cally have 4 or more laminar layers and within which reciprocal connections dominate.

The hippocampus consists of the dentate gyrus (DG) area which contains mostly gran-

ule cells, basket cells and a polymorphic area near the border with the cornu ammonis

(CA) areas. Pyramidal cells are the primary construct of the hippocampus’ CA areas 1-4.

There are two main pathways connecting the hippocampus to cortical and other subcor-

tical brain regions. The first, known as the perforant path, is the major input input route

of sensory information. This information arrives via the perirhinal and entorhinal cor-

tices from a wide variety of multimodal sensory cortical areas, with a particularly strong

input from the primary olfactory cortex. The second pathway is via the fornix- a bun-

dle of axons providing reciprocal communication between the hippocampus and many

subcortical structures e.g. the amygdala, various thalamic nuclei and the hypothalamus.

Within the hippocampus, there are a number of pathways along which information can

travel, the most well known being the unidirectional trisynaptic circuit. Perforant path

inputs from the entorhinal cortex synapse with the pyramidal cells of CA3 directly and

also indirectly via the dentate gyrus granule cells (the mossy fibre pathway). The CA3

region has many autoassociative projections back to other CA3 cells and also outputs to

CA1 (via the Schaffer collateral pathway) and comissurally to the contralateral CA1 and

CA3 regions. The output from the CA1 region then travels back to the entorhinal cortex

(directly or via the subiculum) to complete the circuit loop. The subiculum then provides

the main hippocampal output to subcortical structures.

There is some controversy surrounding the subiculum, less well studied than the hip-

pocampus until recent years but sometimes included under the umbrella term “hip-

pocampal formation”. Others however class the subiculum and its associated cortical

areas into the “subicular complex”(O’Mara 2006; O’Mara 2005) The cortical areas associ-

ated with the subiculum are known as the pre- and para- subiculum (although the dorsal

presubiculum is also sometimes given the name “postsubiculum”). These are of neocor-

tical structure, very similar to the entorhinal cortex, whereas the subiculum itself has 3

laminar layers , much like the hippocampus. However, the subiculum has mainly re-

ciprocal connections (although also a few unidirectional ones); and is also the origin of

the bidirectional fornix, the main input and output pathway of the hippocampus. The

subiculum receives inputs from mostly the same sources that the hippocampus proper

does, and sends many projections to cortical and subcortical regions, most prominently

the retrosplenial, perirhinal and postrhinal cortices and the septum but also the nucleus

accumbens, mammillary nuclei and various hypothalamic regions. One very important

consideration of the function of the subiculum is that it has a separate pathway connect-

ing it to the entorhinal cortex which does not travel via CA1. In light of the role of the

entorhinal cortex in spatial navigation (Steffenach et al. 2005), this pathway could be very
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important, highlighting the often overlooked possibility of a major role for the subiculum

in spatial learning and memory. The reason for this discussion of the subiculum is that

often researchers who use manipulations such as permanent lesions of the hippocampus

automatically include the subiculum in the ablated area (as part of the “hippocampal

formation”). Another common finding is that fornix lesions are used to infer the role of

the hippocampus, but since the fornix provides an extrahippocampal route between the

subiculum and entorhinal cortex, this type of lesion also affects communication between

these 2 structures as well as between the hippocampus and other brain areas. Consid-

ering the connectivity between the entorhinal cortex and subiculum independent of the

hippocampus, inclusion of the subiculum in such manipulations could hugely amplify

the damage caused by a smaller manipulation confined to the DG and CA fields alone.

Complete inclusion of the subiculum in a hippocampus lesion has been shown to at-

tenuate peformance in a hippocampal sensitive memory task more than with a lesion

of strictly the hippocampus alone (Morris et al. 1990a). To address the concerns raised

above, the term hippocampus as used in the context of this thesis will be defined as the

dentate gyrus and the CA fields only. All references to the subiculum or parahippocam-

pal cortices will be made separately and clearly.

1.9 Aims of this thesis

This thesis aims to develop and improve new and existing models of testing declarative

memory in the laboratory rat. This problem can be approached in two alternative ways.

1. The first is to take tasks known to specifically and sensitively test episodic memory

in humans, and adapt these so that they are suitable for use in the laboratory rat. One

must take a great degree of care in the experimental design, to try and ensure that not

only are the demands being placed on the animal as similar as possible to those being

placed on the human in the analogous test, but also that the rats are solving the test in the

same way as humans do, using the equivalent memory system. This may be difficult to

deduce while animals are performing the task, but careful consideration of the analysis

afterwards must be used to try to qualify whether and how the laboratory rat solves

a human test of episodic memory. This is a high risk approach, since it is difficult to

predict whether animals will be able to acquire tasks designed for humans, and even if

they do, whether the kind of memory processes they are using are analogous to human

episodic memory.

2. The second is to examine elements of episodic memory based on the theoretical cri-

teria for this type of memory in humans. This involves examining different subsets of
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the characteristics of episodic memory in humans by designing tasks to test these char-

acteristics in animals. One of the advantages of this method is that it avoids the main

caveat of the previous method of approach: that is, one is not tricked into thinking that

animals have episodic memory because they can solve a task that utilises (but not nec-

essarily requires) episodic memory in humans. This second approach involves using the

types of tasks already known to be of use in the laboratory rodent, but adapting these

in order to incorporate the subset of episodic memory characteristics one wishes to test.

This approach is less likely to produce a satisfactory complete model of episodic mem-

ory, unless all the theoretical criteria are incorporated. However, it will still provide very

useful tasks in order to explore the neurobiological bases of elements of episodic memory

within a framework of behavioural tasks of which we already have prior knowledge.

The follow-up approach, which will be applied to both of the above methods, is to fo-

cus on a brain structure that has been implicated in clinical studies to be of importance to

episodic memory capabilities in humans. In this case, the hippocampus is the chosen area

of study as it is the pre-eminent candidate as a substrate of episodic memory. Although

it has been shown many times that the hippocampus has a fundamental role in spatial

memory in laboratory rodents (and this may or may not be an indication that we have

been testing episodic memory in animals for some time now), humans with amnesic syn-

dromes involving hippocampal damage and episodic memory effects are impaired on a

wide range of episodic memory tests, many of which do not have any spatial or naviga-

tional components. Thus, this thesis aims to investigate the role of the hippocampus in

episodic-like memory in the laboratory rat independent of its role in spatial memory. It

should be noted that “independent of” does not imply that there is no spatial element,

just that this will be controlled for to show that the characteristics of episodic memory

more typical to humans may also depend on the same neural structures in the rat. This

should lead to informative models of the neurobiological basis of episodic memory in the

laboratory rat.
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2.1 Introduction

Day et al. (2003) developed an animal analogue of the human paired associate word-

list task for the laboratory rat. This allows testing retrieval of one stimulus when a rat

is presented with the other half of the stimulus pair, as with the word pairs presented

in the human version of this test. Since it is immediately more taxing to try and extract

this information from laboratory rodents without the benefits of language, the task was

designed to maximise ethological relevance to the rat, in order to maximise the amount

of naturally ocurring behaviours and therefore validity of the data collected (Clark et al.

2005). There have been a number of previous paired associate tasks designed for rats, but

most can be easily solved by recognition - pairs of stimuli are presented simultaneously,

rather than one stimulus being used to prompt recall of the other (Cho and Kesner 1995)-

or are trained over repeated presentations (Bunsey and Eichenbaum 1993; Kesner et al.

2005), making them less like tests of episodic memory in humans and more semantic in

nature. The new protocol developed for rats by Day et al. (2003) consists of the animals

learning, on a trial-unique basis, pairs of associations between particular flavours of food

and the specific locations in which these food flavours are found in an arena. Rats were

trained on a trial-unique basis- as in the human paired associate word-list task- with

unique pairs of flavour-location associations experienced on each training session. The

measure of memory recall for the paired associates is tested by giving rats a retrieval

“cue”- a small piece of food, the flavour of which has been previously associated with

a specific location in the arena during a single experience. If the cue flavour evokes a

memory of the previous experience of eating that particular food, rats should be able

to retrieve the memory of the location in which the food was eaten (the second, absent

stimulus of the paired associate) and then return to this location when given access to the

arena.

To investigate the role of the hippocampus in this rat version of a human episodic mem-

ory test, Day et al. (2003) examined the effects of temporary inactivation of this region

at different time points during the task. Selective antagonists 6-cyano-7- nitroquinoxa-

line (CNQX, an antagonist of AMPA receptors) and D(2)-2-amino-5-phosphonopentanoic

acid (D-AP5, an antagonist of NMDA (N-methyl-D-aspartate) receptors) were infused

into the dorsal hippocampus of rats prior to either encoding or retrieval of trial-unique

flavour-location paired associates. The temporal control enabled by the use of reversible

pharmacological manipulations allowed examination of the retrieval process of flavour-

location paired associate learning separately from that of encoding. AMPA receptors

are thought to be primarily involved in fast synaptic transmission in the hippocampus

whereas NMDA receptors are thought to play a significant role in synaptic plasticity
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(Bashir et al. 1991; Asztly and Gustafsson 1996; Zorumski et al. 1996; Sprengel 2006).

Day et al. (2003) showed that the blockade of dorsal hippocampal AMPA receptors by

CNQX- effectively inactivating the dorsal hippocampus- blocked both encoding and re-

trieval of trial-unique flavour-location paired associates. Inactivation of NMDA recep-

tors in the dorsal hippocampus impaired solely those parts of the task involving synaptic

plasticity, namely encoding and storage of the memory trace and did not affect retrieval

of paired-associates which had previously been encoded and stored during periods of

normal hippocampal NMDA receptor activity.

A common caveat arising in many paired associate tasks for rats (and one that was faced

in the experiments by Day et al. (2003)) is that if a spatial element is included as part

of a paired associate, the task is likely to be dependent on the hippocampus due to the

role of this structure in spatial navigation (O’Keefe and Nadel 1978; Gilbert and Kesner

2002). Non-spatial paired-associates however are often unaffected by damage to the hip-

pocampus (Whishaw and Tomie 1991; Jarrard 1993; Li et al. 1999; Wood et al. 2004)

although none of these tasks used a trial-unique forced recall paradigm. Although the

novel flavour-location paired associate task presented here does have a spatial element,

this series of experiments aimed to show that it was the recall of flavour-location paired

associates on a trial unique basis, rather than spatial navigation, which was affected by

the experimental manipulations performed.

The following chapter also examines another element of the paired associate learning

task of Day et al. (2003), that being the possible differential interpretation of the main

measures used to analyse performance of rats in this task.

The main measure used by Day et al. (2003) to examine performance in the critical non-

rewarded probe tests was the measure of the time rats spent digging at the correct (cued)

and incorrect sand-well locations during non-rewarded probe tests where no food re-

ward was present in any of the sand-wells. This can be used as a raw time (in seconds)

which can be highly variable between individual rats but is very useful to assess any

unwanted sensorimotor or motivation defecits that may be caused by drug infusions, as

it is a good measure of overall activity of the rats. The main use of the measure how-

ever was to convert it to a % correct dig time. This was done by dividing the amount of

time spent digging in the correct sand-well by the total amount of time spent digging in

all sand-wells for each rat. This provided a standardised number, removing the actual

raw dig time variable which could differ greatly between rats and trials. This measure

of persistence of digging is particularly useful (and was used as the primary measure) in

non-rewarded probe tests where no food was present in the sand-wells but rats would

persist in digging even after the normal time it would have taken them to retrieve the
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food reward had it been present, showing their certainty of being at the corect sand-well

location. It was previously assumed that this dig time measure was an equivalent per-

formance measure to using the “all or nothing” measure of whether or not rats made

their first dig in the correct sand-well (% correct first choice). The drawback to the %

correct first choice measure however is that because it is an “all or nothing” response

(i.e. did the rat dig in the correct location first: yes or no?) it has a very large amount

of variance attached when averaging across the group of rats and gives less quantifiable

information so was used less frequently. However, in the following chapter a possible

alternative explanation of the performance measures is investigated. This is based on the

idea that the first choice of sand-well made by a rat may be the most accurate measure

of cued recall based on retrieval of memory during or immediately after the processing

of the flavour cue, and the possibility that the amount of time spent digging at a given

sand-well could be a reflection of recognition of the location upon arrival, but not prior

recall. The relationship between these two performance measures will be discussed in

this chapter.

These data are published as part of Day et al. (2003), a manuscript of which is provided

in Appendix 1.
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2.2 Materials & Methods

2.2.1 Subjects

A total of 16 male Lister Hooded rats (Charles River, UK) were used in this experi-

ment, aged 9 weeks and weighing around 250g upon arrival. 12 rats initially underwent

surgery aged 10 weeks (275-300g) for the implantation of cannulae (see Section 2.2.2) but

behaviourally were procedurally naı̈ve at the start of testing. The remaining 4 rats were

used for the acute electrophysiology experiment which was carried out when the rats

were approximately 14-16 weeks old, weighing 400-450g. All rats were housed individ-

ually in cages with opaque white plastic bases measuring 25 x 40 x 10 cm (width x length

x height). Metal mesh lids 15 cm high were placed on top of the plastic cages providing

a total cage height of 25cm. Rats were kept on a 12 hour light/dark cycle (lights on at

8am, off at 8pm) with all experimental procedures carried out in the light phase. The 4

rats used in the acute electrophysiology experiment had unrestricted access to food and

water at all times. The 12 rats used in the behavioural experiment had unrestricted ac-

cess to water throughout the experiment and to food prior to surgery and during a 7 day

postoperative recovery period. During behavioural testing, rats were fed standard labo-

ratory diet (RM1, SDS, UK) according to individual feeding regimes to maintain each rat

at a minimum of 85% of its free-feeding bodyweight (bodyweights were recorded at least

once per week). Compliance was ensured with national (Animals [Scientific Procedures]

Act of 1986) and international (European Communities Council Directive of 24 Novem-

ber 1986 [86/609/EEC]) legislation governing the maintenance of laboratory animals and

their use in scientific experiments. All efforts were made to minimize the number of rats

used and their suffering.

2.2.2 Surgery

Cannula Implantation

Rats were anaesthetised with intraperitoneal injections of tribromoethanol (Avertin, 10ml/kg)

and positioned in a stereotaxic frame. The top surface of the rats head was shaved and

cleaned with ethanol and the skin was retracted to expose the skull. Holes were drilled

and small stainless steel jewellers screws inserted at 5 points in the skull in slightly vary-

ing dorsoventral planes in order to provide anchorage for the cannulae. Small holes

were then drilled above the cannula target sites (AP -4.5mm, ML +/- 3.0mm) and dura

was pierced at these sites. 26 Ga stainless steel guide cannulae were lowered simulta-
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neously through the bilateral target holes and positioned in the dorsal hippocampus at

a depth of 2.5mm ventral to dura. Dental cement was then sculpted around the guide

cannulae, covering the screws and the bases of the cannulae and creating a “cap” over

the exposed skull. Solid stainless steel (“dummy”) cannulae were inserted into the im-

planted guide cannulae to prevent entry of infection or blockage. These dummy cannulae

extended ventrally to a depth of 3mm from dura (i.e. 0.5 mm deeper than the guide can-

nulae) to make them the same length as the injection cannulae that would be used later

to infuse drugs, and were also the of the same diameter as the injection cannulae. This

design aimed to minimise tissue damage occurring at the time of infusions, when the in-

jection cannulae were inserted into the hippocampus. By having a constant cannula track

made by the dummy injector all the way down to the injection site, we hoped to avoid

any non-specific effects accompanying the drug infusions due to simultaneous trauma to

previously intact hippocampal tissue (J.M.Inglis, Personal Communication). Analgesia

was administered by subcutaneous injection of Small Animal Rimadyl (0.1ml/kg body-

weight) in 1ml sterile saline at the end of the surgical procedure and rats were placed in

clean cages on a heated surface until they recovered from the anaesthetic. All rats were

given a recovery period of at least 7 days to allow them to regain their presurgery weights

before food restriction and behavioural testing commenced.

Electrophysiology

Dentate gyrus field excitatory post-synaptic potentials (fEPSPs) were recorded in 4 intact

anaesthetised rats in order to test the effects of CNQX on fast synaptic transmission in the

dorsal hippocampus. This was a precautionary measure to test that the batch of the drug

used in this experiment had the same effect as the batch used in the preceding experi-

ment (Day et al. 2003). Rats were anaesthetised by intraperitoneal injection of Urethane

(1.5g/kg bodyweight), positioned in a stereotaxic frame and the skin cut and retracted

to expose the skull. Holes were drilled in one side of the skull for a unilateral injection

cannula (AP -4.5mm, ML -3.0mm), a stimulating electrode (located in the perforant path

input to the dentate gyrus at AP -7.5 mm, ML -4.0mm), a recording electrode (located

in the hilus of the dentate gyrus at AP -3.5 mm, ML -2.0 mm) and the earth wire of the

recording electrode (small hole anterior to Bregma: location varied). No screws or ce-

ment were needed for anchorage during these acute electrophysiological experiments as

the cannula and electrodes remained suspended from the stereotaxic arms, which were

fixed to the frame throughout the procedure. An anal temperature probe was inserted in

to the rat which controlled the amount of heat provided by a heated pad on which the rat

rested throughout the procedure, in order to maintain a stable body temperature of 35oC
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- 37oC. The bipolar stimulating electrode was lowered first to a depth of 1.5mm, followed

by the monopolar recording electrode (to the same depth). The stimulating electrode

was then lowered in 0.1mm intervals every 2 mins until an fEPSP was evoked (biphasic

stimulation was delivered at 100µA, 0.1Hz with a pulse half-width of 0.1 secs). Next,

the recording electrode was lowered very slowly (0.1mm every 10 mins) until a maximal

fEPSP (with a population spike slope of at least 2mV/ms, amplified at 100 x) was estab-

lished. The population spike slope was measured as this gives an accurate indication

of AMPA receptor mediated fast synaptic transmission in the hippocampus (S.J.Martin,

Personal Communication). Slope measurements were taken automatically every 10 secs,

over a 0.6ms period between 2.2ms and 2.8 ms after stimulation. The fEPSP was moni-

tored until it had been stable for at least 20 mins, then recorded as a measure of baseline

(100%) activity for another 30 mins before the drug infusion. Just before the infusion, the

injection cannula was lowered to a depth of 3mm ventral to dura. This was done just

before the infusion to prevent the injection cannula becoming blocked over the course

of establishing a satisfactory fEPSP. Occasionally, the insertion of the injection cannula

caused some disruption to the fEPSP but if this happened, the infusion was postponed

until the fEPSP slope returned to baseline level. A total volume of 1µl of either artificial

cerebrospinal fluid (aCSF) or CNQX (3mM, Tocris, UK) was then infused from an infu-

sion pump into the dorsal hippocampus at a speed of 0.33µl/min. This concentration and

amount was selected based on previous literature (Davis et al. 1992; Bianchin et al. 1993;

Izquierdo et al. 1993)in order to achieve a similar time course of action for CNQX and

D-2-amino-5-phosphonopentanoate (D-AP5)which were used in parallel during the pre-

ceding experiment (Day et al. 2003). After infusion of the drug, the fEPSP was monitored

and recorded until it returned to baseline (approximately 90 mins after infusion).

2.2.3 Apparatus

The ’event arena’ in which rats were trained to find flavoured food was made of plexi-

glass and placed in a laboratory room containing a number of prominent and distinctive

cues which were visible through the transparent arena walls. The arena measured 1.6m

x 1.6m and the opaque white floor contained a 7 x 7 grid of 49 circular holes (6cm diam-

eter) at 20 cm spacing, covered by plastic lids. Two distinctive landmarks (a glued stack

of golf balls and a painted wooden pyramid) were placed in 2 locations: row 4, column 2

(R4/C2) and (R4/C6). Access to the arenas was from any of four transparent plexiglass

start boxes (25 cm x 25 cm x 25 cm) that were placed centrally in each wall with remotely

controlled sliding doors. The entire floor (including inside the start boxes) was covered in

a layer of wood shavings of the same type found inside the rats’ home cages to make the
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apparatus more inviting than the bright and reflective white plexiglass surface. This layer

of wood shavings was also very useful as it could be redistributed around the arena after

each trial to disperse the previous odour trails left by each rat more easily than by wash-

ing the arena floor after each trial. This was one of many precautionary measures taken

to avoid the rats being distracted by or basing their search strategies on odour trails left

by themselves or conspecifics (Wallace et al. 2002). Plastic sand-wells could be inserted

into the holes in the floor of the arena and food rewards could be placed inside them.

These food rewards were 1g spherical pellets manufactured to order in various flavours

(all with equal nutritional value) by Bioserv, New Jersey, USA. The sand-wells were 2cm

deep and could be filled with a mixture of 90g sand plus ground-up food (25g/2.5kg

sand) which included all the flavours used in the experiment. When food reward was

made available in a sand-well, 1 pellet rested on the bottom of the sand-well under the

sand. The sand and ground-up food mixture was renewed every 2/3 days to ensure that

every sand-well had the same odour. These measures were designed to ensure that when

the rats entered the arena, their search for food reward would be guided only by memory

for the flavor location association and not by any odours emanating from the sand-well

containing the food. Lighting in the room was maintained at a constant level of illumi-

nation by wall mounted halogen lamps. Rats were observed during testing by means of

video cameras connected to video recorders and computers. Software written in LabView

was used to track the rats’ movements and record multiple behavioural parameters.

2.2.4 Behavioural Testing

Habituation

On the first day of exposure to the arena, each rat was first given 5 minutes in one of

the start boxes (counterbalanced across the group of rats). The start box door was then

opened and rats had access to the arena to explore the whole area for a further 5 mins, al-

though most rats remained in the start box. Those who explored it did so largely around

the perimeter (thigmotaxic behaviour). Thereafter only the central sand-well (R4/C4)

was opened and a non-flavoured (“control”) 1 gm food pellet was placed on the surface

of the sand. Providing food at this well encouraged the rats to approach the centre of

the arena. Over days 2-5, a 1g control pellet was repeatedly available but systematically

lowered deeper and deeper until the rats were digging the full depth of the sand-well

to retrieve it. Rats quickly became accustomed to returning to the central sand-well to

retrieve food and decreased their thigmotaxic behaviour. Over a further 5 days, different

sand-wells were made available and baited with food during the habituation sessions to
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encourage the rats to adopt a more diverse search strategy and to teach them that food

could be found at various points around the arena. It was observed that the rats rarely ate

the 1g food pellet at or near the sand-well from which they retrieved it. Some rats ate near

one of the intra-arena landmarks (see Section 2.2.3 on page 45) but most returned to the

start box (the start box door always remained open throughout the habituation session).

At the end of habituation (10 days), notes were made of where each rat tended to eat

so that this information could be taken into consideration when assigning rats to experi-

mental groups. After this initial habituation phase rats were trained on two trial-unique

flavour-location paired associates each day for 6 days so that their prior experience was

the same as that of the rats in the first experiment reported in Day et al. (2003).

F1

C) Choice Trial 

F2

B) Sample Trial 2

F1

A) Sample Trial 1

+

-

F1

F2

Figure 2.1: Schematic representation of the event arena: The 4 start boxes with sliding doors from which
trials were begun are shown on each of the 4 sides of the square arena. Coloured circles indicate locations
where specific flavours of food (F1 or F2) were available in the sample trials. In Panel C, only one of the 2
coloured sand-wells contained a 1g food reward (marked with “+”). The rewarded sand-well is the one at
which the rat previously found food F1 in sample trial 1 (Panel A). The 0.5g half-pellet of food (indicated as a
small yellow circle in the west start box in Panel C) acted as a cue for the rat to return to the location at which
that particular food flavour had previously been found. The location not cued in the choice trial contained
no food reward (marked with “-”).Black dashed circles indicate the other possible sand-well locations where
food could be made available, which were closed and inaccessible on these particular trials. The red dashed
lines indicate an example of the path of a rat during its search for the available sand-well during the sample
trials (Panels A & B) and its return to a previously sampled location in the choice trial (Panel C).
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Main training

The aim of the main training procedure in this experiment was to familiarise rats with 2

flavour-location pairs that were to be presented repeatedly and remain constant though-

out the experiment with the aim that they would become consolidated (stored) outwith

the hippocampus. The next step would be to test whether these repeatedly presented

paired associates were susceptible to disruption by dorsal hippocampus inactivation be-

fore retrieval.

On each testing day, a rat would experience two sample trials and a choice trial. (See

Figure 2.1 on the preceding page for an example of the trials carried out on a testing day.)

A sample trial began after the rat had been placed in one of the start boxes (e.g. south)

and remained there for 30 secs, at which point the door was remotely opened allowing

access to the arena. Rats were required to locate the one available sand-well and then

to dig through the sand in order to retrieve the 1g flavoured food pellet (e.g. vanilla

flavour (F1) at location R2/C6 (L1)) that was buried beneath the sand. After retrieving

and consuming the food pellet- either in the arena or back in the start box- (rats were

free to choose), the rat was returned to its home cage out of sight of the arena for a short

(2 min) intertrial interval. During this interval the used sandwell was removed, excess

sand disposed of and the wood shavings redistributed around the arena. The arena was

then reconfigured for the second sample trial (e.g. grape flavour (F2) at location R6/C5

(L2)). The rat would be placed in a different start box (e.g. north) for the second sample

trial and now had the opportunity to find a second flavour of food (grape) at a new

location (R6/C5) and eat it. After the second sample trial the rat was again replaced in its

home cage while the experimenter reconfigured the arena for the choice trial. A retention

interval of 5 min between the end of the second sample trial and the start of the choice

trial was used in the main training procedure. In the choice trial, the rat was placed into

a third start box (e.g. west) and given a “cue”- a 0.5g piece of food of one of the two

flavours previously experienced in the sample trials (e.g. vanilla)- and allowed to eat it

in the start box. 30 secs after the rat had finished eating the food, the start box door was

opened and the rat was released into the arena. There were now 2 available (open) sand-

wells, each previously associated with a different flavour of food during the sample trials.

The aim was for the rat to use the flavour provided in the start box as a cue to return to

where that food flavour had been previously experienced. Further food reward could be

found only in the location where the specific cue flavour had been experienced during

the previous (sample) trials that day. Since the rat was, in this example, given a piece of

vanilla food (F1) in the start box it should return to the location where vanilla food was

provided in the sample trial, e.g. L1, location R2/C6 to find a 1g vanilla food reward.
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Rats were allowed to remain in the arena for a maximum of 10 mins to locate, retrieve

and consume the food reward on each of the sample and choice trials. After this time had

elapsed, a trial was terminated if the rat had failed to find the food reward or return to

the start box. The experimenter would enter the arena and, in the case of food retrieval

failure, manually excavate the food pellet from the appropriate sand-well so it sat on the

surface of the sand, then guide the rat to the correct location. If the rat had retrieved and

consumed the food but had not returned to the start box, it was lifted from the arena by

the experimenter and replaced in the home cage.

Over the next 8 weeks, two flavour-location pairs consisting of apple (at location R1/C6)

and brandy (at location R7/C6) were repeatedly presented either as a whole trial (e.g.

sample 1 = apple at R1/C6, sample 2 = brandy at R7/C6) or in combination with a trial-

unique flavour (e.g. sample 1 = apple at R1/C6, sample 2 = bacon at R3/C4) using the

procedure described above.

24 different flavours of food were manufactured by Bioserv for use in the event arena

and there were 49 possible sand-well locations. This meant that if required, 2 different

flavours could be used each day for 12 days. If flavours were then re-used, there were still

48 possible new locations for each to be provided in, so a flavour never needed to be re-

used in the same location in the experience of any individual rat. The trials across rats and

across days were carefully counterbalanced to control for flavour or location preference

and primacy or recency effects. In addition to redistributing the wood shavings around

the arena to prevent rats tracking previous odour trails, the sequence of start boxes used

was also counterbalanced across the group of rats on any given day.
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Figure 2.2: Example of a 2-week training timetable for an individual rat during training of the two repeated
flavour-location pairs. The two repeated pairs were presented either together as sample 1 and sample 2
on the same day, or individually but accompanied by a trial-unique flavour-location presented during one of
the sample phases. Some days consisted of standard trial-unique flavour-location pairs during both sample
phases, as in the original training. The days on which these trial types occurred were varied across rats and
across the 8 week training period for each rat.

In any of these sessions, the cue flavour presented at the start of the choice trial could

be either the repeatedly presented flavour or the trial-unique flavour: see Figure 2.2.

This was so that the rats could learn to discriminate the apple and brandy flavours and

their distinct locations, and also that they could learn to respond appropriately to either

a repeat-trial or a trial-unique flavour cue, without showing an intrinsic preference for

the more novel (trial-unique) or more familiar (repeated) flavour-location pair. In choice

trials during this experiment (excluding the first 6 pretraining days) there was always

a choice of 4 sand-wells open: the correct (cued) location, the non-cued but previously

sampled location (both of these could be either trial-unique or repeat-trial locations), a

trial-unique “distraction” sand-well at a novel location and finally a repeated “distrac-

tion” sand-well at location R3/C3 which was always available but never rewarded. The
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different distraction sand-wells acted as controls to check that rats were discriminating

between rewarded and non-rewarded locations as well as unique vs. repeated locations

in the “mixed”choice trials (i.e. the choice trials which had been preceded by one repeat

flavour sample trial and one unique flavour sample trial). During the last 2 weeks of

training (weeks 6-8), 6 trials were performed with the retention interval between the sec-

ond sample trial and the choice trial increased to 20 mins. This was in preparation for the

drug infusions, when this longer retention interval would be necessary in order to allow

time for the drug to take effect between the second sample and choice trials and therefore

to be active during retrieval (Day et al. 2003).

Data collection

During the trials, a number of behavioural measures were recorded including:

“Making a choice”: defined as the rat placing its paws on or initiating digging in a sand-

well. Stopping at and sniffing sand-wells was not classed as making a choice.

First choice measure: whether the rat dug first in the correct sand-well location.

Dig time measure: how long the rat spent digging in each sand-well.

Latency to retrieval: how long it took the rat from leaving the start box to retrieving the

food reward.

The performance measures were observed and recorded by the experimenter via a video

monitor with the assistance of LabView software written by P.A. Spooner. This software

had a timer which could be programmed to respond when the computer cursor was held

over a particular sand-well and the left mouse button held down. This recorded the

location and duration of each digging event that was observed by the experimenter.

Non-Rewarded Probe Testing and Drug Infusions Infusions of CNQX or aCSF were given

15 mins before the choice trial (immediately after completion of the second sample trial)

to see if the blockade of dorsal hippocampal activity by CNQX would disrupt the re-

trieval of the repeat-trial flavour-location pairs that had been trained over the previous 8

weeks. Non-rewarded probe tests with and without drug infusions were carried out over

the 3 weeks following the initial 9 weeks of main training. The first 2 weeks consisted
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entirely of mixed trials (sessions in which one of the sample trials used a trial-unique

flavour and the other used a repeated-trial flavour, e.g. see Weds, Thurs or Fri sessions in

Figure 2.2 on page 50) interspersed with standard training days. During the final week,

additional non-rewarded probe tests were carried out to confirm that the rats could dis-

criminate between the 2 repeated-trial flavours when presented in a single session in the

drug infusion condition, since the all the probe test sessions had been mixed trials and

the rats may simply have been using a sense of familiarity to search for food at the one

overtrained previously rewarded location that was present.

In a non-rewarded probe test, the sample trials were identical to those described previ-

ously (see Figure 2.1A & B), but in the choice trials no food reward was provided. The

amount of time the rats spent digging in each sand-well during the first 60 seconds of the

probe test was recorded and a % dig time was calculated based on the amount of time

a given rat spent digging at each sand-well as a proportion of the total amount of time

spent digging, with chance level being 25% (100%/4 sand-wells). At the end of the 60

secs the experimenter entered the testing room and dropped a 1g reward pellet of the ap-

propriate flavour into the sand-well at the cued location in order to minimise extinction

of the learned behaviour through lack of reinforcement. The rat was allowed to retrieve

and eat this food pellet, then the trial was complete.

The actual procedure for the drug infusion involved lightly restraining the rat in the hand

of the experimenter whilst the dummy cannulae were unscrewed and removed from the

guide cannulae1. The injection cannulae were then inserted and the rat was placed in

large bucket where it was free to move around whilst the infusion took place2. After

the injection cannulae had been in place for 1 min, the infusion pump was started and

the 3 min infusion of the appropriate drug began. The injection cannulae were left in

place for 1 min after the end of the infusion, then the rat was removed from the bowl

and again lightly restrained in the hand of the experimenter whilst the injection cannulae

were removed and the dummy cannulae screwed back in. The rat was then placed into

the home cage until the choice trial was scheduled to begin (15 mins after cessation of the

infusion).

1the rats had been habituated to the process of removal and insertion of cannulae throughout the experi-
ment since surgery, so this part of the procedure was not thought to cause them any distress.

2the injection cannulae were connected to the infusion pump via a pivot arm which rotated when the rat
moved around so as to avoid twisting and blocking the rubber tubing through which the drug flowed.
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2.2.5 Histological Procedures

At the end of behavioural testing and acute electrophysiological experiments, all animals

were terminally anaesthetised with an overdose of sodium pentobarbitol (1ml/1.4kg

bodyweight) and then perfused intracardially with 0.9% saline followed by 4% formalin.

The brains were removed and stored in 4% formalin for a minimum of 24 hours before

coronal 30µm sections were cut on a cryostat with every fifth section recovered through-

out the hippocampus. The sections were mounted on gelatine coated slides, stained with

0.1% cresyl violet acetate and coverslipped using DPX. Each brain was examined un-

der a microscope to check that the cannulae had been positioned correctly in the dorsal

hippocampus.



Chapter 2. Glutamate receptor mediated retrieval of paired associate learning 54

2.3 Results

2.3.1 Electrophysiology

Figure 2.3 on the next page shows examples of field potential recordings. CNQX pro-

duced maximal neural inactivation in the dorsal hippocampus approximately 15 mins

after infusion (indicated by a steep decline in fEPSP slope) which lasted for 60 mins,

with the fEPSP slowly returning to baseline (100%, as before the infusion) over a further

30 mins. Infusion of aCSF had no effect on the fEPSP (slope remained at 100% base-

line level).These results showed that the infusion protocol was successful in blocking fast

synaptic transmission mediated by AMPA receptors in the dorsal hippocampus. The

time taken for activity in dorsal hippocampus to be maximally reduced was 15 mins, and

this effect lasted for 90 mins. This result was identical to that seen by Day et al. (2003),

so this new batch of CNQX was approved for use in this experiment. The result necessi-

tated that the retention interval between the second sample trial and the choice trial be a

minimum of 20 mins to accommodate the CNQX infusion time (5 mins) and the delayed

effect of the drug (15 mins) in order to ensure maximal reduction of AMPA mediated fast

synaptic transmission in the dorsal hippocampus during the choice trial, as in Day et al.

(2003).

2.3.2 Behavioural Results

General Observations

A short video clip of a rat performing a demonstration sample and choice trial is available

on a CD as Appendix 3. In this video footage the wood shavings have been removed from

the arena in order to aid visibility of the 49 possible sand-well locations more clearly.

Typically, the rats left the start box and kept their heads near the floor of the arena during

sample trials, displaying small lateral head movements reflecting their search for the

single sand-well that was open. When a rat found the available sand-well, it would

dig through the sand very efficiently in order to retrieve the 1g pellet of flavoured food

that was buried beneath the sand. Rats would then either return to the start box, move

to a favoured location elsewhere in the arena or, in rarer cases, stay at the sand-well

to consume the food. After eating, rats generally returned to the start box relatively

directly (although some proceeded to explore the rest of the arena before returning) and

the door was closed. The performance measures used (first choice of sand-well, digging

time in each sand-well and latency to retrieve the food reward) were recorded by the
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Figure 2.3: Examples of fEPSP recordings in the dentate gyrus of anaesthetised rats: The percentage of
baseline fEPSP (y axis) was calculated from the slope of the population spike at maximal amplitude (defined
as 100%) recorded at regular intervals (each symbol- circle or triangle- indicates a fEPSP response from
which the slope was calculated and expressed as a % of maximum slope value at regular time points (x axis).
Reduction of AMPA receptor mediated fast synaptic transmission in the dorsal hippocampus can be seen
after CNQX infusion (infusion indicated by red bar). Triangles represent fEPSP slope values substantially
reduced by AMPA receptor blockade. After 60 mins, activity began to recover (increase in fEPSP slope) and
by 90 mins it had returned to baseline (100%). Circles represent slope values measured after aCSF infusion,
which had no effect on dorsal hippocampal fast synaptic transmission (fEPSP slope value remains at 100%
of baseline value for 120 mins after aCSF infusion).

experimenter. Digging behaviour was surprisingly easy to recognise from observing the

video monitor: in the case of just sniffing at a sand-well, rats would barely pause at the

location and would remain in a typical ambulatory posture. The initiation of digging

typically involved the rat “gathering its haunches” underneath itself to grip the edge of

the sand-well or anchor itself to the floor with its hind legs whilst most of its head and

front legs would disappear inside the sand-well! On the rare occasion that there was

any ambiguity about whether or not a rat had actually initiated digging at a sand-well,

the experimenter would check the ambiguous location for traces of sand that would be

dispersed around the sand-well if digging had occurred.

Differential performance over training when cued by trial-unique vs. repeat-trial flavours

Over the first 6 weeks of training on the 2 repeat-trial flavour-location paired associates,

first choice performance and dig times in each of the 4 available sand-wells were exam-

ined both on trials in which the correct sand-well location was cued by one of the repeat
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trial flavours and trials in which the correct sand-well location was cued by a trial-unique

flavour (see Figure 2.4).
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Figure 2.4: Differential choice accuracy on trial-unique and repeat-trial tests: Panel A shows the measure
of % correct first choice of sand-well: rats were significantly less accurate in choice trials in which they were
cued with a repeat-trial flavour compared to choice trials in which they were cue with a trial-unique flavour.
Panel B shows the measure of % dig time in the cued sand-well on trial-unique and repeat-trial choice trials,
which was not different between trial types.

Interestingly, rats were significantly less accurate in their choice of which sand-well to dig

in first when they were cued with a repeat trial flavour than with a trial unique flavour

see Figure 2.4A). This effect was not seen in the % of their total dig time that the rats spent

searching at the correct sand-well. A repeated measures ANOVA on % correct first choice



Chapter 2. Glutamate receptor mediated retrieval of paired associate learning 57

of sand-well with trial type (trial-unique or repeat-trial) and training day as within-

subjects factors showed a significant main effect of trial type (F(1,14) = 6.06; p= 0.03) but

no effect of training day or interaction between factors (both p>0.1). The same analysis

of % dig time in the cued sand-well showed no significant effects (all p>0.05). (The lack

of effect of training day is not surprising considering that the rats had already undergone

pretraining for 6 days on the trial-unique task reported in (Day et al. 2003)). Food was

present in the sand-wells throughout the training period, so it would not be expected

that the actual time in seconds spent digging in the correct sand-well in order to retrieve

it would differ between the trial types. However, the % time rats spent digging in correct

and incorrect sand wells is interesting in this situation: the data show that on both trial

types the rats spent equal percentages of their time digging in the correct sand-wells.

This, by default, means that rats also spent the same % of their time digging in the incor-

rect sand-wells. If the rats were simply worse at the repeat-trial task in general, the data

should indicate that they spent a smaller percentage of their time searching for food at

the correct location during the repeat-trial tests compared to the trial-unique tests. This

is not the case- what the data imply is that in the repeat-trial tests, rats were initiating

digging in incorrect sand-wells significantly more often than in the trial-unique tests but

were not persistent in their searches at these incorrect locations, quickly moving on to

the next sand-well. The average latency to retrieval, i.e. how long rats took to retrieve the

food pellet from the correct sand-well after leaving the start box, although not significant,

did support the above proposal. On trials where a trial-unique sand well was cued, rats

took an average latency of 29.73±3.23 seconds to retrieve the food pellet whereas on tri-

als where a repeat-trial sand-well was cued, rats took an average of 34.68±2.70 seconds.

Although not significantly different (p>0.05), this slight trend over multiple training ses-

sions indicates that the rats may have been using a more indirect route to reach the correct

sand-well on trials cued with repeat-trial flavours.

Rats under the influence of CNQX can still navigate to a familiar location

The retrieval of repeat-trial paired associates as assessed by % dig time at the correct

sand-well which had been experienced over at least 20 presentations each as assessed

by % dig time at the correct sand-well was not affected by intrahippocampal infusion of

CNQX 15 mins before the choice trial. Performance measured by the % time spent dig-

ging in the cued sand-well over 60 sec non-rewarded probe tests was indistinguishable

between the CNQX infusion, aCSF infusion and no drug conditions (see Figure 2.5D).

Over the 2-week probe test period, each rat completed 3 repeat-trial probe tests in total,

with 1 in each drug condition (CNQX, aCSF or no drug). Repeated measures ANOVA
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showed that rats dug differentially at the 4 sand-wells (main effect of sand-well: p<0.001)

but that CNQX did not disrupt performance: rats under the influence of CNQX were in-

distinguishable from aCSF and control rats (no effect of drug or drug x sand-well interac-

tion: both p>0.1). % dig times at the correct cued repeat-trial sand-well were significantly

greater than chance (one-sample t-test with data for 3 groups combined: p<.005). % dig

times at the never-rewarded repeat-trial location and the average of the random novel lo-

cations were significantly below chance (one-sample t-tests with data for 3 groups com-

bined in each case: p<0.005 and p<0.05 respectively). Actual time that the rats spent

digging in each condition was also analysed to check for any nonspecific sensorimotor

impairments the drug treatment may have induced. CNQX infusions did not affect the

total amount of time in seconds that rats spent digging during the 60 second probe tests

(Repeated measures ANOVA: CNQX = 23.3±2.0, aCSF = 22.1±1.2, no drug = 26.6±2.2

secs, F(2,16) = 1.48; p0.27). Analysis of the % correct first choice of sand-well (see Fig-

ure 2.5E) using a repeated measures ANOVA with the drug treatments during the probe

tests (CNQX, aCSF or no drug) as within subjects factors showed no significant effect

of drug treatment on % correct first choice of sand-well (F(2,22) = 0.762; p= 0.478). This

indicated that CNQX had no effect on the first choice measure, although the graph in

Figure 2.5 Panel E gives the impression that there is a trend towards worse first choice

performance in CNQX-treated rats. Planned post-hoc comparisons (pairwise, Bonfer-

roni corrected) however revealed that CNQX-treated rats were not different from either

aCSF-treated rats (P=1.000) or rats in the no drug condition (P=0.573). One-sample t-tests

against the chance level of 25% revealed that rats in neither the CNQX or aCSF condi-

tions performed above chance levels on the % correct first choice measure in this series

of probe tests (t(11) = 0.586; p= 0.570 and t(11) = 1.658; p= 0.125 respectively) The results

from the no drug condition showed that the % correct first choice measure did reach

levels significantly above chance (t(11) = 2.242; p= 0.047.

These results showed that rats with the dorsal hippocampus inactivated by CNQX are

still able to navigate successfully in the event arena in response to a flavour cue. These

data helped to alleviate the concerns raised in Experiment 1 about the ability of rats un-

der the influence of CNQX to display any spatial memory or navigational skills. It also

provides evidence that CNQX infusions did not cause nonspecific sensorimotor deficits.

The data from the % correct first choice measure in this series of probe tests (1 for each

drug condition) is difficult to interpret as the amount of variability on just one “all-or-

nothing” response per probe test is huge. It was not possible to see any clear differential

effects of CNQX depending on which performance measure was used, and the main sta-

tistical test (repeated measures ANOVA on % correct first choice with drug condition as

within subjects factor) suggests the conclusion that the effect of CNQX on % correct first
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choice of sand-well is no different from its effects on % dig time in the correct sand-well.

If the first choice measure were to be interpreted as a measure of cued recall, it would be

pertinent to suggest that, at least in the drug infusion conditions, the rats were not solv-

ing the task using a recall strategy, but perhaps a sense of relative familiarity with the

location of the repeat-trial sand-well compared to the trial-unique one. However from

a single “all-or-nothing” response in each drug condition it is not possible to make any

strong conclusions.

0

10

20

30

40

50

60

%
 d

ig
 ti

m
e

    Cued 
repeat-trial

 Non-cued 
trial-unique

Never-rewarded 
      (R3/C3)

    Random novel
      unrewarded

Chance

D)  Non-rewarded probe tests on 
      repeat-trial vs. trial-unique 

CNQX

aCSF

no drug

C)  Choice Trial B)  Sample  Trial 2 A ) Sample  Trial 1

apple
cue

apple
+

-

+apple

-
- -bacon bacon

E)  First-choice performance 

0

20

40

60

80

100

%
 c

or
re

ct
 1

st
 c

ho
ic

e 
of

 s
an

d-
w

el
l

CNQX aCSF no drug

Chance

Figure 2.5: Repeat-trial paired associates are not affected by CNQX infusion: navigation is intact: A repre-
sentative layout from a mixed repeat-trial and trial-unique non-rewarded probe test is shown in A, B & C. Rats
had to choose between 4 sand-wells: the cued repeat-trial location (e.g. apple at R1/C6, coloured green), a
non-cued single-trial location (e.g. bacon at R5/C4, coloured pink), the repeat-trial never-rewarded location
(coloured black at R3/C3) and a random novel location (coloured blue at R6/C7). Panel D shows that rats
dug differentially at the 4 sand-wells but that CNQX did not disrupt performance. Rats under the influence
of CNQX were indistinguishable from aCSF and control rats. Panel E shows the % correct first choice of
sand-well by rats in each of the probe test conditions shown in Panel D.

Rats can choose between 2 repeat-trial locations after CNQX infusion:cued retrieval is intact

Extra probe tests were carried out which tested the retrieval of the 2 repeat-trial paired
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associates against each other. The previous probe tests carried out in rats treated with

CNQX in this experiment all comprised of mixed trial types (see Figure 2.5A, B & C and

Weds, Thurs or Fri sessions in Figure 2.2 on page 50) where it was theoretically possible

that the rats could just be returning to the one repeat-trial rewarded location that was

available during each non-rewarded choice trial, using a sense of relative familiarity of

the sand-wells but without using the flavour cue. In the extra probe tests there were

still 4 sand-wells available in the choice trial: the never-rewarded sand-well at location

R3/C3, a random novel sand-well at a different location on each trial which were the

same as in the mixed trial probe tests reported in the previous section. However the other

2 available sand-wells were the repeat trial apple and brandy sand-wells at locations

R1/C6 and R7/C6 respectively. In this probe test condition, rats sampled one of the

repeat-trial flavours in sample trial 1 (e.g. apple at R1/C6), the other in sample trial 2

(e.g. brandy at R7/C6) and then had to choose between these 2 repeat-trial locations

depending on whether they received an apple or brandy recall cue in the start box prior

to the choice trial (see Figure 2.6 A, B & C and Tues sessions in Figure 2.2 on page 50). A

repeated measures ANOVA showed that rats dug differentially at the 4 sand-wells (main

effect of sand-well, p<0.001) but that CNQX did not disrupt performance: rats under the

influence of CNQX were again indistinguishable from aCSF and control rats (no effect

of drug, p>0.1). Rats with the dorsal hippocampus inactivated with CNQX performed

significantly above chance on these probe tests (see 2.6D) and were indistinguishable

from control rats (aCSF or no infusion) demonstrating that they could remember both

the repeat-trial locations and the specific food flavours associated with them and return

to the appropriate one when cued with a repeat-trial flavour. Further one-sample t-tests

showed that % dig time at the cued repeat-trial sand-well was significantly greater than

chance (<0.003), % dig times at the never-rewarded repeat-trial location and the random

novel location (trial-unique) were both significantly below chance (p<0.005 and p<0.05

respectively) and % dig time at the non-cued repeat trial sand-well did not differ from

chance (p>0.05) CNQX infusions did not affect the total amount of time in seconds that

rats spent digging during the 60 second probe tests (Repeated measures ANOVA: CNQX

= 22.4±2.3, aCSF = 21.5±1.4, no drug = 26.6±2.8 secs, F(2,16) = 1.47; p= 0.26).
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Figure 2.6: Rats can choose between 2 repeat-trial locations after CNQX infusion: cued retrieval is intact: A
representative layout from a repeat-trial probe test is shown in A, B & C. Rats had to again choose between
4 sand-wells in the probe test, but in these purely repeat-trial cued probe tests, both repeat-trial locations
were available (e.g. apple at R1/C6, coloured green, and brandy at R7/C6, coloured brown) so rats had to
choose between them based on the flavour cue. The repeat-trial never-rewarded location (coloured black
at R3/C3) and a random novel location (coloured blue at R6/C2) were also available during the choice trial.
Panel D shows that rats dug differentially at the 4 sand-wells but that CNQX did not disrupt performance:
rats under the influence of CNQX were again indistinguishable from aCSF and control rats. Panel E shows
the % correct first choice of sand-well by rats in each of the probe test conditions shown in Panel D.

Analysis of the % correct first choice of sand-well (see Figure 2.6E) using a repeated mea-

sures ANOVA with the drug treatments during the probe tests (CNQX, aCSF or no drug)

as within subjects factors showed a just significant effect of drug treatment on % correct

first choice of sand-well (F(2,22) = 3.348; p= 0.05). Planned post-hoc comparisons (pair-

wise, Bonferroni corrected) revealed that CNQX-treated rats performed differently to

aCSF-treated rats (P=0.021) but not differently to rats in the no drug condition (P=0.312).

Performance in the aCSF and no drug conditions were not different (P=1.000). Further

one-sample t-tests against the chance level of 25% revealed that rats in the aCSF and no

drug conditions performed above chance levels on the % correct first choice measure in
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this series of probe tests (t(11) = 3.830; p= 0.003 and t(11) = 2.242; p= 0.047 respectively)

but that rats in the CNQX condition performed at chance levels (t(11) = 0.001; p= 1.000.

The data from the % correct first choice measure in this series of probe tests (1 for each

drug condition) suggests that CNQX may have a differential effect on the performance

measures of % correct dig time and % correct first choice. Figure 2.6E shows a stronger

but similar pattern to that in Figure 2.5E, and the results of the main statistical analy-

sis just reached significance for a differential effects of the drug conditions upon the %

correct first choice measure. If the first choice measure were to be interpreted as a mea-

sure of cued recall in this semantic probe test situation, it could be suggested that the

rats could not solve this task using a relative familiarity recognition strategy, since both

repeat-trial sand-wells were equally familiar. Using a recall strategy, measured by correct

first choice of sand-well, rats performed significantly better than chance in the no drug or

aCSF conditions but at chance level when the hippocampus was inactivated in the CNQX

condition. Thus, the differential analysis of these two behavioural measures provides a

possible means to dissociate the putative use of recognition from recall.

Overall, the results from this experiment allow us to conclude that rats are not “lost in

space” (Day et al. 2003) under the influence of CNQX. They are able to navigate to a

familiar location in the event arena during dorsal hippocampal inactivation. Not only

that, but they can differentially navigate to two locations based on the individual food

flavours associated with each of those locations. In conclusion, if rats are repeatedly ex-

posed to flavour-location paired associates over an extended training period (2 months)

then it is possible for them to retrieve the memory for a particular location when cued

with a particular food flavour, independent of fast synaptic transmission in the dorsal

hippocampus. We cannot clearly conclude in which situations rats may be using a sense

of recall (as measured by first choice of sand-well) or a sense of recognition or familiarity

(as measured by the dig time at the correct sand-well- a measure of persistence) to guide

their behaviour. Although the task developed by Day et al. (2003) clearly provides condi-

tions in which cued recall can be used to accurately solve the task (and indeed is probably

a necessity), it is not clear what behavioural measures best represent the strategies used

by the rats in a given test situation.



Chapter 2. Glutamate receptor mediated retrieval of paired associate learning 63

2.3.3 Cannula placement

Figure 2.7: Cannula placement in the dorsal hippocampus: Coronal section at AP -4.5mm from Bregma.
Red arrows indicate the depth of the cannulae in each hemisphere.

A typical coronal section at approximately 4.5mm posterior to Bregma and stained with

cresyl violet is shown in Figure 2.7. All cannulae in the experimental rats were correctly

placed in the target site (dorsal hippocampus) so no rats were excluded from the study

on histological grounds. All the brains from the experimental rats were sectioned and

examined for accuracy of cannula placement after behavioural testing was finished. The

section photographed in the figure is from rat D0704 who participated in this behavioural

experiment and is a typical example of the appearance of the brains after chronic cannula

implantation and multiple drug infusions.
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2.4 Conclusions and Discussion

Day et al. (2003) previously showed that rats can learn a trial-unique flavour-location

paired associate task and perform above chance in a cued recall test scheduled after a

short retention delay of up to 20 mins. Encoding of the trial-unique paired associates de-

pends on NMDA receptor activation in the dorsal hippocampus, but retrieval is NMDA

receptor independent. Retrieval of a trial-unique paired associate also requires AMPA re-

ceptor activation in the dorsal hippocampus. Encoding may also depend on intact AMPA

receptor mediated fast synaptic transmission, but this was not definitively shown.

The experiments described in the previous chapter build on the data from Day et al.

(2003). Extended training of 2 concurrent paired associates over 8 weeks was carried

out using an identical daily protocol to that of Day et al. (2003), but with 2 particular

paired associates appearing repeatedly amidst other trial-unique pairs. This repeated

training of 2 paired associates resulted in their memory traces becoming independent of

AMPA receptor-mediated transmission in the dorsal hippocampus- rats could navigate

to either of these 2 cued locations under the influence of CNQX. This has two impor-

tant implications: the first is that the retrieval of flavour-location paired associates can

become independent of the hippocampus- presumably consolidated in higher neocorti-

cal structures- if presented repeatedly. The second is that navigation to these repeatedly

trained locations when cued with the appropriate food flavour is intact and thus hip-

pocampal inactivation with CNQX does not render rats “lost in space” (Day et al. 2003).

Bast et al. (2005) recently investigated the effects of CNQX and AP5 on trial-unique spa-

tial memory in the event arena, finding similar effects of CNQX and AP5 on trial-unique

spatial memory as Day et al. (2003) did on trial-unique flavour-location paired associate

memory. Bast et al. (2005) suggest that the dependence of trial-unique spatial memory

retrieval on AMPA receptor mediated dorsal hippocampal activity could contribute to

the effects of CNQX on trial-unique flavour-location paired associate memory. This is

possible, however a few points should be noted. Firstly, trial-unique spatial memory as

shown by Bast et al. (2005) took much longer to decay than trial-unique paired associate

memory shown by Day et al. (2003). The longest memory retention interval tested in

Bast et al. (2005) was 6 hours and rats still showed a significant preference for digging

at the rewarded sand-well 6 hours after finding food in it. Day et al. (2003) showed that

memory for trial-unique flavour-place associations had decayed to chance levels by a 90

minute retention interval. This infers that trial-unique spatial memory (using a simple

match-to-place rule) has different characteristics to cued recall of trial-unique flavour-

location paired associates in the event arena.
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In the series of experiments presented in this chapter, rats learned repeat-trial flavour-

location paired associates and were successfully cued to a repeat-trial location during

dorsal hippocampal inactivation. The graph that shows this result (Figure 2.5 on page 59)

also shows that while dig time in the non-cued trial-unique sand-well location was at

25%, dig time at the random novel (trial-unique) sand-well was significantly below this.

This additional information infers that there may be some residual memory for one-trial

location information even after CNQX infusion in paired associate paradigm. If there

was no memory at all for having visited the trial-unique sand-well on the probe test, the

amount of time spent digging in it should be equal to that spent digging in the random

novel location which had never been experienced prior to the probe trial. This is further

evidence to suggest that impairment in retrieval of trial-unique flavour-location paired

associates is not just secondary to a deficit in trial-unique spatial memory.

Although the confounding effects of spatial memory and its dependence on the rodent

hippocampus were controlled for as thoroughly as possible in this series of experiments,

it would be very interesting to examine the effects of hippocampal inactivation on a sim-

ilar cued recall task in which neither of the elements were of a spatial nature. Heron-

Maxwell (2002) attempted to develop a task involving the pairing of food flavours with

different odours of sand in which the foods were hidden. This was based on the large

and flexible capacity of rats for learning about odours without necessarily requiring the

role of the hippocampus (Dudchenko et al. 2000). However, this task was unsuccessful,

most likely due interference caused by the overlap both behaviourally and anatomically

between the olfactory and gustatory systems (Schneider and Pinnow 1994; Mediavilla

et al. 1998; Fu et al. 2004; Dardou et al. 2006). Langston and Wood (2004) developed a

task in which food flavours were used as one stimulus in a paired associate, as in Day

et al. (2003) but instead of being cued to a location by a food flavour, rats were cued to

choose from a variety of textured substances and dig through these to find food reward,

i.e. the location element of the task was replaced by textured digging substrates (Birrell

and Brown 2000). Each textured substrate (e.g. sand, woodchip, gravel) was paired with

a different food flavour. Rats were required to dig through a particular substrate when

cued by a particular food flavour, with the bowls containing the digging substrates be-

ing in locations that changed between trials and therefore were not relevant to successful

task performance. This paradigm therefore eliminates the spatial element of the paired

associate task (or at least the relevance of the spatial element), but performance levels on

the task (based on accuracy in choice of the correct substrate in response to the flavour

cue) could not be achieved or maintained at a consistently high enough level to warrant

attempts at determining the role of the hippocampus in this task (see Appendix 4 for the

poster presentation of this work from SFN 2004).
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Another subtle yet very interesting finding from further analysis of these data is that

whilst rats were being trained on both repeated-trial and trial-unique flavour-location

paired associates concurrently, their accuracy at choosing a location cued with a repeat-

trial flavour was significantly lower than when cued with a trial-unique flavour that had

only been experienced once before. However on an alternative performance measure- the

% of time rats spent digging in the cued (correct) location, these two types of trial did not

differ (see Figure 2.4). This implies that the rats made very brief visits to non-cued sand-

wells in the repeat-trial condition much more frequently than in the trial-unique condi-

tion. However the % time rats spent digging in the cued sand-well in each condition did

not differ, indicating that when the rats had located the cued sand-well in the repeat-trial

condition, they persisted in digging there just as much as in the trial-unique condition.

Thus, it is an impairment in initial choice accuracy that is seen in the repeat-trial condi-

tion, not in memory for the cued location as measured by persistence in searching there.

It may be possible that this subtle difference, which is seen only in the comparison of dif-

ferent performance measures, may reflect the difference in familiarity and recall, which

can be conceived in human terms as being analogous to “remembering” vs. “knowing”

where the cued sand-well is located. This is a distinction seen readily in human studies

of declarative memory (Yonelinas 1994; Knowlton and Squire 1995; Duezel et al. 1997;

Woodruff et al. 2006) and more recently interpreted from rodent studies in the laboratory

(Fortin et al. 2004; Eacott et al. 2005). Analysis of the % correct first choice data from

the two different types of probe tests (repeated-flavour probe during mixed trial sessions

and repeated-flavour probe during repeated trial only sessions) in each of the three drug

conditions (CNQX, aCSF and no drug) hinted at an effect of drug condition on the first

choice performance (recall accuracy measure) resulting in an impairment of the putative

recall measure with CNQX treatment; although this was not consistently statistically sig-

nificant; in the CNQX condition. As described above, CNQX had no effect on the % dig

time that rats spent at the correct sand-well location during the repeated-trial probe tests,

in contrast to the results found in the first experiment of Day et al. (2003) in which the

retrieval of trial-unique flavour location paired associates was blocked by CNQX.

The results from this chapter, regarded in combination with the previous results from

Day et al. (2003) suggest a dissociation of hippocampal involvement in episodic-like

(trial-unique) and semantic-like (repeated-trial) memory but also possibly another differ-

ential role for the hippocampus in recollection vs familiarity as mechanisms of memory

retrieval, both of which are popular hypotheses in human literature on amnesics with

hippocampal pathology ((Baddeley et al. 2001), (King et al. 2004)). Although the mea-

sures used to assess task performance have resulted in the idea that recollection and

familiarity may be dissociable, the event arena flavour-location paired associate task as
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it is currently designed does not address this issue explicitly, as separate behavioural re-

sponses are not demanded based on whether the rat is using recall or recognition mem-

ory. The task does however elegantly separate the idea of episodic-like and semantic-like

memory in the laboratory rat within the same behavioural task.

Thus, the event arena offers a valid test of associative cued recall in animals. The protocol

could make it valuable as an animal analogue of a diagnostic test for mild Alzheimers

disease and to analyse further the neural mechanisms of episodic-like memory.
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3.1 Introduction

The series of experiments in Day et al. (2003) established a novel protocol for exam-

ining paired associate learning- a commonly used episodic memory test in humans- in

the laboratory rat. Rats could learn flavour-location paired associates on a trial-unique

(episodic-like) basis and retrieval of these paired associates, perhaps by a cued recall

mechanism, was dependent on a functioning (dorsal) hippocampus. The previous chap-

ter of this thesis described that repeat-trial (semantic-like) paired associates could also be

learned using the same protocol and these were insensitive to hippocampal inactivation

at retrieval based on the measure of persistence of rats to dig in the correct sand-well on

non-rewarded probe tests.

Tse (2005) described the training of rats on a concurrent set of 6 repeat-trial flavour-

location paired associates in the event arena apparatus with the aim of observing a grad-

ual, semantic-like learning process and hopefully a longer-lasting memory trace than that

found with the protocol used by Day et al. (2003). This was to allow further dissociation

of the mechanisms of encoding, storage and retrieval of declarative memory, and per-

haps offer the opportunity to “boost” episodic memory by providing rats with a relevant

semantic-like framework within which to encode new information, as has been shown

very recently in a human case of developmental hippocampal pathology (Brandt et al.

2006). This idea is based on the classical psychological concept of mental schemas in

human memory organisation (Eldridge et al. 1994) whereby information is more readily

learned and remembered if it can be assimilated into a pre-existing framework of rele-

vant semantic knowledge. Training of rats to asymptotic performance on a repeated set

of 6 flavour-location pairs may result in the creation of a mental schema, if such a thing

exists in rats, in the form of a “flavour map”. The mental schema concept implies that if

the relevant schema (i.e. the appropriate flavour map) is activated, we should see some

evidence of facilitation of new learning within the context of the schema. This could be

displayed in a number of ways, but the experiments in Tse and Langston et al (2007) and

this chapter were designed primarily to examine the possibility of extending the length

of the memory (Tuckey and Brewer 2003) for newly learned trial-unique paired associates

in order to allow manipulation of the hippocampus during different memory processing

stages after learning.

In the first experiment of Tse (2005), rats showed gradual learning of a flavour map con-

sisting of 6 concurrently trained flavour-location associations and, once performing at

apparently asymptotic levels (after 13 training sessions given on alternate days), showed

correct retrieval of the associated location when cued with its corresponding flavour at a
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memory delay of 24 hours after the previous training trial as assessed by the % time spent

digging at the correct (cued) location in a non-rewarded probe test. Once the flavour map

was acquired rats showed rapid learning of new flavour-location pairs with just a single

exposure to them- these pairs were analogous to the trial-unique paired associates that

rats in Day et al. (2003) learned from the outset of training. Memory for the newly

acquired paired associates was intact after a 24 hour delay, so this memory was much

longer lasting than in Day et al. (2003), where trial-unique paired associates were forgot-

ten after less than 90 mins. This implies that the training of 6 concurrent flavour-location

pairs, perhaps resulting in the formation of a putative flavour map schema, had boosted

the strength of the memory trace formed after experiencing flavour-location pairs for just

one trial.

In a further experiment, lesions of the entire hippocampus made 48 hours after expo-

sure to novel trial-unique flavour-location paired associates and paired associates from

the original flavour map resulted in no deficits in memory of the original flavour map or

of the novel trial-unique flavour-location pairs in non-rewarded probe tests scheduled 2

weeks later after recovery from surgery. Since the standard model of memory transfer or

consolidation from the hippocampus to neocortical sites of long-term storage would pre-

dict a much longer time scale, stretching in humans to decades for this process to occur

following the encoding of new information (Squire and Alvarez 1995), these new data

support the schema hypothesis which would predict accelerated or facilitated processing

of memory for episodic-like unique information if this information was associated with

a previously learned schema (Eldridge et al. 1994). In a later experiment not reported in

this chapter, Tse and Langston et al (2007) showed that the schema or map of flavours

with their associated locations was essential to the facilitation of the memory for trial-

unique flavour location pairs: by training some rats on the previously described flavour

map and others on a purely spatial schema in which food flavours were not always re-

warded at the same locations throughout training. Rats trained on inconsistent pairs of

flavours and locations could not remember a trial-unique novel pair after a 24 hour delay

whereas rats trained on a standard flavour map could. This data adds support to the

hypothesis that the presence of the activated learned flavour map schema of 6 consistent

paired associates was instrumental in the improved memory performance on tests of the

trial-unique flavour-location pairs.

Tse and Langston et al (2007) showed that after lesions of the hippocampus, rats could

not learn any new flavour-location pairs either within the original flavour map on a trial-

unique basis or in a completely new context when trained repeatedly on a new set of

six concurrent flavour-location pairs, whereas control rats were unimpaired on all of the
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above. Schema learning in this task was also highly context specific (Hirsh 1974)- no ev-

idence of a learning set was shown by experienced control rats when trained on a new

schema- they take the same amount of time to learn it as they did the original schema.

This supports the standard theory of hippocampal function in memory to the extent that

the hippocampus is still necessary for the encoding of declarative memories, but may

have a temporary role in their consolidation and/or retrieval and this data provide new

evidence that this time period can in fact be much shorter than traditionally thought

(less than 48 hours). It is also possible that the learning of a flavour map of multiple

flavour-location paired associates is not necessarily always dependent on the hippocam-

pus: the previously described experiments involved the removal of the hippocampus

after a flavour map had already been learned. Rats were presented with new flavour-

location pairs after the removal of the hippocampus and did not show memory for them,

but it is likely that they would fail at this point due to the neurobiological pathways

which were used to learn the original task (likely involving the hippocampus) having

been disrupted by the lesion and no compensatory mechanism or strategy having taken

over. It is possible (although unlikely) that over the relatively prolonged training pe-

riod for the learning of a flavour map (13 sessions on alternate days, with each of the 6

flavour-location pairs being experienced once during each session) rats could develop a

hippocampus-independent strategy for learning it. This could be based on perhaps 24

individual stimulus-response rules (4 responses for each of 6 flavours- one response for

each possible start position from which the rat would have to travel to the appropriate lo-

cation). To test this theory of an alternative hippocampus-independent learning strategy,

the first experiment in this chapter reports rats that were given complete lesions of the

hippocampus before training, at which point they had no experience of the event arena

apparatus or indeed of any behavioural testing which may have artificially prompted

the use of a hippocampus-dependent learning strategy. This experiment aimed to test

whether the role of the hippocampus was truly critical to the learning of a flavour map.

This investigation was partly fuelled by human literature which suggests that some pa-

tients with relatively selective lesions to the hippocampus can still encode new semantic

(factual) information learned over a prolonged time period (Mishkin et al. 1997). It is not

yet known whether it is truly the case that the hippocampus is not required for forming

new semantic memories or whether, in patients where this appears to be the case, there

are actually residual portions of hippocampal tissue performing a semantic learning and

memory function.

Another separate possible interpretation from the data presented so far is that the hip-

pocampus has no function in the consolidation or retrieval of episodic-like or trial-unique

information when a semantic-like schema is already present (presumably in neocortex),
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and that its only critical role is during encoding. The second experiment in this chap-

ter aimed to examine further the possible time-dependent role of the hippocampus in

the processing of novel episodic-like memory in the presence of a semantic-like schema

more closely. Rats learned a flavour map and were then given lesions of the whole hip-

pocampus either 48 hours after the encoding of novel flavour-location associations, as

previously described in Tse (2005) or 3 hours after to see if the hippocampus was in-

volved in consolidation of the memory during a shorter time period (less than 48 hours)

after experiencing a novel flavour-location pair or if in fact it was never necessary for this

encoding in the presence of an activated learned flavour map schema.

This chapter also introduces a new behavioural measure (Tse and Langston et al 2007) for

assessing the performance of rats in this task which provides more flexible and meaning-

ful information per trial about the accuracy of the choice of sand-well, possibly reflecting

a more robust measure of recall than that used in Day et al. (2003). This measure was the

number of errors made (i.e. the number of incorrect sand-wells rats dug in) before choos-

ing the correct sand-well (primary error measure: chance = 2.5 errors with 6 sand-wells

present). This was also converted to a performance index (100-100*(errors/5)) presented

as a %. This new measure still aims to represent recall accuracy, as it is based on which

order sand-wells were dug in regardless of how long the rats persisted in digging at

them, but it gives more information per trial than the previous measure used in Day et al.

(2003), as the number of wrong choices, rather than just whether or not the rat made the

correct choice, are taken into account. Due to the suggestive results from the previous

chapter which hinted that the measures of correct first choice of sand-well and % dig

time in the correct sand-well may not be equivalent and may even reflect different types

of memory processing, we aimed to characterise more accurately the data on choice of

sand-wells as a putative measure of cued recall.

The data from Tse (2005), alongside the data from this chapter, have recently been pub-

lished as a Research Article in Science Magazine (Tse and Langston et al 2007) which is

included as Appendix 2.
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3.2 Materials and Methods

3.2.1 Subjects

The subjects were adult male Lister-hooded rats (Charles River, UK), aged 8-10 weeks at

the start of experimentation and weighing 200-250g. They were housed in groups of 3/4

rats in cages with opaque white plastic bases measuring 35 x 50 x 15 cm (width x length

x height) fitted with wire mesh lids (15 cm high) bringing the total height of each cage to

approximately 30 cm. They had free access to water at all times and were maintained at at

least 85% of their free-feeding weight throughout behavioural testing. For a 12 day recov-

ery period after lesions of the hippocampus rats were given unrestricted access to food.

Experiment 1 was conducted on a 12 hr (on)/12 hr (off) light cycle, with training during

the light phase (8am-8pm). Experiment 2 was conducted using a reverse day/night cycle

of the same length, with training during the night phase (8am-8pm). A total of 32 rats

were used (Experiment 1: n = 12; Experiment 2: n= 20). All procedures were compliant

with the national Animals [Scientific Procedures] Act of 1986 and international European

Communities Council Directive of 24 November 1986 [86/609/EEC] legislation govern-

ing the maintenance of laboratory animals and their use in scientific experiments. All

efforts were made to minimize the number of rats used and their suffering.

3.2.2 Apparatus

A full description of the event arena in which rats were trained to find flavoured food is

provided in Section 2.2.3 so this section will just describe the differences in the apparatus

between the previous chapter and this one. The 4 start boxes were covered with black

paper to make them dark inside to encourage the rats to return to them and treat them

as a “home base”. The sand-wells were 4cm deep with a removable metal mesh grid

fixed half way down. The area above the grid was filled with a mixture of 90g sand

plus ground-up food (25g per 2.5kg sand) which included all the flavours used in the

experiments. When food reward was made available in a sand-well, 3 pellets (0.5g each)

of the appropriate flavor rested on the upper surface of the metal grid under the sand

layer. The sand and food mixture was renewed every 2/3 days. The area below the grid

was filled with a mixture of food pellets which also included all the flavours being used

during the experiments. Flavoured food was made available to the animals in a small

plastic bowl in the start-boxes (as a cue to determine which flavour they should search

for in the sand-wells of the arena) and in addition, each start-box contained water for

drinking. A photograph of the arena configured for the experiments in this chapter is
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provided in Figure 3.1 on page 76.

3.2.3 Surgery

Complete hippocampus lesions (HPC lesions) were made bilaterally by stereotaxic injec-

tion of ibotenic acid throughout the entire hippocampus, including dentate gyrus and

CA fields. Sham operated control rats (sham controls) received anaesthetic, surgery in-

cluding removal of a large section of the skull and piercing of the dura, but no injections.

Anaesthetised control rats (Experiment 2 only) were anaesthetised for the same time pe-

riod as rats receiving complete hippocampus lesions, but did not undergo any invasive

procedures. The number of surgeries was: Experiment 1: HPC n = 6, Sham n = 6; Ex-

periment 2, HPC n = 12, Sham n = 8. The actual surgical procedure was as described

previously in 4.2.2 on page 105. Thirteen (Experiment 1) or fifteen (Experiment 2) injec-

tions of ibotenic acid were made into each hippocampus at different rostrocaudal and

dorsoventral levels: the co-ordinates were modified for Experiment 2 to account for the

larger size of the rats at the time of surgery due to the length of time they had been un-

dergoing training (see Table 3.1 on the next page. Each rat received 0.03ml carprofen

analgesia (Small Animal Rimadyl, Pfizer, UK) in 5ml saline subcutaneously at the end of

the procedure. Analgesia was also administered in oral form in the rats’ water supply.

This analgesic solution was freely available to all rats from 24 hours pre-surgery until

96 hours post-surgery. Food restriction began 12 days into the post-operative recovery

period, and behavioral testing recommenced after 14 days.

3.2.4 Perfusion, Histology and Lesion Analysis

All rats were terminally anaesthetised with 1.4 ml/kg sodium pentobarbital then per-

fused intracardially with 0.9% saline followed by 4% formalin. The brains were removed

and stored in 4% formalin for a minimum of 24 hours, then placed into cuboid moulds

filled with fresh egg yolk and incubated at 37oC in a shallow 4% formalin bath for a

further 24 hours. The egg coating solidified around the brains in a cube shape which

was designed to provide extra support for the lesioned brains while they were being

sectioned, because they become very fragile after losing the large central portion com-

prising the hippocampus. The brains with the egg-yolk coating were then removed from

the plastic moulds and placed back into jars of 4% formalin for a further 48 hours. Coro-

nal 30µM sections were cut using a cryostat with one in every five sections recovered for

histological analysis. Theses sections were mounted on slides, stained with cresyl violet

and cover slipped using DPX. The extent of the lesions was assessed by calculating the
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A  Complete hippocampus lesion co-ordinates for Experiment 1
      Mean weight of subjects = 289g

           AP            ML               DV              uL ibotenic acid (10mg/ml)
          
       -2.4         +/- 1.0           -3.0                              0.05 
       -3.0         +/- 3.0           -2.7                              0.10
          -3.0      +/- 1.4           -2.1                              0.05
       -3.0         +/- 1.4           -2.9                              0.05
       -4.0         +/- 3.7           -2.7                              0.10
          -4.0      +/- 2.6           -1.8                              0.05
       -4.0            +/- 2.6        -2.8                              0.05
       -4.3         +/- 4.0           -7.0                              0.05
       -4.9         +/- 3.9           -3.5                              0.05
          -4.9            +/-3.9      -7.0                              0.10
       -5.9         +/- 5.1           -4.5                              0.08
          -5.9            +/- 5.1     -5.3                              0.08
          -5.9      +/- 4.3           -3.9                              0.10
 

B  Complete hippocampus lesion co-ordinates for Experiment 2
      Mean weight of subjects = 460g

        AP            ML               DV             uL ibotenic acid (10mg/ml)

       -2.4         +/- 1.0           -3.0                               0.05
       -3.0         +/- 3.0           -2.7                               0.10
       -3.0         +/- 1.4           -2.1                               0.05
       -3.0         +/- 1.4           -2.9                               0.05
       -4.0         +/- 3.7           -2.7                               0.10
       -4.0         +/- 2.6           -1.8                               0.05
       -4.0         +/- 2.6           -2.8                               0.05
       -4.3         +/- 4.0           -7.0                               0.05
       -5.0         +/- 3.0           -3.0                               0.10
       -5.0         +/- 3.9           -7.0                               0.10
       -5.0         +/- 5.4           -5.1                               0.10
       -6.1         +/- 3.9           -3.6                               0.05
       -6.1         +/- 3.9           -7.0                               0.05
       -6.1         +/- 5.0           -4.5                               0.05
       -6.6         +/- 4.6           -4.6                               0.05

      

Table 3.1: Complete hippocampus lesion co-ordinates

volume of hippocampus spared in each of the brains (DG and CA fields). Each coronal

section was placed under a Makroscope and the image transferred to a computer using

a camera. The images could then be opened in Leica QWin software and the calibrated

area measurement tool in the program allowed calculation of the amount of hippocam-

pus tissue remaining in each brain section, with the program recording the size of the

area in mm2. The brain sections from control rats were measured in this way to give a

standardised value (i.e. an intact hippocampus with no lesion, 100%). The sum of all

the areas of hippocampal sparing in each of the lesioned rats (i.e. the overall volume of

sparing) was then compared with the average value for all control rats to calculate a %

sparing of hippocampus tissue.
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3.2.5 Behavioural Testing

The key difference between this series of experiments and those described in the previous

chapter is that in this protocol rats were trained on 6 flavour-location paired associates

concurrently, which remained constant each day- a flavour map (see Figure 3.1.

F1-L1 F2-L2

F3-L3

F4-L4F5-L5 F6-L6

A)  Photograph of the event arena configured as a flavour map

B)  Schematic of the flavour-location paired associates depicted above

Figure 3.1: Photographic (A) and schematic (B) representation of the original flavour map used to train rats
initially. F1-L1 = Rum at R2/C2, F2-L2 = strawberry at R2/C7, F3-L3 = ginger at R3/C5, F4-L4 = banana at
R5/C3, F5-L5 = very berry at R6/C1 and F6-L6 = bacon at R6/C6.

Habituation is described in the sections below referring to each of the individual experi-
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ments. Each training session consisted of one trial on each of the 6 flavour-location pairs

in a pseudo-randomised order of presentation, and training sessions were scheduled at

24 or 48 hour intervals. On each trial, a rat was placed into one of the start boxes and

given a 0.5g cue pellet of one of the 6 flavours. 30 secs after eating the food, the start box

door was opened and the rat released into the arena. All of the 6 sand-wells that were to

be associated with the 6 flavours were open and available for digging, but only the one

associated with the cued flavour given in the start box contained food reward. (Rats had

no prior training on which location was associated with which food flavour before the

first trial.) The rewarded sand-well contained three 0.5g food pellets on each trial and

rats were always allowed to return twice to the correct sand-well after they had initailly

located it, to retrieve all 3 pellets of food. After the rat returned to the start box with the

third food pellet, the start box door was closed. When the rat had finished eating the final

pellet, it was replaced in home cage. The following 5 trials- one trial on each of the re-

maining flavour-location pairs- occurred at approximately 60 min inter-trial intervals. To

prevent the rats using olfactory traces from a previous rat to locate the reward, the sand

used in the wells in different locations was mixed between each trial and the sawdust

surrounding each sand-well distributed around the arena between trials. None of these

manipulations affect performance.The experimenter conducting the behavioral training

(IB/RFL/DT) was blind to which rats had hippocampus lesions and which were sham

controls. The different timetables and training protocols are described below for each

experiment.

3.2.6 Non-rewarded probe tests

During these tests, scheduled regularly throughout the 4 experiments, all six sand-wells

were open and the rats could dig in any of them, but none contained food reward. The

rats were cued with a single flavor as usual, and then allowed into the arena for a total

of 120 secs, with memory performance measured as preferential digging at the cued lo-

cation. These probe tests served as a control for odour confounds- the lack of food in the

sand-wells precluded any specific olfactory guidance to the correct location.

3.2.7 Performance measures

During each trial several parameters were measured:

Number of errors The number of incorrect sand-wells rats dug in before choosing the

correct sand-well (primary error measure: chance = 2.5 errors; conversion to a Perfor-
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mance Index = 100-100*(errors/5)).

latency to dig Latency to dig at the correct well from leaving the start box in seconds.

% dig times The time spent digging in seconds at each of 6 sand-wells, calculated as the

proportion of time spent at cued and non-cued locations.

The experimenters recorded a ’choice’ only when a rat placed its front paw on or into

a sand-well. Rats running past or sniffing around a sand-well were not considered as

making a choice. In rare cases, it was difficult to tell from the video monitors whether or

not the rats had made a choice as defined here. In this situation, when an experimenter

entered the room at the end of a trial, they could checked carefully if there were any traces

of digging (i.e. whether the sand had been displaced around an ambiguous sand-well)

and could also review the video footage from any trial, although this was not usually

necessary.

Experiment 1

The aim of this experiment was to establish whether the concurrent learning of 6 flavour-

location paired associates requires the integrity of the hippocampus. Rats were given

either complete hippocampus lesions (n = 6) or sham surgeries (n = 6) upon arrival, before

any experience of the event arena.

Habituation 12 days after recovery from surgery, rats were habituated to the event arena

and trained to search and dig for control (non-flavoured) food pellets in the sand-wells

as in the previous chapter. In this series of experiments there were always 3 0.5g (half)

pellets available in a rewarded sand-well. Rats learned to carry the 0.5 gm pellets to the

start box, and eat them there before returning to retrieve further pellets. Habituation

consisted of a series of stages across days, allowing exploration of the arena and its cues,

experience of each of the 4 start-boxes, digging for food in various sand-well locations,

and carrying pellets to the start boxes. By the end of habituation, all rats were running

quickly into the arena, collecting food and returning to the start boxes to eat each pellet.

There were 6 habituation sessions, shown at the beginning of the timeline of the full

experiment in Figure 3.2 on the next page.
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PT1 

Surgery  2 weeks       

Experiment 1

Habituation  

1  14Sessions  13-8         -1

Original flavours (Fs1-6) Pre-training  

-3 -2

Figure 3.2: Timeline of sessions in Experiment 1

Training of paired-associates The key feature of the protocol was the training of mul-

tiple flavour-place paired associates simultaneously. During 2 pretraining sessions rats

received 3 trials per session, in which 3 of the 6 flavors were used eacg day. After these 2

pretraining sessions, all 6 flavours were trained, each flavour for 1 trial/session through-

out the 13 sessions of acquisition (see Figure 3.2) with Flavour 1 (F1) at Location 1 (L1)

(Rum), F2/L2 (Strawberry), F3/L3 (Ginger), F4/L4 (Banana), F5/L5 (Very Berry) and

F6/L6 (Bacon). On any trial, all 6 sand-wells were available, but only the sand-well in

the location associated with the cued food flavour contained the food rewards. The rats

were run on alternate days in 2 groups of 6 rats each (3 lesioned and 3 control rats in

each group) with each group receiving 3 training sessions per week. The various possi-

ble sequences of different flavored pellets across 6 trials within a session were carefully

counterbalanced across rats and sessions. In addition, half the rats were cued from one

start box (e.g. South) while the other half were cued from a different start box (e.g. North)

for all of their trials within a session. The start locations were then pseudo-randomly as-

signed (N, S, E or W) across training sessions. On day 14, a non-rewarded probe test was

scheduled.

Experiment 2

The main aim of this experiment was to examine the time course over which 2 trial-

unique flavour-location paired associates become independent of the hippocampus. In-

tervals of 3 hours and 48 hours (the latter interval was used in Tse and Langston et al

(2007), by which time trial-unique paired associates did become hippocampus indepen-

dent, see Introduction) were used between the encoding experience of a novel, trial-

unique flavour-location paired-associate and hippocampus lesion surgery. The (rather

complex) experimental design is shown in Figure 3.3 on the next page. This experiment
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used a reverse day-night cycle with all testing during the night phase in order to mini-

mize the likelihood of sleep episodes between the end of the novel paired-associate en-

coding experience and the time of lesion for the rats in the 3 hour interval group.
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Figure 3.3: Timeline of sessions in Experiment 2

20 intact rats were habituated as described for Experiment 1 (with the exception that
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no surgery took place before the start of the experiment), then trained on the same set

of 6 flavour-location paired associates in the same geometric arrangement as used in

Experiment 1 (see Figure 3.1 on page 76). They were subjected to non-rewarded probe

tests on Sessions 2, 9 & 16. After 4 more standard training sessions, the sand-wells for F1-

L1 (rum at R2/C2) and F6-L6 (bacon at R6/C6) were replaced by two new novel flavours,

F7-L7 (marshmallow at R1/C2) and F8-L8 (apple at R7/C6) on Session 21. Rats were

trained for 6 trials in a single session with the 2 novel flavours introduced in the 4th

(either F7-L7 or F8-L8) and 5th (vice versa) trials of the session. 1 hour after the last

training trial (trial 6, an original flavour map trial), a probe test (PT4) was given for the

novel flavour-location paired associate experienced on the 4th trial (this was F7-L7 for

half of the rats and F8-L8 for the other half, and the probe trial was 3 hours after the rats

had first experienced the flavour being tested).

One hour after the end of the probe test, half of the rats (n = 10) were anaesthetised

and underwent either complete hippocampus lesion surgery (n = 4) or served as anaes-

thetised controls (n = 6). These rats therefore received surgery (or anaesthetic only) ex-

actly 3 hours after they had experienced their first novel flavour-location pair on trial 5.

The other half of the rats (n = 10) received hippocampus lesions (n = 4) or anaesthetic

only (n = 6) 48 hours after trial 51.

Post-operative non-rewarded probe tests were scheduled (PTs 5-8, Sessions 22-25) to test

memory for the original and newly trained flavour-location paired associates. For the

subset of rats which had received complete hippocampus lesions during this first surgery

session (n = 8), this was the end of the experiment2.

The 12 rats that had served as anaesthetized controls continued training on the remaining

4 original flavour-location pairs (Fs 2-5) plus the recently learned trial-unique flavour-

location pairs (Fs 7 & 8) for a further 6 sessions (Sessions 26-31). They then experienced

2 more new trial-unique flavour-location paired associates: F9-L9 (anise at R2/C3) and

F10-L10 (butter at R6/C5), at adjacent but distinct locations to F7-L7 and F8-L8 which

were removed. The rats were trained for 6 trials in one session (Session 32), with Fs 9 &

10 experienced in the 4th and 5th trials and a probe test (PT9) scheduled 1 hour after the

1This complex experimental design with very specific demands for surgery time meant that from the start
of the experiment, training was staggered so that the new flavour and surgery sessions occurred on different
actual days: the amount of surgery space and surgeons (just me!) meant that this was the only feasible way
to run the experiment. Assignment to surgery groups was initially done using % dig time performance on
the final probe test of the original flavour map, before the introduction of the new flavours (PT3, Session 16)
so that the average performance of rats in each surgery group was matched. It was then adjusted if necessary
by monitoring the performance of rats on the 1 hour probe test for the novel, trial-unique pairs (PT4, Session
21) as they completed this test.

2these rats were not sacrificed at this point, but remained on food deprivation and housed with their
companions so as not to disrupt the other rats’ social situation.
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last training trial and 3 hours after the new flavour-location pair was experienced in trial

4.

The 12 rats were then divided again into 2 further groups with a 3 hour (n = 6) or a 48 hour

(n = 6) interval between the first experience of the novel flavour-location paired associates

(Fs 9 or 10, trial 5) and the surgery, as described previously. In the 3 hour interval group,

2 rats received hippocampus lesions (1 rat died 2 hours after surgery) and 3 rats received

sham surgeries. In the 48 hour interval group, 3 rats received hippocampus lesions and

3 received sham surgeries.

After a 14-day recovery period, a series of non-rewarded probe tests was scheduled (PTs

10-13,Sessions 33-36) to test the original and new flavours as had been done after the first

surgery session. After these probe tests all the rats were sacrificed.

This partially within-subjects design meant that data could be acquired in 2 different

conditions from the 12 rats that underwent anaesthetic only and no lesion during the

first surgery epoch after Session 21 (PT4). Thus, from a starting group of 20 rats, the final

group sizes which were made up partially from within subjects data and partially from

between subjects data were comprised of data from 6 rats in the 3 hour lesion group (short

delay lesion, SDL); 7 rats in the 48 hour delay lesion group (long delay lesion, LDL) and 9

rats in each of the control groups (3 anaesthetised controls and 6 sham lesioned controls

in each of the short and long delay control groups (SDC and LDC respectively)). Group

was treated as between subjects factor for the purposes of statistical analysis.
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3.3 Results

3.3.1 Experiment 1

Learning a map of 6 flavour-location paired associates requires the hippocampus
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Figure 3.4: Effects of pretraining lesions of the hippocampus on acquisition of the task: Acquisition of
a flavour map depends on the integrity of the hippocampus. Panel A shows that the performance index
improved for the sham control group but not the hippocampus-lesioned (HPC) rats over the 13 sessions of
training. Panel B shows preferential digging at the cued sand-well during a non-rewarded probe test (PT1)
by sham but not HPC rats. The white bars represent an average of the total time spent digging in the 5
non-cued sand-well locations. Dashed line = chance level, 16.7%.

.

Rats in this experiment received either sham operations or complete hippocampus le-

sions before the start of training. The lesions successfully targeted the hippocampus with

minimal damage to other structures. The average amount of spared hippocampus tissue

in the lesion group (n = 6) in this experiment was 9.67±6.94%. More details about the

histological results are available at the end of this chapter. During the first few days of

training, rats were procedurally inexperienced and had also not yet learned to go to the

correct sand-well in response to the flavour cue, so trials could take up to 10 minutes per

rat. Over the course of training it was observed that trials became quicker in both groups

of rats, reaching an asymptote of 3-4 min per trial. The 12 rats were run on alternate days

in 2 groups of 6 rats each (3 lesioned and 3 control rats in each group) with each group re-

ceiving 3 training sessions per week. As all 6 rats were run consecutively, the intertrial in-

terval for an individual rat between successive flavour-place pairings was around 1 hour,
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resulting in a total daily session time of up to 6 hours. This intertrial interval was kept

constant throughout the experiments described in this chapter. The rats visited and some-

times dug at incorrect sand-wells before they found the correct one (see Appendix 5 for

a video clip of a rat performing a choice trial). Typically, the animals would retrieve the

first of three buried food pellets, return to the start box to eat it, and then run back to the

correct sand-well to collect the second and third pellets. The choice accuracy (measured

by number of errors) improved only for the sham operated rats (sham) as they learned to

associate a specific flavour cue with a specific sand-well location (see Figure 3.4A). After

13 sessions of training, sham lesioned rats (sham)were making fewer approaches to in-

correct sand-wells before digging in the correct well, whereas the hippocampal lesioned

rats (HPC) did not improve. ANOVA showed a Group (HPC vs. sham) x Session (1-13)

interaction, F(1,10) = 9.42; p< 0.025. A single non-rewarded probe trial was then sched-

uled (Session 14) which started with the provision of one cue flavour in the start-box.

An independent samples t-test showed that the sham rats spent significantly more time

digging at the cued location than the HPC rats (t(10) = 5.25; p< 0.001). One sample t-tests

against chance (16.7%) showed that sham rats dug at the cued sand-well significantly

more than expected by chance (p<0.005) but HPC rats did not (p>0.05). These data are

shown in Figure 3.4B. Interestingly, analysis of the performance index as measured by the

number of errors made on this probe trial (see Figure 3.4A) showed that the sham rats

performed no differently to the HPC lesioned rats on this measure (independent samples

t-test, p>0.10) and that neither group performed significantly above chance (one-sample

t-tests, both (p>0.05). This was unexpected considering the significant increase in perfor-

mance index/number of errors made over the course of the thirteen training sessions to

levels well above chance by the sham rats. This measure was examined further during

the next experiment.

We can conclude that this is a hippocampal-dependent paired-associate task in which rats

learn to retrieve the memory for the spatial location of a specific flavour of food when

cued with that particular flavour of food. Rats with the whole hippocampus removed

by excitotoxic lesion prior to training failed to acquire the task and their performance

remained at chance levels. Rats with sham lesions appeared to learn the task over thirteen

training sessions based on the number of errors made (number of incorrect sand-wells

dug in before digging in the correct one) but their performance dropped based on this

measure during a non-rewarded probe test with no food present in any of the sand-wells.

The levels of performance based on % of time spent digging in the correct sand-well

during the probe test however reflected the acquisition data over sessions 1-13 in that the

sham rats but not the hippocampus lesioned rats spent significantly more time searching

for the food reward at the correct sand-well. The unexpected difference between results
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assumed from the different performance measures will be discussed later.

3.3.2 Experiment 2

It may be helpful to refer back to the complex partial within-subjects design presented in

Figure 3.3 on page 80 in order to interpret the results of this experiment. The reversed

day-night cycle in this experiment did not appear to affect the rats’ performance relative

to that seen in Tse and Langston et al (2007) Experiment 2, based on the performance

index during the first 13 acquisition sessions and the % correct dig time in Probe Test 3

which can be seen in Tse and Langston et al (2007) Figure 2A&B.
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Figure 3.5: Acquisition of 6 concurrently trained paired associates as assessed by performance index and
dig time. Panel A shows the performance index over 13 acquisition sessions interspersed with 3 non-
rewarded probe tests (shown in red). Chance performance level (50% or 2.5 errors) is shown by the dashed
line. The schematic in the top left corner shows the layout of the 6 flavours of the original flavour map. Panel
B shows the % time spent digging in the correct (cued) vs. incorrect (average of 5 non-cued) sand-wells over
3 probe tests scheduled on Sessions 2, 9 and 16 of training. Chance level (16.7%) is shown by the dashed
line.

The acquisition of the flavour map by the 20 unoperated rats over Sessions 1-16 of train-

ing is shown in Figure 3.5A. Performance on standard training sessions indicated that

rats were improving over days. A repeated measures ANOVA with performance in-

dex over sessions as the within subjects factor showed a significant main effect of ses-

sion (F(12,228) = 21.537; p< 0.001). Non-rewarded probe tests (PT1, 2 and 3) scheduled

on sessions 2, 9 and 16 were assessed by the % time rats spent digging in the correct



Chapter 3. Semantic schema and paired associate memory consolidation 87

(cued) sand-well during the 60 second test. A repeated measures ANOVA with % cor-

rect dig time over the 3 probe test sessions showed a significant main effect of probe test

(F(2,38) = 86.390; p< 0.001). Bonferroni corrected paired t-tests on % dig time in correct

(cued) vs incorrect (non-cued) sand-wells on each probe test showed that rats dug pref-

erentially in the correct sand-well on PT2 and PT3 (both p<0.001). Further one-sample

t-tests showed that % dig time in the correct sand-well was significantly greater than

chance on PT2 and PT3 (both p<0.001) whereas the % dig time in the incorrect sand-well

in these probes was significantly lower than chance (both p<0.001).

Although the acquisition of the task on standard training sessions as measured by the

performance index indicated learning over days, as did the % correct dig time in probe

tests PT1-3, the performance index on the probe test sessions was much lower than that

on standard sessions and showed no improvement over the 3 probe test sessions. Re-

peated measures ANOVA on the dig time data across the 3 probe tests showed no main

effect of session (F(2,38) = 0.558; p= 0.557). This discrepancy between the standard and

probe test sessions using the same measure was similar to that seen in Experiment 1 and

in the probe tests for the new flavours (F7-F10) in this experiment (see next paragraph).

Thus, the combined results from both experiments suggest that rats may have been using

a subtly different strategy to solve the task when there was food present in the sand-wells

compared to when there was not. This caveat of the performance index measure is dis-

cussed in the conclusion to this chapter in relation to its possible explanation when both

experiments 1 and 2 are taken into consideration. The remaining results in this chapter

are based on the interpretation of the % correct dig time measure as the performance

index based on number of errors remained at chance levels in all further probe tests in-

dependent of new vs. old flavour, lesion vs. control and short vs. long delay.
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Figure 3.6: Presurgery acquisition and post-surgery retention of new and old flavours. Panel A shows the
% correct dig time performance on new flavours first experienced 3 hours ago, averaged across flavours 7
& 8 (surgery epoch 1) and flavours 9 & 10 (surgery epoch 2). 2 new flavours were experienced in the pre-
surgery session but only one (new cued) was tested 3 hours later. The inset schematics show the relative
locations of the 2 new flavours introduced before surgery epoch 1 and surgery epoch 2. Panel B shows the
% time spent digging in the correct (cued) vs. incorrect (1 new non-cued plus average of 4 original non-cued)
sand-wells when rats were tested 2 weeks after surgery on the flavours learned in just one session either 3
hours or 48 hours prior to surgery. Panel C shows the % time spent digging in the correct (original cued) vs.
incorrect (average of 5 original non-cued) sand-wells when the same rats were tested 2 weeks after surgery
on the original flavour map. Chance level (16.7%) is shown by the dashed line in all 3 panels. Labels on the
y axis show delay and lesion group.
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Figure 3.6A shows the performance as measured by % dig time in the correct sand-well of

rats in the probe tests prior to each surgery epoch in which 2 new flavour-location paired

associates were introduced. This data is combined from probe tests PT4 (session 21) and

PT9 (session 32). PT 4 was scheduled 3 hours after trial 4 of session 21, in which one of the

new flavours (F7 or F8, counterbalanced across rats relative to their anticipated surgery

group) was introduced for the first time. (The second new flavour was introduced in trial

5 of session 21 and surgery was scheduled 3 or 48 hours after it). PT 9 was scheduled 3

hours after trial 4 of session 32, in which one of the second set of new flavours (F9 or F10,

counterbalanced across rats relative to their surgery group) was introduced for the first

time. (The second new flavour was introduced in trial 5 of session 32 and surgery was

scheduled 3 or 48 hours after it). The probe tests for the presurgery acquisition of new

flavours in this experiment were scheduled 3 hours after the rats had experienced the new

flavours (rather than 24 hours in Tse and Langston et al (2007) experiment 2) in order to

have the opportunity to test all the rats for acquisition of one of the new flavours before

they underwent surgery. No previous data was available to confirm that the retrieval of

the newly experienced paired associates would be successful at a 3 hour delay, but the

results of the 3 hour probe tests for the new flavours in this experiment showed results

(based on % correct dig time) that were comparable to those obtained at a 24 hour delay

in Figure 2 of Tse and Langston et al (2007). The probe tests were carried out at this time

delay for rats in the 48 hour surgery groups as well as those in the 3 hour lesion groups

in order to standardise this factor and eliminate it as a variable. A repeated measures

ANOVA with sand-well (correct new cued, incorrect new non-cued and incorrect origi-

nal non-cued) showed a significant effect of sand-well and pairwise Bonferroni corrected

comparisons showed that % correct dig time in the correct (new cued) sand-well was sig-

nificantly different from % correct dig time in the non-cued sand-wells (all p<0.001). A

one-sample t-test against chance (16.67%) showed that the % correct dig time was signif-

icantly higher (t(19) = 10.317; p< 0.001). The performance index based on the number of

errors before rats dug in the correct sand-well in this probe test was 37.78pm8.63%, not

significantly different from chance (t(19) = 1.488; p= 0.153).

Based on the % dig time in the correct (new cued) sand-well on the presurgery probe

test of new flavours, all rats successfully acquired a memory for the new flavour-location

pairs after one trial which was expressed 3 hours after this initial acquisition.

Rats in this experiment received either sham operations or complete hippocampus le-

sions over 2 separate surgery epochs after Sessions 21 & 32, as described previously. The

lesions successfully targeted the hippocampus with minimal damage to other structures.

More details about the histological results are available at the end of the this chapter.
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Rats in the 3 hour group received surgery exactly 1 hour after completion of the probe

for the trial 4 new flavour-location pair, which was exactly 3 hours after trial 5 - the novel

flavour that they would be tested on postoperatively. Assignment of rats to groups was

initially made by matching % correct dig time performance on probe test PT3 (acquisi-

tion of original flavour map) between the anticipated surgery groups. Data from PT4

and PT9 (one-trial acquisition of the new flavours) was also incorporated as it was col-

lected and group assignment adjustments made accordingly. Thus, the eventual surgery

groups presented in Figure 3.6B&C are based on presurgery performance balanced be-

tween groups as accurately as possible on PT 3, 4 and 9. The data presented in Figure

3.6B are an average of the probe tests PT6, PT8, PT10 and PT12 (all new flavour probe

tests after both surgery epochs) and the data presented in Figure 3.6C are an average of

the probe tests PT5, PT7, PT11 and PT13 (all old flavour probe tests after both surgery

epochs). It may be helpful to refer to Figure 3.3 for the timeline showing the sessions on

which these probe tests took place.

Figure 3.6B shows post-operative performance based on % correct dig time for the new

flavours experienced for just one trial either 3 hours or 48 hours prior to surgery. Fig-

ure 3.6C shows the same data for the original flavour map learned over the 13 original

training sessions. These data reveal a time-dependent role for the hippocampus in mem-

ory for novel flavour-location pairs in the presence of a putative activated schema in the

form of a flavour map. Hippocampus lesions given 3 hours after experiencing a novel

flavour-location pair abolish memory for this pair 2 weeks later, whereas anaesthetic or

sham control surgery at the same time point have no effect. Hippocampus lesions given

48 hours after experiencing a novel flavour-location pair have no effect on the retrieval

of this memory 2 weeks later, as do anaesthetic or sham lesion procedures. This latter

part of the data replicates that found in experiment 2 of Tse and Langston et al (2007).

The data in Figure 3.6B&C were analysed by multivariate ANOVA on the % dig time in

the correct (cued) sand-well with delay (3 or 48 hours) and lesion group (HPC or con-

trol) as between-subjects factors and probe test type (new or original flavours) as the

within-subjects factor. This revealed a 3-way interaction between delay, lesion group

and trial type (F(1,27) = 5.766; p= 0.023). Further testing by univariate ANOVA on % cor-

rect dig time in the new flavours condition (Figure 3.6B) revealed a significant group

effect (F(3,27) = 12.076; p< 0.001) on dig time in the correct sand-well when cued with

a new flavour experienced only once. Bonferroni corrected pairwise comparisons of

this effect showed that the 3hour hippocampus lesion group were significantly differ-

ent from the other 3 groups (all p<0.003) while the other 3 groups (3 hour control, 48

hour lesion and 48 hour control) were not different from each other (all p=1.000). The

same analysis on the original flavours condition (Figure 3.6C) showed no effect of group
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(F(3,27) = 0.130; p= 0.941). Finally, a paired t-test on the data from the 3 hour lesion group

comparing % correct dig time performance in the new flavour condition and the original

flavour condition showed a significant difference in performance dependent on flavour

condition (t(6) = 4.491; p= 0.004). This comparison in the 3 hour control, 48 hour lesion

and 48 hour control groups revealed no significant effects (all p>0.100).

Post-operative testing therefore revealed a time dependent role for the hippocampus in

memory for flavour-location paired associates experienced in only 1 trial before surgery

(see Figure 3.7). Removal of the hippocampus 3 hours after experiencing a novel flavour-

location paired associate impaired retrieval of the location associated with the food flavour

after a 14 day retention interval (recovery from surgery necessitates this interval). How-

ever the results of experiment 2 of Tse and Langston et al (2007) were also replicated

within this experiment, showing that if the hippocampus is removed 48 hours after ex-

periencing a novel flavour-location paired associate, retrieval of the location when cued

with the food flavour is not impaired 14 days later. Hippocampus lesions did not have

any effect on memory for an original set of 6 concurrently learned flavour-location paired

associates (a flavour map) learned over an extended training period. The time depen-

dence of the hippocampus is summarised in Figure 3.7).
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Figure 3.7: Time-dependent hippocampal role in consolidation of flavour-location pairs: Novel flavour-
location pairs are consolidated outside the hippocampus after 48 hours but not after 3 hours.
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3.3.3 Histology

All rats in both experiments successfully received large lesions of the target hippocam-

pal area with minimal damage to other structures. Slightly different co-ordinates were

used in Experiment 2 compared to Experiment 1 to account for the different ages of the

rats used in each study, whose brain sizes were likely to be quite different (M.P. Witter,

Personal Communication). These co-ordinates are presented in the Methods section.

Region

Dorsal %

Ventral %

Mean Total %

Exp 1 Exp 2 Exp 2
3hr delay 48hr delay

13.14

6.23

9.67

9.24

28.88

19.09

4.20

20.70

12.48

+/- 6.94

+/- 2.73

+/- 4.41

+/- 3.52

+/- 4.53

+/- 2.80

+/- 1.84

+/- 3.81

+/- 1.36

Table 3.2: % hippocampus spared in each experiment.

Table 3.2 shows the % spared hippocampal tissue relative to sham controls (100% hip-

pocampus spared) in each experiment. The lesion extent varied slightly across experi-

ments ranging from 9.67% spared tissue through to 19.09% but these are large lesions by

established standards. Qualitative analysis showed that the hippocampus lesions were

specific to the target area, producing maximal damage to the hippocampus whilst avoid-

ing damage to entorhinal, perirhinal, postrhinal and retrosplenial cortices. There was

some minor damage to the overlying parietal cortex in the lesioned rats which can be

most clearly visualised in the 3D reconstruction image.
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Figure 3.8: Three dimensional reconstruction of a complete hippocampus lesion. Red = lesioned hippocam-
pus, yellow = damage to overlying parietal cortex, grey = outline of coronal section. This was reconstructed
from a brain cut into 30mum sections with one in every 3 recovered, so coronal sections at intervals of
90mum.

Presubiculum and parasubiculum were generally intact, however in the larger hippocam-

pus lesions there was some damage to a small portion of the subiculum both dorsally

and ventrally. To assess any effects of this damage, Pearson correlations were carried

out where relevant to see if there was any correlation between the subicular damage

(lesion size) and behavioral performance (% dig time at the correct sand-well). These

correlations were carried out for postoperative probe tests PT5 - PT8 and PT10 - PT13

(Experiment 2). No significant correlation was found between lesion size and behavioral

performance (all p>0.05, 2-tailed). Representative photomicrographs of a sham operated

and a lesioned brain are taken from 2 rats who underwent surgery at the same time as the

other 20 rats in Experiment 2, but was sacrificed after 14 days- the critical point at which

postoperative probe tests were taking place for the experimental rats- to verify the extent

of the lesion at that point in time.
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Figure 3.9: Photomicrographs of a complete hippocampus lesion and a sham operated brain. These sec-
tions are taken at the following approximate distances from Bregma: AP - 2.8 (A1 & B1), AP - 4.5 (A2 & B2)
and AP - 6.0 (A3 & B3). The green lines represent the target hippocampal area (intact) in a sham lesioned
brain (A1 - A3) and any sparing in the complete hippocampus lesion (B1 - B3). The lesioned area is shown
in red.
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3.4 Conclusions and Discussion

The first experiment in this chapter showed that the learning of a flavour map of six

flavour-location paired associates, perhaps forming a putative mental schema, is criti-

cally dependent on the hippocampus. After 13 training sessions (at which point the data

from the experiments presented here and those in Tse (2005) and Tse and Langston et al

(2007) would suggest that control rats reach asymptotic performance on this task) rats

with pretraining excitotoxic lesions of the whole hippocampus showed no learning of

the flavour map assessed by either % dig time in the correct sand-well or performance

index based on the number of errors made (incorrect digs) before digging in the correct

sand-well (although the caveats associated with the use of the measure of performance

index are discussed later). These data support the findings from Tse and Langston et al

(2007) in which it was found that rats with hippocampus lesions given after training on

one flavour map failed to encode any new information incorporated into that map or

presented in a completely new flavour map context after the lesion. It was necessary to

confirm however that it was not possible for naı̈ve rats with the hippocampus removed

prior to training to develop a hippocampus-independent strategy for learning the task

in order to be certain that the acquisition of a flavour map is truly a hippocampus de-

pendent task. The results of Experiment 1 confirmed this hypothesis, showing that there

did not appear to be any alternative neurobiological mechanisms in the absence of the

hippocampus that could instigate initial learning of the flavour map.

The second experiment in this chapter showed that memory for trial-unique flavour-

location paired associates encoded as part of an active flavour map schema became in-

dependent of the hippocampus somewhere between 3 and 48 hours following encoding.

Rats with complete lesions of the hippocampus given 48 hours after encoding of new

flavour-location associates in just one trial showed retrieval of this memory 2 weeks later

at levels indistinguishable from controls based on % dig time at the correct sand-well

location (as shown in Tse and Langston et al (2007)). Rats with complete lesions of the

hippocampus given 3 hours after encoding of new trial-unique paired associates were

impaired relative to controls, and in fact performed at chance levels, in a retrieval test 2

weeks later.

The time course of a memory becoming hippocampus dependent (somewhere between

3 and 48 hours) was greatly accelerated compared to standard views on consolidation,

which would predict a time course of weeks (e.g. multiple trace theory Moscovitch et al.

(2005)) for a memory to become consolidated into long term storage. It would be inter-

esting to see how the retention of this schema based learning of 6 flavour-location paired
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associates now correlates with the 2 repeat-trial paired associates learned by rats in Day

et al. (2003): does the repeated training of 2 pairs constitute a schema? Would repeat-

trial learning of 2 paired associates have produced a long-lasting memory had we tested

it at different delays, and would it have facilitated the learning of or memory for the

concurrently trained trial-unique flavour-location pairs?

We were concerned that the non-specific side effects of administration of a long epoch of

anaesthetic so soon after the encoding of a sensitive trial-unique memory event would

disrupt memory in the sham control group, so each rat that received a lesion at the 3

hour delay was partnered by a sham anaesthetised control whose onset and duration of

anaesthesia were identical. The anaesthetised controls however retrieved memories of

both the trial-unique and original schema paired associates successfully after the 14 day

postoperative recovery period (see Figure 3.6 on page 88, proving that we were really

seeing specific effects of the role of the hippocampus in the rapid processing of a trial-

unique paired associate memory in the context of a pretrained schema.

These experiments support the predictions of the basic theory behind the work of Day

et al. (2003) and also provided additional support for the Tulving’s SPI model of declara-

tive memory- that successful episodic memory is partly dependent on the prior presence

of perceptual and semantic knowledge associated with the same memory. They also sug-

gest that animals- as well as humans- may be able to form some kind of mental schema.

This seems to be learned gradually- perhaps in the form of semantic facts about where

certain food flavours can be found- but then enables the rapid encoding and storage of

trial-unique episodic-like information. Thus, this task provides a successful dissociation

of semantic-like vs. episodic-like memory and provides evidence that animals as well as

humans may be able to form mental schema which facilitate the encoding of new infor-

mation. The schema appears to be highly specific- a map of food flavours and locations-

as Tse and Langston et al (2007) showed that simply having an activated spatial represen-

tation of the flavour map sand-well locations without a consistent map of which flavours

were available in which locations was not sufficient to facilitate the long-lasting memory

of trial-unique paired associates.

An interesting (although not desirable!) finding from this experiment was that the mea-

sure of performance index based on the number of errors rats made before digging in the

correct sand-well was inconsistent between standard training and non-rewarded probe

tests in both experiments, and did not accurately reflect the results based on % dig time

in sand-wells. Figure 3.5 on page 86 showed the performance index on thirteen stan-

dard training sessions interspersed on sessions 2, 9 and 16 with non-rewarded probe

tests. It appears from the training data that performance index increases gradually across
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days in line with the data from the interspersed probe tests (which were included in

this experiment to check the acquisition process based on the data from experiment 1, in

which the one final probe test (PT1) at the end of training (Session 14) indicated learn-

ing had occurred in the control group, based on the % dig time in the correct sand-well

but not based on the highly variable performance index in this probe test (see Figure 3.4

on page 83). However when the performance index on the interspersed probe test ses-

sions was examined, it revealed no increase across the training sessions and remained

at chance throughout, in contrast to the high performance with very little daily variance

in the standard sessions. The % correct dig times in the three interspersed probe test

sessions showed a significant gradual increase over the sessions, resulting in better than

chance performance on PT 2 and PT3, scheduled on sessions 9 and 16 respectively, which

also indicated that the rats were learning the flavour map (see Figure 3.6 on page 88).

The immediately obvious conclusion from this differential performance on the standard

vs. the probe trials is that the rats can smell the food reward when it is present in the

sand-wells on standard trials and this is how they make their judgement of which sand-

well to dig in first. On non-rewarded probe tests, no food is present in the sand-wells

until the 60 second probe is complete so this strategy would not be available to the rats

upon entering the arena. However the problem is in fact more complicated than that for

at least 2 reasons. Firstly, if the rats’ performance was based solely on the odour of the

food emanating from the correct sand-well, their probe test performance when no food

is present in the sand-wells would be expected to be at chance and show no improve-

ment over training. This is not the case- rats dig preferentially at the correct sand-well

during non-rewarded probe tests PT2 onwards, even though no food is present in any

sand-wells during these trials. Secondly, if the rats’ performance were based solely on

being able to smell the food reward during the standard training sessions before they

had even arrived at the sand-well, it would be expected that rats with complete hip-

pocampus lesions would also be able to use this strategy, as there is no evidence that a

lesion of the hippocampus affects the rats’ sense of smell, and it has further been shown

that hippocampus lesions do not affect rats’ ability to form and remember odour-reward

associations, even on a trial-unique basis (Wood et al. 2004).

I hypothesise that rats do in fact use cued recall to solve this flavour map task, perhaps

in combination with recognition, but that we have not yet found the correct way to mea-

sure this behaviour. It is feasible that rats may recall the location of the food with which

they are cued in the start box at the beginning of each trial. Upon visiting the (correctly

recalled) sand-well, the smell of the food reward emanating from it confirms their choice

so they go ahead and dig in it. On the interspersed probe tests, which occur at a much

lower frequency than standard training sessions, rats may approach the correct sand-



Chapter 3. Semantic schema and paired associate memory consolidation 98

well after successful recall of the location of the cue flavour but upon arrival may be

confused by the lack of the food odour emanating from the sand-well and consequently

leave without digging to investigate the other sand-wells, resulting in their first dig being

made relatively randomly after the discovery that none of the sand-wells visited contain

food. After failing to discover food reward in any of the other sand-wells sampled, a

recognition memory process may be called upon which would result in the cued sand-

well location eventually being recognised and the majority of the dig time during the

probe test then being spent there. This seems to be the only reasonable explanation for

the dissociation of performance index between standard and probe test sessions. The

hypothesised role of food odour in the task is surprising, as the precautions taken to pre-

vent this happening (all flavours of food mixed with the digging sand, the new design of

sand-well described in the introduction of this chapter with food pellets hidden below a

mesh grid as a masking odour) were improved relative to the Day et al. (2003) study, in

which unwanted odour cues did not seem to be a problem affecting performance. How-

ever this could be explained by the fact that in the experiments described in this chapter,

3 food pellets were always available in the correct sand-well, and this may emanate a

stronger and more distinctive odour than that of the single pellet of food used in Day

et al. (2003).

Although the discrepancy found when considering the performance index and the pos-

sible role of unwanted food odours described in this chapter was unexpected and disap-

pointing considering the extra procedural precautions taken and the introduction of what

was expected to be a better indicator of recall accuracy in the task, the main results based

on the % dig time at the correct sand-well; that the hippocampus is necessary to acquire a

flavour map but has a time limited (3-48 hour) role in its storage and retrieval; remained

a very exciting new finding. Unfortunately the dissociation between the putative mem-

ory processes of recognition and recall which were tentatively suggested in the previous

chapter could not be examined further in this protocol due to lack of a reliable measure

of putative memory recall. A better measure of cued recall in this task and perhaps in

the task described in the previous chapter and in Day et al. (2003) may be to examine

the first sand-well approached, instead of or in combination with the first sand-well dug

in. This would require careful planning as to how close a rat should be to a sand-well

before it is classed as an “approach” and also careful analysis of the distance between

the start box and the first sand-well approached to check that the first approach measure

is not based on the closest sand-well to an individual rats’ start box location. Currently,

Patrick Spooner at the University of Edinburgh is working on incorporating into the cur-

rent event arena software a program designed to track the rats movements within the

arena, which could be programmed to register a response when a rat came within a cer-
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tain distance of any sand-well, designated by the experimenters. Careful adjustment of

this parameter could reveal an accurate measure of cued recall in this paradigm. Patrick

Spooner is also working on an automated mechanism through which food pellets would

be delivered to the rewarded sand-well only after the rat had begun to dig there, or per-

sisted in digging there for a predetermined length of time. This may eradicate the need

for changing the measure used to evaluate putative recall as the absence of food on any

session (standard or probe test) would discourage the use of odour cues to confirm the

first choice of sand-well, if this was indeed what rats in this experiment were using.

In summary, this paradigm is a robust and useful method for comparing semantic-like

vs. episodic-like memory using a paired associate learning paradigm, which is known to

utilise cued recall in humans and may or may not do so in rats. The task as it stands can-

not be used to reliably dissociate the putative mechanisms of recall vs. recognition mem-

ory. We have demonstrated that the task is completely dependent on the hippocampus

for acquisition and that the hippocampus has a time limited role in the storage and/or re-

trieval of trail-unique paired associate memory which may ve facilitated by the presence

of an activate flavour map, or mental schema.
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4.1 Introduction

As described in Section 1.7 on page 31, (Eacott and Norman 2004b) recently published

an elegant paper which used the natural propensity of rats to explore novel aspects of

their environment to demonstrate trial-unique integrated memory for object, locations

and contexts. The integration of these 3 things- object, location and context- provides

an alternative to the original “episodic memory triad” (Tulving 1972) of what, where

and when by replacing the temporal element- “when”- with another factor unique to an

event, such as the context in which it occurs- “which”. In Section 1.6 on page 28 I have

discussed the relative merits of this approach and why the demonstration of “when” may

not necessarily be vital to an episodic-like memory task in rats.

The task published by Eacott and Norman (2004b) has already been described in detail

in Section 1.7 on page 31. The authors showed that rats with lesions of the fornix could

not recognise an object (what) that was presented in a novel configuration of location

(where) and context (which). Importantly, the fornix was not necessary to recognise con-

figurations of just object and location (what-where), so the memory deficit seen in the

integrated what-where-which task was not secondary to a more basic impairment in pro-

cessing object-location information. There was however a mild impairment in rats with

fornix lesions on memory for configurations of objects and contexts, published separately

(Norman and Eacott 2005). Although this deficit was not as severe as that seen in the in-

tegrated what-where-which task, it is possible it may have contributed to this finding.

Lesions of the fornix are often reported as being equivalent to lesions of the hippocam-

pus, but these 2 manipulations are not necessarily comparable. They produce different

behavioural symptoms, both specifically in memory tasks and secondarily in locomotor

function (Cassel et al. 1998; Coutureau et al. 2000; Galani et al. 2002). These differ-

ential effects are probably due in part to the different techniques used to produce the

lesions- electrolytic or radiofrequency lesions are commonly used to produce fornix le-

sions, whereas Jarrard (1989) developed a technique in rats using ibotenic acid to produce

neuroexcitotoxic lesions of the hippocampus. In these lesions, associated fibre bundles

(e.g. the fornix) are mostly spared1 by the nature of the agent injected since it acts specif-

ically upon glutamatergic receptors in the hippocampus, causing cell death by overac-

tivity in excitatory pyramidal cells (Wree and Erselius 1991). There are also anatomical

considerations: not only does lesioning the fornix disconnect the hippocampus from cor-

tical and subcortical input and output structures, but it also disconnects other (although

more minor) pathways whose fibres did not necessarily synapse at the hippocampus it-

1although see Erselius and Wree (1991) in which the authors suggest that some myelinated axons undergo
demyelination in the vicinity of the ibotenic acid injection
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self (Deller et al. 1996), such as some connections between the entorhinal cortex and

subiculum, both of which have been implicated in memory processes (Morris et al. 1990a;

Hebert and Dash 2002; Jarrard et al. 2004; Steffenach et al. 2005).

The human hippocampus is thought to be involved in episodic memory (as previously

discussed in the main introductory section) and in recent functional imaging studies, its

role in the successful retrieval of contextual features of an event and associations between

these features is thought to be of particular importance (Burgess et al. 2001; Davachi

and Wagner 2002; Davachi et al. 2003; Dobbins et al. 2003). This has also recently been

demonstrated in rats (Kennedy and Shapiro 2004). We decided to replicate the innovative

task designed by Eacott and Norman (2004b) to study the specific role of the hippocam-

pus itself in the retrieval of memory for what-where-which associations. This was done

using selective ibotenic acid lesions of the hippocampus after (Jarrard 1989).

In addition to replicating the studies of Eacott and Norman (2004b) and Norman and Ea-

cott (2005), we tested the effects of complete hippocampus lesions on the standard spon-

taneous novel object recognition paradigm (Ennaceur and Delacour 1988) since there is

still some debate about the role of the hippocampus in this task (Mumby 2001; Broadbent

et al. 2004; Ainge et al. 2006). The concept spontaneous novel object recognition is central

to the procedural demands of this task, so we wished to establish that- under the specific

conditions of our paradigm- the basic process of memory for a previously encountered

object (measured by preference for a novel object over the familiar one) was not affected

by complete lesions of the hippocampus.
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A B A A*

A A B B A B*

A B B A A* A

A) what-where (object-location) task

B) what-which (object-context) task

C) what-where-which (integrated object-location-context task)

Figure 4.1: Possible interference due to overlap of stimuli: It is possible that hippocampal-dependent inter-
ference could affect the integrated what-where-which task (Panel C) due to the object swap (indicated by red
arrows) that occurs between events 1 & 2. This swap creates a higher level of stimulus overlap between the
events preceding the memory test (right column) in the integrated task than in the other 2 tasks(Panels A
& B) which rats with lesions of the hippocampus may be more susceptible to. The letters A & B within the
coloured boxes represent schematically the identities of 2 different objects and their relative locations within
in the different tasks. The different colours of the boxes represent the different contexts that each event
occurred in, although an understanding of this is not necessary for this point- the interference that may occur
is proposed to be purely related to the obejcts and their locations.

Another concern (A.D. Redish & B. Poucet, Personal Commmunications) was that the in-

tegrated what-where-which task as designed by Eacott and Norman (2004b) has one pro-

cedural factor that differs from its pairwise control tasks of testing what-where and what-

which memory separately, which is illustrated in Figure 4.1. The red arrows in Panel C

show the element which is unique to the procedure of the integrated what-where-which

task: between event 1 and event 2 (1st and 2nd column), the positions of object A and

object B are swapped. In both of the control tasks depicted above it (Panels A and B), an

object location swap never actually occurs, although objects do appear in novel locations
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or contexts. In order to perform the integrated what-where-which task (and recognise

that the object marked with an asterisk is in a novel configuration of location and context

therefore, rats need to be able to encode that 2 objects have swapped locations. Although

it has recently been shown that rats with dorsal hippocampus lesions can detect that 2 ob-

jects have swapped within a configuration of 4 objects (Goodrich-Hunsaker et al. 2005),

here we only present 2 swapped objects (Figure 4.1C), meaning that there are no “control”

non-swapped objects: all what-where features are equally manipulated. It is possible that

these overlapping what-where features of event 1 and event 2 mean that rats with lesions

of the hippocampus are impaired at recognising the object swap between events 1 and

2 (O’Reilly and Rudy 2001; Sanderson et al. 2006). This in turn could contribute to or

even cause the deficit in memory test on the integrated what-where-which task. This

was a subtle caveat that I did not consider at the outset of the experiment. However, it

was investigated at the end of behavioural testing using the object-swap task paradigm

described in Section 4.2 on the following page.

In summary, the series of experiments presented in this chapter aimed to replicate and

extend analysis of the episodic-like what-where-which integrated memory task designed

by (Eacott and Norman 2004b) and investigate the role of the hippocampus in this task.
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4.2 Materials & Methods

4.2.1 Subjects

A total of 22 male Lister Hooded rats (Charles River, UK) were used in the two ex-

periments. None of the 22 rats had experience of the testing apparatus before surgery;

however the 12 rats used in the first replication of this experiment had been previously

tested in this apparatus on another object exploration task. The 10 rats used in the second

replication were given extensive habituation to compensate for being procedurally naı̈ve.

There was no difference between the results obtained from the two replications of the ex-

periment so all data were pooled unless stated otherwise. Rats were aged 8-10 weeks at

the start of experimentation and weighed 200-250g. They were housed in groups of 2-4

rats in cages with opaque white plastic bases measuring 35 x 50 x 15 cm (width x length

x height) fitted with wire mesh lids (15 cm high) bringing the total height of each cage

to approximately 30 cm. Rats were kept on a 12 hour light/dark cycle (lights on at 8am,

off at 8pm). All rats had unrestricted access to water throughout the experiment and

were fed approximately 30g of standard laboratory diet (RM1, SDS, UK) per rat per day

so as to maintain a minimum of 85% of their free-feeding bodyweight (individual body-

weights were recorded at least once per week). Compliance was ensured with national

(Animals [Scientific Procedures] Act, 1986) and international (European Communities

Council Directive of 24 November 1986 [86/609/EEC]) legislation governing the mainte-

nance of laboratory animals and their use in scientific experiments. All efforts were made

to minimize the number of rats used and their suffering.

4.2.2 Surgery

The rats were pseudo-randomly assigned to one of two groups: a complete hippocampus

lesion group which were given bilateral excitotoxic lesions of the entire hippocampus

including dentate gyrus and CA fields (n = 5 per replication) and a sham control group

that received no lesions (n = 7 in the first replication and n = 5 in the second replication).

The assignment to surgery groups ensured that each cage group contained a mixture of

lesioned and control rats and the surgery groups were also matched for variations in

individual rat weights. Lesions were made with ibotenic acid hydrate (Biotechnology,

CA); dissolved in phosphate buffered saline (pH 7.4) at 10mg/ml, following the protocol

of Jarrard (1989). Anaesthesia was induced and maintained using Halothane (Merial

Animal Health, UK) and rats were positioned in a stereotaxic frame (Kopf, CA). Bilateral

craniotomy was carried out at the target site to expose the dura above the hippocampus.
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Thirteen injections of ibotenic acid were made into each hemisphere via a bevelled 1µl

syringe (SGE, UK) attached to the frame by a stereotaxic arm (Kopf, CA). Ibotenic acid

was injected manually at a rate of 0.1µl/min, beginning 30 seconds after the syringe was

lowered. The syringe was raised slowly 60 seconds after the injection. A total of 0.91µl per

hemisphere was injected. The co-ordinates were modified from Jarrard (1989) according

to de Hoz et al. (2003).

     Complete hippocampus lesion co-ordinates
     Mean weight of subjects = 281g

           AP            ML               DV        uL ibotenic acid (10mg/ml)
          
       -2.4         +/- 1.0           -3.0                              0.05 
       -3.0         +/- 3.0           -2.7                              0.10
                      +/- 1.4           -2.1                              0.05
       -3.0         +/- 1.4           -2.9                              0.05
       -4.0         +/- 3.7           -2.7                              0.10
                      +/- 2.6           -1.8                              0.05
       -4.0            +/- 2.6        -2.8                              0.05
       -4.3         +/- 4.0           -7.0                              0.05
       -4.9         +/- 3.9           -3.5                              0.05
                       +/                 -7.0                              0.10
       -5.9         +/- 5.1           -4.5                              0.08
          -            +/-                -5.3                              0.08
          -           +/- 4.3           -3.9                              0.10
 

Table 4.1: Complete Hippocampus Lesion Co-Ordinates

Sham lesions were carried out in the same way, but the injections were substituted with

piercing of the dura with a 23G needle to simulate the mechanical damage caused by sy-

ringe entry. After completion of the ibotenic acid injections (or piercing of dura for sham

control rats), gelatine sponge (Johnson & Johnson, UK) was placed over areas where bone

had been removed and a subcuticular stitching technique used to close the skin over the

top of the skull. Rats were placed back in their group cages immediately after surgery.

Analgesia was administered in oral form (Large Animal Rimadyl, Pfizer, UK) at 2ml/l

in the rats’ water supply. This analgesic solution was freely available to all rats from 24

hours pre-surgery until 48 hours post-surgery. Rats were also administered with extra

analgesic via intraperitoneal injection (0.05ml/kg Small Animal Rimadyl in 2ml sterile

saline) at the end of surgery. This was because the lesioned rats were sometimes reluc-

tant to drink or eat for up to 24 hours after surgery and would therefore not receive the

benefits of the oral analgesic. Behavioural testing commenced after a 14 day postopera-
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tive recovery period, allowing ample time for all rats to regain their presurgery weights

before food restriction recommenced.

4.2.3 Apparatus

Figure 4.2 shows the layout of the experimental room. All testing was carried out in this

room in a circular box, 76cm diameter with 40cm side walls. The circular floor section

and the walls were interchangeable in order to create two different contexts. Context 1

consisted of a wooden floor painted with gloss black paint and walls covered in brown

wood-effect sticky-backed plastic. Context 2 consisted of a white plastic floor insert (also

76cm diameter, 3mm thick) with holes (2cm diameter) drilled at various points across

its surface so the original black wooden floor of context 1 was still visible through these

holes. The walls of context 2 were covered in white wood-effect sticky-backed plastic.

Each of the floor sections had 2 pieces of Dual-Lock (3M, UK) reusable adhesive attached

at the 2 locations in which objects were always presented (marked with x in figure 4.2).

These locations were approximately 10cm from the box wall, at the north-east and south-

east points and were the only locations on the arena in which objects appeared. The

circular testing boxes were placed on the floor of the room within a square curtained en-

closure of dimensions 100cm x 100cm x 200cm. The enclosure had black cotton curtains

on three of its four sides (north, west and south) on which were hung 2 large 3D visual

cues. These cues were positioned with their bases at the top of the 40cm side walls, ap-

proximately above the locations of the objects to be explored. A yellow plastic curtain

was hung on the east side. The square enclosure was in a constant position in the room

relative to external cues (i.e. experimenter, computer, home cage) and the wall and floor

pieces of the circular testing box were always placed inside the square enclosure at the

same location and with the same orientation (shown by an arrow in figure 4.2). The

apparatus was lit by a single, centrally placed overhead fluorescent light. Objects for ex-

ploration were collected from a variety of sources but had to fulfil the criteria of being

easily cleaned, made from non-porous materials and either heavy enough that the rats

could not push them over or having a suitable base where a reusable adhesive strip could

be attached. Object dimensions ranged from 8 x 8 x 3cm to 21 x 17 x 13cm. Pilot explo-

ration data was analysed (data not shown) in order to pair objects with others which rats

tended to explore for similar amounts of time with the aim of pairing objects that were of

equivalent ”interest” to the rats.



Chapter 4. Integrated memory for objects, places and contexts in the rat 108

Door

x

x

Desk with 
computer,
monitor &
video

Chair

 
Home 
cage
rack

 O
b

je
ct

 s
to

ra
g

e 
sh

el
f

Holding
bucket

Figure 4.2: Schematic of Testing Room: This shows the layout of the experimental room and the objects
it contained, all in their actual positions/orientations relative to the compass shown at the top right. The 3
black and 1 yellow line represent curtains hanging around the black circular testing box from a height of
200cm (see main text). The positions of the cues are shown as the light shade and star-shaped images. The
crosses mark the positions of the objects in the arena and the arrow represents the location and orientation
from which rats entered the arena.

4.2.4 Behavioural Testing

All behavioural testing was carried out in the light phase (8am-8pm), 6-7 days per week.

A home cage (containing 2-4 rats) was brought in to the testing room and stored on a

metal rack near to the testing apparatus (see Figure 4.2).

4.2.4.1 Habituation

Initial daily habituation sessions were carried out before behavioural testing commenced

to familiarise the rats with the contexts, the locations in which objects could be presented

and also the presentation of random junk objects in the testing box.

Day 1 Rats experienced a 30 minute session in one context in cage mate groups (2-4

rats). Half of the rats experienced context 1 and the other half experienced context 2.

There were no objects present in the testing box. Following the session in the testing box,



Chapter 4. Integrated memory for objects, places and contexts in the rat 109

the rats were placed in the holding bucket (which would be used to house them during

intervals between sampling and test events when testing commenced) for 30 mins.

Day 2 Rats experienced a 30 minute session in cage mate groups in the opposite context

to Day 1. There were no objects present in the testing box. Following the session in the

testing box, the rats were placed in the holding bucket for 30 mins.

Day 3 Rats experienced a 10 minute session in the same context as Day 2, but this time

individually. No objects were present in the testing box. Each rat was placed in the

holding bucket individually for 10 mins after the session in the testing box.

Day 4 Rats experienced another individual 10 minute session in the opposite context to

Day 3. No objects were present in the testing box. Each rat was placed in the holding

bucket individually for 10 mins after the session in the testing box.

Days 5 - 8 These sessions were identical to sessions 3 and 4 except that 2 objects were

present (different objects for each session) in the testing box in the 2 locations marked

with x in figure 4.2. These 4 days ensured that rats were familiar with the locations in

which objects would appear, and that the identity of these objects changed daily. The 2

locations in which rats experienced objects were kept constant throughout testing. The

objects were various shapes and sizes (within the dimensions listed in Section 4.2.3) and

constructed from a variety of materials. These random junk objects were only presented

once for any given rat during habituation and did not appear at any later stage of testing.

The rats experienced the contexts over Days 5 - 8 in the same order, for a given rat, as

they were experienced over Days 1 - 4.

The purpose of these habituation sessions was to familiarise the rats with the contextual

configurations of the box, the type of objects that would be placed in the box during

testing and the locations in which these objects would be placed. The rats always entered

the testing box from the west, facing the west wall during the habituation, as would

happen during testing.

Novel Object Recognition 3 days after the end of habituation, rats were tested for their

recognition of novel objects. The novel object recognition task (Figure 4.3A) was really

an extension of the habituation process. The purpose of this task was to ensure that the
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rats were encoding the identities of the objects and could recognise that an object was

familiar (previously seen) and therefore aim exploratory behaviour at the novel object2.

2In the integrated object, place and context task and its 2 control tasks (Figure 4.3B,C&D) there was no
actual novel object recognition involved in the test event as the rats were always presented with familiar
objects in different configurations based on location and/or context. However the novel object recognition
task provided a way of testing that the rats were encoding the identity of the objects, as they would need to
use this information about the identity of familiar objects in the test event of the other tasks. The data from
the novel object recognition task was analysed to check that rats were performing this task and encoding the
identities of the objects before proceeding with the other 3 tasks.
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Figure 4.3: Schematic showing the different tasks, including the object recognition habituation task (A) used
in this chapter. For ease of viewing the orientation of the testing box schematics has been rotated 90o from
Figure 4.2. The novel object (or novel configuration of object with location/context) is highlighted in white in
the test event schematics.

On a given trial, the rat to be tested was removed from the home cage and placed in

an opaque holding bucket (approx. 25cm diameter, containing standard bedding ma-
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terial 2cm deep) on a stool next to the testing apparatus. The objects to be used were

cleaned with baby wipes (Tushies, UK) and attached at the appropriate locations (see x

in figure 4.2 on page 108 in the testing box configured as either context 1 or context 2

(counterbalanced across rats). The rat was placed into the box from the west side, facing

the wall for the sample event. The sample event consisted of the rat being allowed to ex-

plore the 2 identical objects in the testing box until it had accumulated at least 15 seconds

of exploration at each object within a time of 2-5 minutes. Exploration was defined as the

rat being within 2cm of an object, directing its nose at the object and being involved in

active exploration such as sniffing or whisking. Sitting on or next to an object without

any signs of active exploration was not included. After reaching the time and exploration

criteria (at least 2 minutes in the box and 15 secs of exploration at each object) the rat was

removed from the box at the same point from which it entered. During an interval of 2

mins the rat was returned to the holding bucket while the experimenter prepared the box

for the next part of the trial. The floor and wall of the box were removed, cleaned and re-

placed in the same context configuration as the sample event. New copies of objects were

cleaned and attached in the box. For the test event one object copy had the same identity

as the objects seen in the sample event while the other object was completely novel (high-

lighted in figure 4.3A. A test event was carried out using exactly the same procedure as

the sample phase except that the event lasted 3 mins and all data were recorded, regard-

less of how much exploration time the rat accumulated. The trial was then complete, and

the rat was returned to the home cage. The next trial was given either 24 or 48 hours

later. Each rat underwent 4 trials of novel object recognition testing, with 2 trials taking

place in context 1 and 2 trials taking place in context 2. In 2 trials (one in each context)

the novel object was presented on the left and in the other 2 it was presented on the right.

Object In Location Testing (what-where) The procedure for the rats in the object in loca-

tion task was identical to that used in the novel object recognition task, but the configura-

tion of the testing box was manipulated as can be seen in figure 4.3B. During the sample

event, 2 different objects were present in the testing box. During the test event, which

occurred in the same context as the sample event (as in the novel object recognition task),

a further 2 copies of one of the objects presented in the sample event were present. Thus,

one of the objects was presented in the same location as it had been in the sample event,

whereas the other was in a location which had been previously occupied by a different

object (highlighted in figure 4.3B). In this situation, both the object and the 2 locations

were familiar to the rat, but the novel aspect of the test event was the mismatch between

the identity and location of one of the objects relative to the sample event, i.e. a novel ob-

ject location configuration. Each rat underwent 4 trials of object in location testing, with 2
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trials taking place in context 1 and 2 trials taking place in context 2. In 2 trials (one in each

context) the novel object was presented on the left and in the other 2 it was presented on

the right.

Object In Context Testing (what-which) The procedure for the rats in the object in context

task was identical to that used in the novel object recognition task, but the configuration

of the testing box was manipulated as can be seen in figure 4.3C, and there were also 2

sample events followed by a test event. During the first sample event (Sample 1), 2 iden-

tical copies of an object were present in the testing box, which was configured as either

context 1 or context 2. After Sample 1, there was a 2 minute interval during which the rat

was placed in the holding bucket and the testing box was cleaned and reconfigured as the

opposite context to Sample 1. During Sample 2, 2 identical copies of a second different

object were present. After Sample 2, there was a 2 minute delay during which the rat was

again placed in the holding bucket and the testing box was cleaned and either reconfig-

ured as the context used in Sample 1 (as in figure 4.3C, which happened on 2 of 4 trials)

or replaced in the same context configuration as in Sample 2 (which happened on the

other 2 of 4 trials. During the test event, one copy of the object from Sample 1 and 1 copy

of the object from Sample 2 were present. Thus, one of the objects was presented in the

same context as it had been in the sample event in which it appeared, whereas the other

was in the context in which it had not been previously experienced (highlighted in figure

4.3C). In this situation, both objects and the context at the test event were familiar, but the

novel aspect of the test event was the mismatch between the identity and background

context of one of the objects relative to the sample events, i.e. a novel object in context

configuration. Each rat underwent 4 trials of object in context testing. 2 trials used con-

text 1 in Sample 1, and 2 trials used context 2 in Sample 1 (and the opposite context was

always used in Sample 2 relative to Sample 1). 2 trials used the context from Sample 1 in

the test event, and the other 2 used the context from Sample 2 in the test event. This was

to counterbalance for the effects of primacy or recency of the objects or contexts. In one

of the test events in each context, the novel object in context configuration was presented

on the left (as highlighted in figure 4.3C) and in the other test event in the same context,

the novel object in context configuration was presented on the right.

Integrated Object, Location and Context Testing (what-where-which) The procedure for

the rats in the object, location and context task was identical to that used in the object

in context task, but the configuration of objects in the testing box was manipulated in a

slightly different way, as can be seen in figure 4.3D. During the first sample event (Sample

1), 2 different objects were present in the testing box, e.g. object A on the left and object B
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on the right), and the box was configured as either context 1 or context 2. After Sample

1, there was a 2 minute interval during which the rat was placed in the holding bucket

and the testing box was cleaned and reconfigured as the opposite context to Sample 1.

During Sample 2, 2 more identical copies of the same objects from Sample 1 were present,

but their locations were swapped relative to Sample 1 e.g. object B on the left and object

A on the right, and they appeared in the opposite context to Sample 1. After Sample 2,

there was a 2 minute delay during which the rat was again placed in the holding bucket

and the testing box was cleaned and either reconfigured as the context used in Sample

1 (as in figure 4.3D, which happened on 2 of 4 trials) or replaced in the same context

configuration as in Sample 2 (which happened in the other 2 of 4 trials). During the test

event, 2 identical copies of 1 of the objects from the sample events were present. Thus,

one of the object copies was presented in the same location and context configuration

as it had been in one of the sample events (e.g. the copy of object A on the right, which

had previously appeared in context 1 on the right), whereas the other copy was in a

location and context configuration in which it had not been previously experienced (e.g.

the copy of object A on the left, highlighted in figure 4.3C, which had appeared in context

1 previously, but on the right and had appeared on the left but in context 2). In this

situation, both the objects, locations and context in the test event were familiar, but the

novel aspect of the test event was the mismatch between the identity of the objects and the

locations relative to the background context in which they appeared, i.e. one object was

in a novel object-location-context configuration. Each rat underwent 4 trials of integrated

object, location and context testing. 2 trials used context 1 in Sample 1, and 2 trials used

context 2 in Sample 1 (and the opposite context was always used in Sample 2 relative to

Sample 1). 2 trials used the context from Sample 1 in the test event, and the other 2 used

the context from Sample 2 in the test event. This was to counterbalance for the effects of

primacy or recency of the objects or contexts. In one of the test events in each context,

the novel object-location-context configuration was presented on the left (as highlighted

in figure 4.3D) and in the other test event in the same context, the novel object-location-

context configuration was presented on the right.

Object Swap Task To control for the possible effects of interference described in the

Introduction (Section 4.1), a separate control task was run which was designed to test

whether the rats with hippocampus lesions were able to recognise that 2 objects had

swapped places: the only part of the integrated object, location and context task which

was not included in either of the control tasks seen in Figure 4.3B&C. It was therefore

important to test that the small procedural difference in the design of the integrated ob-

ject, location and context task was not the reason for the deficit seen in the rats with
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hippocampus lesions.

A) Object swap task

B) No-swap (control) task

Sample 1 Sample 2

Sample 1 Sample 2

Test (swap) 

Test (no-swap)

2 mins 2 mins

2 mins 2 mins

Figure 4.4: This Figure shows the object swap and no-swap (control) tasks which were performed to check
that rats with lesions of the hippocampus could detect a simple object swap, which was an integral part of
the object, location and context task (see Figure 4.3D).

In this task (see Figure 4.4), the procedure was very similar to that used in the integrated

object, location and context task. There were 2 sample events and a test: each lasted 2

minutes and was separated by a 2 minute retention delay. Copies of 2 different objects

were presented in the first sample event, followed by copies of the same 2 objects in the

same locations in the second sample event. The 2 sample events were identical and oc-

curred in the same context configuration of the test box. These 2 identical events were

to measure the habituation of the rats to the configuration of objects. The test event con-

sisted of either a situation in which the copies of the 2 objects had swapped positions

(object swap task, Figure 4.4A) OR a third presentation of the same configuration of ob-

jects from the sample events (no-swap (control) task, Figure 4.4B. Each rat completed 4

trials of the swap and 4 trials of the no-swap condition, 2 in each context configuration.

Each swap trial had a partner no-swap trial in which the same objects were used, but

these sessions were separated by a 2 week gap. Only the 10 rats from the second repli-

cation of the object, location and context experiments were subjected to this extra control

task.
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4.2.5 Data Collection & Analysis

An overhead black and white camera (Panasonic, UK) tracked the movement of the rat

around the arena. This picture was fed into a TV monitor on the desk of the experimenter.

A computer ran an in-house timing program (National Instruments, LabView) whereby

depression of a key on the computer keyboard would activate a timer. This was done

manually by the experimenter who observed the behaviour of the rat via the TV monitor

and recorded the amount of time the rat was engaged in exploration. The experimenter

was blind as to whether a particular rat belonged to the control or hippocampus lesion

group at the time of testing. Key presses activated timers which differentially timed ex-

ploration at the 2 objects. This data was saved as a comma separated values file for each

event that a rat experienced which could then be opened and the exploration times anal-

ysed in Microsoft Excel. Statistics were then run in SPSS and a random selection checked

by hand. Greenhouse-Geisser corrections for sphericity were used when necessary and

the Bonferroni correction for multiple comparisons was applied when a main effect or

interaction was found from an ANOVA and simple effects were analysed (Hinton (1999),

Howell (1997)). All t-tests are 2-tailed.

All raw data from sample and test events were recorded as times in seconds that rats

spent exploring the novel and familiar objects configurations. The raw times were then

converted into an exploration ratio for each rat on each trial using the following formula:

time at novel− time at familiar
time at novel+ time at familiar

(4.1)

This calculation took into consideration the amount of time a rat spent exploring in total

during the test event of a trial, regardless of which object it was exploring and was used

so as to be comparable with Eacott and Norman (2004b). A value of zero indicated no

preference for either object configuration, with a positive value indicating preferential

exploration of the novel object configuration and a negative value indicating preferen-

tial exploration of the familiar object configuration. The exploration times in the sample

phase were carefully controlled by the use of the criteria mentioned previously whereby

there was a minimum and maximum time limit imposed on the rats’ total time in the

arena and a minimum amount of exploration that must be attained within this time win-

dow. If these criteria were not reached during the sample event(s) the data for the rele-

vant rat for that entire trial (sample and test events) was excluded from further analysis.

This was a rare occurrence and if it did happen, the rat was retested at a later date on

the same trial but using different objects. The test events involved 3 minutes in the test-

ing box with all exploration recorded and the theoretical criterion for inclusion of a trial
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based on the test event performance was that there should be a minimum of 10 seconds

of exploration in total. If this criterion was not reached, the data for that rat on that trial

would be excluded from further analysis; however this situation never arose 3.

4.2.6 Histological Procedures

At the end of testing all animals were terminally anaesthetised with sodium pentobar-

bitol (Euthatal, Merial Animal Health, UK) and then perfused intracardially with 0.9%

saline followed by 4% formalin. The brains were removed and stored in formalin for a

minimum of 24 hours. The brains were then trimmed to remove unwanted tissue and

maximise fixation and placed into cuboid plastic moulds filled with fresh egg yolk which

were incubated at 37oC for a further 24 hours in a shallow formalin bath. The egg coat-

ing solidified around the brains in a cube shape which was designed to provide extra

support for the lesioned brains while they were being sectioned, because they become

very fragile after losing the large central portion comprising the hippocampus. The egg

embedded brains were then removed from the moulds and placed back into jars of 4%

formalin at room temperature for a further 48 hours. Coronal 30µm sections were cut on

a cryostat with every fifth section recovered for histological analysis. These recovered

sections were mounted on gelatine coated slides, stained with 0.1% cresyl violet acetate

and coverslipped using DPX. The extent of the lesions was then assessed by examining

each section under a microscope (Wild M420, Switzerland) and transferring each image

to a computer using a video camera (Leica) mounted on the microscope. The images

could then be opened in the Leica QWin program and the area measurement tool al-

lowed us to outline the area of any remaining hippocampus (CA field, dentate gyrus)

and recorded the size of these areas in mm2 for each section. This allowed us to calculate

a total ”volume” of hippocampal tissue remaining in each of the 22 brains. An average

of the hippocampus volume in each of the 12 sham operated control brains was used as a

value for 100% sparing of the hippocampus (i.e. intact hippocampus with no lesion) and

any remaining hippocampal tissue in the lesioned brains was calculated as a percentage

of this value .

3Data from swap vs. no-swap task was analysed in a slightly different way: see Section 4.3.1. The
minimum of 15 seconds cumulative exploration applied only to the first of the 3 sessions. The theoretical
criterion of at least 10 seconds total exploration in the test was revoked for this task due to the unknown
effects that the 2 sample events (effectively habituation session to the object configurations) may have on the
rats behaviour in a third no-swap test. It seemed possible that after 2 events of exploring the same objects in
the same locations, that the rats may not explore them at all in a third no-swap session.
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4.3 Results

4.3.1 Behavioural Data

4.3.1.1 The hippocampus is not necessary for recognition of a novel object

The results of the novel object recognition task were analysed after the initial 4 trials

to check that the rats were encoding the identity of the objects they were exploring, as

discussed in Section 4.2.4. A value for the discrimination index during the test event

was calculated for each trial completed by each rat on the novel object recognition task

and then averaged across the 4 trials for each rat, then across the group (HPC lesion

or sham control). A comparison of the discrimination ratio between the two groups by

univariate ANOVA did not find any differences in performance between the control and

hippocampus lesion groups on the novel object recognition task (F(1,20) = 0.396; p= 0.536,

see figure 4.5A). Further one-sample t-tests (2-tailed) against chance showed that both the

control (t(11) = 6.663; p< 0.001) and hippocampus lesion (t(9) = 10.302; p< 0.001) groups

were exploring the novel object significantly more than expected by chance.
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Figure 4.5: This Figure shows the performance (as measured by the discrimination index) of the 2 groups
of rats in the different tasks.
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4.3.1.2 The hippocampus is necessary for integrated what-where-which memory but not

for what-where or what-which memory

Rats with complete hippocampus lesions were impaired on the integrated object-location-

context task but not the object in location or object in context tasks. A repeated measures

ANOVA was performed on the discrimination index measure with Group (hippocam-

pus lesion vs. control) as the between subjects factor and Task as the within subjects

factor, with 3 levels for the 3 tasks (object in location, object in context and integrated

object-location-context recognition tasks respectively). This showed that there was no

main effect of Task (F(2,40) = 1.606; p= 0.213 or Group (F(1,20) = 1.871; p= 0.187) but a sig-

nificant Task x Group interaction was found (F(2,40) = 4.412; p= 0.019). Corrected pairwise

comparisons showed that the control rats performed equally well on all 3 tasks (all 3 com-

parisons p= 1.000) but rats with hippocampus lesions showed impaired performance on

the integrated object-location-context task relative to the object in location task (p= 0.010)

and the object in context task (p= 0.043). (The 2 control tasks- object in location and object

in context- were not significantly different(p= 1.000).) Further corrected pairwise com-

parisons showed that the rats with hippocampus lesions differed from the control rats

only on their performance in the integrated object-location-context task, where they were

significantly impaired (p= 0.007), but not the object in location or object in context tasks

(p= 0.637&p= 0.838 respectively).

One-sample t-tests against chance showed that the control rats were exploring the novel

integrated object-location-context configuration significantly more than expected by chance

(t(11) = 4.935; p< 0.001) but the rats with hippocampus lesions were performing at chance

level (t(9) = 1.514; p= 0.164). One-sample t-tests performed on the object in location and

object in context control tasks showed that both groups were performing significantly

better than expected by chance on both of these control tasks (all 4 comparisons, p< 0.001).

These results show that rats with hippocampus lesions are impaired only on their ability

to recognise an integrated novel configuration of object, location and context; not combi-

nations of object in location or object in context alone.

4.3.1.3 Additional measures of exploratory behaviour

Alternative measures of the rats’ behaviour were also analysed to see whether the dif-

ference in discrimination index found between the 2 groups in the integrated object-

location-context task could be due to differences in overall exploratory behaviour caused

by the hippocampus lesion surgery.
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Total exploration time during the test event. The first measure to be tested was the to-

tal amount of time in seconds that the rats spent exploring in the test event of each

task. A repeated measures ANOVA was performed on this measure with Group as the

between subjects factor and Task as the within subjects factor. This revealed a main

effect of Task (F(1.327,26.538) = 5.158; p= 0.023), but showed no Task x Group interaction

(F(1.327,26.538) = 0.875; p= 0.388) and no main effect of Group (F(1,20) = 3.232; p= 0.087).

This analysis showed that the difference in performance between the lesion and con-

trol groups on the integrated what-where-which task cannot be explained by differential

total exploration differences between groups. Corrected pairwise comparisons did not

reveal any significant differences in total exploration time between any of the tasks for

the lesion group (all comparisons p> 0.468). The only significant comparison to result

from this analysis was that the total exploration time in the test event differed between

the object location and the object context tasks in the control group only (78.29±5.78 vs.

61.76±3.85 seconds; p= 0.001). This finding does not explain the specific impairment

shown in the lesion group in the integrated what-where-which task.

Number of visits made to the objects during the test event. The number of visits that the

rats made to the objects during the test event was also analysed. The number of visits cor-

responding to the novel vs. the familiar object configuration in each task was analysed

first and neither group showed any significant differences on this measure in any of the

tasks (all p> 0.243) so this analysis is based on the total number of visits (to either object)

made during the test event. A repeated measures ANOVA with Group as the between

subjects factor and Task as the within subjects factor revealed an interesting result- there

was a significant main effect of Group (F(1,20) = 18.506; p< 0.001) but no main effect of

Task (F(2,40) = 0.820; p= 0.447) or Task x Group interaction (F(2,40) = 1.112; p= 0.339). Sim-

ple effects of Group revealed that the lesion group made more visits to the objects than

the control group in both the object location and object context control tasks (p= 0.004 &

p< 0.001 respectively). However in the integrated object, location and context task the

difference in visits to the objects did not reach significance between the lesion and con-

trol groups (p= 0.084, see Figure 4.6A). It is, however, difficult to speculate whether this

could be the cause of the impairment or an effect of it.

Analysis of the sample events To further investigate the possibility that the impairment

seen in the integrated object, location and context task may be due to differential ex-

ploratory behaviour between the lesioned and control rats, the exploration data from the

sample events in each task was also analysed. Although the exploration in the sample

events was controlled, with the criteria being that rats must accumulate 15 seconds of
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A) Mean number of object visits in the test event

B) Mean number of object visits in the sample event(s)

Figure 4.6: This Figure shows the mean number of visits each group made on average to the objects during
the test events (A) and sample events (B).

exploration time at each object within a time frame of a minimum of 2 minutes and a

maximum of 5 minutes, there was still room for variability. Therefore, analysis of the

sample event data aimed to test for differences in the total amount of time the rats spent

exploring, the trial length (i.e. how long it took the rats to accumulate this total explo-

ration time) and the number of visits that the rats made to the objects.

Total exploration time during the sample events. The amount of exploration in each sam-

ple event in the object context and integrated tasks was analysed previously to check for

differences in exploration between the first and second sample event. Both tasks and both

groups showed no significant difference on this measure (all p= 1.000) so the following
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analysis is based on the mean amount of time taken to achieve the required exploration

time in the tasks with 2 sample events. A repeated measures ANOVA was first per-

formed on the total amount of time in seconds that the rats spent exploring during the

sample events, with Group as the between subjects factor and Task as the within subjects

factor. This showed a highly significant main effect of Task (F(2,40) = 22.476; p< 0.001)

but no main effect of Group (F(1,20) = 0.002; p= 0.964) and no Task x Group interaction

(F(2,40) = 0.224; p= 0.801). Corrected pairwise comparisons showed significant differences

in sample event exploration time between the object location control task and the other

2 tasks (object context task: lesions p= 0.011, controls p= 0.001; integrated task: lesions

p= 0.003, controls p= 0.002) however these differences do not show a pattern consistent

with a specific impairment in the lesioned rats in the integrated object-location-context

taskthe amount of exploration in each sample event in the object context and integrated

tasks was analysed previously to check for differences in exploration between the first

and second sample event. Both tasks and both groups showed no significant difference

on this measure (all p= 1.000) so the analysis above is based on the mean amount of time

taken to achieve the required exploration time in the tasks with 2 sample events..

Length of sample events. All rats were required to spend between 2 and 5 minutes in the

testing box during the sample events (depending on how long it took them to accumulate

15 seconds of exploration time at each object). The lengths of each sample event in the

object context and integrated tasks were analysed previously to check for differences

in exploration between the first and second sample event. Both tasks and both groups

showed no significant difference on this measure (all p= 1.000) so the analysis above is

based on the mean amount of time taken to achieve the required exploration time in the

tasks with 2 sample events. A repeated measures ANOVA was performed on the length

of the sample events, with Group as the between subjects factor and Task as the between

subjects factor. There was no main effect of Task (F(2,40) = 0.367; p= 0.695) or of Group

(F(1,20) = 1.919; p= 0.181) and no Task x Group interaction (F(2,40) = 0.149; p= 0.862). This

showed that there were no obvious differences in the length of time taken to accumulate

the required amount of object exploration in the sample events.

Number of visits made to objects during the sample events. The final parameter to be

investigated was the number of visits that the rats made to the objects during the sample

events. This was the only other behavioural measure in the test event analysis to show

a pattern of differences between the control and lesion groups that correlates in any way

with the lesion group performance deficit seen in the integrated object, location and con-

text task. The number of object visits made in each sample event in the object context
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and integrated tasks were analysed previously to check for differences in number of vis-

its between the first and second sample event. Both tasks and both groups showed no

significant difference on this measure (all p> 0.339) so the analysis above is based on

the mean number of visits made to the objects in each sample event in the object con-

text and integrated task. A repeated measures ANOVA was performed on this measure

with Task as the within subjects factor and Group as the between subjects factor. This

revealed a main effect of Task (F(1.485,29.696) = 8.442; p= 0.003) and a main effect of Group

(F(1,20) = 67.37; p< 0.001) but no Task x Group interaction (F(1.485,29.696) = 0.196; p= 0.757).

Simple effects of Task and Group revealed that neither the lesion or control group showed

significant differences in the number of visits they made to objects between the tasks (all

p> 0.075) but the lesion group again made consistently more visits to the objects than the

control group showing a similar pattern to that seen in the equivalent measure in the test

event (all p< 0.003, see Figure 4.6B.4.

Rats with hippocampus lesions can detect a simple object swap

Results from the object swap task show that animals with lesions of the hippocampus

can recognise that 2 objects have swapped places. This is a vital part of successfully

performing the object in location part of the integrated object-location-context task (see

Figure 4.3 on page 111), due to the slight change in procedure from the object location

control task presented previously in Section 4.2.4. One rat from the control group was

removed from further analysis because of failure to accumulate the minimum amount of

exploration time in the first event of any of the trials, which leaves groups of n=4 control

rats and n=5 rats with hippocampus lesions. Initially, the mean total exploration time

in each of the sessions for the swap and no-swap tasks was analysed. A repeated mea-

sures ANOVA was performed across all the sessions with Session as the within subjects

factor and Group as the between subjects factor. This revealed a main effect of Session

(F(5,35) = 26.826; p< 0.001) and no main effect of Group (F(1,7) = 1.993; p= 0.207) or Session

x Group interaction (F(5,35) = 1.706; p= 0.159). Corrected pairwise comparisons showed

that there was no difference in exploration time between the first exposure to the objects

(all p> 0.093) and the second exposure to the objects (all p> 0.112) on the object swap

vs. the no-swap task condition. All rats however showed differential exploration in the

third session, depending on whether the condition was swap or no-swap (all p< 0.027).

This gives a good indication that both groups of rats were exploring the displaced objects

4the number of object visits made in each sample event in the object context and integrated tasks were
analysed previously to check for differences in number of visits between the first and second sample event.
Both tasks and both groups showed no significant difference on this measure (all p> 0.339) so the analysis
above is based on the mean number of visits made to the objects in each sample event in the object context
and integrated task.
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in the swap condition more than the stationary objects in the no-swap condition (lesions

52.92±3.13 vs. 26.73±3.76; controls 47.49±7.01 vs. 18.77±7.48 respectively).

Object swap recognition
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Figure 4.7: This Figure shows the performance (as measured by discrimination index values) of the 2 groups
of rats on the object swap task. The discrimination index was calculated using the test event of the swap
task as the novel exploration value and the test event of the no-swap (control) task as the familiar exploration
value.

In this situation the mean total exploration time in the third event of the object swap

task (where the swap manipulation occurred) was used as the novel value and the mean

total exploration time in the third event of the control no-swap task (where no ma-

nipulation of the objects took place)was used as the familiar value in order to calcu-

late the discrimination index. There was no difference between the discrimination in-

dices of the groups when tested with a univariate ANOVA (F(1,8) = 0.653; p= 0.446). The

discrimination index of the hippocampus lesion group was significantly above chance

(t(4) = 7.625; p= 0.002) but the same index for the control rats actually failed to reach sig-

nificance due to a high level of variability (t(3) = 2.670; p= 0.076). Although the variability

in the results from the 4 control rats in this task meant that they were not statistically per-

forming above chance, the important result is that the rats with hippocampus lesions

could recognise that 2 objects had swapped locations. Data from the object swap task

show that the impairment seen in the integrated object-location-context task in the previ-

ous section is not due to a hippocampus-dependent interference effect. The swapping of

objects between 2 locations between the first and second sample events of the integrated

object-location-context task is not dependent on the hippocampus and therefore a failure
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to recognise this swap is not the cause of the impairment seen in the lesion group.

4.3.2 Histology Data

L hemisphere R hemisphere Total sparing

3.50%
+/- 1.63%

10.16%  6.83%
+/-2.27 +/- 1.95

N.B: All spared tissue was in the ventral hippocampi

Table 4.2: This Table shows the % tissue sparing in rats with hippocampus lesions relative to sham operated
controls.

At the end of testing, the brains from all the rats were processed as described in Section

4.2.6. Both lesion and sham rats suffered a small amount of damage to the overlying

parietal cortex from needle insertion. Damage to the pre- and post-subiculum, entorhi-

nal and perirhinal cortices and the mojority of subicular cells was successfully avoided

in the lesion group. Table 4.2 shows the size of the hippocampus lesions in numerical

form, where the figures for tissue spared in the hippocampus (DG, CA1-4) are calcu-

lated as a percentage of the mean volume of hippocampus tissue in the average of the

sham operated control rats (100%). Figure 4.8 shows an example of a hippocampus le-

sion typical of that produced in a 250-300g bodyweight Lister hooded rat with 10mg/ml

ibotenic acid using the coordinates in Table 4.1 where the brain has been processed as

described previously in Section 4.2.6. Note the loss of supportive/connective tissue in

the area surrounding the lesion, in contrast to the lesion histology presented in Chapter

2. This difference is due to the different amounts of time that the rats remained alive after

the lesion. In Chapter 2, the histology example shows a brain from a rat which under-

went surgery at the same time as the rats used in the behavioural experiment but was

sacrificed 2 weeks post-surgery instead of undergoing behavioural testing. This was to

illustrate the state of the brain at the critical behavioural testing point. The brain shown

in Figure 4.8 is from a rat who participated in the reported behavioural experiment and

previous experiments in the same room (as described in Section 4.2.1) so was sacrificed

almost 12 months after receiving the lesion surgery. This longer time scale results in the
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death of the structural tissue surrounding the cell layers (DG, CA1-4; the target of the le-

sion) which makes the lesion site appear as “holes” in the coronal section (Jarrard 1989).

This phenomenon has the added effect of making the brains very difficult to section as

they have lost a large amount of central tissue in both the antero-posterior and dorso-

ventral planes, leaving the cortical layers prone to tearing and distortion, which can be

seen in Figure 4.8. As mentioned in Section 4.2.6, the egg embedding process is used to

provide the fragile lesioned brains with additional support in order to retain their shape

and attempt to minimise cortical disruption during histological processing.

Figure 4.8: Photomicrographs of cresyl violet stained coronal sections of the hippocampus in a sham oper-
ated brain (rat D6412, A1-3) and a representative complete hippocampus lesion (D6418, B1-3). Approximate
anteroposterior distances from Bregma: A1 & B1 = -2.6mm; A2 & B2 = -5.0mm; A3 & B3 = -6.0mm.
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4.4 Conclusions and Discussion

The integrated what-where-which experiment designed by Eacott and Norman (2004b)

was successfully replicated with very similar levels of performance shown in the control

rats between the published results and my own. Rats with hippocampus lesions showed

a deficit in memory for trial-unique object-location-context (what-where-which) configu-

rations at a retention delay of 2 mins whilst performing at a level indistinguishable from

controls on a variety of other control tasks. Specifically, rats with large complete lesions

of the hippocampus showed no impairments in memory for novel objects, trial-unique

object-location configurations, trial-unique object-context configurations and discrimina-

tion of an object-location swap. These tasks provided a complete set of controls for all the

procedural and associative elements of the integrated what-where-which task, therefore

confirming that the impairment seen in rats with hippocampus lesions was not due to

secondary effects of procedural difficulty, or lack of memory for the location or context

elements of the task either alone or in pairs.

There appears to be something specific to the integration of the 3 aspects of the task- ob-

ject, location and context information- that necessitates the involvement of the hippocam-

pus. Eacott and Norman (2004b) published this experiment as a model of episodic-like

memory in the rat and my recent results provide further strength to this argument. It

is unlikely that the hippocampus becomes necessary for the integrated task simply due

to the increased number of stimuli involved, since rats can show learning and retention

of multiple stimuli, and even pairs of stimuli, in different modalities independent of the

hippocampus (Gaffan and Eacott 1997; McDonald et al. 1997; Dudchenko et al. 2000). It

also seems unlikely that this task can easily be solved by relative familiarity alone since

the memory test involves presentation of 3 familiar stimuli (object, place and context are

all familiar) and even the pairwise configurations of object with context and object with

location are familiar. This brings us to the remaining possibility, which is that memories

for each object- and the contexts and locations each one appears in over the 2 sample

events- are stored as scene memories (Gaffan 1991), and these memories are compared

with the current scene to “spot the difference” and recognise which object now appears in

a novel scene, or which part of the scene is novel with respect to the objet in it. However

in monkeys (Gaffan 1994) and humans (Boyce et al. 1989; King et al. 2004; Hollingworth

2006) there is evidence that this type of memory may in fact be a valid test of episodic

memory involving the hippocampus so the argument has come full circle. Although this

paradigm does not force the use of recall by design, It is possible that the 3 different types

of stimuli that need to be integrated- what, where and which- necessitate the formation

of an episodic-like representation of an event, which may then require the contribution
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of recollection at the point of memory retrieval: the task may be too complex to be solved

by familiarity (recognition) alone, or recall may perhaps be the most efficient strategy.

The latter seems less likely, since rats with hippocampus lesions perform at chance levels

on this task; not just showing an impairment relative to controls; which is what would

be expected if familiarity and recollection were both involved. The striking difference

in performance between rats with hippocampus lesions and control rats posits the pos-

sible (and desirable!) explanation that the integrated task may indeed be a model of

episodic-like memory recall and therefore perhaps involve the putative recollection cir-

cuitry suggested by Aggleton and Brown (1999).

E-maze with objects visible

E-maze with objects hidden

Figure 4.9: Schematic representation of the Emaze apparatus used in the recall version of Eacott and
Norman’s original what-where-which task.

Eacott et al. (2005) have now developed a version of their original what-where-which

task that involves an element of forced recollection in order to solve it (see Figure 4.9).

This has been achieved by the use of an E-shaped maze which can- like the arena used

in their 2004 experiments- be configured as either of 2 contexts. Objects (A and B) maybe

present in locations where they are visible to the animal while it is still in the start area

(S), making the task very similar to that used previously, or the objects may be hidden

from view. In order to induce a preference for one of the objects without presenting the

rats with the complete object-place-context configuration (in which they may be able to
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recognise the novel combination of what, where and which using a simple familiarity

recognition process), rats are habituated to one of the objects seen in the sample phases

over a short retention delay. Their natural novelty seeking behaviour means that when

they are replaced into the Emaze, they will search for the object that they have not just

been habituated to. To approach this object successfully when the Emaze is in the “objects

hidden” configuration (bottom panel of Figure 4.9), the rats must remember the location

(where) of the object (what) in the particular context (which). The overall concept of

the experiment is the same as the “familiarity” version described in this chapter, but the

subtle change in apparatus and protocol has allowed Eacott et al to truly examine recall-

a combination of the aims of the first and second parts of this thesis! A minor drawback

of this task is the difficulty in testing the control conditions of object-place and object-

context recognition. It is of course not simple to carry out the object-context recognition

version of the task using hidden objects, as there is then automatically a spatial element

involved, but it would be very interesting to know whether the recall of the location

alone (or left/right turn required to reach it) would involve the hippocampus. Although

a large body of previous literature would assume the answer would be positive, more

recent evidence from work by Eacott et al and myself and colleagues would suggest that

allocentric spatial recall or egocentric encoding (both strategies that would be valid to

solve this task) may in some conditions become independent of the hippocampus.

In summary, we have successfully replicated the task of Eacott and Norman (2004b) and

shown therefore that this is a robust protocol replicable between laboratories. The task

has many features that make it comparable to episodic memory in humans, including

that it is acquired over a single experience without the requirement for training which

may give rise to semantic rule learning. The use of contextual elements of an event or

episode as an alternative to strictly temporally mediated control of episodic memory has

been justified in the introduction to this thesis, making the paradigm designed by Eacott

and Norman (2004b) a valid and useful laboratory task to study the neurobiology of

elements of episodic-like memory in the rat.
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5.1 Introduction

The previous experiment clearly revealed a role for the rat hippocampus in memory for

integrated object, location and context information but raised ambiguities regarding the

current body of literature on object recognition. The object location recognition and object

context recognition “control” tasks described in the previous chapter (see Panels A&B,

Figure 4.3 on page 111) are not dependent on the integrity of the hippocampus. This

result is crucial to the observations made about the specific role of the hippocampus in

the integration of the object, location and context information in the experiment since a

deficit on either of the control tasks induced by the hippocampus lesion would imply that

the deficit seen in the integrated task was probably due to impaired processing of one of

its elements (e.g. impaired location or context information processing). Deficits in novel

object recognition due to removal of the hippocampus would not necessarily be expected

at the short memory retention period (2 mins) used in the previous experiment((Clark

et al. 2000; Ainge et al. 2006; Save et al. 1992). The role of the hippocampus in object loca-

tion and object context processing however could easily be implicated from the literature

which contains both direct and indirect evidence. The huge body of evidence implicat-

ing the rodent hippocampus in spatial navigation and contextual processing (Morris et al.

1982; Stubley-Weatherly et al. 1996; Selden et al. 1991; Kim and Fanselow 1992) easily

leads to the conclusion that processing the location of an object or the context in which

it appears in variations on the novel object recognition paradigm (Ennaceur and Dela-

cour 1988) also depends on the hippocampus. Mumby et al. (2002) showed that object

recognition was intact in rats with complete excitotoxic lesions of the hippocampus at a

retention delay of five minutes, while memory for the location or context in which an ob-

ject had appeared was absent in these rats. Similarly, Save et al. (1992) showed that rats

with electrolytic dorsal hippocampus lesions failed to recognise objects that had changed

location within an environment after a three minute retention delay, although these rats

could also recognise a completely novel object without any impairment. Examination of

these papers revealed procedural differences in the way the experiments were conducted

compared to the procedures used in my task and Eacott and Norman (2004b) which will

be examined in this section of the thesis as a possible cause for the contrasting results

seen.

Given the indisputable evidence for the role of the rodent hippocampus in spatial nav-

igation, the results from the object location test described in the previous chapter may

seem surprising. However it should be noted that in the way the experiment was run,

there should have been no requirement for the rats to have a representation of allocen-

tric space in order to discriminate the novel object location configuration. The rats were
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always placed into the testing box at the same point, facing in the same direction and

the objects were always fixed at the same two locations within the box. There were also

large three dimensional cues attached to the curtains surrounding the box, and two of

these hung approximately above the positions of the two objects. All these measures

were designed to do exactly what the data show: to make it possible for rats with le-

sions of the hippocampus to perform the control tasks by simplifying them as much as

possible so that what we were examining in the integrated object, location and context

task was purely the rats ability to integrate the three elements of the task. This is not

to say of course that the rats did not have an allocentric representation of space in the

testing apparatus, just that it should not have been essential, thus rendering it possible

for rats with hippocampus lesions, who would be expected to lack the ability to form

an allocentric representation, to detect the novel object location configuration using in-

formation relative to themselves (egocentric) rather than an allocentric representation of

the environment. Since all the rats received their surgical procedures before having any

experience of the testing environment, evidence from the literature would strongly sug-

gest that the rats who had their hippocampi removed during surgery would never have

formed an allocentric representation of it (Morris et al. 1990b). The rats in the control

group who received sham surgeries should have been able to form an allocentric repre-

sentation of the testing environment as their hippocampi were intact throughout, but the

task would not have forced them to form or indeed use such a representation.

In the object location task used by Mumby et al. (2002) the displacement of one of two

identical copies of an object was to a location in the testing arena in which there had never

previously been an object, i.e. a completely novel location (shown in Panel A of Figure 5.2

on page 138). In contrast, Figure 4.3 on page 111 shows the way the object location task

was run in my experiment: there are no novel locations involved, but one of the object

locations was filled by an object which was neither itself novel nor in a novel location,

but in a configuration of object identity and location that was novel. A slightly different

caveat appears in the task used by Save et al. (1992), shown in Panel B of Figure 5.2

on page 138. In this paper the authors use a configuration of 5 objects whose locations

are manipulated and rats are tested on their recognition of these manipulations after a

three minute retention delay. In the crucial testing phase, three of the five objects are

displaced but of these three, two of them swap locations with each other (a topological

change) while a third is moved to a location in the environment where an object has

never previously been encountered (a metric change), as in Mumby et al. (2002). The

analysis by Save et al. (1992) however does not take into account the type of displacement

applied to an object, but groups exploration data for all 3 of the displaced objects together.

Recent data suggest that detecting topological versus metric manipulations of objects in
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an environment may in fact be dependent on different brain regions (Goodrich-Hunsaker

et al. 2005). This paper shows evidence that excitotoxic dorsal hippocampus lesions

impair rats’ recognition of a metric change in the relationship between two objects in

their environment (i.e. that two objects have been moved further apart or closer together

on a horizontal plane perpendicular to the rat) but have no effect on their ability to detect

a topological change (i.e. that two out of four objects in a square arrangement have had

their locations swapped, see Figure 5.1 on the next page.
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Figure 5.1: Schematic of the topological object swap task used by Goodrich-Hunsaker et al. (2005). Black
arrows indicate which of the 4 objects (represented by circles) have had their locations swapped. Note
that no novel locations are introduced- objects are simply swapped between familiar locations, which is
what is meant by “topological” in object recognition terms. Rats with lesions of the dorsal hippocampus
could recognise that 2 objects had swapped positions and explored them preferentially over the 2 stationary
objects.

In the first experiment therefore, all the rats from the two replications of the experiment

described in the previous chapter were tested on an object location task which involved

moving one of two objects to a completely novel location in the test box to see if an intact

hippocampus was required under these conditions to perform the task. Another caveat

was that in Save et al. (1992), there was a configuration of 5 objects which the rats had to
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explore, so as well as the fact that one object was moved to a completely novel location,

another reason for the involvement of the hippocampus in the task may have been the

task complexity due to the increased numbers of stimuli that had to be encoded. In my

version of the object location task there were only two objects involved, but it is possible

that having a larger number of stimuli (or a more complex configuration of stimuli) to

remember may necessitate the recruitment of the hippocampus, although evidence for

this in rats is ambiguous (Kesner et al. 1988; Steele and Rawlins 1993; Dudchenko et al.

2000). To investigate this more fully, the object location task was again repeated using

a subset of rats (from the second replication of the experiment described in the previous

chapter) with a configuration of 4 objects, where two of the objects from diagonally oppo-

site corner positions swapped location in the test. This was an attempt to see if the effect

of the hippocampus lesions seen in Save et al. (1992) would be revealed if the number of

stimuli in the object-location task was increased. After closer investigation into the meth-

ods used in Save et al. (1992) and Mumby et al. (2002), it was revealed through personal

communications with the authors of these two papers that there may be a further critical

factor which may have affected whether or not the hippocampus was necessary for rats

to perform the object location tasks. Throughout my experiment in the previous chapter,

I consistently placed the rats into the testing box at the same location (west) and facing

the same direction (the west wall) at the start of every session; sample and test. Although

this information was not published in the papers (Mumby et al. 2002; Save et al. 1992),

previous literature from watermaze experiments (Morris et al. 1982; Eichenbaum et al.

1990; Compton et al. 1997) led me to think that this could have been a very important

procedural aspect of the object location tasks. However in Save et al. (1992) the rats were

placed into the testing box at an arbitrarily chosen location each time they entered it. In

Mumby et al. (2002) the rats were placed into the testing box equidistant from the two

objects but due to the nature of the task, in that one of the objects would move to a novel

location within the box for the test, this location was not fixed relative to the environment,

only relative to the objects. After receiving this information from the authors I decided to

also check if this could contribute to whether or not an object location task required the

hippocampus. Using the same rats that had just completed the 4-object location task, I

then reverted to the 2-object location task but while the rats entered the testing box at the

usual west location at the start of the sample event, they were then placed into the box at

either the north or south locations at the start of the test to force them to utilise allocentric

information to recognise the novel object location configuration.

These manipulations aimed to investigate the possible reasons for the discrepancies be-

tween the results seen previously in the object location recognition literature and the

object location task of Eacott and Norman (2004b) which I successfully replicated in the
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previous chapter.
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5.2 Materials & Methods

5.2.1 Subjects

The subjects used in the first experiment (novel location recognition) included all 22 rats

from both replications of the object, location and context tasks described in Section 4.2.1

on page 105 (n = 12 controls, n = 10 hippocampus lesions). The second and third exper-

iments (4-object location task and “allocentric” 2-object location task) used only the rats

from the second replication of the object, location and context task (n = 5 controls, n = 5

hippocampus lesions).

5.2.2 Surgery

Surgical procedures for these rats are described in Section 4.2.2 on page 105.

5.2.3 Apparatus

Apparatus for the experiments described in this chapter is as described previously in

Section 4.2.3 on page 107 1.

5.2.4 Behavioural Testing

Novel location recognition

This experiment was carried out in 2 replications which involved the 12 rats and the

10 rats from the first and second replications of the object, location and context tasks

described in Section 4.2.1 respectively. A schematic example of a trial from this task is

shown in Figure 5.2C. The task comprised two events: 1 sample event and 1 test and

the procedure was the same as for the object location task described in Section 4.2.4 on

page 108. During the sample event, the rats explored 2 identical objects, following the

same criteria defined previously (Section 4.2.4) 2. The test event consisted of 3 minutes of

exploration of 2 further copies of the 2 identical objects from the sample event, but one

1the 4-object location task involved the positioning of two extra objects in the testing box: these were
positioned in the north-west and south-west locations.

2The retention delay between this sample event and the test event was 5 minutes for the rats in the first
replication, in order to allow direct comparison with Mumby et al. (2002). In the second replication, a
retention delay of 2 mins was used to compare with the Eacott and Norman (2004b) object location task.
There was no significant difference between the data collected from each replication so they were pooled for
analysis.
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A) Novel location recognition task of Mumby et al. (2002)

B) Object location recognition task of Save et al. (1992)

C) Novel location recognition task 

D) 4-object location recognition task 

E) “Allocentric” object location recognition task 

Figure 5.2: This Figure shows examples of trials from the tasks used by Mumby et al. (A), Save et al. (B)
and my variations of them (C,D&E). The entry points of the rats into the arena are marked by black arrows
and are relative to the compass shown at the top right. The sample events are represented in the left column
and the tests in the right column.

of the copies was displaced from the usual north-east or south-east locations to a novel

location in which the rats had never previously seen any object. Each rat completed 4 tri-

als on this task: 2 in each context configuration. 2 trials involved the displacement of the
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north-east object, and 2 trials the south-east object. On each of the 4 trials, a different and

therefore completely novel location was chosen to move the displaced object to. This was

to test whether the introduction of a familiar object to a novel location in the environment

would require the hippocampus for recognition.

4-object location recognition

This experiment was carried out using only the 10 rats from the second replication of the

object, location and context tasks described in Section 4.2.1. This 4-object location task

also involved one sample event and one test. A schematic example of a trial from this task

is shown in Figure 5.2D. In the sample event, rats entered the arena from the west, facing

the west wall (as in all previous experiments) but they were now faced with 4 objects, 2 in

the usual north-east and south-east locations and an additional 2 in the equivalent north-

west and south-west locations 3. Each of the 4 objects was different. The length of the

sample event was increased to 5 minutes as standard and the amount of exploration time

the rats had to accumulate at each object was reduced to 10 seconds due to the increased

number of stimuli that the rats were expected to investigate. A total of 10 rats were

involved in this experiment and each completed 4 trials; 2 in each context configuration.

2 trials (one in each context) involved the swapping of the objects in the north-east and

south-west locations and the other 2 involved the swapping of the objects in the north-

west and south-east locations 4. On any trial where a rat did not achieve the target of 10

seconds of cumulative exploration of each of the 4 objects, the data for that trial was not

included in further analysis 5. The retention delay was 2 minutes long and the rats spent

it in the opaque holding bucket as described in Section 4.2.4. In the test, copies of the same

4 objects as in the sample event were presented, but 2 objects from diagonally opposite

locations (e.g. north-east and south-west) were swapped. Instead of the rat looking at 2

identical objects in the test (as was the case in the object location task described previously

(see Figure 4.3 on page 111 Panel B)), there were now the same 4 objects as in the sample

event, but 2 of them had swapped locations. This was to test the hypothesis that the low

3The rats were habituated to the 2 additional locations in 2 10-minute habituation sessions before testing
on this task began. These involved free exploration of 4 random junk objects that would not be presented
again during testing, with one session held in each context configuration of the testing box.

4It should be noted that each object location swap involved one object from one of the original (north-
east or south-east) locations and one object from the more recently introduced (north-west or south-west)
locations. This was done intentionally with the aim of counterbalancing for any effect of the object locations
being new or old, since in any trial the pair of displaced objects consisted of one from a newer and one from
an older location.

5This situation occurred in 5/40 trials, 4 of those trials were due to 3 control rats and the other was due
to a lesioned rat. In each case, only 1 object of the 4 presented was not explored for the minimum time
of 10 seconds. The locations of the objects which failed to reach the exploration criteria were the recently
introduced locations (north-west and south-west) 3 times, and the older (original) locations (north-east and
south-east) twice.
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number of stimuli in the Eacott and Norman (2004b) object location task may have been

the reason that this task was not dependent on the hippocampus in neither their nor my

replications of it.

“Allocentric” object location recognition

After the discovery via personal communication with the authors that in both of their

published experiments (Save et al. (1992); Mumby et al. (2002)) the rats had entered

the test boxes from a variety of starting positions, I decided to impose this condition on

the original object location task described in Section 4.2.4 (see Figure 4.3, Panel B).This

experiment was carried out using the same rats as the 4-object location recognition task

described above and the procedure was identical to that described for the object location

task in 4.2.4 apart from the one critical condition: at the start of the test, the rats were

placed into the box from a different entry point. A schematic example of a trial from this

task is shown in Figure 5.2E. All rats completed 4 trials, 1 trial in each context entering

from the north on the test, 1 trial in each context entering from the south on the test. The

rest of the test phase was identical to that described previously in Section 4.2.4. On any

trial where a rat did not reach the criterion level for exploration in the sample event (i.e.

15 seconds cumulative exploration at each object), the data from that trial was excluded

from further analysis 6. This manipulation aimed to see if the rats were able to flexibly

use information about the features of their environment to recognise which object was

in a different location to where it had been in the sample event, without relying on the

information about the locations of the objects relative to the rats themselves.

5.2.5 Data collection and analysis

All data collection and analysis was identical to that described in Section 4.2.5 7.

5.2.6 Histological analysis

All histological analysis was carried out as described in Section 4.2.6.

6This situation occurred in 2/40 trials: one failure to achieve criterion was due to a control rat and the
other was due to a rat with a hippocampus lesion.

7where 4 objects were used instead of 2, the mean exploration time for the two swapped objects was
analysed relative to the mean exploration time for the 2 stationary objects.
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5.3 Results

5.3.1 Behavioural Data

Novel location recognition

A univariate ANOVA was performed on the discrimination index data with Replica-

tion and Group as the between subjects factors. This showed no main effect of Repli-

cation (F(1,18) = 0.122; p= 0.731) or Group (F(1,18) = 2.803; p= 0.109) and no Replication

x Group interaction (F(1,18) = 0.080; p= 0.780. Performance (as measure by discrimina-

tion index) was therefore not dependent on retention delay length (2 vs. 5 minutes)

or surgery group (hippocampus lesion vs. control). Further one-sample t-tests against

chance showed that both the control (t(11) = 7.642; p< 0.001) and hippocampus lesion

groups (t(9) = 3.324; p= 0.009) were exploring the object in the novel location significantly

more than expected by chance (see Figure 5.3A).

4-object location recognition

This experiment was done with only a small subsection of the rats (n=5 hippocampus le-

sion group, n=5 control group) from the second replication of the experiments described

in chapter 4. There was only a single replication, consisting of each rat completing 4 tri-

als. Since there were 2 displaced objects and 2 stationary objects in the test, data from

each displaced object was combined to give a single value for average exploration time

for displaced objects and the same was done for the stationary objects.The discrimina-

tion index for each trial for each rat was then calculated using these average times. A

univariate ANOVA was performed on the discrimination index data with Group as the

between subjects factor. This showed no main effect of Group (F(1,8) = 0.503; p= 0.498).

Unfortunately, further one-sample t-tests against chance showed that neither the control

(t(4) = 1.722; p= 0.160) or hippocampus lesion groups (t(4) = 2.129; p< 0.001) were per-

forming above chance (see Figure 5.3B). This is not very surprising considering the small

group sizes but does mean that these results are difficult to interpret. If we assume that

neither the control rats nor those with hippocampus lesions can perform the task at all,

then there is no useful interpretation of the results. However, if we consider that none of

the statistics show any indication of a difference in performance between the 2 groups,

however low that performance may be, then we could intimate that the hippocampus

is not likely to be required to perform the task, since rats with hippocampus lesions are

certainly performing no worse than control rats. However it remains somewhat ambigu-
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ous whether there is any hippocampus-dependent effect of increasing the numbers of

stimulus objects.
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Figure 5.3: This Figure shows the performance (as measured by discrimination index) for each group of rats
on the different object location tasks discussed in this chapter.
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“Allocentric” object location recognition

This experiment was also done with only a small subsection of the rats (n=5 hippocam-

pus lesions, n=5 controls) from the second replication of the experiments described in

Chapter 4. There was again only a single replication, consisting of each rat completing 4

trials. The discrimination index values for the 10 rats in this experiment were compared

to the discrimination index values for the same 10 rats in the standard object location

task reported in Section 4.3.1 (also see Figure 4.3 on page 111B). A repeated measures

ANOVA was performed on the discrimination index with Group as the between sub-

jects factor and Task as the within subjects factor. This showed no main effect of Task

(F(1,8) = 4.777; p= 0.060) or Group (F(1,8) = 3.102; p= 0.116) and no Task x Group interac-

tion (F(1,8) = 0.821; p= 0.391). One-sample t-tests showed that the control rats were in

fact performing highly significantly above chance (t(4) = 5.783; p= 0.004) whereas the rats

with hippocampus lesions were performing at chance level (t(4) = 0.220; p= 0.837) (see

Figure 5.3C). The fact that there was no difference revealed between the control and hip-

pocampus lesion groups in the overall ANOVA means that these results are difficult to

interpret. This task does however give the strongest hint of an impairment in rats with

hippocampus lesions out of the 3 manipulations of spatial location tested in this chapter.
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5.4 Conclusions and Discussion

The experiments in this chapter were designed to investigated some of the discrepancies

found between my results in the replication of Eacott and Norman (2004b) task and pre-

vious data from object recognition studies. The control tasks complementary to the inte-

grated what-where-which task described in the previous chapter provided vital evidence

that hippocampal involvement was indeed specific to the integrated task. However, in

doing so, they were in conflict with previous similar studies (Save et al. 1992; Mumby

et al. 2002), which had been a common theme of “interested criticism” at conference

presentations of this task and is still not entirely resolved.

There were a number of differences between the previously published and accepted data

on object-location and object-context recognition and my results. However, data from this

chapter suggests a role for a subtle but very important procedural difference in how the

tasks were run, which was not specified in the comparison papers and only discovered

after personal communication with the authors (Poucet, B. and Mumby, D.G. , Personal

Communication). This difference was based on the fact that in the 2 previously pub-

lished papers, rats were placed into the testing box from different starting locations (as in

a standard water maze navigation task, Morris et al. (1982)) and were therefore forced to

use allocentric strategies to recognise the relative locations of objects in these tasks. Since

rats in both previous studies received lesions of the hippocampus before the onset of

behavioural testing, it is very unlikely that they could form representations of the object

locations based on an allocentric “map” of the environment and were probably relying on

egocentric strategies (e.g. path integration (Alyan and McNaughton 1999) or viewpoint-

specific spatial representations (McNaughton et al. 1996)). In Save et al. (1992), rats

were placed into the testing box from pseudorandomised start locations which differed

on each trial, as in a standard hippocampal-dependent water maze navigation task, Mor-

ris et al. (1982) making it difficult or impossible to represent the locations of the objects

using an egocentric approach. In Mumby et al. (2002), rats were always placed into the

arena equidistant from the 2 objects it was to explore. This may sound similar to the

procedure used in my experiment. However, consider the fact that the task in this pa-

per used a variation of the object location task in which one of two identical objects was

moved to a novel location (see Figure 5.2 on page 138). If the rat is placed into the testing

box equidistant from the 2 objects in their new configuration, from a path integration or

viewpoint-specific strategy, there is likely to be very little apparent difference in the rela-

tive locations of the 2 objects, producing an apparent deficit in memory for the locations

of the objects in rats with hippocampus lesions. In the integrated what-where-which

paradigm I reported in the previous chapter, all the separate elements of the tasks could
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be solved using egocentric processing strategies. The only task in this chapter in which

I saw any impairment in the performance of rats with complete hippocampus lesions on

object-location memory was when I forced the use of allocentric strategies by using the

same method as Save et al. (1992). Unfortunately this evidence is not conclusive, as the

results lack statistical significance for a difference between hippocampus lesioned and

control rats on the “allocentric” task (see Figure 5.3 on page 143)8.

8The results of this task were presented as a poster at SFN 2006 in Atlanta. The poster (Appendix 6)
also shows the results of attempts to clarify the differences in object-context memory found between my
data and that of Mumby et al. (2002). Although rats achieved variable performance levels in the various
versions of the object-context task that were performed, there was no indication in any of the tasks that rats
with hippocampus lesions were impaired in memory for object-context associations relative to controls. The
results of those studies are not included here. The probable cause of the discrepancy with Mumby et al.
(2002) is suspected to be the lesion protocol and results, but this is still being investigated.
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6.1 Concluding Remarks

This thesis has attempted to examine the role of the hippocampus in models of human

episodic memory tests and models of the theoretical elements of episodic memory in the

rat.

6.1.1 Glutamate receptor mediated retrieval of paired associate learning

This chapter describes experiments attempting to directly convert a sensitive human

episodic task into a paradigm suitable for laboratory rats. Day et al. (2003) successfully

modelled paired associate learning in a rat analogue of human paired associate learning

whereby rats forage for food in an open field arena and encode the locations of specific

food flavours. When cued with a food flavour, rats are then able to retrieve the memory

for the location in which that flavour was previously found and return to it. This is de-

signed to be analogous to human paired associate learning of lists of paired words and

recalling one half of a previously experienced word pair when prompted or cued with the

other half. Rats can learn these flavour-location paired associates on a trial-unique or a

repeat trial basis. Trial-unique paired associates are sensitive to inactivation of the dorsal

hippocampus at retrieval, whereas paired associates trained repeatedly over a number of

weeks become independent of dorsal hippocampal activity at retrieval.

Despite data from (Bast et al. 2005) showing that hippocampal inactivation prior to re-

trieval also impairs trial-unique spatial memory (without the food flavour component to

make it a paired associate memory), the data presented in Chapter 2 give a convincing

demonstration that in our paradigm we are not simply affecting the ability of rats to navi-

gate around their environment during hippocampal activations, but specifically affecting

their ability to retrieve episodic-like paired associates that have only been encoded on

a trial-unique basis. The crucial experiment to show this was the demonstration that if

flavour-location paired associates are repeatedly experienced over a period of weeks, rats

with the dorsal hippocampus inactivated by CNQX can still retrieve these semantic-like

overtrained pairs.

A crucial additional analysis of the data revealed interesting yet subtle findings regard-

ing the putative memory processes that the rats may have been using to solve the paired

associate task. A differential result on two measures used to examine the initial accuracy

and further persistence of the rats when they made their choices of which location to dig

at in response to a particular food flavour showed that on semantic-like (repeat trial) tests,

the rats were less accurate in their first choice of sand-well to dig at than on episodic-like
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(trial unique) tests. This implied that there was a dissociation between the memory pro-

cesses used to retrieve the paired associates dependent on the testing condition. There

was no procedural difference between the way that the repeat-trial and trial-unique tests

were carried out. This difference in the accuracy between semantic-like and episodic-like

paired associates could reflect the difference seen in human studies between remember-

ing and knowing- the familiarity vs. recollection distinction. It is well characterised in

humans that declarative memory is a dual process relying on both recollection and famil-

iarity, whereby semantic memories can be retrieved using either process (although in the

healthy brain both usually contribute) and episodic memory is dependent on recollec-

tion (Duezel et al. 1997; Yonelinas 2001; Woodruff et al. 2006). This dual process model

of memory has also been recently analysed in rats (Fortin et al. 2004), showing that they

too use a combination of familiarity and recollection to solve recognition tasks. This data

suggest that it is possible that in the paired associate learning task presented here there

is a distinction between the two processes. Whereas humans tend to use recollection to

retrieve memories even when a task does not demand it, animals (particularly laboratory

rats (Aggleton and Brown 1999; Eichenbaum et al. 2007)) are particularly adept at us-

ing familiarity to solve problems unless recollection is a task demand, so perhaps in the

case of semantic-like overlearned paired associates when recollection may not be neces-

sary, it contributes to a lesser extent, but in the case of trial-unique episodic-like paired

associates it is necessary to perform the task. Recollection judgements in humans are

correlated with better accuracy performance on paired associate tasks, so perhaps this

can explain why the forced recollection component of the first choice of sand-well on a

trial-unique paired associate test provides a more accurate level of performance.

However, data from the non-rewarded probe tests in these experiments showed a sugges-

tion (although not significant) that putative recall accuracy (as measured by first choice of

sand-well) was very poor when rats underwent inactivation of the dorsal hippocampus,

regardless of whether the test was episodic-like or semantic like. This was in contrast to

the persistence measure (putative familiarity) based on how long the rats spent digging

at the correct sand-well which was intact for the semantic-like paired associates but fell

to chance when the dorsal hippocampus was inactivated during episodic-like paired as-

sociate retrieval. This suggests that inactivation of the dorsal hippocampus contributed

differentially to the putative memory processes of recollection and familiarity. Although

upon initial analysis it was assumed that the repeat trial semantic-like paired associates

were unaffected by the hippocampal inactivation, closer analysis of the data hints that

perhaps the first choice accuracy - the possible recollection measure - was affected, even

though when rats reached the correct location of the repeat-trial food flavour, they could

recognise it using familiarity and still perform well on the % dig time in the correct sand-
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well over the probe test. This would agree with data from human studies (Duezel et al.

2001; Vargha-Khadem et al. 2001; Aggleton et al. 2005) and recent rat studies (Fortin

et al. 2004; Eacott et al. 2005) suggesting a role for the hippocampus in recollective but

not familiarity based declarative memory (Aggleton and Brown 1999).

This additional analysis does not detract from the main results of Day et al. (2003) in

that dorsal hippocampal activation does specifically affect the retrieval of trial-unique

episodic-like flavour-location paired associates, but adds a new possible double dissocia-

tion of the role of the hippocampus in episodic-like vs. semantic-like and recollective vs.

familiarity processing in the rodent brain.

6.1.2 Semantic schema and paired associate memory consolidation

Overtraining flavour-location paired associates to create a mental schema rendered them

insensitive to hippocampus damage and also accelerated the consolidation of trial-unique

paired associates when learned alongside them. This theory was based on human data

which is almost a matter of common sense, but had not been investigated previously in

animal tests. The theory is that having an activated mental schema of relevant knowledge

prior to a novel encoding event will boost encoding and therefore subsequent recall of the

novel event.This has recently been shown to be of particular relevance in the human am-

nesia literature (Brandt et al. 2006) where a famous developmental amnesic, Jon, who has

bilateral hippocampal damage, is actually able to perform retrieval of some episodic-like

information if he is carefully trained on a relevant semantic schema in which to incor-

porate that information beforehand. The experiments in Chapter 3 showed that in the

presence of a putative semantic schema of food flavour and location paired associates,

consolidation of novel associates was much more rapid than predicted by standard con-

solidation theory (Moscovitch et al. 2005).

Since publication of this data (Tse and Langston et al 2007) there has been a commentary

from Rudy and Sutherland (In press at Neurobiology of Learning and Memory) suggest-

ing that the apparently rapid systems consolidation seen of the paired associates into a

putative neocortical schema is in fact cellular consolidation. They suggest that in fact

the putative schema means that the task is not dependent on the hippocampus at all by

the time rats encode novel flavour-location paired associates. They suggest that the time

dependent effect whereby novel paired associates incorporated into the schema 3 hours

prior to removal of the hippocampus are not successfully retrieved whereas those incor-

porated 48 hours prior to the removal of the hippocampus are is due to a disruption of

cellular consolidation. The theory behind this is that the excitotoxic hippocampus lesion
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given 3 hours after the encoding of the novel paired associates results in hyperactivity

of hippocampal-cortical connections, which result in disruption of the cortical networks

that would be processing the new information over the first few hours after encoding.

Regarding criticisms of the lesion technique; using very small volumes of ibotenic acid

injected at multiple sites within the hippocampus following the protocol of Jarrard (1989)

would not be expected to produce such a huge range of undesirable side effects as sug-

gested by Rudy and Sutherland. Whilst seizure-like spiking activity is present locally

and cortically for 2-3 hours after large injections of ibotenic acid (at 5-20 times the doses

used in Tse et al. 2007) no spiking was seen in neocortex when recordings were made up

to 12 hours after the procedure used in the current study (see Jarrard 1989). Moser et. al.

(1995) showed that small focal injections of ibotenic acid into ventral hippocampus had

no effects on recordings made from dorsal hippocampus for up to 9 hours post-injection

and that acetyl cholinesterase staining showed no degradation of extrinsic connections

to residual hippocampal tissue, emphasizing the focal and axon-sparing properties of

ibotenic acid lesions when carried out according to the protocol of Jarrard (1989). Rudy

and Sutherland’s concern regarding “excessive release of transmitters into terminal fields

of hippocampal outputs” (McClelland et. al. 1995) is based on data using kainic acid in-

jections (Jacobson et. al. 1997). Kainic acid is one of the most potent amino acid excitotox-

ins (Cooper et. al. 1996) and is known to be a powerful convulsant even at doses which

cause limited local neuronal damage (French et. al. 1982) and it is thought that propaga-

tion of this seizure activity (which is not commonly seen with ibotenic acid, particularly at

the doses used in Tse et. al. (2007)) is the cause of unintentional remote damage to many

other brain areas including subiculum, amygdala, thalamic nuclei, and piriform, entorhi-

nal and other cortical areas (Ben-Ari et. al. 1980; Jarrard & Meldrum 1993). Intentional

injection or incidental diffusion of ibotenic acid into the subiculum or ventricles (usually

caused by large injection volumes) is a frequently seen ”side-effect” of lesioning the rat

hippocampus (Lobaugh et. al. 1995; Jarrard 2001). This can lead to degeneration in a

wide range of areas including fimbria-fornix axons; subicular targets including deep lay-

ers of the entorhinal cortex; nucleus accumbens, septum, hypothalamus and cingulated

cortex. Fink-Heimer silver staining has shown that degeneration in perforant path axons

may still be occurring 12-14 weeks after injection of ibotenic acid into the subiculum (Jar-

rard, 1989). Differential behavioural results are also found between lesions restricted to

the hippocampus and those that include or separately target the subiculum (Morris et.

al. 1990; Bolhuis et. al. 1994). In contrast, focal injections restricted to the hippocampus

do not cause damage to nearby fibers of passage (Guldin & Markowitsch 1982; Jonsson

1983; Kohler & Schwarcz 1983; Jarrard 1989) or more remote hippocampal target areas

(Jarrard 1989; Galani et. al. 2002). As stated by Rudy and Sutherland, it has been shown



Chapter 6. Concluding Remarks 152

by Glenn et. al. (2005) that neurotoxic lesions of the perirhinal cortex result in alterations

of c-fos expression in other cortical areas and in the dentate gyrus. Albasser et. al. (2007)

showed a similar change in c-fos expression in the retrosplenial cortex following ibotenic

acid lesions of the hippocampus. Both of these studies use c-fos- a marker of neuronal

activation - but neither gives any clues as to the consequences or whether this is change

in activation pattern reflects any dysfunction. Albasser et. al. (2007) in fact analyzed

numbers of cells expressing the specific neuronal marker Neu-N and their characteris-

tics in areas showing altered c-fos activation patterns, and found them to be completely

normal with no differences between lesioned and control animals at 2-3 months post-

surgery. This indicates, and it is even stated in the paper, that these IEG changes reveal

no evidence of covert pathology or proof of any dysfunction in the affected cells, even 3

months after the lesion.

The argument of Rudy and Sutherland that the task is dependent only upon the neocortex

and that cellular consolidation is resulting in amnesia for paired associates experienced

just 3 hours prior to the hippocampus lesion does not stand based on technical considera-

tions of the lesion technique employed. More behavioural data from Tse and Langston et

al (2007) also suggest that their theory that the task has simply become dependent on

the neocortex (or always was) is incorrect. Rat with lesions of the hippocampus fail to

encode any new information either within the context of the intact schema or in an en-

tirely new context. This implies that the new flavour location pairs were dependent on

the hippocampus 3 hours after encoding and that therew as a rapid gradient of systems

consolidation between 3 hours and 48 hours after learning. This conclusion is in accor-

dance with the original theory that the presence of an active relevant semantic schema

boosts episodic-like memory performance in a rat model as well as in humans.

These data confirm the validity of paired associate testing in the event arena as a valid

model of a sensitive episodic memory test in humans. However there are also lessons

to be learned, as discussed at the end of Chapter 3, in that rats are certainly not always

solving tasks in the hypothesised or expected way, and as well as trying to design tasks

that encourage a certain type of memory processing, the measures used to assess the

animals’ performance must adhere to very strict criteria. This was a failure of the experi-

ments presented in this chapter. Even though the measures and the technical advances in

the testing equipment used were designed to represent an improvement from the exper-

iments in Chapter 2, they also had some adverse effects that were entirely unpredictable.

Unfortunately these meant that the subtle yet exciting distinction between putative rec-

ollection and familiarity discussed in regard to the experiments in Chapter 2 could not

be followed up in Chapter 3 due to the rats potentially adopting new strategies to solve
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the tasks.

Nevertheless, these data confirm in addition to those in Chapter 2 that paired associate

learning in the event arena is a valuable tool to model different aspects of human episodic

memory testing, and it is a future aim to learn how to measure and define the strategies

used by the animals to solve the tasks, in order to further elucidate the neurobiological

mechanisms of episodic memory models in the rat.

6.1.3 Integrated memory for objects, places and contexts in the rat and the extent

of involvement of the hippocampus in spatial location parameters

Using the original definition of episodic memory (Tulving 1972), which has been desig-

nated the term episodic-like memory for its use in animal studies (Clayton and Dickin-

son 1998), an integrated what-where-which experiment designed by Eacott and Norman

(2004b) was successfully replicated with very similar levels of performance shown in the

control rats between the published results and my own. Rats with hippocampus lesions

showed a deficit in memory for trial-unique object-location-context (what-where-which)

configurations whilst performing at a level indistinguishable from controls on a variety of

other control tasks. These tasks provided a complete set of controls for all the procedural

and associative elements of the integrated what-where-which task, therefore confirming

that the impairment seen in rats with hippocampus lesions was not due to secondary

effects of procedural difficulty, or lack of memory for the location or context elements of

the task either alone or in pairs.

Eacott and Norman (2004b) published this experiment as a model of episodic-like mem-

ory in the rat and my recent results provide further strength to this argument. It is un-

likely that the hippocampus becomes necessary for the integrated task simply due to

the increased number of stimuli involved, since rats can show learning and retention of

multiple stimuli, and even pairs of stimuli, in different modalities independent of the hip-

pocampus (Gaffan and Eacott 1997; McDonald et al. 1997; Dudchenko et al. 2000). It also

seems unlikely that this task can easily be solved by relative familiarity alone since the

memory test involves presentation of 3 familiar stimuli (object, place and context are all

familiar) and even the pairwise configurations of object with context and object with lo-

cation are familiar. Although this paradigm does not force the use of recall by design, It is

possible that the 3 different types of stimuli that need to be integrated- what, where and

which- necessitate the formation of an episodic-like representation of an event, which

may then require the contribution of recollection at the point of memory retrieval: the

task may be too complex to be solved by familiarity (recognition) alone, or recall may
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perhaps be the most efficient strategy. The latter seems less likely, since rats with hip-

pocampus lesions perform at chance levels on this task; not just showing an impairment

relative to controls; which is what would be expected if familiarity and recollection were

both involved. The striking difference in performance between rats with hippocampus le-

sions and control rats posits the possible explanation that the integrated task may indeed

be a model of episodic-like memory recall and therefore perhaps involve the putative

recollection circuitry suggested by Aggleton and Brown (1999).

The contributions of the hippocampus to object-location memory was also examined in

Chapter 5, due to the unexpected results that the hippocampus was not necessary for

the object-location recognition part of the integrated object, place and context task. Even

though the object-location part of the task was simplified as much as possible to dis-

courage the attempted use of unneccessary allocentric spatial strategies, the results still

received a lot of criticism when presented at conferences. It was accepted that there was

certainly no problem with the hippocampus lesions, which are large by established stan-

dards, so the different protocols used to test object-location memory were tested, to see if

the ”expected” deficit in the hippocampus lesioned rats would be found. A hint at the ex-

planation was found, in that rats with hippocampus lesions did not perform significantly

above chance when tested using a forced allocentric strategy to discriminate between the

relative locations of 2 objects. This was the expected result, which suggested that the lack

of an impairment in object-location memory in the integrated object, place and context

task was simply a result of making the task very easy to solve using an egocentric strat-

egy which did not appear to rely on the hippocampus (achieved by always placing the

rat into the arena at the same point facing in the same direction, and placing large promi-

nent cues near the test objects, so it was expected that the rat could use its own sense of

self motion and egocentric space to determine whether or not objects had moved relative

to itself). Unfortunately this theory was only tested on a very small group of rats, so the

results did not quite reach statistical significance, but the experiment is currently being

replicated in order to confirm that there is differential involvement of the hippocampus

depending on the procedural methods used to run object-location tests.

Another interesting additional piece of data analysis currently under way is the re-analysis

of the sample phases of the integrated object, place and context task and the object, con-

text and place control tasks. The idea behind this is that it may be possible to gain an

insight as to whether or not it is an encoding deficit in the hippocmapus lesioned rats

that leads to their failure on the integrated task. The hypothesis is that a change in either

object, place or context or any of these combinations between sample phase 1 and sample

phase 2 should provoke some increased level of exploration when compared to nothing
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changing between these two phases. The data is being analysed with the possibility in

mind that if the change in baseline exploration when objects and contexts are changed is

greater than that when only one or the other is changed, this would imply that the change

in both object and context has been encoded, as additive or integrative information. If rats

with hippocampus lesions than demonstrate that they also encode this integrated change

with a higher change in level of exploration than an individual change in object or con-

text, and this exploration change is comparable to that seen in control rats, then it can

be interpreted as the hippocampus lesioned rats having no deficit in encoding, and that

the deficit must be in consolidation or retrieval of the memory. Of course, if the rats do

show an ”encoding” deficit, there is no extra information about storage or retrieval to be

gained from this method. However as an initial attempt, it may allow an insight into the

separate mechanism of encoding without the use of more rats and reduces the memory

rocesses that would need to be investigated in a pharmacological study. Althought the

process of extracting this data for equivalent objects and time periods is tedious, it may

help to reduce animal use in experimentation in this particular ongoing project.

In summary, the task of Eacott and Norman (2004b) has been successfully replicated ,

showing that this is a robust protocol replicable between laboratories. The task has many

features that make it comparable to episodic memory in humans, including that it is

acquired over a single experience without the requirement for training which may give

rise to semantic rule learning. The use of contextual elements of an event or episode

as an alternative to strictly temporally mediated control of episodic memory has been

justified in the introduction to this thesis, making the paradigm designed by Eacott and

Norman (2004b) a valid and useful laboratory task to study the neurobiology of elements

of episodic-like memory in the rat.

Although none of these tasks could be described as the perfect test of episodic(-like)

memory in laboratory rats, and they certainly do not answer the neurowthologist’s ques-

tion of whether or not episodic memory is a uniquely human trait, we have demonstrated

that flexible use of these protocols can provide insight into the neurobiological processing

underlying elements of declarative memory as defined in humans.
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6.2 Future Plans

A1

A2

A3

B1

B2

B3

C1

C2

C3

Figure 6.1: Preliminary histological analysis of subregion-specific CA1 and CA3 lesions is promising, al-
though these sections are only stained with cresyl violet acetate to visualise the Nissl bodies of living cells.
More complex histological and electrophysiological analysis is necessary to examine whether remaining tis-
sue is still functional and also the possibility of more widespread damage due to the overexcitability caused
by the ibotenic acid action in these subregional networks, particularly since a number of animals have suf-
fered severe seizure activity after the CA1 manipulation in particular. A1-3 show sections from a control
brain, B1-3 show sections from a CA3 lesioned brain and C1-3 show a CA1 lesioned brain, all represemted
from anterior to posterior down the columns from 1-3.

Further experiments are currently under way to examine the role of the CA1 and CA3

subregions of the hippocampus, which may have important but differential roles in episodic-

like memory. These areas have been under scrutiny recently, disrupting the traditional

idea that the hippocampal trisynaptic circuit acts as a unidirectional, serial pathway.

Computational (Rolls and Kesner 2006; Hasselmo 2005), lesion (Kesner et al. 2005; Gilbert

and Kesner 2003; Hunsaker et al. 2006; Hunsaker et al. 2007), electrophysiological (Brun

et al. 2002; Leutgeb et al. 2004; Mizumori et al. 1999), pharmacological (Daumas et al.

2005) and genetic studies (Nakazawa et al. 2002; Nakazawa et al. 2003) indicate that

CA3 appears to play an important role in one-trial memory, however almost all of the ex-

periments that have made this conclusion have used tasks involving allocentric space or

navigational requirements. Evidence points to CA1 involvement when information must

be remembered over a temporal delay (Hunsaker et al. 2006), or consolidated (Daumas

et al. 2005). However an additional caveat of most of these studies is that the manipu-
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lation of the hippocampal subregions are not complete, usually only affecting the dorsal

part of the CA1, CA3 or dentate gyrus network. My current aim is to produce selective

axon-sparing lesions (using ibotenic acid) of the entire subregions CA1 or CA3, including

the ventral parts, in order to fully test the role of each subregional network in episodic-

like memory in a variety of behavioural tasks including the ones described in this thesis.
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