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ABSTRACT 

During slow-wave sleep (SWS), traces of neuronal activity patterns 

from preceding behavior cjin be observed in rat hippocampus and neocortex. 

The spontaneous reactivation of these patterns is manifested as the 

reinstatement of the distribution of pairwise firing rate correlations within a 

population of simultaneously recorded neurons. The effects of behavioral 

state (quiet wakefulness, SWS and REM), interactior\s between two successive 

spatial experiences, and global modulation during 200 Hz EEC "ripples" on 

pattern reinstatement were studied in CAl pyramidal cell population 

recordings. Pairwise firing rate correlations during often repeated experiences 

accoimted for a significant proportion of the variance in these interactions in 

subsequent SWS or quiet wakefulness and, to a lesser degree, during SWS 

prior to the experience on a given day. The latter effect was absent for novel 

experiences, suggesting that a persistent memory trace develops with 

experience. Pattern reirxstatement was strongest during sharp wave-ripple 

oscillations, suggesting that these events may reflect system convergence onto 

attractor states corresponding to previous experiences. When two different 

experiences occurred in succession, the statistically independent effects of both 

were evident in subsequent SWS. Thus, the patterns of neural activity 

reemerge spontaneously, and in an interleaved fashion, and do not 

necessarily reflect persistence of an active memory (i.e., reverberation). Firing 

rate correlations during REM sleep were not related to the preceding familiar 

experience, possibly as a consequence of trace decay during the intervening 

SWS. REM episodes also did not detectably influence the correlation 

structure in subsequent SWS, suggesting a lack of strengthening of memory 

traces during REM sleep, at least in the case of familiar experiences. 
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CHAPTER 1: INTRODUCTION AND OVERVIEW 

This thesis primarily addresses the problem of detecting and 

deciphering the neural code for memory reactivation in the hippocampus. 

Possible implications of the reactivation process for consolidation of memory 

traces in the brain, quite possibly in brain regions outside the hippocampus, 

are discussed. 

The importance of the hippocampal formation and neighboring 

structures in memory storage in the brain is well known. The first strong 

suggestion came from the study of patient H.M by Scoville and Milner (1957). 

A bilateral medial temporal lobe resection performed on this patient with 

intractable epilepsy had a devastating effect on his memory capabilities. 

Patient H.M. is principally unable to remember novel facts-faces, objects or 

places but can retrieve old memories encoded a long time before surgery. The 

dominant anterograde nature of H.M.'s amnesia suggests that the deficit is in 

encoding and that one of the principal functions of the hippocampus is to 

irutially register a memory trace. This chance finding set the stage for decades 

of research on the memory functions of the hippocampus and its neighboring 

structures. Subsequent lesion studies in rats, non-human primates and 

humaiis have established that the hippocampus per se plays a necessary role 

in the initial encoding of novel memories, possibly of the episodic type. The 

hippocampal network architecttire presvimably permits rapid learning of new 

memories. In addition, it may contribute to a process by which these 

memories are made more permanent by providing a medium for 

reinstatement of new memories. In doing so, the hippocampal system may 

facilitate the interleaving and integrating of novel experiences into 

permanent memory structures in neocortical regions-a process labeled as 

memory consolidation. 
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The theoretical proposal that emerges from the experiments reported 

in this dissertation is that the reactivation of hippoc£unpal neuronal activity 

from preceding behavior during "off-line" states such as sleep might provide 

the necessary neural substrate for the process of memory consolidation. The 

term "offline" is used herein to indicate reduced processing of external 

sensory input as might occur during sleep. Such periods may, however, 

include states other than sleep, such as the quiet awake state. The data thus 

support theoretical models that suggest that a replay of neuronal activity from 

the hippocampus to the neocortex underlies memory consolidation. These 

theories propose that reactivation may assist the consolidation of labile 

neural activity traces in neocortical locations into long-term memories that 

can then be retrieved spontaneously or by association (e.g., Marr, 1971, 

Buzsaki, 1989). The problem of detecting memory trace reactivation is 

approached using an in vivo electrophysiological method in freely behaving 

rats. Specifically, activities of several dozens of neurons in the hippocampus 

were monitored simultaneously using exfracellular elecfrodes implanted 

chronically in the brain. The interactioris of the firing patterns of these 

neurons, albeit a small sample of the total hippocampal population, were 

studied during different behavioral states such as awake nmning behavior 

and sleep. The statistical relationship between the firing patterns of the 

ensemble of neurons during awake behavior and during sleep after the 

behavior was taken to be indicative of an imderlying neurophysiological 

process of memory reactivation. 

The approach simmiarized above has experimental and theoretical 

precedents. Donald Hebb (1949) suggested that memory traces are stored as cell 

assemblies resulting from changes in synaptic weights between neurons that 

are concurrently active and thus contribute to neurad ei\semble activity. Cell 

assemblies can thereby form in hippocampal neural networks during 

behavior as a result of plastic changes in synapses between neurons. The 



16 

spontaneous reinstatement of these assemblies constitutes the process of 

memory reactivation. David Marr (1971) suggested via a mathematical model 

of archicortical function, that the hippocampus might encode memory traces 

during behavior, which may then be played back to neocortical areas in "off

line" states. Sleep was thought to be a one such state conducive to replay as 

external serisory inputs are presiunably processed in a reduced manner by the 

brain during sleep as compared to the awake state. Marr thus assigned a 

memory reactivation function to sleep in the hippocampus. The 

experimental paradigm used in this thesis was inspired by these theories as 

well as the more recent experimental work of Pavlides and Winson (1989), 

who recorded the activities of rat hippocampal neurons during awake 

behavior and during sleep before and after the behavior. 

Note that the Hebbian model of memory requires one to have 

information on the simultaneous activities of neurons in order to test the 

theory. In the past, neurophysiological studies in search of the memory 

engram have been severely limited by the number of neurons recorded from. 

Typically, single electrode studies have a very low yield of data. A change, for 

example, in the firing rates of neurons responsive to a certain stimulus or 

spatio-temporal combination of stimuli were asstmied indicative of 

underljring mnemonic processes (e.g. Fuster & Alexander, 1971). The 

techniques used herein have overcome in part the limitations of single 

electrode recordings. Using the parallel recording techiuque (Wilson & 

McNaughton, 1993, 1994) allowed us to simultaneously monitor the activities 

of several dozens of neurons. This enabled us to study the interactioiis 

between them on a much larger sccde, and test theoretical predictions in a 

more robust manner. 

Two kinds of raw data are generated in the t)rpe of electrophysiological 

experiments reported here: single-imit activity and electroencephalographic 

(EEG) traces. Single tmit activity is the activity of a putative single neuron. 



17 

isolated using off-line spike clustering techniques. The action potentials of 

single neurons are digitized and a spike train is thus generated for each 

neuron. The two data types were subjected to off-line analysis. Spike train 

analysis utilized cross-correlation techiuques. As elaborated in Chapters 7 and 

10, this method is restricted in terms of the approach and the interpretations 

that can be made. The technique is, nevertheless, sensitive and robust. 

Filtered EEC traces were used for sleep scoring and to detect oscillations in 

hippocampal networks that may have implications for the reactivation 

process. 

This dissertation is organized as follows: Chapter 2 is a summary of 

experimental literature and conceptual models concerning the role of the 

hippocampus in memory. Chapter 3 is a brief sketch of the anatomy of the 

hippocampal formation. Chapter 4 is a review of the correlates of 

hippocampal neuronal firing and their implications for hippocampal 

mnemonic function. Chapter 5 is a review of the neurophysiological bases of 

memory and memory reactivation. Chapter 6 provides an overview of 

hippocampal oscillations and their sigiuficance to memory processes. An 

outline of the recording and data analysis methods used is presented in 

Chapter 7. Chapter 8 contaiiis an in depth study of the phenomenon of 

activity trace reactivation in the hippocampus. Chapter 9 examines the 

phenomenon with respect to novelty, replay of multiple experiences and 

REM sleep. Chapter 10 evaluates the role of pattern reactivation in memory 

consolidation, and provides possible future directions of study. 
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CHAPTER 2; MEMORY SYSTEMS, MODELS AND THE ROLE 

OF THE HIPPOCAMPUS 

2.1 Introduction 

Memory is a record of the operations of cognitive processes Qohnson & 

Chalfonte, 1994) and is a cardinal higher function of the brain. At a behavioral 

level it can be defined as the capacity of an organism to retain information 

about itself and the environment in which it lives; learning is the process of 

acquiring this information. At the level of "wetware", memory can be 

thought of as a coherent network of neurons and their connections. Neurons 

are thought to be associatively entrained into neural networks by experience 

induced concurrent activation, possibly in a sequence specific manner (Hebb, 

1949). Each neuron may participate in multiple networks and thus, may 

participate in representations of different experiences. The problem of 

deciphering how behavior might mould brain circuitry into storing neural 

representations of experience has been approached at several levels of 

investigation. As a result, memory systems and models at the cognitive, gross 

anatomical, network and cellular levels have evolved. This chapter reviews 

some of the system-level models and elaborates on the role of the 

hippocampus in memory. A discussion of computational approaches is 

deferred to Chapter 3. 

2.2 Short-term memory and long-term memory 

Memory has traditionally classified on a temporal basis into short -

term memory (STM) and long- term memory (LTM) (James, 1890; Waugh & 

Norman, 1965; Baddeley, 1990). This distinction is supported by the fact that 

some amnesic patients have intact STM despite severely impaired LTM (e.g., 

Baddeley & Warrington, 1970). On the other hand, patients with lesions of the 
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medial temporal lobe, such as the famous case of H.M, are impaired in the 

acquisition of new information, while their capacity to recall long-term 

memories remains unimpaired (Scoville & Milner, 1957; Corkin, 1984). The 

traditional view has been that the STM and LTM systems operate serially. 

New information is initially stored in STM and subsequently becomes 

incorporated into more stable LTM. STM, fragile and of limited storage 

capacity, may have two roles: one as a gateway to LTM and the other a 

temporary retention of an item of information, either new or old, for 

behavior in the near term, i.e., working memory. A new item in working 

memory may become consolidated into long term memory depending on 

factors such as salience, relevance and rehearsal. 

LTM, on the other hand, is thought to be of virtually unlimited 

capacity and is persistent. Cortical networks, thought to be stores of LTM, 

probably also contain representations of context into which the new engram 

may be incorporated. The role of LTM is to construct, from past experience, 

internal representations of the world that permit adaptive generalization and 

appropriate responses to novel situations (Qin et al., 1997). In other words, 

LTM may consist mostly of knowledge based on the accrual of episodic 

information, and not of episodes per se. 

Fuster (1995) notes that the distinction between STM and LTM, though 

operationally valid, is questionable from a substrate-process point of view. He 

argues that all new experiences always occur in the context of stored 

memories, implying that storage of STM is inextricable from the reactivation 

of long-term memories that any new experience evokes (see also Nadel & 

Moscovitch, 1997). Thus it may be a reasonable assertion that STM and LTM 

share the same cortical substrate and that STM involves a sustained 

activation of cortical networks. 

2.3 Declarative versus non-declarative memory 
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MEMORY 

DECLARATIVE (EXPUCIT) NON-DECLARATIVE (IMPLICIT) 

A 
SKILLS 

AND 
HABITS 

FACTS EVENTS PRIMING SIMPLE NONASSOCIATIVE 
CLASSICAL LEARNING 

CONOmONING 

Figure 2.1: Classification of memory by Larry Squire and associates; 
Declarative memory refers to conscious recollection of facts and events, and is 
thought to depend on the medial temporal lobe. Non-declarative memory 
includes a heterogeneous collection of abilities independent of the medial 
temporal lobe. Experience alters behaviors dependent on non-declarative 
memory in a non-conscious manner without providing access to memory 
content (From Squire & Zola-Morgan, 1991). 

LTM has been classified by some researchers into two main types: 

declarative and non-declarative, thought to be mediated by separate brain 

systems (Squire, 1992a; see Figure 2.1). Declarative memory or explicit 

memory is memory for facts, events or episodes and generally refers to 

memory that is dependent on the integrity of the medial temporal lobe and 

diencephalic structures (Zola Morgem & Squire, 1993). This type of memory is 

fast, is not always reliable (i.e., forgetting and retrieval failure can occur) and 

is flexible in the sense that it is accessible to multiple response systems. Non-

declarative (implicit memory, memory for habits or procedures) is a 

heterogeneous collection of separate abilities that depend on brain systems 

outside the medial temporal lobe and diencephalon. This memory type 

(except priming) is slow, reliable and inflexible-that is the information is not 

readily expressed by response systems that were not involved in the original 

learning. It encompasses a wide variety of skills and mental operatioiis that 

some amnesic patients have not lost, though they lose the capacity to form 

permanent new declarative memories (Squire, 1987; 2^1a-Morgan & Squire, 

1993). 
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Studies of amnesic patients have provided strong evidence for a 

distinction between declarative and non-declarative memory and suggest that 

there are different neural systems that provide for these fimctions. These 

patients fail conventional memory tasks that involve, for example, recall or 

recognition, but nevertheless perform entirely normally of a wide variety of 

other tasks (Cohen & Squire, 1980; Tulving et al., 1982). The deficit of these 

patients is epitomized by the thoroughly investigated case of patient H.M, a 

patient, who for the treatment of intractable epilepsy, underwent a bilateral 

resection of medial temporal lobes and the amygdala. The resection included 

virtually all of the entorhinal cortex and the anterior half of the 

hippocampus, dentate gyrus and subicular complex bilaterally. (Scoville & 

Milner, 1957, Corkin et al., 1997). MRI studies indicated that the remaining 

posterior parts of the hippocampus, dentate gyrus and subiculum were 

atrophic, the rostral levels of perirhinal cortex were resected but that the 

parahippoccimpal gyri were only slightly damaged (Corkin et al., 1997). 

Following surgery, H.M. lost his ability to remember practically everything 

that happened to him since the operation. He was able to retain new 

information for a short period of time and to leam new motor tasks. He, 

however, forgot the circumstances surrounding his performance of them. It 

was this remarkable ability to leam and perform sensorimotor tasks including 

mirror reading (see Figure 2.2), in the face of severe memory difficulties, that 

led Cohen & Squire (1980) to postulate a different form of memory which 

they labeled procedural (later reruuned non-declarative). In humans, 

declarative memory has been further classified into semantic and episodic 

memories. Semantic memory includes general knowledge about the world. 

Knowledge of facts, concepts, abstractions etc. are described imder semantic 

memory (Tulving, 1987). Episodic memory refers to autobiographical 

memory for events that occurred in a certain spatio-temporal context. The 

distinction between these two forms of declarative memory, episodic and 
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semantic, is appealing and suggestive of two different memory systems, but 

the empirical evidence for two different anatomical systems is weak. 

Generally, episodic memory is severely impaired in amnesics and though 

there have been reports where semantic information can be acquired in 

severe amnesia (see Tulving et al., 1991), a dissociation between the two sub

types based on brain systems is unclear. 

The division of memory into declarative and non-declarative types has 

also been supported further by lesion studies in animals (e.g., Malamut et al., 

1984). Lesions of medial temporal lobe (MTL) structures lead to memory 

deficits on tasks considered to be good tests of declarative memory in animals. 

For example, in the delayed non-matching to sample (DNMS), a single object 

baited with a food reward is presented to the animal. After a short delay 

(typically 8-10 s), two objects-the previously presented object and a novel 

object-are presented to the animal. The natural response of the animal to 

choose the novel object is rewarded. Typically, twenty trials, all using new 

object pairs, with an inter-trial interval of 30 s, are presented daily until the 

aiumal achieves criterion performance. In test trials, the delay between the 

presentation of the object and the pair is increased up to 2 minutes. Retention 

of the object information is increasingly impaired for the lesioned animals as 

the delay between the trial phases increases (Zola Morgan & Squire, 1990, 

1993, reviewed in Squire, 1992b). However these lesions do not appear to 

impair motor skills (Zola Morgan & Squire, 1984) suggesting a dissociation of 

structures for declarative and non-declarative memory as seen in humans. 

Although results from patient H.M and earlier lesion studies in 

monkeys were able to establish that the medial temporal lobe was somehow 

involved in memory, the exact role of individual MTL structures and 

especially the hippocampus was not clear. Larry Squire and Stuart Zola-

Morgan subsequently carried out a series of systematic studies of human 

amnesia and studies of an animal model of human amnesia in the monkey. 
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They were able to identify the anatomical components of the brain system for 

declarative memory within the MTL using an array of tests thought to test 

declarative memory. This neural system consists of the hippocampus and 

adjacent, anatomically related cortex, including the perirhinal and 

parahippocampal cortices. In 1986, they were able to establish a role for the 

hippocampus per se in human memory (Zola-Morgan et al., 1986). The study 

reported the case of R.B., an amnesic who developed memory impairment in 

1978 at the age of 52, after an episode of global ischemia. He survived for 5 

years, during which he had significant memory impairment in the absence of 

other cogiutive dysfunction (see Figure 2.2). Upon his demise, histological 

examination of the brain revealed a circumscribed lesion involving the entire 

rostro-caudal extent of the CAl field of the hippocampus. This study thus 

established that the hippocampus was a critical component of the medial 

temporal lobe memory system. On the basis of the fact that R.B. was not as 

severely amnesic as H.M., the researchers concluded that other hippocampal 

regions or structures outside the hippocampus also performed important 

memory functions. Data from another patient who developed amnesia after a 

series of generalized seizures and was found to have bilateral lesions of the 

whole hippocampus and dentate gyrus further supported the idea of a critical 

role of the hippocampus (Viktor & Agamanolis, 1990). Rempel-Clower et al. 

(1996) exterwively analyzed neuropsychological and neuropathological data 

from three more amnesic patients with ditferent degrees of damage to the 

hippocampal formation. They concluded that damage to the hippocampal 

formation (CA fields, dentate g3mis and subiculum) is sufficient to cause 

anterograde as well as retrograde amnesia, with a larger lesion required to 

caiise retrograde impairment. Pigott & Milner (1993) explored the spatial 

nature of the deficit resulting from hippocampal damage in humans. Right 

anterior temporal lobectomy caused deficits in memory for the objects, in a 

scene and for arrangement of filled and unfilled areas within the scene. 
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Figure 2.2: A. Performance of patient H.M. on a new motor (procedural) skill. 
He was required to leam to draw the outlines of a star while looking at his 
hand and the star in a mirror. Like normal subjects, H.M. initially made 
many errors, but rapidly improved over 3 days to an error-free level. He, 
however, had no recollection of the (declarative) fact that he had ever 
performed the task before. H.M. had a large bilateral lesion of the medial 
temporal lobes including the hippocampus (From Blakemore, 1977). 
Performance of patient R.B. on two separate administrations of a diagram 
recall task (a Rey-Osterreith figure, shown at the bottom left). R.B was first 
asked to copy the figure, and then, without forewarning, was asked to 
reproduce the figure from memory 10-20 min later. The left and middle 
panels show R.B.'s copy and reproduction 6 months and 23 months after the 
onset of amnesia. The right panel shows a copy and reproduction from an 
age- and education-mat(±ed control subject. The difference in the quality of 
reproduction is obvious (From Zola-Morgan et al., 1986). 
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When the lobectomy included extensive removals of the hippocampus, 

impadrments in the ability to detect changes in spatial locations of objects 

were noted. 

Findings from parallel lesion studies in monkeys are generally 

consistent with the results from human neuropsychological literature. 

Lesions of the hippocampus in monkeys were found to be sufficient to 

produce long-lasting amnesia in monkeys on a series a memory tasks 

(delayed non-match to sample, object discrimination, concurrent 

discrimination, delayed response) (Zola-Morgan et al., 1989a). Interestingly, 

however, Zola-Morgan et al. (1992) reported that in experimentally induced 

ischemia strictly limited to the hippocampal formation, no deficits were seen 

in the DNMS task at shorter delays. When the animal was taken out of the 

experimental area and returned there after 10 min, deficits were observed, 

suggesting a spatial deficit. Although the deficit could have been due to the 

temporal delay, similar spatial deficits have been observed in monkeys with 

selective lesions of the hippocampus (Parkinson et al., 1988; Angelie et al., 

1993) or bilateral fornix lesions (Gaffan & Harrison, 1989) and in rats with 

hippocampal lesions (Jarrard, 1993). 

Furthermore, a direct role of the amygdala cind mammillary bodies in 

memory, the former a prominent MIL structure included in H.M.'s 

resection, was eliminated by monkey lesion experiments (Zola-Morgan et al., 

1989a; Zola-Morgan et al., 1989b). Lesions of the amygdala that spared adjacent 

cortical areas did not impair memory and did not exacerbate the impairment 

following lesions of the hippocampal formation (Zola-Morgan et al., 1989b). 

The role of the adjacent cortical areas in memory-the perirhinal and 

parahippocampal cortices was established by the following facts, (a) Lesions of 

these areas that spare the amygdala and hippocampal formation are able to 

produce severe and long-lasting memory impairment (Zola-Morgan et al., 

1989c; Suzuki et al., 1993). (b) Lesions of the perirhinal cortex exacerbate 
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memory impairment following lesions to the hippocampal formation (Zola-

Morgan et al, 1993). 

Thus, within the medial temporal lobe, the hippocampus, £md adjacent 

cortical areas (i.e., entorhinal, perirhinal and parahippocampal cortices) 

appear to be critical for memory function, with indications that the 

hippocampus per se may be involved in spatial memory processing. In 

addition, within the diencephalon, there are structures that are important for 

memory functions in the medial thalamus: the anterior thalamic nucleus 

and the mediodorsal nucleus. Both the medial temporal lobe and the medial 

thalamus project to the frontal lobe, prestimably providing a route by which 

memories can be linked to planning and execution of actions. Damage to the 

frontal cortex does not itself cause amnesia but affects cognition and the 

nature of memory impairment due to medial temporal lobe damage 

(Shimamura et al., 1991). 

2.4 The role of the hippocampus in memory 

Several models of hippocampal function in declarative memory have 

been proposed based on findings from lesion and electrophysiological studies. 

These include models that propose that the hippocampus is important for 

encoding and recollecting spatial information (O'Keefe & Nadel, 1978), 

configural associations (Sutherland & Rudy, 1989), contextual information 

(Hirsh, 1974), working memory (Olton, 1983), declarative memory (Squire, 

1992a; Eichenbaum et al., 1992) or for decreasing interference (McNaughton & 

Morris, 1987). 

In the hippocampal literature, a dominant view of hippocampal 

function is an idea that O'Keefe and Nadel (1976) put forward two decades 

ago: the hippocampus constitutes the basis of a locale system whose primary 

function is to encode and store spatial information about the envirorunent in 

a map-like form. The proposal was that these cognitive maps correspond 
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roughly to the salient features of the animal's physical environment. By 

contrast, taxon systems do not depend on the hippocampus and are involved 

in various kinds of non-spatial learning. These conjectures form the basis of 

the cognitive map theory of hippocampal function (O'Keefe & Nadel, 1976). 

The theory is based on Tolman's (1948, 1949) earlier ideas on cognitive maps 

and habit learning. O'Keefe & Nadel assigned the cognitive map function to 

the hippocampus. The discovery of cells in the rat hippocampus with spatial 

correlates (O'Keefe & Dostrovsky, 1971) and the fact the animals with 

hippocampal lesions were severely impaired in tasks that required spatial 

learning, but were not impaired in non-spatial tasks (reviewed in Jarrard, 

1993), laid the foundations of support for this theory. According to the 

cognitive map theory, not only do different firing patten\s represent different 

places, but in addition, the spatial relationships between places are encoded by 

the interconnections between hippocampal neurons (O'Keefe & Nadel, 1978; 

Samsonovich & McNaughton, 1997; Skaggs & McNaughton, 1998). This 

results in the neurons firing in a manner consistent with each other, 

regardless of the subsequent availability of external serisory cues. 

The cognitive mapping theory is strongly supported by data from the 

rodent literature and is appealing from a theoretical modeling perspective. Its 

restriction of hippocampal function to spatial information processing, has 

however, invited criticism. Most other prominent theories of hippocampal 

function coi\sider cognitive mapping as a special case of memory processing 

by the hippocampus (e.g. Squire, 1992b). Larry Squire considers the 

hippocampus at the core of a memory system dedicated to processing 

declarative information, based on results from primate and human 

neuropsychology. Evidence against the limited role of the hippocampus in 

spatial memory includes impairment following lesions of the hippocampus 

on a task considered to be non-spatial, e.g., object discrimination (Squire & 

Zola-Morgan, 1991). The evidence is, however, weakened by the fact that the 
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lesions in that study extended beyond the hippocampus to neighboring 

regions. 

Earlier, Hirsh (1974) proposed that the hippocampus supports 

contextual retrieval, the ability to utilize context in which conditioned cues 

occur to retrieve the appropriate association. This model was used to explain 

deficits following hippocampal damage, in turning one way or the other on a 

T-maze, depending on an imposed motivational context (htmger or thirst). In 

a test of the contextual processing hypothesis. Philips and LeDoux (1992) 

investigated standard conditioning of fear to both central cues and 

environmental contexts on normal animals and in animals with 

hippocampal lesions. Animals were placed in a chamber and a foot shock 

(UCS) was paired with a tone (CS). In normal arumals, fear (freezing 

behavior, CR) could be conditioned to both the tone and the context of the 

experimental chamber. The hippocampal lesioned animals conditioned to 

the tone but not to the context (Phillips & Ledoux, 1992). This study also 

confirmed earlier reports that the hippocampus is not necessary for delay 

conditioning but is necessary for trace conditioning (Solomon & Moore, 1975). 

David Olton proposed that the hippocampus plays an important role in 

working memory. Olton & Fuestle (1981) trained rats to perform a radial 8-

arm maze task in which each arm had a distinctive set of visual and tactile 

discriminative stimuli. The animals had to remember which arms had been 

visited and avoid going down those arms more than once (working 

memory). The arms were rotated between sessions, while maintaining the 

topological relationship between them. The use of discriminative stimuli 

thus encouraged a non-spatial strategy to solve the task. Rats were tested pre-

operatively, given fimbria-fomix lesions and were tested post-operatively. 

Rats with lesions performed at chance levels post-operatively and did not 

show evidence of releaming the task suggesting a working memory correlate 

of hippocampal function. However, results from electrophysiological studies 
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are not consistent with a working memory hypothesis. If the recurrent 

circuitry of the hippocampus (outlined in Chapter 3) supports reverberatory 

working memory representations then cue-related delay cells (such those 

found in other cortical regioi\s, see Chapter 5) should be common in CA3. 

This is not the case (e.g., Wible et al., 1986; O'Keefe & Speakman, 1987), 

suggesting that reverberatory cell assemblies do not implement a working 

memory mechanism in the hippocampus. 

Similar to Squire's proposals, Eichenbaum and his colleagues have 

suggested that the hippocampus subserves declarative or explicit memory. 

Moreover, they have provided a conceptual framework for understanding 

how the hippocampus might perform this function. According to 

Eichenbaum, the hippocampus is crucial for representing configurations or 

relations among perceptually independent cues (relational representation) 

and provides representational flexibility, a quality that permits inferential use 

of memories in novel situations (Eichenbaum, 1994). The theory states that 

hippocampal dependent memories are defined by relational representations 

that allow the organism to compare and contrast different kinds of 

information. In this view of hippocampal function spatial information 

processing and cognitive mapping are seen as seen as special cases (of learning 

configurations between spatial cues). In one of Eichenbaum's experiments on 

odor discrimination learning, control rats and rats with fornix lesions were 

presented in some trials with odor cues simultaneously and in close spatial 

juxtaposition and were required to make a respotise indicating left/right 

choices. In other trials odors were presented across successive trials, hindering 

stimulus comparison and requiring only stimulus sampling behavior. Rats 

with fornix lesions were significantly impaired on the simultaneous odor 

discrimination that encouraged a relational representation, but not on the 

successive odor discrimination that required individucd representations 

(Eichenbaum et al., 1989). The relational processing hypothesis was also tested 



31 

using a spatial version of the Morris water maze task yielded comparable 

results. Fornix lesioned animals were impaired on the task when each trial 

involved a different starting point, which presumably involved forming of 

individual spatial relationships between the view of extra-maze cues at each 

starting point and the escape location. On the other hand, when the starting 

point was kept the same across trials, the fornix lesioned aiiimals performed 

as well as controls. Prestmiably, in this version of the task, performance was 

guided by a non-relational strategy e.g., a simple association between the start 

location and the escape location. Shapiro & Olton (1994) similarly propose 

that the hippocampus rapidly encodes relationships among stimuli. 

Piippocampal pyramidal neurons are, in their theory, relational imits, 

encoding, for example, the relations between a constellation of stimuli in the 

envirormient (place cells). Disruption of place fields by changing the spatial 

relationship between cues (e.g. O'Keefe and Conway, 1978) supports 

conjunctive encoding necessary for a relational representation, although the 

phenomenon can be explained on the basis of hippocampal remapping (see 

section 4.2.5). 

Sutherland and Rudy (1989) have proposed the configural association 

theory of the hippocampus. The central idea in their proposal is that the 

hippocampal formation is essential in acquisition, storage and retrieval of 

configural associations between events. In their view, there is a difference 

between simple associative learning, such as Pavlovian conditioning, and 

configural learning, which involves storage of a neural representation of a 

unique configuration of stimuli. Negative pattern discrimination is provided 

as evidence of the necessity for configural learning. The negative patterning 

problem requires the animal to respond differentially to configured stimuli 

that form a compound stimulus (light + tone, do not respond) and to the 

elemental stimuli that constitute the compoimd stimulus (light only, 

respond with lever press; tone only, respond with lever press). The 
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researchers have proposed that the hippocampus is necessary for configural 

associations. In support of their theory, Rudy & Sutherland (1989) 

demonstrated that rats with lesions of the hippocampus could not solve a 

negative patterning problem. They also have attempted to generalize their 

theory by accounting for various findings in the learning and memory 

literature using configural associations. For example, place learning in the 

Morris water maze task is thought to be solved by learning a configural 

association, i.e., the spatial arrzingement of distal cues or the topographical 

relationship between them to guide their navigation. The configural 

association theory has faced empirical and conceptual difficulties. 

Complementary evidence from neurophysiological studies demonstrating 

that hippocampal ensembles encode stimulus combinations is limited 

(Wiener et al., 1989). Importantly,ihowever, ample evidence has accumulated 

in the lesion literature against this theory, some of which has come from 

work of the authors themselves (Alvarado & Rudy, 1995; Rudy & Sutherland, 

1995; McDonald et al., 1997). For example, Whishaw & Tomie (1991) trained 

rats on a configural association problem in which the rats had to learn to 

associate odors with food locations as follows: the animals were presented 

with two strings t could have been due tone or the other of which had a piece 

of food tied to it, depending on whether an odor cue was present or not 

(almond extract embedded in adhesive tape wrapped around the strings). Rats 

with kainate-colchine lesions of the hippocampus could solve this configural 

task (i.e., pull up the string with food attached to it). Whishaw & Tomie (1996) 

have also tested whether the configural theory is applicable to a subset of 

modalities with lesser degrees of contiguity between stimuli (the olfactory-

tactile contiguity in their 1991 study was high and it is possible the animals 

could not discriminate the stimiili as two components of a configural one). 

Iristead of using olfactory stimuli, they used ambient room lighting as a cue. 

Rats were rewarded if they pulled up the correctly string baited with food. 
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depending on whether the room lights were on or off. As before, rats with 

fimbria-fonux lesions could solve the task. Gallagher & Holland (1992) 

compared configural and spatial learning in the same animals with ibotenic 

acid lesions of the hippocampus. These rats were severely impaired on the 

spatial version of the water maze and performed slightly better than controls 

on the negative patterning problem. Davidson et al. (1993) assessed 

acquisition of the same negative patterning task in rats with selective 

ibotenate lesions of the hippocampus (similar to Sutherland and Rudy's 

original study, damaging all cell regions of the hippocampus) and in rats with 

damage to the hippocampal formation produced by an intracranial infusion 

of kainic acid and colchicine (damaging CA3, hilar and dentate granule cells). 

Rats with either lesion type could solve the negative patterning problem. 

This study made use of a transfer test that indicated that the aiumals did in 

fact use a configural strategy to solve the task. This was an important 

demonstration because the animals may have solved the task using non-

configural strategies, i.e., by discriminating between the number of events 

presented (one or two cues) or on the basis of the complexity of the stimulus 

pattern. The rats were initially trained to respond with a lever press on a 

different elemental stimulus (clicker). Subsequently, the clicker was presented 

concurrently with the light to form a configural light-clicker configural cue. 

The animals thus had to leam a new negative patterning problem on the 

transfer trials. Rats with either lesion type could solve the negative patterning 

problem indicating that the animals did in fact tise a configural strategy to 

solve the task. The transfer test results confirmed this interpretation, 

demonstrating that hippocampus lesioned rats used a coitfigural or 

conjunctive strategy to solve the negative patterning problem, but that the 

hippocampus was not required to solve the task. 

Given the strong evidence against the role of the hippocampus in 

learning and storing configural associations, it is possible that the neural 
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representations of compound stimuli are stored outside the hippocampus in 

neocortical circuits. O'Reilly & Rudy (1999), for example, propose that 

stimulus conjimctioi\s can be acquired by two neural systems, the 

hippocampus and the neocortex, at different rates and biases of learning (see 

McClelland et al., below for a discussion of the original model). The 

hippocampal system rapidly and automatically acquires stimulus 

conjimctions, whereas the neocortex leams relatively slowly and must be 

driven to construct such representations by the demands of a tcisk. 

Furthermore, they propose that a good test of involvement of the 

hippocampal system in configural tasks is to study tasks where the acquisition 

of stimulus conjunctions is not forced by task demands (i.e., incidental 

conjunctive learning tasks). This proposal is supported by several studies that 

show detrimental effects of hippocampal lesioiis on such tasks (e.g.. Good & 

Honey, 1991; Kim & Fanselow, 1992). 

Marr (1971) sought to infer the computational properties of the 

hippocampus from its anatomy and physiology. He proposed that the 

hippocampus provides the substrate for a rapid-storage intermediate or 

temporary memory storage system that interacts with a more long-term 

cortical storage system. McNaughton and Nadel (1990) noted the similarity of 

Marr's (1971) concept of an autoassodator to Hebb's (1949) idea of a cell 

assembly and refer to such networks as Hebb-Marr networks. Using a model 

of a distributed associative memory, McNaughton and Morris (1987) 

demonstrated that the hippocampus may be able to store patterns that are 

partially similar. Based on simulation results and a study of the hippocampal 

architecture (McNaughton & Morris, 1987; McNaughton & Nadel, 1990) 

McNaughton has proposed the hippoceimpal architecture supports a role for it 

in pattern separation and pattern completion. Shapiro (Shapiro and Olton, 

1994) has similarly hypothesized that the major function of the hippocampus 

is to reduce associative interference during learning. Evidence from 
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extracellular recordings (Quirk et al., 1992) is consistent with a role for the 

hippocampus in pattern separation. In Quirk's study, cells in the medial 

entorhinal cortex had fields that tended to change in shape, but not in 

position, in two visually similar enviroiunents. However, a CAl cell with a 

robust place field in one environment was silent in the other highly similar 

environment, suggesting an orthogonalization operation in the 

hippocampus. There also is support for these conjectures from lesion studies. 

In delayed conditional discrimination trials (like the DNMS task) lesions to 

the hippocampus can increase susceptibility to interference, especially with 

increasing delays and with a larger number of stimuli to be remembered. In 

concurrent discrimination tasks also, hippocampal lesioned animals perform 

worse when the number of object-pairs to be discriminated is increased, i.e., 

when interference increases (e.g., Mahut et al., 1981; Wible et al., 1992). 

Results from the human neuropsychological literature are consistent with 

the interference hypothesis (Warrington & Weiskrantz, 1978). For example, 

patient H.M., in early studies, was able to rehearse and recall a list of three 

numbers correctly when imdisturbed. When interrupted, however, he had 

no memory for these numbers. 

2.5 Retrograde amnesia, memory consolidation and the 

hippocampus 

The precise biophysical mechanisms imderlying changes at the synaptic 

and cellular level during memory encoding are not fully imderstood. 

Substantial evidence, however, indicates that for these changes to become the 

permanent base of memory, the electrical activation of groups of cells, or the 

neurochemical processes induced by such activation must persist for some 

time. This time is known as the period of memory consolidation (Marr, 1971, 

McGaugh & Herz, 1972; Squire, 1992b; McClelland et al., 1995). The existence 

of such a period was inferred from experiments that demonstrated that 
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retention of a stimulus can be blocked by interference with electroconvulsive 

Glickman, 1961; McGaugh & Herz, 1972). The idea of memory consolidation 

was first formally proposed in 1900 by MuUer to account for the phenomenon 

of retroactive interference in human subjects, i.e., the fact that material that is 

learned remains vulnerable to interference from presentation of similar 

material for a period of time after learning (MuUer & Pilzecker, 1900). 

Muller's h5^othesis found immediate support from two human studies of 

amnesia (McDougall, 1901; Bumham, 1903). Transient amnesic conditions, 

such as head injury or electroconvulsive therapy leave patients permanently 

imable to remember the events that occurred while they were amnesic. Early 

clinical reports of human memory impairments have emphasized that 

retrograde amnesia (RA) may be temporally graded suggesting that there may 

be a time-limited function of certain brain structures in the consolidation of 

memories (Ribot, 1881; Russell & Nathan, 1946). In their classic study of over 

1000 patients with closed head injury, Russell & Nathan (1946), demonstrated 

that the duration of anterograde amnesia was strongly correlated with the 

extent of retrograde amnesia. This suggested that certain brain regions might 

be essential for establishing information within long-term memory, and they 

are also essential for a limited period of time after learning. 

As discussed above, the limbic structures, especially the hippocampus, 

are thought to participate in the initial storage and retrieval of declarative 

memories (e.g., Scoville & Milner, 1957; Squire, 1993). These structures 

comprise a memory system that is fast and allows acquisition of 

representations involving arbitrary elements (declarative or episodic 

memories). A plausible hypothesis, based on the anatomical connectivity (see 

Chapter 3), is that limbic influences, acting on neurons of associative 

neocortex complement or enhance the basic processes of formation of new 

associations, and thus new memories, by the strengthening of synaptic 

strengths. In one influential view (Sqtiire, 1993), as time passes after initicii 
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learning, a process of reorganization occurs such that a more permanent 

memory is established that is independent of these structures. Squire's theory, 

however, does not elaborate on the mechanisms involved in the 

consolidation process. 

Teyler and Discenna (1986) in proposing the memory indexing theory, 

have provided an interesting theoretical perspective on hippocampal 

function. They propose that the hippocampus, rather than storing a map of 

extemal environment as suggested by the cognitive map theory, stores a map 

of locations of other brain regions. The theory cisserts that extemal 

information is initially encoded across the neocortex in cortical modules. 

Each unique experiential event is represented by a unique spatio-temporal 

array of neocortical modules. The role of the hippocampus is to store a map 

or index of those cortical modules activated by the experiential event. The 

hippocampus storage of the indexes of the spatio-temporal pattern of active 

cortical modules occurs via LTP in specific hippocampal loci via cortico-

limbic pathways. Subsequent activation of the hippocampal index is thereby 

facilitated and reciprocal limbic-cortical coimections are responsible for the 

reactivation of the array of neocortical modules indexed in the hippocampus. 

Such neocortical activation re-establishes the pattern initially established by 

the original experience and leads to the experience of memory. Once the 

memory index has been established in the hippocampal array, it is subject to 

further augmentation by repeated activation of the same cortico-hippocampal 

pathways. Alternatively, given no further activity on those specific pathways, 

the hippocampal index will decay as a function of time, similar to the decay of 

LTP. If oiUy portions of a hippocampal-index neocortical array are activated, 

the corresponding subset of the hippocampal index will be reactivated. If this 

is above a certain threshold, the complete index for that event will be 

activated thereby activating the complete pattern of neocortical modules 

activated by the original experience. In the memory indexing theory, during 
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recognition, the original stimulus event is repeated and activates a similar 

array of cortical modules. The index for the array of cortical modules 

originally activated is stored in the hippocampus. Reactivation of a stored 

hippocampal index results in a facilitated hippocampal output and the 

recognition that this is an event that has occurred in the past. Recall, on the 

other hand, involves a spontaneous activation of cortical modules in the 

appropriate spatio-temporal sequence to bring about a recollection of the 

experiential event. 

Rolls (Treves & Rolls, 1994; Rolls, 1996) advocates that the 

hippocampus is an intermediate buffer store into which information, 

depending on its saliency, is stored as a "snapshot" as events happen in the 

world. In this theory, the capacity limitations of the hippocampal architecture 

(dependent on the number of synaptic connections) necessitate the gradual 

transfer of memories held in the hippocampal buffer to locations else where 

in the brain, if they are needed in the long-term. During the period when an 

episodic memory is stored in the hippocampal network, recall is made 

possible even when a fragment of the episode is made available. This results 

from the pattern completion properties of the CA3 network. The recall of the 

memory in the hippocampus facilitates reii\stantiation of the whole episode 

in the neocortex via output pathways arising from the deep layers of the 

entorhinal cortex. The backprojections, by recalling previous episodic events, 

could provide information useful to the neocortex in the building of new 

representations in multimodal and unimodal association areas. The cortex is 

thereby able to incorporate information about the episode into long-term 

memory stores. Rolls' theory requires that the cortical synapses receiving the 

backprojections from the hippocampus are associatively modifiable for as 

long as the memory remains in the hippocampal buffer. This would activate 

the same subset of cortical cells during recall that participated in the original 

learning. The main emphasis of Rolls' theory is on the criticality recall in 
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the gradual consolidation of memories in the neocortex as opposed to the 

importance of spontaneous reactivation proposed in McClelland et al. (1995) 

and experimentally verified in this dissertation. In contrast to Teyler and 

Discenna's hj^othesis that suggest storage of pointers to episodic memories 

in the hippocampus, Rolls proposes that the whole episodic memory is 

temporarily stored in the hippocampal buffer. 

A systems-level hypothesis of memory consolidation heis been 

proposed by McClelland, McNaughton and O'Reilly (1995). Their theory has 

at its core a temporally circumscribed role for the hippocampus in memory 

consolidation, a well-defined role for the hippocampus and neocortex and, 

importantly, a mechanism for memory consolidation. They propose that the 

evolution of two different neural architectures suggests complementary roles 

for the hippocampus and neocortex in memory function. The neocortex is a 

memory system that is not prone to interference but is only able to acquire 

new information very slowly, at rates inadequate for rapid storage and recall. 

The neocortex slowly integrates information over several repetitions and 

thereby discovers the underlying statistical regularities in the input. It is 

therefore able to store the structure of the environment using distributed 

overlapping representations. The hippocampus, on the other hand, appears 

to be a system that is prone to interference but is designed for rapid learning 

using pattern separation. This suggests the possibility that the hippocampus 

rapidly acquires memories and assists the neocortex in consolidating them. 

This can be made possible by a spontaneous reinstatement of memories 

(sparsely encoded patterns of activity in the hippocampus) that facilitate the 

incremental adjustment of sjmaptic efficacies in neocortical circuits via 

pathways connecting the hippocampus to the neocortex. Hippocampus-

directed interleaved learning in the neocortex may thereby help the discovery 

of structure present in everyday experiences, and may help integrate new 

knowledge in cortical memory locations, without producing interference. 
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Thus, McClelland, McNaughton and O'Reilly propose a hippocampal-

dependent mechanism by which recently acquired information is gradually 

interleaved into long-term memory stores in neocortical locations. This 

process, known as memory reactivation, involves replay of activity patterns 

in the hippocampus during sleep of information acquired during awake 

behaviors. This allows memories to be initially dependent on the 

hippocampus to gradually become independent of it. 

The notion that the hippocampal formation plays a role in memory 

consolidation began to emerge with the initial studies of H.M. (Scoville and 

Milner, 1957; Milner et al., 1968). Marr (1971) and Milner (1989) proposed that 

the hippocampus might play the role of a teacher to the neocortex. Lesions of 

the MTL leave human patients and animals with amnesia for events that 

transpired or learning that took place just prior to the time of the lesion. This 

demonstrates the necessity of the integrity of medial temporal lobe and 

diencephalic structures at the time of memory acquisition. Moreover, human 

studies using memories for public events (Squire et al., 1989), trivial facts 

(Squire & Cohen, 1979) and autobiographical information (MacKinnon & 

Squire, 1989) have indicated temporal gradients to the RA that last for a few to 

several years. This suggests that the MTL structures play a role in memory 

consolidation. Patient H.M from Scoville and Milner's (1957) study is able to 

recall episodic memories formed years prior to his surgery, but cannot recall 

events weeks or months prior to the operation. In addition, he shows 

improvements in tasks involving learning skilled movements, but has 

absolutely no recollection that he had ever done the task before (see Figure 

2.2). In another patient R.B., the dcimage was restricted to the CAl region of 

the hippocampus. Retrograde amnesia was limited to 1-2 years prior to the 

onset of amnesia (Zola-Morgan et al., 1986). R.B. demonstrated significant 

deficits in acquiring new declarative memories (see Figure 2.2). In three other 

patients with more extensive damage to the hippocampal cell fields including 
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CAl, CA3 and the dentate gyrus regions, the duration of RA was longer and 

covered up to 15 years (Rempel-Clower et al, 1996). Other patients exhibit 

temporally graded memory loss covering one to two decades have been 

reported (Squire et al., 1989). Still other patients, however, exhibit retrograde 

amnesia that appears extensive and imgraded, covering most of adult life 

(Squire, 1992b). It is possible that in these cases to some extent, the severity of 

the RA is a function of the extent of damage to MTL structures. A lack of 

consistent correlation between RA and AA in many of these cases makes this 

possibility less likely (Shimamura & Squire, 1989; Barr et al., 1990; Nadel & 

Moscovitch, 1997). In many of these cases, though, the brain damage may 

have extended outside the MTL/diencephalic regions (reviewed in Squire & 

Alvarez, 1995). It thus appears more likely that a temporally graded RA is 

present when damage is restricted only to MTL/medial thalamic structures. 

When damage extends beyond these structures, a flat gradient is observed. 

Prospective studies in experimental animals are consistent with the 

hiunan data, though the retrograde gradient appears to cover a much briefer 

span of time. In one study, monkeys learned 100 object pairs prior to removal 

of the hippocampal formation including the hippocampus and the 

entorhinal as well as the parahippocampal cortices (2^1a-Morgan Sc Squire, 

1990). Twenty object pairs were learned at each of 5 preoperative periods (16, 

12, 8,4, and 2 weeks). Two weeks after surgery, all animals were tested on all 

100 discriminations each presented once over two 50-trial sessions. For 

normal monkeys, acou-acy dropped ftrom about 80% for the discriminations 

learned an average of 1-3 weeks prior to surgery to about 70% for those 

learned 11-15 weeks prior to surgery (see Figure 2.3). Hippocampal-lesioned 

monkeys demonstrated the opposite pattern, remembering objects learned 

remote from siurgery better than objects learned recently (-60% for 

discrimiruitions learned at about 1 week prior to surgery, but ~70% at 11 weeks 

prior to surgery). Beyond 11 weeks, there were no differences between 
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Figure 2.3: Examples of retrograde amnesia following lesioiis of the 
hippocampus. A: Retention of 100 object discrimination problems learned 
approximately 2,4,8,12, and 16 weeks prior to surgery in bilaterally 
hippocampal-lesioned cynomolgus monkeys (hollow circles) compared to 
normal control animals (filled circles).The operated monkeys performed 
significantly worse than controls on object pairs that had been learned either 2 
weeks or 4 weeks before surgery. The groups did not differ at the other time 
periods. The normal moiUceys exhibited forgetting: recently learned 
information was recollected better than older information. (From Zola-
Morgan & Squire, 1990) B: Retention of a fear conditioning response 
(freezing) specific to context in rats trained to associate foot-shock with a tone 
and with the context of an experimental chamber. After training, bilateral 
hippocampal lesions were made 1, 7,14, or 28 days later (open circles). Sham 
operated rats (filled circles) and rats with cortical lesions (data not shown) 
were used as controls. Rats with hippocampal lesions performed 1 day after 
training failed to exhibit freezing when placed in the experimental chamber at 
test, and the freezing response improved to that comparable to normal rats as 
the training-lesion interval increased. Normal animals demonstrated 
freezing at all time periods, indicating the long-term nature of contextual-fear 
memory (From Kim & Fanselow, 1992). 
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hippocampals and the controls, suggesting that the contribution of the 

hippocampus becomes negligible after that time. Similar temporal gradients 

of RA have been observed in rats acquiring a context-dependent fear response 

at different times prior to hippocampal damage (Kim & Fanselow, 1992). Each 

animal was placed in a novel environment, where it was exposed to 15 

pairings of a tone with foot-shock, and then returned to its home cage. After 

1, 7,14 or 28 days they received either bilateral hippocampal lesions or sham 

lesions. Seven days after surgery, the animals were reintroduced to the 

environment in which the tone-shock pairs had been presented, and the 

percent time spent in typical fear postures was morutored, in the absence of 

any presentation of tone or shock. The sham lesioned group demonstrated a 

high degree of freezing whereas the hippocampal animals that had received a 

hippocampal lesion one day after the tone-shock experience showed hardly 

any fear. Furthermore, there was a clear increase in fear response as a 

function of time between experience and the lesion. This study thus lent 

strong support to the time-limited role of the hippocampus in the process of 

consolidation. 

Winocur (1990) exposed rats to a conspedfic demonstrator eating a 

food sample flavored with either cinnamon or chocolate. After a delay of 0, 2, 

5, or 10 days, some rats received hippocampal lesions while others received 

sham surgery. After 10 days of recovery, each rat was given access to both 

chocolate and cinnamon flavored food, and the amount of each type of food 

consumed was measured. Control rats showed a preference for the sample 

food eaten by the demonstrator rat, with decay in preference over about 20 

days. Flippocampal lesioned animals that were operated upon immediately 

after exposure to the demonstrator rat showed virtually no preference for 

either of the food types. Performance improved in the groups operated 2-5 

days post-exposure, but again declined in the rats operated 10 days post

exposure to levels comparable to those seen in control animals. These data 
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suggested again, that the initial memory trace was dependent on the 

hippocampus and that the hippocampal trace decayed fairly rapidly. In this 

experiment the neocortical traces also decayed fairly rapidly. Similar results 

have been obtained in mice acquiring maze habits at different times prior to 

damage of entorhinal cortex (Cho et al., 1991) and trace conditioning of the 

eyeblink reflex in rabbits (Kim et al., 1995). 

The lesion literature indicates in general that the longer the memory 

trace is consolidated without disruption, the more it is likely to be 

transformed into a long lasting memory. The studies also clearly show that 

the MTL structures are not a repository of long-term memories cmd that 

possible alterations in the quantitative and qualitative changes in memory 

traces can continue for long periods of time after training. Note that there are 

large differences in the time-scale of the gradient in different species as 

described in the above experiments. Even within species, there appear to be 

variations due to task differences. Some of this variation may be due 

differences in the saliency of the information to be stored in the 

hippoc£unpus. There also may be species differences in the rate of decay of 

hippocampal memory traces and in the rate neocortical learning, arising from 

different evolutionary pressures (McClelland et al., 1995). In animals with 

relatively short life spans (and smaller hippocampal capacity for memory 

traces) like rats, the consolidation process presumably proceed quickly with a 

rapid rate of neocortical learning and a corresponding rapid decay of the 

hippocampal trace. In humans with longer life spans and who must master 

complex bodies of knowledge, consolidation may proceed at a much slower 

rate and hence the RA gradients may appear much flatter than in animals. It 

follows that in these cases the hippocampal trace must not decay quickly, so as 

to facilitate the gradual interleaving of information into neocortical areas. 

Indeed, Nadel & Moscovitch (1997) have recently challenged the idea 

that hippocampal formation plays a time-limited role in memory 
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consolidation (Squire. 1993). The essence of their model is that the 

hippocampal and neocortical memory systems interact over time in ways that 

can influence the content of knowledge in both systems. A gradual transfer of 

information initially stored in the hippocampus to the neocortex is not 

assumed. The authors cite results from the animal and human literature 

demonstrating flat gradients in autobiographical memory and other 

hippocampal dependent tasks (e.g., Barr et al., 1990; Bohbot et al., 1996; 

Rempel-Clower et al., 1996). They question an adaptive basis for a 

consolidation process that is almost as long as the average human life span. 

They conclude that the extent of RA and the slope of the RA gradient are very 

likely related to the extent of the medial temporal lobe damage. Based on 

their meta-analysis of the data, they have proposed a multiple trace theory in 

which the hippocampal complex rapidly encodes all information in its sparse 

and distributed ensemble of principal neurons. This ensemble activity acts as 

a pointer, or index to neocortical neurons that represent the attended 

information and serves as a mechanism to bind them into a coherent 

memory trace (see Teyler & Discenna, Section 2.4). The entire hippocampal-

neocortical ensemble constitutes the memory trace for the episode. Each 

reactivation of this memory trace occurs in an altered neuronal and 

experiential context. Because the hippocampal complex obligatorily encodes 

all information that is attended, the reactivation of the memory traces results 

in the creation of a newly encoded hippocampal trace similar to the original 

one. The creation of multiple related traces facilitates extraction of factual 

information from an episode and its integration with pre-existing semantic 

memory stores. 

Although the Nadel and Moscovitch (1997) theory is appealing, it may 

not be biologically plausible. The hippocampus has far fewer synaptic 

cormections than the neocortex and computationally, its architecture is not 

suited to storing large amounts of information concurrently and is prone to 
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catastrophic interference (McClelland et al., 1995). Teyler and Discenna (1986) 

provide a middle ground between the more extreme stands taken by Nadel & 

Moscovitch (1997) and Zola-Morgan & Squire (1993). They propose that is 

possible that the continual reactivation of a particular hippocampal index 

would have a slowly incrementing effect upon the cortical circuitry it indexes 

or represents. If this were the case, the hippocampal index would, with time, 

become redundant resulting in the ability of the cortex to match to the pattern 

of experientially activated cortical modules. 

Regardless of which of the above models is more accurate, all of them 

require a bidirectional connectivity between the hippocampus and the 

neocortex, and reactivation of memory traces in both regiorw. The anatomy of 

cortico-hippocampal pathways does indeed provide the necessary 

cormectivity. Studies of fiber connections in the monkey have provided 

support for the notion that all cortico-cortical pathways originating in 

primary sensory areas send connections to limbic structures at one stage or 

another of their progression (Van Hoesen, 1982; Amaral, 1987), There seems 

to be a general flow of neocortical sensory input into the limbic system, 

especially the hippocampus. Areas 19, 20,21 of the inferotempoal cortex send 

projections to limbic structures. Other associative areas of posterior cortex 

(sensory association) and prefrontal association areas 9 and 46 (sensorimotor 

association) also connect with limbic areas. All these cortical projectior\s are 

reciprocated by pathways in the opposite direction (Amaral, 1987). The 

reciprocal connectivity between the neocortex and the hippocampus may 

therefore be crucial for memory consolidation. None of this cormectivity, is 

however, direct. Both the afferent and efferent cormections of the 

hippocampus with neocortex flow in stepwise fashion through the limbic 

cortex of the inferomedial aspects of the temporal lobe, i.e., through 

perirhinal, parahippocampal and entorhinal areas (see Chapter 3). Thus, the 
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inferomedial temporal cortex appears to funnel information in both 

directions between the hippocampus and association cortices. 

2.6 Memory reactivation and the hippocampus 

Regardless of the nature of the memory traces that are encoded in the 

hippocampus (spatial, temporal, contextual etc.), a spontaneous reactivation 

of these traces in the hippocampus and neocortex appears to be a necessary 

condition for consolidation of memories. An operational definition of the 

term "memory reactivation" is in order. According to McNaughton (1998), 

memories are presumable stored as instantaneous vectors of ensemble 

neuronal activity in the brain during the encoding phases. Memory 

reactivation implies the spontaneous internal reirwtatement of the pattern 

vectors and/or parts and/or sequences thereof, such that the replay may lead 

to the experience of the stored memory. 

In the hippocampus, reactivation appears to be necessary not only from 

a consolidation point of view but seems mandatory from a computational 

perspective. The hippocampal architecture supports a rapid storage of 

memories but is prone to catastrophic interference, i.e., the storage of one 

memory may lead to the drastic corruption of other memories stored earlier 

in the network. (McClosky & Cohen, 1989, see Chapter 3). This theoretical 

consideration suggests that temporary storage of memories in a hippocampal 

buffer may be required for efficient functioning of the rapid hippocampal 

memory system. Therefore, if these memories are to be stored elsewhere in 

the brain or to be used for modifying existing memory circuits in the 

neocortex, they need to be reactivated prior to decay. This may occur when the 

system is "offline", i.e., not processing external input. Marr (1971) 

hypothesized that sleep may in fact provide the necessary conditions for such 

offline replay. 
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The distinction between retrieval and reactivation is important. In 

contrast to retrieval, which involves a more active attempt to self-generate 

cues and pointers to the stored memory, reactivation is spontaneous but 

could be a consequence of retrieval. Repetitions can also be generated by an 

process known as external reinstatement (e.g. when one sees a motion picture 

the second time). Both external reinstatement and spontaneous internal 

reactivation may increase the probability that various features of an 

experience may become bound together in an associative manner. The 

relationship (and distinction) between reactivation and reinstatement is 

relevant for the studies reported in this dissertation. In some experiments 

reported, some arumals experienced a spatial envirorunent more than once, 

i.e., the experience was reinstated. The neuronal measure of reactivation 

developed in this dissertation was consistently seen following reinstatement, 

but less often observed spontaneously. 

Reactivation may also play a fundamental role in recognition and 

recall by providing the cogrutive contiguity necessary for binding together 

information and consolidating it and its relationships. The most salient 

sjnnptoms of anterograde amnesia are dramatic disruptions in recall and 

recognition of information and events experienced subsequent to the onset of 

the amnesia. A reactivation deficit may impair recognition memory, both by 

disrupting the accrual of information that subserves familiarity and by 

eliminating the binding opportimities that subserve the ability to recollect 

specific featural and structural information important for recognition. Recall 

depends more on reactivation than does recognition (Johnson & Chalfonte, 

1994). 

2.7 Sleep and memory reactivation 

Marr (1971) considered consolidation as a process of sorting experiences 

into categories, and noted that this sorting process required an adequate 
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statistical sample of the experiences. Marr further proposed that the 

hippocampal system stored experiences as they happened during the day, and 

then played back the memories stored therein to the neocortex overnight. 

Some theories suggest that in the waking brain, information about the 

external world reaches the hippocampus via the entorhinal cortex, whereas, 

during sleep, the direction of flow of information flow is reversed (Buzsdki 

1989, 1998). McNaughton (1983) was the first to recognize that Marr's theory 

fitted in nicely with the fact that patterns of activity in the hippocampus are 

different during awake behavior and sleep. He noted that during slow-wave 

sleep and quiet-awake states, hippocampal neurons have a high probability of 

firing synchronously, favoring synaptic plasticity. Buzsiki (1989,1998) has also 

suggested that neocortico-hippocampal transfer of information takes place 

during waking behavior and the synaptic modification process in neocortical 

circuitries by the hippocampal output takes place in a temporally 

discontinuous manner during sleep. In fact some theories suggest that the 

origins of sleep and memory processes appear to be tied to the evolutionary 

mechanisms of enhancement and maintenance of synaptic efficacy (Kavanau, 

1994). There is some evidence that during sleep information may flow from 

the hippocampus to the neocortex. Sharp-waves are seen in the deep layers of 

the entorhinal cortex, a region in which output axons from hippocampal 

subfields terminate and from which pathways extend to widespread regions 

of the neocortex (Chrobak & Buzsdki, 1994, see Chapters 3 and 6). 

The existence of a relationship between sleep states and learning is 

supported by both animal and by himi£in studies. Jenkins and Dallenbach 

(1924) were the first to demonstrate that sleep "protects" memory traces, a 

finding that was confirmed in subsequent studies (Van Ormer, 1932; Lovatt & 

Warr, 1968, Benson & Feinberg, 1975; Tilley & Empson, 1978; Idzikowski, 1984, 

see CipoUi, 1995 for review). Jenkins and Dallenbach (1924) studied two 

subjects who either learned a list of non-sense syllables in the morning or in 
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the evening. With a retention interval of 8 hours they found a clear 

superiority in retention of the lists learned in the evening just prior to 

sleeping as compared to those learned in the morning. This was taken as 

evidence of a beneficial effect of sleep on learning. Interestingly, Benson & 

Feinberg (1975) foimd that retention was better after a 24 hr delay for subjects 

who had learned the task in the morning as compared to an 8 hr delay, 

indicating a time dependent improvement independent of sleep effects. 

During the course of normal sleep there is a periodic alternation 

between two qualitatively different sleep states, known as REM and non-REM 

sleep, distinguishable on the basis of EEG criteria and the presence or absence 

of rapid, conjugate eye movements. Rats have rapid eye movements which 

can be measured by the electrooculogram (e.g.. Smith & Lapp, 1986). The 

major synchronized neocortical EEG waves of non-REM sleep stage 2 are delta 

waves, spindle oscillations, and the slow sleep oscillation. As a NREM sleep 

bout progresses, spindles become reduced and progressively overwhelmed by 

lower frequency (1-4 Hz), high-voltage thalamocortical delta waves. The latter 

defines stages 3 and 4 of slow wave sleep (SWS). During REM sleep, whose 

onset is heralded by the ponto-geniculo-occipital (PGO) spikes (Hobson, 1989; 

McCariey, 1994), neocortical EEG gets desynchronized and is replaced by 

complex EEG rhythms lacking low-frequency components. Whereas the 

neocortical EEG is desynchronized diuing REM sleep, all marsupial and 

subprimate terrestrial placental mammals evidence a highly synchronized, 

almost sinusoidal, high voltage hippocampal EEG oscillation-the theta 

rhythm. This prominent rhythm was used in the current experiments in 

conjunction with behavioral criteria to identify REM sleep. 

In rodents the theta rhj^thm is also seen during locomotor behavior. 

Synaptic plasticity in the hippocampus is facilitated by delivering electrical 

stimulation patterned after or coincident with the theta rhythm (e.g.. 

Diamond et al., 1988; Huerta & Lisman, 1995). The peak phase firing profile of 
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place cells during exploratory behavior is consistent with conditions 

associated with the induction of LTP, which remains the primary candidate 

neural process for memory formation and storage. It has been demonstrated 

that a single burst of 4 stimuli applied at the peak of a theta wave reliably 

induces long term potentiation (LTP) of synapses (Huerta & Lisman, 1995), 

thought to underlie the formation of Hebbian-type associatioi\s. 

Depotentiation of previously potentiated synapses is also reliably induced 

when stimuli are applied at the theta trough (Huerta & Lisman, 1995. 

Regularly timed local field potential oscillations, such as theta activity, may 

serve to increase the synchrony of firing between cells (e.g., Leonard et al., 

1987; Laurent et al., 1996) to enhance the production of associative LTP. On 

the other hand, during slow wave sleep, theta is replaced by irregularly tinted 

sharp waves (0-3 Hz) and ripples (100-300 Hz), and synaptic plasticity in the 

hippocampus is at a minimum (Leonard et al., 1987; Bames et al., 1977). Thus, 

it is tempting to speculate that endogenous plasticity mechanisms may be 

engaged during REM sleep and that during SWS these mechanisms are 

suppressed. 

Indeed, a fairly large animal literature suggests that REM sleep may 

influence memory consolidation (reviewed in Fishbein & Gutwein, 1977; 

McGrath & Cohen, 1978; Smith, 1985; Dujardin et al., 1990; Smith, 1995). 

Fishbein et al. (1970), Pearlman (1972) and VanHulzen & Coenen (1982) 

reported a retention deficit of two way shuttle box avoidance learning in rats 

following REM deprivation. Smith & Kelly (1986) showed that REM sleep 

deprivation applied two days after end of training on the same task retards 

learning. Pearlman and Becker (1974) found the REM sleep deprivation 

impairs bar-press acquisition in rats. Smith & Butler (1982) observed that only 

REM sleep deprivation applied only several hours (9-12 hrs or 17-20 hrs) after 

trairung on the shuttle-box avoidance task resulted in learrung deficits; REM 

sleep deprivation applied at other times windows had no effect. Lucero (1970) 
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showed a lengthening of REM sleep duration in mice after a complex maze 

learrung task. Fishbein et al. (1974), Smith et al. (1974,1980) and Smith & Lapp 

(1986) demonstrated prolonged increases in paradoxical sleep in mice during 

and up to a week after acquisition of a shock avoidance task. Gutwein & 

Fishbein (1980) demonstrated that living in an enriched environment 

increased REM sleep in mice. Recently, Smith & Rose (1997) found that rats 

with paradoxical sleep deprivation performed worse than controls on the 

spatial version of the Morris water maze. Other rats implanted with 

electrodes to monitor EEG were found to undergo a prolonged period of 

elevated PS after spatial training. Interestingly, these changes were not 

observed in rats trained on a non-spatial version of the water maze task. 

Human studies have also tried to elucidate the role of REM sleep in 

memory. Empson & Clarke (1970) demonstrated that REM deprived human 

subjects are not able to retain a word list as well as control subjects. A study by 

Lewin and Glaubman (1975) indicated that REM sleep deprivation in humans 

may have a deleterious effect on tasks involving divergent (creative) 

processing but does not affect rote learning. Mandai et al. (1989) found an 

increase in REM sleep following Morse code learning and Smith & Lapp 

(1991) observed increased REM density after an intensive learning period 

(college examinations). These increases persisted for many days. Tilley & 

Empson (1978) demonstrated that accuracy of story reproduction following 

REM deprivation is significantly inferior to that following S4 (Stage 4 SWS) 

deprivation. A strong deleterious effect of REM sleep deprivation on 

procedural memory was reported by Kami et al. (1994). Subjects were trained 

to discriminate the orientation of a configuration of visually presented lines. 

With repeated practice subjects learned to make the discrimination with 

shorter exposure times of the stimulus configuration. While subjects still 

improved on this task following a night of SWS deprivation, deprivation of 

REM sleep completely abolished any beneficial etfect of sleep. These results 
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led the authors to suggest that REM sleep facilitates the consolidation of 

procedural memory. 

Interestingly, a few studies have failed to demonstrate impairing effects 

of REM sleep deprivation on human memory mainly in tasks of declarative 

memory (e.g. Ekstrand et al., 1971; Levin & Glaubman, 1975). The importance 

of non-REM sleep in some memory tasks began to emerge in parallel. Studies 

that did not employ selective sleep deprivation techniques overall suggested a 

more positive effect on retention of SWS than of REM sleep (Barrett & 

Ekstrand, 1972; Fowler et al., 1973). In these studies, retention rates following 

undisturbed early and late nocturnal sleep were compared. It was observed 

that recall of word pairs was superior when the retention interval included 

an undisttirbed early period of nocturnal sleep characterized by extended 

epochs of SWS, as compared to the retention after an undisturbed late period 

dominated by REM sleep. These studies suggested that the effects of early 

sleep reflect a protective influence of SWS on the decay process of declarative 

memory. McDonald et al (1975) observed foimd that in subjects in slow-wave 

sleep, conditioned discrimination acquired during wakefulness persisted in 

sleep stages 2 and 4, as reflected by finger plethysmographic, heart rate and 

electroencephalographic measures. Increased levels of SWS frequently 

appear after acquisition of one way shock avoidance task in mice (Fishbein et 

al., 1974) and in appetitive bar press task in rats (Hennevin et al., 1974; Smith 

et al., 1977). Rideout (1979) reported that REM sleep deprivation did not 

impair time to reach food reward in an appetitive complex maze task unless 

SWS had occurred during the REM sleep deprivation regime. 

An interesting recent study by Plihal & Bom (1997) has attempted to 

dissociate two types of memory processing based on early and late nocttimal 

sleep, after controlling for non-specific hormonal effects. They found that the 

benefit firom sleep on recedl depended on the phase of sleep and on the type of 

memory: Sleep generally enhanced recall when compared to the effects of 
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wakefulness in the retention interval. Morever, recall of paired-associate lists 

improved more during early sleep (predominantly SWS), and recall of 

mirror-tracing skills improved more during late-sleep (more REM sleep). The 

findings of this study are generally consistent with the observations of 

Wilson and McNaughton (1994) and the results presented herein, which 

suggest a significant role of SWS for replay of spatial memories (thought to be 

declarative) in the hippocampus. 

2.8 Summary 

This chapter reviewed salient aspects of the cognitive, 

neuropsychological and lesion literature pertinent to memory. An outline of 

hypothesized roles of the hippocampus proposed by different researchers was 

presented. From these studies, it is clear that although the hippocampus plays 

a critical role in memory processing, the tj^e of memory processing 

subserved by it has not been established unequivocally. Pertinent to the 

research reported herein is a more general function assigned to the 

hippocampus by some researchers, i.e., memory consolidation. The 

hippocampus may indeed be part of a memory system that is necessary for 

memory consolidation, though the time scale of its participation in the 

consolidation process may vary across species and memory tasks. From a 

theoretical standpoint, for memory consolidation to take place, memory 

reactivation must occur in the hippocampus. Further, for memory 

reactivation to occur in the hippocampus, it must be in a state conducive to 

replay of activity patterns, and must not be processing external output. These 

ideas are experimentally tested in this dissertation. 
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CHAPTER 3: THE RAT HIPPOCAMPAL FORMATION: 

FUNCTIONAL ARCHITECTURE AND ANATOMY 

3.1 Introduction 

The hippocampus is quite possibly one of the most studied structures 

in the mammalian brain, especially in the rodent The reasons are many: The 

role of the hippocampus in memory functions has made it a very appealing 

region to study (see Chapter 2). Neuropsychological findings involving 

lesions of the hippocampus have sustained a deep interest in its mnemonic 

functions. Besides, long-term potentiation (LTP), a viable candidate for 

memory processes at the synaptic level, was discovered in the hippocampus 

(Bliss & Lemo, 1973). The cellular and molecular mechanisms underlying 

LTP and its possible functional role in synaptic plasticity are the subject of 

intense investigation. The hippocampus is also of interest to clinicians. Many 

epileptic patients have seizures that involve the hippocampus. Indeed, it has 

one of the lowest seizure thresholds of any structure in the brain (Green, 

1964). The hippocampus is also highly susceptible to anoxia and ischemia. 

Perhaps of greatest relevance from a clinical standpoint, however, is the 

involvement of the hippocampal region in Alzheimer's disease. The 

debilitating memory loss that accompanies this disorder has stimulated basic 

research into the role of this structure in the mechanisms of memory 

formation and consolidation. 

The experiments performed in this dissertation used rats as 

experimental animals. The discussion below is limited, therefore, to the rat 

hippocampal anatomy. Nature has constructed the rat hippocampus a truly 

convenient structure to study. At the gross anatomical level, the hippocampal 

formation is one of the most prominent components of the rat nervous 

system. It is an elongated structure with its long (septo- temporal) axis 
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fiYRUS 

Figure 3.1: A:\^ew of the hippocampus of the rat after removal of the 
overljdng neocortex. The hippocampus extends from the septal (S) pole to 
the temporal (T) pole. At the top left is an enlarged view of a trai\sverse 
section of the hippocampus, in^cating its layers and pathways. CAl, CA3: 
pyramidal cell layers; DG: dentate gyrus; mf: mossy fibers; pp: perforant path; 
S, subiculum; sc: Schaffer collaterals (From Fuster, 1995) B: A Nissl stained 
slice of the hippocampus demonstrating its major subdivisions (From Seifert, 
1983). 
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extending in a C-shaped fashion from the septal nuclei of the basal forebrain 

rostrodorsally to the temporal lobe caudoventrally (see Figure 3.1). Swanson 

et al. (1987) have estimated that the combined surface area of all portions of 

the rat hippocampal formation is approximately 1.2 cm^ whereas the surface 

area of the entire isocortex is a little over 1.5 cm^. This may have interesting 

evolutionary reasons. In the wild, cognitive abilities of spatial navigation and 

memory are probably critical for these aiumals in order to obtain food and 

survive predation (Mittelstaedt & Mittelstaedt 1980). Given the likely 

importance of the hippocampus in spatial functioi\s (O'Keefe & Speakman, 

1987; McNaughton et al., 1996) it is not surprising that it occupies a large 

fraction of the total brain volume. Besides being a prominent structure, the 

highly orgaiiized lamellar structure of hippocampal sub-fields is also unique 

and provides advantages for anatomical studies, in vitro slice studies and in 

vivo electrophysiological recordings. 

Much of the available information regarding the cellular orgaiuzation 

and intrinsic and extrinsic connections of the hippocampal formation comes 

from the classic contributions of Ram6n y Cajal (1911) and Lorente de N6 

(1934). Progress in imraveling the circuits of the hippocampus tmd their role 

in its function is ongoing and has expanded due to contributioi\s from 

immimohistochemistry, receptor autoradiography, intracellular labeling, and 

computer aided reconstruction (Amaral & Witter, 1995). 

3.2 Overview of hippocampal organization 

In a widely accepted classification, the hippocampal formation 

comprises of five cytoarchitectonically distinct regions: the hippocampus 

proper (fields CA3, CA2 and CAl), subiculvim, presubiculiun, parasubiculum 

and entorhinal cortex (Amaral & Witter, 1995). These regiorts are linked by 

unique and largely imidirectional projections, imlike cortical regions where 

reciprocal cormections are common. The principal cortical input to the 
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hippocampal formation arises in the adjacent perirhinal cortex, with which 

the entorhinal cortex has bidirectional connections. In the first link of the 

classic tri-synaptic circuit, the entorhinal cortex provides the dentate gyrus 

with its major input via the perforant pathway (see Figure 3.2). The dentate 

gyrus cells project forward via the distinctive mossy fibers to the CA3 field of 

the hippocampus. CAS axons similarly project to CAl via the Schaffer 

collaterals. CAl in turn projects to the subiculum. At extreme septal levels, 

orUy CAl, CAS and DG are present. Toward the temporal end, the 

neighboring cortices (subiculiun, presubiculum, and parasubiculum) appear. 

The entorhinal cortex is located ventrally in the most caudal portion of the 

cortical mantle. 

Before discussing the anatomy in some detail, it is important to note 

that four general principles of hippocampal anatomical orgaiuzation appear 

to the most striking from a functional point of view: 

1. Iiiformation reaching the hippocampus from cortical sources is 

thought to be the major substrate by which the hippocampal formation 

carries out mnemonic functior\s. Subcortical inputs from the medial septal 

nucleus, hjrpothalamus and brain stem are thought to be modulatory (with 

the possible exception of the supramammillary input to the fascia dentata). 

Return projectioris to these subcortical structures via the fon\ix possibly 

provide feedback about ongoing hippocampal activity to the modulatory 

systems. 

2. Information appears to flow through the various hippocampal sub-

regions in a unidirectional maimer, is "monitored" by subcortical 

input/output and is returned to neocortical areas, possibly in a transformed 

or highly processed state. Note however, that a imidirectional flow of 

information does not imply serially intercormected regions (EC->dentate 

->CAS->CA1), as was traditionally thought. More recent anatomical data 

indicate that the intrinsic hippocampal circuitry has both serial and parallel 
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Figure 3.2: The basic circuit of the hippocampus showing serial and parallel 
pathways. Bold arrows indicate the classic trisynaptic pathway. Input to the 
hippocampal subfields arises from the superficial layers (I-III) of the 
entorhinal cortex (EC). Output from the Wppocampus is fed into the deep 
layers of EC (TV-VI). Note, however, that the synaptic organization of the 
hippocampus is considerably more complicated. DG: dentate gyrus; CAS, CAl: 
pyramidal fields; S: subiculum; pp perforamt path; mf: mossy fiber path; sc: 
Staffer collaterals. 

projections. The EC, in particular, contributes many parallel projections to 

several fields of the hippocampal formation (Figure 3.2). 

3. Based on the fact that intrinsic hippocampal coiuiections are as 

extensively distributed in the septotemporal axis as in the transverse axis, the 

serial-processing concept implicit in the trisynaptic circuit is no longer valid. 

A more consistent view is that the hippocampal formation contains a series 

of three-dimensional coimections. Moreover, fiber systems in the 

hippocampal formation are highly topographically organized (gradient 

topography in CA3->CA1 and columnar topography in EC->subiculim\). 

There also are prominent assodational pathways in the dentate gyrus, CA3 

and entorhinal cortex. This suggests that each sub-region is capable of 

independent activity. The assodational system in CA3 is thought to be at the 
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core of a system capable of rapidly forming memories in an associative 

manner. 

3.3 Hippocampal architecture supports temporary associative 

memory storage 

As outlined in Chapter 1, David Marr (1971) proposed that the 

hippocampus may behave as a temporary cache of information, which it may 

replay to extra-hippocampal locations during sleep, as part of the memory 

consolidation process. A necessary prerequisite for such a function is the 

ability to rapidly acquire and assodatively store conjunctions between 

previously unrelated patterns of input and to reinstate the patterns 

spontaneously or by cued recall. Such abilities are observed in artificial neural 

networks that employ Hebbian learning rules (e.g. Hopfield, 1982). 

Interestingly, hippocampal anatomy supports just such a function. 

For a network to rapidly acquire information, it must be presented with 

information in a form that it is able to process quickly. Given the 

multimodaUty of information processed by cortical association areas, 

information going into the hippocampal network may therefore have to be 

pre-processed. As outlined in the previous section, the entorhinal cortex 

receives input from multimodal cortical areas, passes it on to the 

hippocampal formation, which presumably performs some associative 

operations on it and projects it back to the entorhinal cortex. The entorhinal 

cortex in ttim projects back to the neocortical areas. Such architecture is 

consistent with the theoretical requirement that input to the hippocampal 

network be "standardized". McClelland et al. (1995) have proposed that the 

entorhinal cortex functions essentially as an "encoder" network, forming 

compact representations of neocortical activity patterns, and having the 

capacity to recreate those patterns. In this theory, it is essential for the encoder 

network to also have decoder functions and for it to be able to induce synaptic 
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modification in areas of cortical projection. Though LTP in entorhinal-

neocortical pathways remains to be demonstrated, recent electrophysiological 

results support this notion (Higuchi & Miyashita, 1996). 

The number of patterns to be stored by the hippocampal network will 

be large if it is required to hold these patterns concurrently active during the 

consolidation period. A Hebbian architecture capable of such an operation is 

demanding in terms of connections, is prone to interference between patterns 

that are similar, and requires mean activity levels in the network to be very 

low (Marr, 1971; Amit, 1989; Hinton et al., 1986; Gibson & Robinson, 1992). 

The hippocampus or at least part of it must therefore have strong 

interconnectivity between neurons. Indeed, the CA3 region fulfills this 

requirement with its dense collateral connections between the pyramidal 

neurons. Also, there must lie a mechanism to make similar inputs as 

dissimilar as possible (orthogonalization). Electrophysiological studies have 

demonstrated that representations of environments that are physically 

similar, are correspondingly similar in the entorhinal cortex, but are different 

in the hippocampus (Quirk et al., 1992). Sparse representations may lead to 

conjtmctive representations and pattern separation. This is because fewer 

active uiuts lowers the odds that the same tmits are active for two different 

input patterns. The function of the dentate gyrus may thus be to traiisform 

entorhinal representation into a sparser and more orthogonal pattern, better 

suited to serve as the input to an associative memory network (McNaughton 

& Morris, 1987; Treves & Rolls, 1994; McClelland & Goddard, 1996). Sparse 

representations require high levels of inhibition and high firing thresholds. 

The low firing rates of dentate granule cells are consistent with this function 

(Jimg & McNaughton, 1993). Treves & Rolls (1994) hypothesize that mossy 

fiber inputs to CAS force efficient information storage by virtue of their sparse 

but strong cormections. The fact that mossy fiber synapses are large and 
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located near the soma makes them relatively powerhil in activating the post

synaptic neuron (McNaughton & Morris, 1987). 

There exist many neural architectures capable of implementing 

associative memory, with the items to be stored represented as patterr\s of 

activity in a layer of cells. Patterns are stored by Hebbian synaptic 

modification—that is, by strengthening connections when the pre- and post

synaptic cells are simultaneously active. A simple binary network, known as 

the Hebb-Marr network exemplifies the associative network model 

(McNaughton & Morris, 1987). A Hebb-Marr network consists of a set of 

binary units, each of which is connected to some of the others. The strength of 

the connection is either 0 or 1. Time proceeds in discrete steps, and at each 

time f = 0,1,2...the state Xj(t) of a unit is either 0 or 1. A urut changes state 

from 0 to 1 (i.e., becomes active) if the sum I Xy is greater than a threshold 

T. The size of the threshold is a function of the number of units active in the 

network. In the heteroassociative variant of such a network, there are two 

layers of xmits and every unit in the first layer is cormected to every imit in 

the second. The network associates and stores pairs of binary patterns using 

the Hebbian rule as follows: the strength of a connection is enhanced to 1 if 

both its presynaptic and posts3maptic imit is active in the current pattern. 

After the network is trained on several pairs of patterns, imposing a noisy or 

corrupted version of one pattern of a pair recreates the second component. A 

Hebb-Marr network performs pattern completion gracefully if the nim\ber of 

patterns stored is not large and if the pattern is not too noisy. A closely related 

architecture is the recurrent autoassodative memory consisting of a single 

group of luiits with every unit connected to every other unit. Because the 

output of the network feeds back on itself, this architecture leads to more 

complex "attractor" dynamics in which the network converges to one or 

more stable discrete states regardless of initial conditions (Hopfield, 1982; 
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Amit, 1989; Amit & Tsodyks, 1991). Furthennore, the autoassociative 

architecture is also capable of storii\g and recovering sequences of patterns. 

It has been shown that for a Hebb-Marr network, the information 

content of the synaptic array is maximal when exactly half of the synapses 

have been enhanced, which results in an upper bound on the number of 

patterns that can be stored in the network (= 0.693/a^), where a^is the 

probability that both presynaptic and postsynaptic units are active for a given 

pattern. It follows that the number of patterns stored can be maximized, by 

minimizing the number of imits involved in each stored pattern. This 

principle is known as sparse coding (McNaughton & Nadel, 1990; Treves & 

Rolls, 1991). Sparse coding operations are probably performed by the dentate 

gyrus. The low firing rates of dentate granule cells are consistent with this 

hypothesis. The Hebb-Marr network is prone to interference if the patterns to 

be stored are similar to each other. When patterns are similar, there are few 

connection strengths that serve to distinguish them, and wrong uruts may 

become spuriously activated. 

At the core of a memory network is the autoassociator. Autoassociative 

network architecture is fulfilled by the anatomy of CA3. Some of the 

properties of associative networks that are seen in the CA3 network are 

sparsely coded input, noisy pattern completion and recall, a Hebbian learning 

rule at the synapses, and recurrent connectivity and inhibition to facilitate 

accurate recall. The CAS pyranudal cells receive input from the mossy fibers 

of the dentate gyrus that make synaptic contacts close to the soma. These 

synapses have fast dynamics and generate the largest EPSPs on pyramidal 

cells. LTP has been demonstrated at mossy fiber-CA3 synapses, and is found 

to be most efficient when conditioning stimuli are given during behavior and 

is weak or absent during slow wave sleep. The recurrent collateral axon 

system of CA3 consists of excitatory synapses from each CA3 pyramidal 

feeding back on to other CA3 pyramidal neurons and is highly reminiscent of 
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the autoassociator network architecture. These synapses have slower 

dynamics compared to the mossy fiber inputs and are located further away 

from the soma. LTP has been demonstrated at these synapses indicating the 

existence of Hebbian plasticity. The activity of the CA3 neuronal population 

depends on a balance between recurrent collateral excitation and inhibition, 

both of which are highly divergent. IPSPs at synapses from inhibitory 

neurons onto pyramidal cells have faster d3mainics than recurrent collateral 

EPSPs and these synapses seem to be strategically located on the soma of 

pyramidal cells to restrict imcontrolled excitation during encoding. Inhibition 

is thought, however, to play an even more critical role during recall in an 

associative network (McNaughton & Morris, 1987). During slow-wave sleep, 

synchronous CA3 discharge is initiated at the potentiated mossy fiber-CA3 

synapses, and may lead to the recall of stored patterns and sequences thereof. 

Excitatory afferents terminate both on pyramidal cells and inhibitory 

intemeurons in the CAl and CA3 regions. Inhibition is thought to have an 

effect of dividing the excitation by a variable related to the number of active 

afferents. The properties of basket cells is consistent with such a role. These 

neurons respond to stimulation of afferent fibers more quickly, and at a lower 

threshold, than pyramidal neurons (Fox & Ranck, 1981). Furthermore, every 

CA3 pyramidal cell projects to CAl via the so-called "Schaffer collateral" of its 

axon. The Schaffer collateral synapses are modifiable, and the projection is 

capable of performing a heteroassociative memory function. The function of 

CAl is, in theory, to improve the quality of the CA3 pattern, by removing 

noise and reducing distortion due to interference (Treves & Rolls, 1994; 

Shapiro & Olton, 1994). 

3.4 Anatomy of the hippocampus 

3.4.1 Organization 
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Lorente de N6 divided the hippocampus proper into three fields CAS, 

CA2 and CAl (Comu Amnionis or Aminons horn due to its resemblance to a 

ram's horn). The lamiiuir orgaiuzation is generally similar for all fields of the 

hippocampus. The principal cellular layer is called the pjn-amidal layer. The 

narrow, relatively cell free layer located deep to the pyramidal layer is called 

the stratum oriens, and deep to this is the fiber containing alveus. In the CA3 

field only, there is a narrow acellular zone, the stratum lucidum, just above 

the pyramidal layer and is occupied by mossy fiber axons originating from 

dentate granule cells. Superficial to the stratum lucidum in CA3 and 

immediately superficial to the pyramidal layer in CAl and CA2 is the stratimi 

radiatum. This layer contains the CA3-CA3 associational connections and 

CAS to CAl Schaffer collateral connections. The most superficial layer of the 

hippocampus is known as the stratum laomosum-moleculare. The perforant 

pathway fibers from layer in of the entorhinal cortex terminate in this layer. 

3.4.2 Major fibers of the hippocampal formation 

A thin sheet of myelinated efferent and afferent fibers known as the 

alveus covers the ventricular surface of the hippocampus. These fibers 

originate from the pyramidal cells of the hippocampus and subiculiim and 

terminate subcortically or in the contralateral hippocampus. They collect in 

the fimbria, a thickeiung fiber btmdle at the lateral extreme of the 

hippocampus as one progresses septally from the temporal end. A large 

niunber of fimbrial fibers cross the midline in the ventral hippocampal 

commissure and supply the contralateral hippocampus. Others descend into 

the forebrain in the columns of the fornix ipsilaterally. Some crossed fibers 

also descend into the forebrain in the contralateral fornix. Each coltmm of the 

fornix splits around the anterior commissure to give rise to a precommisural 

component that innervates the septimi and a postcommissural component 

that traverses to the diencephalon. A second commissural btmdle, the dorsal 
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hippocampal commissure crosses the midline just rostral and ventral to the 

splenium of the corpus callosum. It carries fibers originating from, or 

projecting to, the presubiculum, parasubiculum and entorhinal cortex. Just 

lateral to and continuous with the fibers of the dorsal hippocampal 

commissure is a bimdle of fibers interposed betweeri the entorhinal cortex 

and the parahippocampal cortex. This collection, known as the angular 

bimdle is the main route by which fibers from the ventrally situated 

entorhinal cortex travel to all septotemporal levels of the dentate gjniis, the 

hippocampus and the subiculum. 

3.4.3 Neurons of the hippocampus 

The principal cell t)rpe of the hippocampus is the pyramidal cell, which 

makes up most of the cells in the pyramidal layer. It is the dense arrangement 

of these neurons in the cell layer that facilitates extracellular recordings from 

large numbers of neurons in parallel, and makes it possible to isolate the 

activities of individual neurons (see Chapter 7). Pyramidal cells have an 

extensive basal dendritic tree that extends into the strattun oriens and an 

apical dendritic tree that extends to the hippocampal fissure and arborizes in 

the stratum lacimosiun-moleculare. In addition to the pyramidal cells, there 

is a population of basket cells of various sizes and shapes that have their cell 

bodies located in the pyramidal cell layer (Seress & Ribak, 1984). Their axons 

extend transversely from the cell body of origin and form a basket plexus that 

irmervates the cell bodies of pyramidal cells. 

The strata oriens, radiatiun and lacunosiun-moleculare also contain an 

abvmdance of non-pyramidal cell-types that are immimoreactive for GABA 

and colocalize one or more other neuroactive substances such as peptides or 

caldiun binding proteins (Ribak et al., 1978; Sloviter, 1989; T6th & Freund, 

1992). They are thought to be local circuit neurons (Amaral & Witter, 1995) 

that may directly inhibit CAl pjrramidal cells (Schwartzkroin et al., 1990). 
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3.4.4 Connections of CAS 

CA3 pyramidal neurons give rise to highly collateralized axons that 

distribute fibers to CAS, CA2 and CAl fields, to the same fields on the 

contralateral hippocampus, as well as sub-cortically to the lateral septal 

nucleus. The projections to CAS and CA2 are known as the associational 

connections whereas the fibers projecting to CAl (both to stratum radiatum 

and stratum oriens) comprise the Schaffer collaterals. Tamamaki et al. (1988) 

have demonstrated that single CAS and CA2 pyramidal cells give rise to 

highly arborized axonal plexuses that distribute to as much as 75% of the 

septotemporal extent of the ipsilateral and contralateral CAl fields. These data 

argue stroi\gly against the notion that information processing within the 

hippocampus progresses in a lamellar fashion. Rather the distribution of 

information flow appears to be as extensive in the septotemporal axis as it is 

in the tremsverse axis. Associational projections of CAS are also organized in a 

highly systematic fashion. An important feature of this fiber system, and of 

the Schaffer collaterals is that they are both divergently distributed along the 

septotemporal axis. Each individual CAS neuron gives rise to a complex, 

multibrzmched cixonal plexus that terminates in a broad region of the 

ipsilateral and contralateral CAS (Li et al., 1994). Using the discrete 

anterograde tracer PHA-L, a highly ordered pattern of projections from CAS 

to CAS and to CAl has been discovered (Ishizuka et al., 1990). The topographic 

organization of projections from CAS to CAl determines a network in which 

certain CAS cells are more likely to contact certain CAl cells. CAS cells close to 

the dentate g3niis tend to project more heavily to levels of CAl located 

septally. CAS cells located closer to CAl, tend to project to levels of CAl 

located temporally. Regardless of the septotemporal or transverse level of 

origin of a projection, the highest density of terminal and fiber labeling in 

CAl shifts to deeper parts of stratimi radiatum and stratum oriens at leveb 
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septal to the cells of origin and shifts out of stratum oriens and into 

superficial parts of stratum radiatum at levels temporal to the origin (Amaral 

& Witter, 1995). 

In the rat, the CAS pyramidal cells give rise to commissural projections 

to all three hippocampal subfields of the contralateral hippocampus 

(Blackstad, 1956). The same CA3 cells give rise to both ipsilateral and 

commissural projections (Swanson et al., 1978). As with the commissural 

projections of the dentate gyrus, CA3 fibers to the contralateral hippocampus 

form as)anmetric synapses on the spines of pjrramidal cells in CA3 and CAl 

(Gottleib & Cowan, 1972) but also terminate on the smooth dendrites of 

intemeurons (Frotscher et al., 1984). 

The only extrinsic output of CAS is a topographically well-organized 

projection to the lateral septal nucleus (Swanson & Cowan, 1977). The lateral 

septal nucleus feeds back to CAS mainly to stratimi oriens. The fibers 

originate, as for the dentate gyrus, from the medial septal nucleus and the 

nucleus of the diagonal band of Broca (Nyakas et al., 1987). As with the 

dentate gyrus, the GABAergic component of the septal projection to the CAS 

field terminates mainly on GABAergic intemeurons. The CAS field, mainly 

the stratimi luddum, also receives inputs from the noradrenergic locus 

coeruleus. Serotonergic fibers are diffusely distributed and tenninate 

preferentially on intemeurons. 

CA2 is a relatively narrow 250 ^.m field that is located distal to the end 

bulb of the mossy fiber projection and made up of large darkly staining 

pjrramidal cells like those of CAS, but lacking the thomy excrescences. The 

intrahippocampal coimections of CA2 resemble that of CAS. 

3.4.5 Connections of CAl 

Unlike the massive associational network seen in the CAS field, 

pyramidal cells in CAl do not appear to give rise to many collaterals. Thus 
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there is weak associational connectivity in CAl (Amaral et al., 1991; 

Tamamaki et al., 1987). Also, only a small number of CAl neurons project to 

the contralateral CAl (Van Groen & Wyss, 1990a). As with CA3, CAl receives 

subcortical cholinergic, GABAergic, adrenergic and serotonergic inputs. There 

also are projections from thalamic nuclei such as the midline nucleus 

reimiens to the stratum lacunosum-moleculare. CAl projects to a large 

number of cortical regions besides the sub-cortical output to the lateral septal 

nucleus. Septal levels of CAl give rise to extrinsic connections to the 

retrosplenial and perirhinal cortices as well as to the lateral septal nucleus 

and the nucleus of the diagonal band of Broca. Temporal levels of CAl project 

to specific areas in the medial frontal cortex and innervate the anterior 

olfactory nucleus, olfactory bulb, nucleus accumbens, the basal nucleus of the 

amygdala and the anterior and dorsomedial hjrpothalamic areas. 

The CAl field gives rise to two intrahippocampal projections: one 

topographically organized divergent pathway to the adjacent subiculum and 

another projection to the deep layers of the entorhinal cortex. CAl projections 

to the subiculimi are arranged in a highly topographic maimer. CAl is the 

first hippocampal field that originates a return projection to the entorhinal 

cortex. Projections to the entorhinal cortex originate from the full 

septotemporal and transverse extent of CAl and terminate most densely in 

the medial entorhiiutl cortex in layer V. Thus, the deep layers of entorhinal 

cortex may form part of a direct hippocampal output route to the neocortex 

next to the indirect fomical pathway (Van Hoesen & Pandya, 1975). 

3.4.6 Subiculum 

From a cytoarchitectonic perspective, the subiculum shares with the 

other hippocampal subfields the tjrpical cytoarchitectonic characteristics of the 

allocortex (3 layers) and is seen as the major output structure of the 

hippocampus. Although continuous with CAl, the subicultmi is 
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cytoarchitectonically marked by an abrupt widening of the p5n:amidal cell 

layer, a wide molecular layer and a disappearance of the strata radiatum and 

oriens. The subiculum does not connect to the dentate gyrus or to fields CAS 

and CA2. In contrast to the entorhinal cortex, there is only a meager cortical 

input to the subiculum. It does however receive a robust input from the 

entorhinal cortex and large subcortical inputs from several structures. Fibers 

from the medial septal nucleus and diagonal band of Broca terminate in the 

pjnramidal cell and molecular layers. There are also inputs from the basal 

nucleus and posterior cortical nucleus of the amygdaloid complex that 

preferentially innervate the molecular layer. The thalamic inputs to the 

subiculum are similar to those directed to CAl and arise mainly from the 

nucleus reuniens. Monoaminergic ascending pathways from the 

noradrenergic locus coeruleus, dopaminergic ventral tegmental area and the 

serotonergic median raphe nucleus also project to the subiculiun. There is a 

substantial projection from the supramammillary region to the temporal 

subiculum and this portion also receives histaminergic input from the 

premammillary nucleus (Amaral & Witter, 1995). 

The subicultim projects its outputs to a large number of cortical and 

subcortical regions. Prominent projections innervate the medial prefrontal 

and retrosplenial cortices. The perirhinal cortex also receives a strong input 

from the subiculum. The most prominent subcortical projections are to the 

lateral septal area and to the medial mammillary nuclei. Closely associated 

with the septal projection is an equally robust projection to the nucleus 

acciunbens and adjacent parts of the olfactory tubercle. The projections to the 

mammillary nuclei originate mainly in the septal two-thirds, are 

topographically orgaruzed and terminate mainly in the medial nuclei. 

Subicular fibers also project to the lateral hjrpothalamus, where they may 

interact with cells of origin of the histaminergic projection to the 

hippocampal formation (Wouterlood & Tuinhof, 1992). The thalamic 
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nucleus reuniens and accessory basal nucleus of the amygdaloid complex also 

receive subicular inputs (Price et al., 1987; Witter et al., 1990). 

3.4.7 Presubiculum/Parasubiculum 

As opposed to the subiculum, the presubiculiun and parasubiculum 

appear to be input structures, as they receive fairly heavy direct neocortical 

input, the most prominent one originates in the retrosplenial cortex (Witter 

et al., 1989; Wyss & Vein Groen, 1992). Another input arises from layer V of 

visual area 18b (Vogt & Miller, 1983). Subcortical inputs arise from various 

structures. The strong interconnectivity of the presubiculum and 

parasubiculum with the anterior thalamic complex is imique, suggesting that 

together they form the major route through which the thalamus influences 

the hippocampal formation. Topographically organized inputs to 

presubiculiun arise from anteroventral and anterodorsal nuclei as well as the 

lateral dorsal nucleus. A group of cells identified with navigation and spatial 

orientation are head direction cells, which were discovered originally in the 

postsubiculum, the dorsal portion of the presubiculum (Ranck, 1984; Taube et 

al. 1990a,b, 1996). These cells fire when the rat's head is pointed in a particular 

direction, regardless of the animal's location in the environment or the 

position of the body relative to the head. Head direction cells may serve as an 

"internal compass" underlying an innate sense of direction. These cells have 

been reported subsequently in other brain regions: the anterior thalamus 

(Taube 1995a), the lateral dorsal thalamus (Miziunori and Williams 1993), the 

retrosplerual cortex (Qien et al. 1994a,b), the striatum (Wiener 1993), and the 

lateral mammillary nuclei (Leonhard et al., 1996). In addition, the fact that 

head direction cells and place cells in the hippocampus behave as tightly 

coupled systems in the wake of enviroiunental manipulations (see Chapter 

4), indicates that the multicentric head direction cell system influences 

hippocampal function significantly. 
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A prominent cholinergic input arises from the medial septal nucleus 

and the diagonal band of Broca. A dense serotonergic innervation originates 

in the median raphe nucleus and there is noradrenergic input from the locus 

coeruleus. Topographically arranged projections from the presubiculum 

terminate in retrosplenial cortex emd reciprocal connections are made with 

anterior thalamic nuclei (Swanson et al., 1987; Van Groen & Wyss, 1990). The 

most prominent intrahippocampal projection of the presubiculimt is the 

bilateral topographically arranged projection to the entorhinal cortex. The 

projection is directed only toward the medial entorhinal cortex and 

terminates exclusively in layer in. 

3.5 Entorhinal Cortex 

The rat entorhinal cortex makes up the ventroposterior convexity of 

the rat cerebral hemisphere. It is a six-layered cortex (Ram6n y Cajal, 1911). 

Layer I is the superficial layer and is relatively devoid of neurons. Layer n 

contains stellate cells. These are believed to be the principal source of fibers 

for the perforamt pathway projection to the dentate gjmas and CAS. Layer III 

contains pyramidal neurons that also give rise to projections to field CAl and 

to the subiculum. 

It is now generally accepted that the rat entorhinal cortex can be 

divided into two areas: the lateral entorhinal area (LEA) and the medial 

entorhinal area (MEA). Fibers originating in the LEA terminate in the outer 

third of the molecular layer of the dentate gyrus and fibers from the MEA 

terminate in the middle one third (Witter, 1989). Similarly, for CA3, MEA 

fibers terminate deep in stratum lacunosum-moleculare and LEA fibers 

terminate more superficially. The entorhinal projections to CAl originate in 

layer HI rather than layer n. The cells of origin for this pathway and the 

pattern of termination for this component of the perforant path are different 

from that of the layer 11 projection. CAl is the first hippocampal field that 
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originates a return projection to the entorhinal cortex. The projection 

originates in the full septotemporal and transverse extent of CAl and 

terminates mainly in MEA, predominantly in layer V. The subicuium is also 

reciprocally connected to the entorhinal cortex. As for the projection to CAl, 

the projection to the subicuium originates in Layer III and the reciprocal 

connection terminates in the deep layers of the EC. 

The topographical organization of fiber pathways in the hippocampal 

formation is best exemplified by the perforant pathway and reciprocal 

connections to the entorhinal cortex from the CAl and subicuium. Cells 

located laterally in the entorhinal cortex project to septal levels of the 

hippocampal fields whereas cells located progressively medially project to 

more temporal levels of the hippocampal subfields. This organization leads 

to a pattern in which the septal portions of the DG, hippocampus and 

subicuium receive input from the lateral parts of the LEA and the MEA, 

whereas the temporal portions of the 1X3, CAl, subicuium receive input from 

the more medial parts of the LEA and MEA. Similarly, projections from the 

CAl and subicuium back to the EC are also topographically organized. Septal 

portions of CAl/subiculiun project to more lateral portions of the EC and 

more temporal parts of these structures project to more medial parts of the 

entorhinal cortex. In addition, the projections from the proximal part of the 

CAl and the distal parts of the subiculiim are distributed exclusively to the 

MEA, whereas cells located in the distal part of CAl and the proximal part of 

the subicuium project mainly to the LEA (Tamamaki & Nojyo, 1993). This 

orgaruzation along the septotemporal and transverse axes indicates that the 

projections from the entorhinal cortex to CAl and subicultmi are in register 

with the projections hrom CAl and the subicuium back to the EC. The septal 

parts of the entorhinal cortex also give rise to crossed projections from cells in 

layer n, to all components of the contralateral hippocampal formation (DG, 
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parahippocampal gyrus, including perirhinal euid enthorhinal 
areas, with the neocortex. The entorhinal cortex (area 28) is a major 
bilateral link between the hippocampus and neocortical association 
arecis (From Van Hoesen, 1982). 
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CA fields, subiciilum) (Van Groen & Wyss, 1990a) and to longitudinally 

arranged associational connections (Kdhler, 1988). 

The entorhinal cortex receives input from a variety of cortical regions 

(see Figure 3.3). Pathways that terminate in the superficied layers (I to HI) relay 

information to the EC neurons, which are the source of projections to the 

dentate gyrus, hippocampus and subiculum. A second group of fibers, 

originating in these structures, terminate on the deeper layer (IV-VI) 

neurons, which in turn project back to cortical regions. Olfactory structvires of 

the telencephalon (olfactory bulb, anterior olfactory nucleus and piriform 

cortex) give rise to a major input to the EC. Another prominent input arises 

from the neighboring perirhinal cortical areas 35 and 36 (Ir«austi et al., 1997). 

Additional inputs from the medial prefrontal cortex and the retrosplenial 

cortex have been described (Beckstad, 1978; Wyss & Van Groen, 1992). 

The EC receives subcortical inputs from several of the structures that 

innervate the hippocampal subfields (Swanson et al., 1987), including a 

prominent topographically arranged cholinergic projection from the medial 

septal nucleus (Saper, 1985), a substantial input from the amygdaloid 

complex, thalamic inputs from the nucleus reuniens and diffuse inputs from 

the hypothlamus and brain stem (serotonergic and noradrenergic inputs). 

Subcortical projections from the EC reach the lateral septal nucleus and 

the nucleus accumbens. Efferents of the EC from layers V and VI reach 

widespread parts of the limbic, paralimbic and olfactory regions of the cortex 

(Lopes da Silva et al., 1990, Figure 3.3). Projections to the olfactory bulb, 

anterior olfactory nucleus and the piriform cortex have been well-established 

(Wyss, 1981; Swanson & Kdhler, 1986). Slightly weaker projections have been 

found to reach prelimbic, orbitofrontal and refrosplenial cortices (Wyss & 

Van Groen, 1992). Swanson & Kdhler (1986) suggested that the rodent EC 

gives rise to widespread £ind prominent projections to the tmimodal emd 

multimodal association cortex. Whether these cells indeed belong to the deep 
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layers of the EC or to the perirhinal cortex is debated. In the cat and the 

monkey, it has been shown that only a restricted group of neurons in a lateral 

strip of the EC near the rhinal sulcus have widespread neocortical projections 

(Witter & Groenewegen, 1986; Sarter & Markowitsch, 1985). Moreover, 

Burwell et al. (1995) reported recently that it is maii\iy the perirhinal cortex 

that is reciprocally connected to a variety of unimodal and polymodal cortical 

areas. The perirhinal cortex is also reciprocally connected to the entorhinal 

cortex. Recent data by Insausti et al. (1997) in the rat using anterograde tracer 

injections suggest that neurons in layer V of an extremely laterally located 

strip of the EC, positioned along the rhinal fissure give rise to ipsilateral (and 

weaker contralateral) projections to lateral frontal (motor), parietal 

(somatosensory), temporal (auditory), occipital (visual) anterior insular and 

cingulate cortices. Most of the fibers termiiiate in layers I/II and to a lesser 

extent in layers V/VI (Felleman & Van Essen, 1991). Neuroi« in layer V of 

the most caudal part of the EC project to retrosplenial cortex. Thus it appears 

that the rat hippocampal output can reach widespread portions of the 

neocortex through a relay in a very restricted part of the EC. Most of the 

hippocampal-cortical cormections are, however, mediated by way of 

entorhinal-perirhinal-cortical pathways, just as described for the cat and 

monkey (Van Hoesen, 1982; Witter & Groenewegen, 1986; Suzuki & Amaral, 

1994). 
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CHAPTER 4: HIPPOCAMPAL NEURONAL FIRING: SPATL^L AND 

MNEMONIC CORRELATES 

4.1 Introduction 

It is thought that the fundamental physiological processes that store 

memories in neural networks occur at the synapse. It has been hirther 

proposed that the changes occurring at the sjniapse are dependent on the co-

activity of the pre- and post-synaptic neurons in questions (Hebb, 1949; Marr, 

1971; Kohonen, 1988; McNaughton & Morris, 1987). As a result of this co-

activity, the "plastic" synapse is then set to a different state or connection 

strength, following which the activity pattern that initiated it is preferentially 

reinstated during free or cued recall. The discovery of long-term potentiation 

(LTP) in the hippocampus around the time Marr (1971) proposed his theory of 

the hippocampus as an autoassociative memory (Bliss & Lamo, 1973; Bliss & 

Gardner-Medwin, 1973) gave strong impetus to experimental and theoretical 

research in this direction (Hopfield, 1982; Buzsaki et al., 1983; McNaughton, 

1983; Lynch, 1986; McClelland et al., 1995). Given the important role of the 

hippocampus in memory (see Chapter 2), it then became of interest to 

hippocampal physiologists to study the discharge characteristics of 

hippocampal neurons. 

The physiology of hippocampal neurons has been studied using in 

vitro intracellular and in vivo extracellular recording methods. The 

extracellular method usually employs electrodes implanted chronically into 

the hippocampus in behaving animals and results from behavioral studies 

employing this electrophysiological technique are discussed here. A 

discussion on the technique is deferred to Chapter 7. 
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4.2. Location-specific dischaige characteristics of hippocampal 

pyramidal neurons in vivo 

In an extracellular recording from a rat brain, a high density of cellular 

activity is encoimtered at depths corresponding anatomically to the CAl and 

CAS layers of the hippocampus. Fox and Ranck (1975) were the first to suggest 

that on the basis of the anatomical distribution of these neurons, most of 

them were pyramidal cells. The discharge patterns of hippocampal neurons 

are a function of the behavioral state of the animal. During states of slow-

wave sleep, quiet-alert states and consimunatory behaviors associated with 

large irregular activity or LIA on the electroencephalographic trace, a large 

proportion of neurons in the hippocampal CAl and CA3 fields fire complex 

spike bursts—repetitive spikes lasting 4-6 msec with decrementing amplitude 

(Vanderwolf, 1969; Ranck, 1973). The average firing rates of these cells in the 

LIA state is low -about 0.5 Hz. 

During locomotion, or during REM sleep, cell firing is modulated by a 

different oscillation-the 6-10 Hz theta rhythm, driven by an interaction of 

cholinergic and GABAergic inputs to the hippocampus. The average rates of 

pyramidal neurons during mobile behavior such as walking or running is 

also low (usually under 1 Hz). These neurons, however, have the remarkable 

property that their firing rates increase significantly (10-20 Hz) in certain 

locations in the animal's environment but are almost silent elsewhere 

(O'Keefe and Dostrovsky 1971; Best & Ranck, 1975; O'Keefe, 1976; Hill, 1978; 

Olton et al, 1978; reviewed in MuUer, 1996). O'Keefe called these cells "place" 

cells (O'Keefe, 1976). On the basis of the location related firing of these 

neurons, a significant fraction of the total hippocampal population, O'Keefe 

and Nadel (1978) proposed that the hippocampus is the anatomical locus of a 

cognitive map, i.e., an internal representation of spatial relationships among 

environmental cues bound to the same coordinate framework. Grantile cells 

in the fascia dentata and cells in the entorhinal cortex and in the subicular 
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complex also show varying degrees of spatially selective firing (Barnes et al., 

1990; Quirk et al., 1992; Jimg & McNaughton, 1993; Sharp & Green, 1994; 

Taube, 1995b). 

The term "place cell" is used herein only to indicate that CAl and CA3 

pyramidal neurons have location-specific firing fields in a given 

environment. The use of the term here does not imply the encoding of the 

abstract attribute of place by these neurons and does not attempt to attribute 

the location-specific firing to internal factors or stimuli in the animal's 

environment, whichever might be the case. As all of the data for the studies 

reported here were collected from the hippocampus proper, the term "place 

cells" is sometimes used interchangeably with the terms "complex spike cell" 

and "pyramidal cell" in this thesis. 

Most of the investigations into the characteristics of place-related firing 

of hippocampal pyramidal neurons have come from the dorsal-most quarter 

of the hippocampus (primarily because its superficial position facilitates 

electrode placement). This is also the region that must be spared for effective 

spatial learning (e.g., Morris et al., 1986). The ventral part of the hippocampus 

may well have different correlates (Moser et al., 1993c). Although place fields 

have been observed from recordings in the ventral hippocampus (Poucet et 

al., 1994), the proportion of cells with robust place fields is significantly 

smaller as compared to the dorsal hippocampus Qung et al., 1994). Moreover, 

the average spatial selectivity is of significantly lower resolution than that 

found among dorsal hippocampal cells (Jung et al., 1994). Complementary 

evidence from neuroanatomical, morphological, neurochemical and 

behavioral studies is also consistent with the notion that there may be 

differences in the types of information processing in the ventral 

hippocampus as compared to the dorsal hippocampus (e.g.. Van Groen & 

Wyss, 1990a; Seress & Pokomy, 1981; Amaral & Witter, 1995; Moser et al., 

1993c). 
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The place-related firing of p3rrainid£d neurons does not seem to be 

strongly related to goal-directed behavior of the animal or lack thereof (as 

long as it involves movement in space) or to the animal's motivation 

(O'Keefe, 1979). Indeed, robtist place related firing is observed in tasks that 

imposes hardly any demands on the rat's navigational abilities (Muller et al., 

1987, Wilson & McNaughton, 1993; Gothard et al., 1996b). Nevertheless, in 

such a task, e.g., random foraging in a rectangular box, the ensemble of 

hippocampal neurons accurately predicts the animal's location and 

movement in the enviroiunent (Wilson & McNaughton, 1993; Zhang et al., 

1998 and Brown et al., 1998 report more sophisticated analyses). No systematic 

relationship exists, however, between places in the animal's envirormient 

and anatomical locations of the neurons in the hippocampus (see however 

Eichenbaum et al., 1989; Shapiro et al., 1997). In fact, one neuron can have 

more than one place field. Thomson and Best (1989) estimated that orUy 20% 

of the CAl pjrramidal cells are active in a given environment. Though this 

estimate seems lower than what is observed in large ensemble recordings in 

this laboratory (~40% of cells appear to be active-personal observations), the 

size of the environment appears to be the most important determinant of the 

number of fields observed. Although the probability of a cell having a field is 

relatively low, when larger numbers of cells are recorded, (e.g. Wilson & 

McNaughton, 1993), place fields are foimd to cover most of the area a given 

environment. A recent theoretical analysis predicts that place fields may 

cluster together as a result of development through experience of attractor 

dynamics (Tsodyks & Sejnowski, 1995); the data imtil present do not, 

however, strongly support it. 

Over the last two decades, the factors that drive location-specific 

activity of complex spike cells and the neurophysiological mechanisms that 

tmderlie place field formation and persistence have been a matter of intense 



82 

scientific investigation. These studies are summarized in the next few 

sections. 

4.2.1 Control of pyramidal cells by visual input 

A definition of place cell firing provided two decades ago by O'Keefe 

(1979) summarizes what is known about the responses to hippocampal 

complex spike cells to sensory input. O'Keefe surmised that a place cell "is a 

cell whose firing rate or pattern varies as a function of the animal's location 

in the environment but cannot be shown to be dependent on a single specific 

sensory input." 

O'Keefe noted that if any one stimulus in a constellation of visual 

stimuli is removed, the firing fields often seem unaffected (O'Keefe & 

Conway, 1978). In that study, an artificial environment was constructed using 

black curtains as the walls. Inside this enviroimient there were four cues 

(light, white card, buzzer, fan, see Figure 4.1 A) each of which was affixed to 

one of the walls and the animal could use these cues to locate itself. During 

the experiment, the four cues maintained their spatial relationships with 

each other, but their positions with respect to the experimental room were 

varied from trial-to-trial. The rats were trained to go to one arm of a T-maze 

based on its relationship with the four cues. Non-spatial strategies were 

discouraged by interchanging the physical arms of the maze and by varying 

the start arm of the maze such that the animal had to make a left turn to 

reach the correct goal arm in some trials, but had to make a right turn to do 

the same in other trials. The animcils solved the task using a spatial strategy, 

i.e., by using the internal relationships in the cue constellation. The most 

important observations made in this study were (a) removal of one or two of 

the 4 cues did not atfect the firing fields of some place cells, (b) removal of all 

the cues changed the firing fields of the cells completely, with disintegration 

of place fields. Note that (a) indicated a mnemonic component a possibility 
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apparently refuted by (b). The latter observation is discussed below in the 

context of "remapping" of space by the hippocampus in section 4.2.5. 

Intriguingly, however, place fields can be brought tmder the control of 

salient visual cues in simplified environments. Robert Muller and his 

colleagues (Muller et al., 1987; Muller & Kubie, 1987) performed seminal 

experiments to study the control of place fields by visual cues. The rat was 

placed in a cylindrical environment with gray walls and a white cue card 

covering a 100 degree arc of the wall (known as the Muller-Kubie-Ranck or 

MKR cylinder, see Figures 4.1B and 4.2). The rat randomly foraged for food on 

the floor of the apparatus. They demonstrated that in this simplified 

environment, rotation of the salient cue between recording causes an equal 

rotation of a place field. Interestingly, when the cylinder was scaled up to 

double its size, the firing fields of more than a third of the cells stayed in the 

same angular and relative radial position; the scaling, however, was only 

partial. The remaining cells changed their firing fields or completely stopped 

firing -a phenomenon labeled remapping. 

Muller's studies suggested that visual cues are strong influences on 

place cells. However, a "pure sensory" or "local view" hypothesis 

(McNaughton et al., 1989) for place cell firing was subsequently rejected due to 

several observations. In a follow up study (Sharp et al., 1990), it was observed 

that addition of another identical cue card 180° apart did not lead to a 

duplication of the place field in most cases as would have been predicted by a 

sensory hypothesis. Interestingly, the fields remained in the same location as 

in the one-cue card situation, suggesting a mnemonic component. Strong 

suggestions that visual cues or information appear to be imnecessary for the 

development or maintenance of place flelds came from the finding that place 

fields are found in the dark (O'Keefe, 1976; Jones-Leonard et al., 1985; O'Keefe 

& Speakman, 1987; McNaughton et al., 1989; Quirk et al., 1990) and in blinded 
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Buzzer 

Figure 4.1: A. Arrangement of external cues used by O'Keefe and Conway 
(1978). This seminal experiment was one of the first to use a complex visual 
environment to test the relationship between place related firing of 
hippocampal neurons and visual cues. Rats were trained to go to one arm of 
the T-maze based on its relationship with the four cues. The cues always 
maintained spatial relatior\ships with each other and to the goal arm, but 
were rotated across trials with respect to the external world. It was found that 
removal of individual cues did not affect firing of the place cells, refuting the 
hypothesis that visual or other external cues directly control firing of place 
cells. Surprisingly, however, removal of all the cues led to a disruption of 
several place fields. 6. The Muller-Kubie-Ranck or MKR cylinder. The use of 
this apparattis helped establish the fact that the individual visual cues are 
capable of control^g place fields (see Figure 4.2), subsequently stimulating 
important research in the field. 
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rats (Hill & Best, 1981). Quirk et al. (1990) used two experimental protocols 

where in the first one the lights were turned off after the rat had been placed 

in the experimental chamber (a cylinder and square box like the one used 

earlier by MuUer et al) and in the second the rat was placed into the chamber 

in the dark after having been familiarized with the maze in light. The first 

protocol revealed that most cells maintained their firing patterns in the dark 

in terms of location and firing frequency. These patterns persisted when the 

lights were turned on later. If, however, the rat was placed in the chcimber in 

the dark, a majority of the same cells had their spatial fields changed in 

intensity and/or location with some cells showing a complete cessation of 

firing. Many of these cells reverted to their original firing fields when the 

lights were turned on, if the rat had been exposed to the environment in light 

on earlier trials, suggesting that hippocampal place cell firing had a 

mnemonic component. This study confirmed in addition that place fields in 

one environment cannot predict the pattern of fields in another 

environment, and the term "complete remapping" was coined for this 

phenomenon. The term "partial remapping" (Muller & Kubie, 1987) was used 

to describe the fact that some fields were the same in the iiutial dark period as 

in the iiuticd light period whereas others developed completely different 

fields in the dark. Note, however, that the number of neurorvs recorded from 

was very small (one or two cells at a time). To make an unequivocal 

interpretation of remapping, one requires to record from larger ensembles of 

cells (e.g., Skaggs & McNaughton, 1998, see below). 

The fact that visual cues are sufficient, but not necessary for place field 

activity was reconfirmed recently in a study by Shapiro et al. (1997). Rats were 

trained to explore a four-arm radial maze surroimded by curtains holding 

distal stimuli and with distinct tactile, olfactory, and visual cues covering 

each arm. Systematic manipulations of the individual cues (e.g., exchanging 

arms of the maze) and the relationships between the cues (e.g., rotating the 
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Figure 4.2: Control of place fields by visual cues in a controlled envirorunent. 
In this experiment, rats foraged for chocolate pellets in a gray-walled 
cylindrical envirorunent with a white cue-card (arc) covering one-fourth of 
the wall. Four recording sessions were conducted, between which the animal 
was removed from the apparatus, and the cue-card was rotated to a new 
orientation (East, West etc.) Color-coded firing rate maps of two recorded cells 
are demoi\strated: blue indicates no firing emd red indicates high firing rates. 
The place fields of both cells rotated with the cue-card in all sessions (Data 
from Kruerim, Kudrimoti & McNaughton, Journal of Neuroscience, 1995). 
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distal cues 90"in one direction and the maze 90°in the opposite direction-

double rotation) were performed. In this situation, hippocampal neurons 

responded to the manipulations in different and complex ways. Most 

importantly, double rotations that maintained stimulus relationships within 

local and distal cue sets but altered the spatial relationships between them led 

to a new hippocampal representation (see section on remapping below). A 

significant fraction of neurons were sensitive to a distal cue constellation in 

that rotation of the cue constellation caused a rotation of the place fields. 

When individual distal cues were removed a majority of cells were 

unaffected, though some cells did respond to individual distal cues. Similarly, 

other neurons responded to individual local cues; almost 50% of the cells 

responded to local cues when distal cues were scrambled. However, when the 

local cues were scrambled, some cells shut off whereas more than half of 

them started responding to distal cues. This pattern of responses suggested a 

hierarchical response of the hippocampal ensemble to envirorunental 

manipulations, with the spatial relationship between cue constellations 

taking precedence over individual cues in maintaining the hippocampal 

representation. 

4.2.2 Place cells, head direction cells and idiothetic cues 

The seemingly paradoxical behavior of place cells in that they can be 

controlled by visual cues but at the same time do not reqmre visual cues to 

drive them indicates that there may be other influences that drive place cells. 

It has become clear that idiothetic information is an important, if not primary 

determinant of place cell firing (McNaughton et al., 1996; Samsonovich & 

McNaughton, 1997; Knierim et al., 1998). Hill and Best (1981) reported that 

spinning a rat to disorient it adequately changed the locations of place fields 

on a radial maze. Foster at al. (1989) noted that spatially selective discharge of 

hippocampal neiurons was abolished under conditions of restraint in which 
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the animal had learned that locomotion was impossible. Recently, Stackman 

& Taube (1996) reported that temporary inactivation of the vestibular system 

disrupts hippocampal place cell activity. 

McNaughton has proposed (McNaughton et al., 1989, Foster et al., 1989; 

Knierim et al., 1995; McNaughton et al., 1996) that the principal metric for 

coding spatial relationships are the orgemism's own movements in space, i.e., 

the spatial relationship between two locations may be encoded in terms of the 

movements executed in getting from one location to another. Animals can 

keep track of these movements and their instantaneous positions in an 

environment free of polarizing cues through vestibular and proprioceptive 

information (e.g., Mittelstaedt and Mittelstaedt, 1980; Etienne, 1992). Rodents 

do use visual landmarks to guide them to goal locations (Collet et al., 1986; 

O'Keefe & Conway, 1978). They can, however, find their way back to a starting 

location in the complete absence of landmarks by using self-motion cues to 

update a representation of distance and bearing to that starting location. This 

ability is known as path integration (Mittelstaedt and Mittelstaedt, 1980; 

Gallistel, 1990). The self-motion information can derive both from internal 

sources (e.g. vestibular cues or proprioceptive cues) and from external 

information (optic flow cues). 

An animal's internal sense of direction imdoubtedly contributes to its 

path integration ability. This sense is presimiably mediated by a group of 

neurons that fire when the amimal's head is pointed in a particular direction 

regardless of the animal's location in the environment or position of the 

body relative to the head. These cells, known as head direction cells, were 

originally discovered in the postsubiculum (Taube et al., 1990a b, 1996). They 

are sensitive to head direction in the yaw axis, but not in the pitch and roll 

axes. Thus, head direction cells may serve as an internal compass. Head 

direction cells have been reported in other brain regions such as the emterior 

thalamus (Taube, 1995a), the lateral dorsal nucleus (Mizimiori and Williams, 
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1993), the retrosplenial cortex (Chen et al., 1994a, b), the striatum (Wier\er, 

1993) and the lateral mammillary nuclei (Leonhard et al., 1996). Thus it 

appears to be a multicentric system, presumably integrating information from 

a variety of highly processed inputs. 

Head direction cells respond in a manner similar to place cells to a 

variety of idiothetic and external visual inputs. Just like place cells, head 

direction cells can be controlled by visual landmarks in that rotation of salient 

cues causes an equal rotation of the firing direction of head direction cells 

(Muller & Kubie, 1987; Bostock et al., 1991; Taube et al. 1990b). Indeed, place 

celb and head direction cells appear to be tightly coupled (Kiuerim et al., 1995, 

see Figure 4.3). Similar to place cells, visual input is not required to drive 

head direction cells and the cells can maintain their tuning direction for 

many minutes in total darkness as long as the animal had established its 

bearings before the light was turned off (Taube et al., 1990b; Mizumori and 

Williams, 1993; Chen et al., 1994a). In contrast vestibular input does appear to 

be necessary for these cells to maintain their directionally selective firing 

properties (Stackman & Taube, 1997). Head direction cells are also iiifluenced 

by the "motor set" of the aiiimal in that they will shut off or reduce firing 

dramatically if the rat is restrained tightly (Foster et al. 1989; Knierim et al., 

1995; Taube, 1995a). 

The comparable behavior of head direction cells and place cells 

following environmental manipulations has led to speculation about a 

possible role of the hippocampus in path integration. Lesions to the fimbria-

fornix impair path integration ability (Whishaw & Maanswinkel, 1998). 

However, Alyan & McNaughton (1998) recently demonstrated that 

hippocampal lesioris do not impair path integration. Thus it is likely that the 

path integration signals arise outside the hippocampus and influence 

hippocampal activity. 

Indeed, the influence of self-motion cues (that facilitate path 
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Figxire 4.3: Co-rotation of place cells and head direction cells and 
hippocampal remapping. In this experiment, the rat was intentionally 
disoriented before placing it in the cylindrical environment. Three CAl 
place cells eind one thalamic head direction cell were monitored 
simultaneously. In Session 2, the head direction cell rotated away from the 
cue-card. Concurrently, there was a change in the firing properties of the 
hippocampal neurons (remapping): Cell 1 changed its place field. Cell 2 
gciined a place field, and Cell 3 rotated its field along with the head direction 
cell. All diree cells reverted back to their original properties in Session 3, and 
subsequently followed the rotation of the head direction along with the cue-
card, indicating that the two systems are tightly coupled. (Data from Knierim, 
Kudrimoti & McNaughton, Journal of Neurosdence, 1995). 
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integration) on the firing of place cells was recognized early by O'Keefe & 

Nadel (1978). Place cells in the rodent hippoccimpus respond to vestibular and 

motor set cues (Sharp et al., 1995; Foster et al., 1989). Recording from large 

ensembles of pyramidal neurons, Wilson & McNaughton (1993) noted that in 

a novel environment, the ensemble code for place was initially less robust but 

improved rapidly with exploration in a box devoid of salient visual 

landmarks, suggesting an influence of self-motion information. The critical, 

albeit concealed, influence of path integration on place cells was exposed in an 

elegant study by Gothard et al. (1996b). Populations of hippocampal neurons 

were recorded simultaneously in a rat shuttling on a track between a movable 

reward site at one end and a fixed reward site at the opposite end. On the 

initial parts of the outward journeys from the movable site, cells fired at a 

fixed distance from the site even though the location was directly behind the 

rat. This suggested that the position representation was initially updated by 

path integration mechanisms. On the terminal part of the journey, cells fired 

at fixed distances from the destination, indicating influences of external 

stinnuli. Interestingly, when the journey was shortened, the representation 

appeared to jump from an alignment with the origin to an alignment to the 

destination indicating competing influences of path integration and visual 

cues. The influence of path integration offers an explanation for the results of 

an earlier study by O'Keefe & Burgess (1996). In that study rats randomly 

foraged for food in a 2-D space. When the size and/or aspect ratio of the 

apparatus was doubled, place fields either elongated or split. The resultant 

fields were directional in a direction toward the center of the field and away 

from the wall, suggesting that the path integration &om the wall behind the 

rat predicted the position of the place fields. 

McNaughton and colleagues have developed a model of place cell and 

head direction cell firing (McNaughton et al., 1991,1994,1996; Skaggs et al. 

1995) that proposes that the timing of these cells primarily reflects the 
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integration of self-motion cues, with a learned influence of visual landmarks 

developed during exploration of a new environment. In a completely novel 

environment, these associations are presiunably not present and the system is 

controlled entirely by idiothetic information. If there is a consistent mapping 

between the visual input and the head direction cells, the associations will 

gradually strengthen, tmtil eventually, in a well-explored environment, the 

visual landmarks are able to override the idiothetic cues when the system 

drifts out of calibration. 

One prediction of these models is that, if there were no consistent 

mapping between the visual landmarks in an environment and the HD cells, 

then the landmarks would have less than normal control over place cells and 

head direction cells. This prediction was confirmed in an experiment in 

which rats were intentionally disoriented before each entry into an 

environment, in order to disrupt their internal direction sense (Knierim et 

al., 1995, see Figure 4.3). The rats were trained to forage for food pellets in a 

gray cylinder with a single salient directional cue, a white card covering 90° of 

the wall. Control rats were not disoriented before being placed into the 

environment. Under these conditions, the visual landmark exerted much 

weaker control over simultaneously recorded place cells and head direction 

cells in rats that were disoriented (presiunably due to a weakened association 

between the visual cues and place cells/head direction cells) as compared to 

rats that had not been disoriented (Kruerim et al. 1995; but see Dudchenko et 

al. 1997). Importantly, place cells and head direction cells were always 

strongly coupled to each other: whenever place cells rotated their place fields 

away from the visual landmark, head direction cells rotated their timing 

curves by the same amount. Interestingly, in the disoriented animals the 

place fields often rotated relative to the cue card or completely changed their 

firing properties, suggesting a "remapping" of the environment (see Section 

4.2.5 and Figure 4.3). 



93 

A number of studies have tried to tease apart the relative influences of 

visual landmarks and idiothetic cues in controlling both place cells and head 

direction cells. Some studies suggest that visual landmark cues predominate 

over idiothetic cues (Goodridge & Taube, 1995; Mizumori & Willliams, 1993), 

whereas other studies suggest the opposite (Chen et al., 1994a; Wiener, 1993; 

Wiener et al., 1995). Still other studies show mixed results depending on the 

exact conditions of the experimental test (Blair & Sharp, 1996, Sharp et al., 

1995, Gothard et al., 1996b). A recent study by Knierim et al. (1998) further 

investigated the interactions between idiothetic cues and external landmarks 

in the control of these cell systems. Directional information from visual 

landmarks was placed in direct conflict with directional information from 

idiothetic cues. This was done by (i) rotating the rat and the environment (a 

cylindrical apparatus with one salient cue card) by varying degrees (45° and 

180°) and in a rapid manner (ii) allowing the timing curves of the head 

direction cells to accumulate varying degrees of error in the dark. When the 

mismatch between the two sources of information was small, the visual 

landmarks had robust control over place cells. When, however, the 

mismatch was large, the firing fields of place cells were altered radically, and a 

hippocampus formed a new representation of the environment. Similarly, 

idiothetic input predominated over firing of head direction cells when the 

mismatch between the two sources of directional information was large and 

visual landmarks lost control. When the mismatch was small, visual cues 

maintained control over the cells' tuning curves. These results thus support 

the models proposed by McNaughton and his colleagues proposing that 

intrinsic prewired connections enable idiothetic cues to serve as the primary 

drive on place cells and head direction cells, whereas modifiable extrinsic 

cormections mediate a learned, secondary influence of visual cues. 

4.2.3 Place field directionality 
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It could be expected, based on the fact that place cells and head direction 

cells are tightly coupled to each other (Knierim et al., 1995), that place cells 

may have a directional component Indeed, directionality of place cell firing 

was described far before the coupling between place cells and head direction 

cells was discovered. The first report of place cells by O'Keefe & Dostrovsky 

reported that "...8 units responded solely or maximally when the rat was 

situated in a particular part of the testing platform facing a particular 

direction" (authors' italics). The first systematic test of place cell directionality 

was done more than a decade later by McNaughton et al. (1983) just prior to 

the discovery of head direction cells (Ranck, 1984). They found that several 

CAl and CAS complex spike cells with place fields on a specific arm of a radial 

8-ann maze fired only when the rat was traversing in one direction, i.e., 

inward to the central platform or outward from it. This result, confirmed by 

Muller at al. (1994) stood in contrast to the finding of a lack of directionality in 

place cells in a random foraging task in a cylindrical enviroiunent (Muller et 

al., 1987). However, it is well established that head direction cells are seen in 

the cylindrical environment (Taube et al., 1990, 1995; Knierim et al., 1995, 

1998). Thus, it is clear that directionality of place fields caimot be consistently 

predicted based on its presumed connection with the head direction cell 

system. Rather, it appears to be a function of the enviroiunent or the kind of 

task that the animal is engaged in. In an attempt to separate out the 

contributions of these variables, Markus et al. (1995) compared directionality 

of place fields as rats performed different tasks on different apparatuses, such 

as random foraging in a high walled cylinder and on an open platform, a 

directed food search at four locations on the open platform and a radial 8-arm 

maze task. Place fields were not directionally selective in a high-walled 

cylindrical enviroiunent. Moreover, place fields were more spatially and 

directionally selective on a radial maze than on the open platform, regardless 

of the width of the open platform and though the external visual 
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environment was identical. Interestingly, when the task was switched from 

random foraging of food on an open platform to retrieval of food at specific 

locations on the same platform, the place fields of several CAl cells shifted 

locations as well as became more directional, i.e., there occurred a remapping 

This indicated that place field mapping and directionality are dependent on 

the task demands and trajectory being more directed between landmark 

locations of significance (i.e. food goals). 

4.2.4 The development of place fields in novel environments 

Place fields are discemable the first time the animal is placed in an 

environment (Hill, 1978). In Hill's study, rats were trained to run for food 

reward in a shuttle box and then placed in a novel plexiglass T-maze. The 

firing of hippocampal neurons was recorded as the animals explored the 

maze and learned to obtain food reward at its ends. Most cells showed place 

fields on the very first passage of the rat through different locations on the 

maze and the place fields patterns remained fairly stable throughout the 

experience, given the limits of the tracking methods of the time. 

This observation was confirmed for larger ensembles of hippocampal 

neurons in a study by Wilson & McNaughton (1993) using a different 

approach. Rats were trained over several weeks to forage for randomly 

scattered food pellets in one half of a rectangular box, separated from the 

other half by an opaque barrier. The barrier was then removed and rats were 

allowed access to the other half, which was completely novel to them. The 

dynamics of evolution of the hippocampal place representation were studied 

by measuring the accuracy in reconstruction of the animals' location based on 

the ensemble activity of 80-150 simultaneously recorded CAl pyramidal 

neurons. It was foimd that the accuracy of reconstruction improved over the 

course of 5-10 minutes of exploration, indicating rapid encoding of spatial 

information in the hippocampal network. 
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4.2.5 Place cells and hippocampal remapping 

Hippocampal pyramidal neiirons that have one or more place fields 

each in one environment may be completely inactive in a different 

environment, or may have place fields in different locations in very similar 

envirorunents. Thus, the hippocampus has specific representatioiis of 

different envirorunents, labeled by O'Keefe & Nadel (1978) as hippocampal 

maps. The hippocampus is thought to "perform" a complete or complex 

remapping (Bostock et al; 1991; Muller, 1996) when place cells in one 

environment have spatio-temporal firing patterns completely unrelated to 

those in another environment. If relationships among fields of some cells are 

preserved but others are completely lost, the phenomenon has been labeled a 

partial remapping. 

What are the factors that can induce a remapping of the enviroiunent 

by the hippocampus? Clearly, visual input is important since chariging the 

physical environment causes a remapping (O'Keefe and Conway, 1978; Kubie 

& Ranck, 1983; Muller & Kubie, 1987; Thomson & Best, 1989; Wilson & 

McNaughton, 1993). On the other hand, if visual constancy of a given 

envirorunent is maintained the same map is also maintained over days or 

even months (Muller et al., 1987; Thompson & Best, 1989). Place fields are 

generally stable regardless of whether the animal is taken to a different spatial 

location outside that enviroiunent for long periods of time and then brought 

back into the same apparatus (see however Barnes et al., 1997 for age-related 

effects). Merely changing the external visual enviroiunent without changing 

the task or the immediate environment can induce a new map. For example, 

in O'Keefe & Conway's experiment (1978) removal of all the visual cues 

changed the firing fields of the cells completely, suggesting a remapping. In an 

important study into the visual influences over the remapping phenomenon 

by Bostock et al. (1991), rats foraged for food in an MKR cylinder with a white 
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cue card. Once place fields had been recorded in the presence of the white 

card, the card was replaced with a black card of the same size and shape. Time-

variant changes in place fields were observed after this visual cue 

manipulation. Initially, the place fields were similar in the radial axis, but 

often rotated, in the presence of the white and black cards during initial black 

card exposures. During subsequent presentations of the black card the spatial 

firing patterns associated with the two cards became more dissimilar, i.e., 

there was a remapping. Interestingly, once the remapping was observed for 

some cells, all cells subsequently recorded from had different fields in the 

presence of the white and black cards, indicating that the hippocampal 

ei\semble had undergone an experience- and time-dependent remapping. 

Interestingly, keeping the visual cues the same, but changing the task 

demands also induces changes in firing field characteristics (Markus et al., 

1995). Also, if the visual cues are kept the same but if the topological spatial 

relationship among them is altered by interchanging many of them, a 

remapping is induced (O'Keefe & Nadel, 1978; O'Keefe, 1979; Muller & Kubie, 

1987; O'Keefe & Speakman, 1987). As noted in Section 4.2.2, it is becoming 

clear that idiothetic input is an important factor controlling the place specific 

firing of hippocampal pyramidal cells. Similarly, the remapping 

phenomenon is also under idiothetic influences. In the study by Knierim et 

al., 1995, place cells did not always follow rotations of a salient visual cue in 

disoriented rats. In these cases, a complex remapping occurred, i.e., some place 

cells developed new place fields when none existed prior to the remapping, 

others changed or lost their place fields and still others rotated their fields 

incoherently, suggesting a remapping (see Figure 4.3). Interestingly, head 

direction cells recorded simultaneously also broke away from the cue card 

when the place cells did not follow it possibly suggesting a participation of the 

head direction cell system in selection of the different map. Remapping was 

also observed within the same recording session as a head direction cell 
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rotated within that session. Again, different place cells changed their firing 

characteristics differently-suggesting a complex remapping. Thus, this study 

demonstrated that remapping could occur even in the absence of any change 

in the sensory environment. The hippocampus may develop a new 

representation of the environment even if the animal perceives that the 

environment has been somehow altered (e.g. rotated). In another experiment, 

rats were given coiiflicting directional information by visual and vestibular 

inputs by rotating them along with a cylinder with a salient cue card in which 

they were placed. After large sudden rotations (180°), a complex remapping of 

the environment occurred about half the time (Knierim et al., 1998). 

Why do place fields sometimes rearrange radically when the induced 

mismatch is large? According to a model proposed by Samsonovich and 

McNaughton (1997, see Figure 4.4), cognitive maps are stored in the synaptic 

matrix of the hippocampus as sets of continuous two-dimensional dynamical 

attractors. A chart is defined as a 2-D configuration of place cells in which 

nearest neighbors (on the chart, not anatomically) have a statistically higher 

probability of being strongly connected than non-neighbors. The local 

cormectivity on a chart then specifies the relative relationships among place 

fields in the environment. A radical rearrangement of place fields 

(remapping) is thought of as reflecting a state transition from one djmamic 

configuration to another (i.e., a chart transition; Zhang, 1996 and Redish & 

Touretzky, 1997 for related models). A focus of activity (an activity packet) 

moves around on a chart in a maimer that is isomorphic to the rat's motion 

in the environment with input from the head direction cell system causing 

the activity to spread in a direction corresponding to the ctirrent head 

direction. The model predicted (based on the data available at the time) that 

hippocampal maps for different environments ought to be orthogonal, i.e. 

statistically imcorrelated. Indeed, a question of theoretical importance is 

whether or not this prediction is correct, i.e., can hippocampal remapping be 
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Figure 4.4: A model of hippocampal remapping (based on Skaggs et al, 1995; 
McNaughton et al., 1996 and Samsonovi(^ & McNaughton, 1997) The 
primary drive to the head direction system comes from vestibular system. 
Visual landmarks provide a corrective influence and help to eliminate error 
that accumulates in the head direction system. The connections among head 
direction cells are prewired, with strong local excitatory interactions among 
cells with similar preferred directions and weak connections otherwise. 
Convergence of activity in the head direction system drives a path integrator, 
which combines information from self-motion cues to "set" a quasi-stable 
hippocampal attractor map or chart, consisting of an ensemble of place cells 
with a high probability of being connected on that chart. Large mismatches 
between visual and vestibular input resets the head direction system which 
in turn destabilizes the hippocampal chart, leading to remapping. In the new 
stable chart, the same neurons have different probabilities of being connected 
leading to different place field configurations. 



100 

partial? Until recently, single unit studies had not been able to resolve the 

question unambiguously because the number of cells recorded was 

insufficient to reject the null h3^othesis that apparently identical fields after a 

remapping arose by chance. Recently, however, the problem was addressed 

using ensemble recordings (Skaggs &McNaughton, 1998b). Larger populations 

(10-39) of CAl pyramidal cells were recorded from rats foraging for food 

reward in an environment consisting of nearly identical boxes connected by a 

corridor. In this situation, a higher than chance fraction of cells had similarly 

shaped and located firing fields in both boxes but other cells had completely 

different fields indicating imambiguously a partial remapping. Skaggs & 

McNaughton (1998b) suggest that charts could thus be non-orthogonal and 

are selected in a non-random way, such that similar-appearing environments 

predispose the system to allocate similar charts, i.e., the intrinsic connections 

that make up the charts must be modified by experience. 

4.2.6 Behavior and task correlates of hippocampal pyramidal cells 

Ranck (1973) had originally suggested that some of the complex spike 

cells might be correlated with the animal's behavior in particular with 

approach to and consummation of reward. Despite the subsequent impressive 

and convincing evidence indicating hippocampal processing of spatial 

information, some studies have reported non-spatial firing correlates of the 

activity of hippocampal pyramidal cells. These reports have generally come 

from studies in which rats performed various simple and discriminative 

conditioning tasks (Berger et al., 1983; Wible et al., 1986; Eichenbaum et al., 

1987;Wiener et al., 1989; Otto and Eichenbaum, 1992; Hamson et al., 1993; 

Yoimg et al., 1994). 

Eichenbatun and his colleagues have investigated the featvires of 

mnemonic activity that are encoded by hippocampal neurons by examining 
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the behavioral correlates of hippocampal CAl p5n:aiiiidal neurons in animals 

actively engaged in odor discrimination and spatial learning tasks, used 

earlier by them in lesion studies (see Chapter 2). In rats performing either 

simultaneous or successive odor discrimination tcisks, a population of cells 

fired selectively when the animals sampled the odors and prepared to make 

the behavioral response (Eichenbaum et al., 1986; Otto et aL, 1991; Wiener et 

al., 1989). In these studies the rat was trained to sample a conical port in which 

pairs of odors were presented in precisely calibrated quantities. The valences 

of "positive" and "negative" odors were arbitrarily assigned. Full 2 second 

nose pokes during presentation of positive stimulus configurations was 

rewarded with water in a food cup located at a distance from the odor port, 

but no water reward was given after presentation of a negative stimulus. Two 

major categories of complex-spike cells were identified: (1) Cue sampling cells 

that fired after onset of cue sampling (2) Goal approach cells fired prior to 

arrival at either the odor post or the reward cup. Importantly, a number of 

sampling and approach cells had place correlates. Goal approach cells were 

reported earlier by Hill (1978, a b) in a T-maze alternation task. In his studies, 

the rat was trained to alternate: after each trial it had to return to the start arm 

of the T and, after a delay, go to the other goal arm of the T-maze on the next 

trial. Several directional place cells fired only as the rat returned to the start 

box away from the goal boxes (but see Gothard et al., 1996a, 1996b below). 

The interaction between place and behavioral correlates was studied by 

Wiener et al. (1989). In addition to the olfactory discrimination task, rats were 

trained to perform a spatial navigation task in an open box that required 

them to make visits to the comers of the box from the center of the arena. 

Some of these cells had place fields during the imvigational task but also fired 

maximally during sampling of a specific left-right configuration of a specific 

pair of odors during simultaneous odor discrimination, suggesting that 

hippocampal processing is not limited to the representation of spatial 
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location. In addition, this study found that firing rate of place cells in the place 

fields varied in relation to speed, direction, and turning angle of the rat as it 

moved through the place field. Note, however, that Hill (1978) and O'Keefe & 

Conway (1978) had earlier fotmd that body turn was not an important factor 

in place cell firing, in rats trained to nm on T-shaped mazes. Perhaps the 

difference in task had an influence on the different results obtained. 

Although several studies have qualitatively described the relationship 

between these parameters (O'Keefe & Etostrovsky, 1971; Ranck, 1973; O'Keefe, 

1976), the relationship between velocity of the animal and its heading and 

spatial firing had been quantitatively studied earlier by McNaughton et al. 

(1983). In rats performing the 8-arm radial maze task they found that spatial 

firing is strongly modulated by the direction of the animal's movement and 

to a lesser extent by its speed. Importantly, the firing in the direction opposite 

to the preferred one was at chance (background rates). This suggested that the 

population codes for the forward and return journeys were imcorrelated. 

Markus et al. (1995) have demonstrated that spatial and directional tuning of 

place cells also has a dependency on the type of behavior performed (see 

Section 4.2.3). Yoimg et al. (1994) attempted to minimize the influence of 

spatial cues and tested the response of hippocampal complex-spike cells in a 

non-spatial version of the radial maze. A 4-arm radial maze was constructed 

such that each arm was covered with distinctive visual-tactile cues. The 

iiifluences of extra-maze cues were minimized by surrounding the maze with 

a black curtain. The rat was trained on a working-memory task (Olton & 

Fuestle, 1981). In this situation, the activities of a small but significant 

proportion of cells were associated with the type of cue on the arm, not its 

absolute location in extra-maze space. 

Employing a behavioral task modeled after that of Collet et al. (1986), 

Gothcird et al. (1996a) recorded the activities of eiisembles of hippocampal 

neurons. The locations of two landmarks predicted the location of food 
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reward. The landmarks were maintained at a constant distance from each 

other but were moved across trials with respect to a constellation of static 

backgrotmd cues in a large arena. On each trial, the rats were released from a 

variably located start box, to which they returned for additional food after 

locating the goal. It was found that some cells fired in a constant relationship 

with the static background cues. Other cells always fired in the vicinity of the 

start box, regardless of its location in the arena and were strongly directional 

and still others fired in proximity to the goal. Interestingly, most goal-related 

cells fired irrespective of whether the animal was rewarded or not. In the 

light of the subsequent paper by Gothard et al. (1996b), the phenomenon can 

be understood as a realignment of a uiutary map, first aligned to the box, then 

to the background cues and then to the goal landmarks. Rather then reflecting 

three different cell groups, the observations in the Gothard et al. (1996a) study 

suggest that the relative distance of the animal from each set of cues defining 

an independent reference frame, induced a realignment of a map encoded in 

the hippocampal ensemble in that frame. 

Breese et al. (1989) reported, however, that the firing of hippocampal 

place cells could change under conditions in which significant stimuli are 

added or removed from the environment. Rat hippocfmnpal complex spike 

cells were recorded during exploration for water delivered to food cups in 

various regions of en elevated platform. Selective delivery of water to a single 

location on the platform shifted the location of the place field to near that 

location (see also Fukuda et al., 1992). Thus, place fields appear to shift with 

reward contingencies. This can again be explained on the basis of map 

realigrunent. Moreover, as discussed above, Gothard et al. (1996a) 

demoitstrated that a cue (start box) controlled the firing of a different set of 

place cells when placed in different environments and when the animal was 

performing a different task. This indicated that hippocampal neurons do not 

explicitly represent behavioral events (e.g., leaving a start location or being 
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rewarded) or objects related to those events (e.g., start box). This study 

suggested instead that hippocampal ensembles encode location with respect to 

quasi-independent reference frames. Sharp et al. (1990) studied the behavior 

of place fields in a standard MKR cylinder (Figure 4.1B) after a second cue card 

identical to the original one was placed 180° away from the first. A majority of 

the cells retained their place field in relationship with the original cue card 

after the second card was added. Interestingly, the place field could be brought 

under control of the second cue card if the rat's entry into the environment 

was near that card. This observation demonstrated, again, that hippocampal 

neuronal ensembles can get aligned to different frames of reference, 

depending on the animal's distance to the salient landmarks that define the 

frame. 

The general approach in studies investigating spatial correlates of 

hippocampal neuron firing is to control for behavioral differences in different 

parts of an environment by making the task monotonous enough such that 

the behavior, velocity etc. of the animal are uniform. The studies 

investigating non-spatial correlates use the opposite argim\ent-the animal is 

made to perform different behaviors at different times in a task, and a 

dissociation in terms of neuronal activity is looked for. The argimient is not 

fallacious. In any animal study task, behaviorally uniform or not, it is very 

difficult to extricate spatial components from behavioral ones. In other 

words, most animal behaviors are inherently spatial. Although some of the 

studies outlined above have attempted to prove that the rat hippocampus is 

involved in both spatial as well as non-spatial processing, the fact remains 

that even in these studies the firing of a large proportion of complex-spike 

cells had spatial correlates that happened to be related to the task demands. 

For example. Otto & Eichenbatmi (1992) describe "respor\se-related cue 

sampling" cells that fired whenever a locomotor response was made 

regardless of the trial type (match or non-match). This cell could easily have 
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been described as having spatial firing properties. They also describe "non

specific cue sampling" cells that fire all throughout the odor-sampling period. 

These too could have been place cells near the odor port. The real test of their 

hypotheses would be to move the odor port to different spatial locations and 

observe the responses of the cells. In the Young et al. (1994) study, the firing of 

the cells still was irUierently spatial, i.e., place fields were observed. The orUy 

difference was that the place fields were controlled by local sensory cues just 

as in Muller et al. (1987) study. Indeed, O'Keefe & Conway (1978) and Shapiro 

et al. (1997) have demonstrated that place cells may in fact be driven by a 

combination of iiifluences from local and distal visual cues. It can be 

predicted that in both 'spatial' and 'non-spatial' versions of the Morris water 

maze (Morris et al., 1982), there will be place fields, though quite possibly, the 

animal may use different maps or charts based on different strategies used to 

solve the task (O'Keefe & Nadel, 1978; Samsonovich & McNaughton, 1997). 

Although the data from Eichenbaum et al. (1987) are convincing and very 

important (responses of cells to different odor pairs at the same location), and 

have support from anatomical studies (input to the hippocampus from the 

olfactory cortex, see Chapter 3), the fact remains that most robust observation 

in hippocampal extracellular recordings is that in any task that has a real or 

perceived locomotor component, regardless of demand on spatial processing, 

location-specific firing is observed (Muller et al., 1987; Buzsdki, 1999; Terrazas 

et al., 1998). On the basis of recent studies (e.g., Gothard et al., 1996a,b; 

Knierim et al., 1995, 1998), McNaughton (personal commui\ication) suggests 

that relative location, based on the animals' motion, is a very important 

factor in setting up firing patterns within the hippocampal ensemble but is 

often overridden by other variables. 

4.2.7 Mnemonic correlates of hippocampal unit activity 
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Given the role of the hippocampus in memory, some indications of 

underlying mnemonic processes are expected to be observed in the firing of 

hippocampal neurons. It can be surmised that synaptic plastic changes take 

place during active behaviors inducing formation of new fields. During "off

line" states, when the animal is not performing tasks, the synaptic changes 

are sustained, i.e., place fields are maintained, and consolidated, unless a 

disruptive manipulation induces a new representation. 

4.2.7.1 Persistence and stability of place fields 

In Muller & Kubie's cylinder experiments (1987) place fields persisted 

on removal of the visual cue card removal experiments suggesting an 

underlying mnemonic process. Using the MKR cylinder, Quirk et al. (1990) 

investigated the role of the rat's recent experience on the firing of place cells. 

This study was intended to study and quantify the persistence of firing fields 

in the dark and to evaluate the effect of previous experience on place cell 

firing in the dark. The firing fields of the cells persisted in the dark after the 

emimal was given the opportunity to visualize the environment. Also, in 

cases in which new place fields formed when the animal was placed in the 

apparatus in the dark, the fields reverted to their original pattern when the 

room lights were turned on, if the animal had been exposed to the lit 

environment in earlier trials. These observations again suggested a 

mnemonic component to place field firing. 

The above studies suggest, at the very least, short-term memory 

processes in the hippocampus that result in persistence of place fields, when 

the ariimal is removed from the apparatus for a brief period of time. Firing 

fields have, however, been shown to be stable between sessions and even for 

several days or weeks (Muller et al., 1987; Barnes et al., 1997; Thomson & Best, 

1989). They are usually stable regardless of whether the rat spends its time 

between sessions in its home cage or some of its time in a different recording 
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apparatus. If recording sessions are carried out in two or more apparatuses 

over extended times, fields are stable in each (Muller & Kubie, 1987, Thomson 

& Best, 1989). The long-term stability of firing fields implies that a stored 

representation is recalled, perhaps more so when experienced repeatedly. 

Furthermore, the stability of different fields in different environments 

implies that many representations can be stored without interference. 

4.2.7.2 Place cell and spatial working memory 

O'Keefe & Speakman (1987) performed one of the few studies that have 

attempted to elucidate a relatioiwhip between the persistence of firing of place 

fields and the performance of rats on a spatial working memory task. The task 

required the cinimal to choose the correct arm of a 4 arm plus-shaped maze in 

order to obtain food reward. The location of the goal arm was varied across 

trials and could be established by controlled visual cues surrounding the 

maze which were rotated in sync with the chosen goal arm. In probe working 

memory trials, the cues were present irutially, as the animal was restricted to 

the start arm, but were removed before the animal was allowed to nm to the 

goal. In this situation, the place fields of a majority of units were maintained 

after removal of the visual cues and demonstrated a consistent relationship 

with the goal arm. Furthermore, during control trials in which the cues were 

removed even before the animal was placed on to the maze, the place fields 

were maintained in a consistent relatioi\ship with the animal's choice of goal 

arm, regardless of which arm was designated the goal arm by the 

experimenter. In recent studies by Shapiro et al. (1997), the fields of a small 

ensemble of 4 cells rotated with the location of the experimenter as he moved 

to a new position and stayed in the rotated position even after the 

experimenter subsequently left the recording room, even as other cells 

responded to current visual stimuli. In subsequent trials, the cells rotated back 

as the experimenter moved to his original location in the recording room. 
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This suggested that internal memory representations were adequate to drive 

hippocampal ensembles. Thus, it appears that a cognitive map of the 

environment is encoded in the hippocampus, is set and maintained (i.e., 

remembered) in a particular orientation (presumably set by the HD system) in 

the absence of visual landmarks and is presumably used to help the animal 

navigate toward its perceived goal. 

4.2.7.3 Experience dependent modifications of firing patterns 

Presumably, there are underlying rules of synaptic plasticity that 

govern the development, evolution and time dependent changes in firing 

fields of hippocampal neurons. Some changes in synaptic weights most likely 

occur in the recurrent CA3 network. When cin animal is placed in a novel 

envirorunent, place fields develop rapidly (Wilson & McNaughton, 1993; but 

see Tanila et al., 1997a&b). This suggests that information is encoded rapidly 

by the hippocampus in the spatial firing of ensembles of its principal neuroris, 

presumably by a rapid induction of sjmaptic plasticity by an LTP-like process. 

Indeed, it has been recently shown that stable place field formation requires 

the same plasticity mechanisms as required for LTP and spatial memory (e.g., 

McHugh et al., 1996; Rotenberg et al., 1996). Moreover, if a stable relationship 

between visual cues and place cell firing is allowed to develop, place fields can 

persist over weeks to months (Thompson & Best, 1989). This indicates that a 

stable representation of a given environment can be maintained in the 

ensemble firing of hippocampal neurons, presumably by a process that 

maintains the synaptic strengths. When task or reward contingencies change, 

place fields exhibit plasticity. In the Breese et al. (1989) study, place fields 

exhibited plasticity with regard to reward contingencies. In the Markus et al. 

(1995) study, place fields characteristics changed when the task was altered. In 

the Bostock et al. (1991) study time-variant changes in place fields were 

observed after changing the white cue card to a black one. Initially, the place 
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fields were very similar in the presence of the white and black cards. During 

subsequent presentations of the black card the spatial firing patterns associated 

with the two cards became more dissimilar, indicating a gradual experience 

dependent learning process. 

Mehta et al. (1997) recently reported a finer structure to the plasticity 

observable in place fields. Rats were trained to run for food reinforcement at 

fixed locations on linear tracks of different shapes. Populations of 

hippocampal CAl pjrramidal cells were simultaneously recorded using 

multiple electrodes as the rats performed the task. It was observed that with 

experience, the location of place fields shifted backwards and the place cells 

fired more spikes causing an overall increase in place field size. The results 

were interpreted as being indicative of an asymmetric strengthening of 

synapses between place cells. The synapses from the cells that fire earlier on 

the maze onto those that fire later on the maze would become stronger; 

however the reciprocal cormections would be relatively less affected. Such an 

asjnnmetric strengthening would induce postsynaptic neurons to fire earlier 

and more robustly, thereby enlarging the place fields and moving their 

average locations backwards. This interpretation is consistent with the 

properties of LTP (associativity and temporal asymmetry) and with recent 

theories of Hebbian learning that propose that the hippocampus stores route 

information through asymmetric strengthening of synapses between cells 

with overlapping place fields on a route (Levy, 1989; Blum & Abott, 1995; 

Abott & Blum, 1996; Tsodyks et al,, 1996). Furthermore, old memory-

impaired rats do not show this experience-dependent place field expansion 

effect, consistent with deficits during aging in hippocampal LTP mechanisms 

(Shen et al., 1997). 

4.3 Intemeurons 
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In any extracellular recording from the CAl or CAS layers of the 

hippocampus, a small proportion of units isolated appear to fire single spikes, 

have narrower spike widths and are often clearly modulated by the 

hippocjimpal theta rhythm (for which they were named theta cells) (Ranck, 

1973; Feder & Ranck, 1973). McNaughton et al. (1983) examined the 

behavioral correlates of theta cells, which are putative intemeurons, in a 

forced-choice task on an 8-arm radial maze. They found that on average theta 

cells had higher firing rates as compared to complex spike cells, and the 

spatial selectivity was much lower, i.e., firing was generally evenly distributed 

over the environment. Subtle differences in firing rate distributions, 

unaccountable by differences in behavior were observed between different 

arms of the maze. The firing rate also was dependent on the running velocity. 

Kubie et al. (1990) studied the spatial firing characteristics of theta cells in the 

CAl and CAS regions, using an MKR cylinder. They also found variations in 

spatial firing of theta cells, although the variations were smaller than that for 

place cells. These differences in firing rate could also be controlled by a salient 

visual cue, just as observed for place cells. Theta cells appear to be modulated 

by novelty. In Wilson & McNaughton's (1993) study, 10 of 15 theta cells 

decreased their firing rates when a rat entered the novel part of the recording 

apparatus. This reduction in firing was taken to be suggestive of a reduced 

overall level of hippocampal inhibition in the presence of novel stimuli, 

thereby facilitating synaptic modification. 
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CHAPTER 5: THE NEUROPHYSIOLOGY OF MEMORY 

5.1 Introduction 

As disoissed in Chapter 2, it is thought that there exist different 

subsystems in the brain that subserve different types of memory processing. 

The memory systems are comprised of neurons and their networks. 

However, questions regarding how neural networks carry out this processing 

remain unai\swered. At one extreme, in the "single neuron coding" view, a 

neuron is considered as a processor dedicated to a memory process. This idea 

is based on the single-neuron doctrine (Barlow, 1972), which holds that 

behavioral functions are encoded in individual neurons. A more accepted 

view is the "population-coding" hypothesis, based on Donald Hebb's "cell 

assembly" theory. Hebb (1949) proposed that experience dependent synaptic 

changes depend on the co-activity of two interacting neurons. Learning and 

memory processes are assumed to be mediated by lasting changes in synaptic 

efficacies, a phenomenon labeled synaptic plasticity. 

Neurophysiologists have approached the problem of detection of 

sjmaptic plasticity using in vitro and in vivo methods. Hebb's proposal found 

a lot of support fromm vitro LTP studies. These investigations have 

consistently demonstrated the necessity of synchronous activity to induce 

synaptic plasticity. Although LTP is an artificially induced plasticity between 

synapses, the possibility that memory may be subserved by a process similar 

in the underlying cellular and molecular mechanisms makes it a viable 

model to study. Hebbian plasticity has, however, been difficult to test directly 

in vivo using extracellular recording techniques. Early studies have 

approached the problem by studying the activities of neurons in different 

cortical areas in relation to a learned behavior. It was assumed that a change 

at the synapses impinging on the neuron recorded from had induced a 

change in its Hring pattern. More recently, the persistence of firing 
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correlations between neuron pairs from preceding behavior during sleep has 

been used as representing memory replay (Wilson & McNaughton, 1994, Qin 

et al., 1997). Although an indirect measure, it has nevertheless given us some 

insights into the rules of mnemonic processing in the brain. 

This chapter reviews some of the classic electrophysiological 

approaches to studying memory and concludes with recent developments. A 

brief discussion on LTP precedes the sections on the in vivo behavioral 

electrophysiology of memory. 

5.2 LTP: a model of memory at the synapse 

Hebb (1949) theorized that memories are represented by reverberating 

assemblies of neurons. In recognizing that for a memory (cell assembly) to be 

long lasting some alteration in the network must occur, he proposed, "When 

the axon of Cell A is near enough to excite Cell B and repeatedly and 

persistently takes place in firing it, some growth process or metabolic change 

takes place in one or both cells such that A's efficacy, as one the cells firing B, 

is increased." Since neurons commimicate with each other at synapses, it is 

likely that the changes occur at the synapse. Hebb's ideas found experimental 

verification in the discovery of long-term potentiation (LTP) in the 

mammalian brain. LTP is the phenomenon of persistent change in synaptic 

strength as a result of impulse transmission across synapses. The 

phenomenon was described in the hippocampus of the rabbit by Bliss and 

Lamo (1973). In essence, what they observed is that a brief tetanic stimulation 

of the perforant path induces a potentiation of synaptic excitability of granule 

cells in the dentate gyrus that can last for several hours. LTP is thus 

characterized by a stable, relatively long-lasting increase in the magnitude of a 

post-sjmaptic response (increase in the slope of the EPSP) to a constant 

afferent volley, following brief tetanic stimulation of the same afferents. Later 

studies showed that LTP recorded in animals with permanent indwelling 
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electrodes lasted from weeks to months (Barnes, 1979). Moreover, LTP is 

fotmd in many areas of neocortex (Bear & Kirkwood, 1993). 

As a biophysical representation of Hebb's rule, LTP demonstrates the 

properties of associativity (pre- and post-synaptic coincidence) and 

cooperativity (pre- and post-sjniaptic convergence). Evidence of the role of 

synchronous convergence has been obtained in LTP studies. For example, if 

weak non-LTP-inducing stimulation in one afferent is paired with strong 

LTP-inducing stimulation in another afferent to the same cell population, 

then the weakly stimulated afferent exhibits LTP (McNaughton et al., 1978; 

Levy & Steward, 1979; Barrionuevo & Brown, 1983). The intracellular 

reactions underlying ionic conductances and neurotraiismission changes 

underlying LTP are currently imder debate. A review of the literature is 

beyond the direct focus of this dissertation. In brief, presynaptic and 

postsynaptic models have been proposed to explain LTP, based on changes 

seen at the anatomical, physiological and biochemical levels. It appears that 

LTP induction is associated with an array of presynaptic and posts5maptic 

changes demonstrable at multiple levels of analysis, although different 

changes are seen by different investigators depending on the experimental 

conditioi\s. The role of the NMDA-tjrpe of glutamate receptor in LTP has been 

well established (Collingridge et al., 1983; Cotman et al., 1984). Changes 

possibly contributing to LTP at the synapse include changes in dendritic spine 

shape leading to increased membrane resistance (Lee et al., 1980), postsynaptic 

receptor changes (Lynch et al., 1982), changes in neurotransmitter release 

(Dolphin et al., 1982), protein synthesis, new s3mapse formation and rutric 

oxide release. 

Regardless of the multitude of mechanisms possibly tmderl3ang LTP, 

the central issue is whether LTP occurs as a consequence of learrung. The 

time-course and magiutude of LTP and its distribution in the brain relative to 

structures previously implicated in learning and memory certainly make it a 
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viable candidate mnemonic process. Furthermore, persistence of LTP in brain 

regions during behavioral learning that is known to depend on the integrity 

of that region provides correlative evidence in support of LTP as a synaptic 

memory mechanism (Barnes, 1979). Interestingly, changes in population 

EPSPs can be observed in perforant-path dentate gyrus responses during 

exploratory behaviors. This phenomenon, labeled short-term exploratory 

modulation or STEM (Sharp et al., 1985) was subsequently shown to be 

temperature dependent and different from LTP (Erikson et al., 1993; Moser et 

al., 1993a). STEM may, however, have a small, short lasting component 

related to exploration (Moser et al., 1993b). Green and Greenough (1986) found 

that the magnitude of field EPSP-slopes was larger in in vitro hippocampal 

slices removed from animals exposed to an enriched environment compared 

to that from animals exposed to a standard laboratory environment. Mitsimo 

et al. (1994) reported incremental changes in mossy-fiber field EPSPs over the 

course of learning of a radial arm maze. There also exist parallels between 

certain genetic and pharmacological manipulations upon LTP and behavioral 

learning and memory. Transgenic mice, which carry mutant forms of 

molecules necessary for normal hippocampal plasticity, have parallel deficits 

in hippocampal dependent behaviors (e.g. Bach et al., 1995; Sakimura et al., 

1995). Pharmacological blockade of the NMDA receptor (Morris et al., 1986) or 

saturation of LTP (Barnes et al., 1994) both can lead to memory impairments. 

A potential difficulty with the hypothesis that LTP is a mechaiusm of 

information storage relates to the time course of LTP in that it does not 

appear to have the longevity to accoimt for truly long-term information 

storage that may span decades in some species. Because the hippocampus is 

viewed as having a temporally restricted role in memory in both animals and 

htmians (Zola-Morgan & Squire, 1993), there is, however, no reason to expect 

permanent changes in the hippocampus. Hippocampal LTP decays with a 

half-life of not more than several weeks. A more persistent enhancement. 
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which occludes further LTP induction is observed following maximal electro

convulsive shock (MECS, Barnes et al., 1994). This MECS-induced LTP 

saturation is associated with prolonged spatial learning impairment. 

Repetition of LTP induction does produce a longer lasting potentiation 

(Barnes, 1979), perhaps similar to how reinstatement improves retention. 

Moreover, decay of hippocampal LTP may reflect the necessity to avoid 

saturation of hippocampal networks. Therefore, it is possible that 

hippocampal LTP may be the first stage in establishing a permanent engram 

elsewhere in the brain via output pathways from the hippocampus. 

Furthermore, is likely that the reinstatement of memory patterns in the 

hippocampus may contribute to the persistence of LTP in neocortical regions 

(Barnes, 1979) and the resultant stabilization of long-term memories therein. 

5.3 Mnemonic correlates of neuronal activity in the cortex 

5.3.1 Neuronal correlates of short-term memory in pre-frontal cortex 

Neurons in the pre-frontal cortex (PFC) demonstrate sustained 

elevations in firing rates during the time interposed between a learned 

sensory cue and the animal's response to it. The sustained activation of these 

cells may outlast the cue for 1 min or more, and is very likely a product of 

learning. These cells have been labeled "memory cells" (Fuster & Alexander, 

1971; Fuster, 1973; Kojima & Goldman-Rakic, 1982; Funahashi et al., 1989) and 

have been attributed with a short-term memory function. In Paster's study 

(1973, see Figure 5.1) monkeys were shown two objects at different locations, 

one of which was subsequently baited with food reward placed imder it (the 

cue period). The cue period was followed by a delay, during which the object 

locations were hidden from the animals' view. At the end of the delay period 

the aiumal was allowed to make a choice and could displace an object to 

retrieve the food reward. Extracellular recordings from the prefrontal cortex 

revealed the presence of neurons that increased firing rates during the delay 
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Figure 5.1: Cartoon depiction of the reponses of a prefrontal cortical neuron 
during a delayed response task. At the start of a trial, the animal observes the 
concealment of a food morsel under one of the two blocks. After a delay of a 
few seconds with a screen ("blind") blocking the view of these objects, the 
screen is raised and the arumal is allowed the choice of one object. If the 
chosen object is the baited one, the animal retrieves the food, the position of 
which is changed randomly across trials. In the bottom panel, the arrows 
mark the monkey's response after the delay period. The neuron is inhibited 
during cue presentation, but fires persistently throughout the delay period, 
even if the delay period is lengthened. Adapted from Fuster (1995). 
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period. If the correct (baited) object was chosen, the animal was rewarded. 

There is evidence of behavioral correlates of the memory-related activity of 

these neurons. In untrained animals, unconditioned stimuli of the same 

duration and characteristics as the cue elicited prefrontal cell discharges of 

considerably less magnitude and duration than the cue itself in the trained 

animal (Fuster, 1973). Also, the delay-related responses were absent in non-

baited trials indicating the presence of a cross-temporal contingency. 

Moreover, performance of the same task was markedly £md reversibly 

impaired by cryogenic depression of the frontal cortex (Fuster & Alexander, 

1970) and distracting the animal with auditory stimuli during the delay 

period interfered with the sustained activation of the prefrontal imits while 

also interfering with the task performance. 

Kubota & Niki (1971) reported similar firing changes of units in the 

periprincipal area of PFC in relation to the performance of a delayed 

alternation task calling for successive alternate presses of two levers with 

interspersed 5 second delays. Some units were foimd to be more active 

immediately before lever-pressing than during the delays; others showed the 

opposite pattern, indicating a mnemonic role in successful bridging, in 

behavioral terms, of the temporal gap between the cue and the response. 

The mechaiusms by which PFC cells acquire a role in temporal-

integrative behavior of a delay task are not clear. A delayed activation cannot 

be attributed to the physical properties of the cue or interpreted as a form of 

sensory after-discharge but is likely to result from reverberatory activity in 

prefrontal neuronal assemblies subserving attentional mechanisms essential 

for retention of cue information. It is also possible that some of the memory 

aspects are encoded in hippocampal-prefrontal connections. For example, LTP 

has been induced in PFC of the rat by stimulation of CAl cells in the 

hippocampus (Doy6re et al., 1993). 
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Funahashi et al. (1993) used an oculomotor delayed-respor\se task to 

examine the spatial memory hinctions of neurons in the primate prefrontal 

cortex. The task required monkeys to direct their gaze to the location of a 

remembered visual cue. The animals fixated at a central spot, as a cue was 

presented transiently. Following a 1-6 s delay period, the monkeys were 

required to make a saccade toward the remembered cue location. A significant 

proportion of neurons fired during the delay period only in response to cues 

situated over a range of visual field directions and firing of these neurons was 

correlated with the accuracy of the saccade. This finding indicated that PFC 

neuroiis process information on the spatial features of visual stimuli. A 

dissociation has also been observed in the delay response characteristics of 

PFC neurons with respect to spatial versus non-spatial tasks (Fuster et al., 

1982; Wilson et al., 1993). 

5.3.2 Neuronal conelates of associative memory in temporal cortex 

Miyashita (1988) reported that neurons in the infero-temporal cortex 

not only respond to learned visual stimuli, but also show increased responses 

to temporally correlated stimuli even if the stimuli themselves are dissimilar 

in appearance. Monkeys were trained to memorize a sample stimulus during 

a delay period and then had to decide whether a second stimulus was the 

same as the Scimple. A large set of color patterns was used as the training set 

and a sample of equal size was used as the novel stimuli. Several neurons 

exhibited sustained discharges in the delay period when the animal was 

presented with familiar patterns (the optimal stimuli varied from cell to cell). 

Novel patterns produced only weak responses. When two different stimuli 

induced delay related discharges in a neuron, no geometric similarity was 

present between the stimuli. Interestingly, however, when familiar patterns 

were repeatedly presented in the same order, the temporal contiguity between 

subsequent stimuli was encoded in the firing of the neurons as follows: The 
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familiar stimuli were presented in random order during testing. When the 

presentation order was sorted according to that during training, neighboring 

stimuli (up to the 6th neighbor of a given stimulus) were found to have 

induced firing in a given neuron. The same temporally induced association 

was weak for novel stimuli. 

An even more intriguing finding followed from a subsequent study by 

Sakai & Miyashita (1991) of neurons in the anterior temporal cortex. Monkeys 

were trained on a paired associates task, i.e., they were trained to memorize a 

set of 12 pairs of visual patterns through repeated trials. In each test trial, a cue 

stimulus was presented for 1 s on a video monitor. After a 4-sec delay, a 

choice of two stimuli, the paired associate of the cue and one from a different 

pair, weis shown. The researchers foimd two types of neuronal responses: 

some neurons responded to both pictures of the paired associates and other 

neurons responded to more than one pair. The other type, which had the 

strongest response to one picture during the cue presentation, exhibited 

increased activity during the delay period when the associate of that picture 

was used as the cue. This study thus demonstrated that in addition to 

associative learning, neurons in the anterior temporal cortex are capable of 

storage and retrieval of long-term memory of paired associates. 

A recent result from Miyashita's laboratory (Higuchi & Miyashita, 1996) 

lends strong support to the notion that back-projections from the perirhinal 

and entorhinal cortices to the inferotemporal cortex facilitate associative 

learning in the latter brain region. Monkeys were trained, as described above, 

on a visual paired associates task, using 12 pairs of pictures as the training set. 

Prior to training, the anterior commissure was surgicedly traixsected to 

remove influences of contralateral inferotemporal cortical neurons. Similar 

to the previous study, following training, a significant ntmiber of neurons 

recorded from the inferotemporal cortex responded to both members of a pair 

in the training set. Ibotenic add lesions were then made in the ipsilateral 
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entorhinal and perirhinal cortices. After the lesion, the monkeys fixated the 

cue stimulus normally and releamed the pre-operative training set, 

presumably because the contralateral cortices were left intact. There was no 

significant difference in the responses of the neurons to individual patterns 

as compared to before the lesion. They were additionally trained on another 

set of paired associates and single units were recorded from the same area as 

that before the lesion. Spike trains of the neurons were analyzed as before as 

responses to presentation of the picture-pairs. In addition peri-stimulus 

cross-correlations were computed between the responses to the first and 

second pictures in a pair. It was found that the paired associates did not elicit 

sigiuficantly correlated responses for both members of a learned pair 

following the lesion, as compared to before the lesion for both training sets 

The magiutudes of responses of individual neurons to the stimuli in both 

training sets were, however, spared. It appears that at the level of neuronal 

responses, the lesion had destroyed the associational ability of IT neurons that 

had been isolated from the intact temporal lobe in the contralateral 

hemisphere by anterior commisurectomy. 

5.3.3 Neuronal correlates of memory in the hippocampus 

On the basis of the role of the hippocampus in memory established by 

lesion studies, one would expect hippocampal neurons to exhibit mnemonic 

correlates. The low spontaneous firing rates of hippocampal pyramidal 

neurons during behavior and their sensitivity to spatial location makes 

deciphering the role of the hippocampal neuronal firing in memory tricky. 

Do place fields have mnemonic correlates? Do place fields demonstrate 

experience-related plasticity? Does the spatial correlate imply exclusively 

spatial memory processing? The answers to these questions are not yet clear 

but it is useful to review relevant experimental observations outlined in 

Chapter 4. (a) Place fields persisted on removal of the visual cues (MuUer & 
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Kubie., 1987) (b) Place fields persist in the dark (Quirk et al., 1990) (c) Place 

fields are stable across days or weeks (Thomson & Best, 1989) (d) Place cells fire 

consistently with respect to a goal arm in a working memory task (O'Keefe & 

Speakman, 1987) (e) Stable place field formation require the same plasticity 

mechanisms as required for LTP and spatial memory (McHugh et al., 1996) (f) 

Place fields demonstrate plasticity with regard to spatial experience (Mehta et 

al., 1997) visual input (Bostock et al., 1991) and reward contingencies (Breese 

et al.,1989). Although the above findings are suggestive of a mnemonic 

correlate to hippocampal neuronal firing, a better estimate of their role is 

obtained by ei\semble recordings, in which the interactions between large 

pools of hippocampal neurons can be studied. As outlined in McNaughton 

(1998), experiences may be encoded not in the firing rates of neurons over 

long time periods, but rather as instantaneous firing rate vectors constituted 

by an entire population of neurons. By recording from large numbers of 

neuroi\s in parallel, a better estimate of the interactions between the neurons 

encoding the experience can be made. This the approach taken by the studies 

reported in this dissertation. 

5.3.3.1 Classical conditioning and neuronal discharge in the hippocampus 

Classical conditioiung of the nictitating membrane response has been 

used as a behavior for studying neuronal responses in the hippocampus 

(Berger at al., 1976), although it has been shown that the hippocampus is not 

required for this task (Solomon & Moore, 1975). There is an extension of the 

nictitating membrane over the corneal surface in response (UCR) to an air 

puff as an unconditioned stimulus (UCS). The response (CR) can be 

conditioned to auditory cues and other stimuli (CS) that precede the UCS. 

Behavioral conditioning orUy occurs within a limited range of CS-UCS 

temporal contiguity. In the delay paradigm, the CS (tone) precedes the UCS 

(100 msec duration corneal air pu^ by 250 ms and termiimtes with offset of 



122 

the UCS. Chronic extracellular recording of single units or multi-unit activity 

revealed that the activity of hippocampal pyramidal neuror\s is markedly 

altered by conditioning. Pyramidal imit activity becomes altered very early in 

conditioning, even before behavioral conditioned responses are seen. In 

Berger's study, pyramidal neurons exhibited increased firing rates during the 

conditiorung trials. This heightened frequency of firing increased gradually 

with conditioning and there was a correlation between the magnitude of the 

CR and the degree of enhancement of firing rates. Interestingly, the onset of 

the hippocampal discharge also shifted with traiiung. Early in training, the 

response occurred after the UCS and in association with the UCR. As the 

animal learned to associate the tone with the air puff, the neuronal respoiises 

started appearing in the CS-UCS interval. Moreover, hippocampal activity 

changes developed only within the same range of optimal contiguity that 

resulted in behavioral learning. 

5.3.3.2 CAl and CAS neuronal activity during discrimination tasks 

Otto and Eichenbaum (1992) demonstrated that in an odor guided 

delayed non-match to sample task, during successive odor discrimination, the 

firing of some hippocampal neurons is dependent on the specific sequence of 

odor presentations, indicating mnemonic processing. The odor presented in 

half the trials was different from that presented on the preceding trial (non-

match) and a "go" water port response was rewarded. On the other half trials 

the odor was the same as that presented in the preceding trial (match) and the 

correct response was a "no-go", and errors of commission were not rewarded. 

A sigruficant fraction of the "cue-sampling" cells responded to the correct 

response during a non-match with the previous odor stimulus. Hippocampal 

cells did not demonstrate, however, stimulus evoked firing that persisted 

throughout the memory delay, indicating a spontaneous process of 
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comparison between current information and stored representations, rather 

than a working memory related discharge. 

Similarly, Sakurai (1990) demoi\strated that CAl and CAS pyramidal 

neurons were differentially active when the rat made a correct go response as 

a function of the comparison of stimuli on the present trial to stimuli on the 

previous trial. For example, when those stimuli were different (non-match 

trial) and the rat made a correct go resporwe, some uruts were more active 

than when those stimuli were the same. The data suggested that the 

hippocampus is involved in a combination and comparison of elements with 

mnemonic information. Sakurai (1996) further studied hippocampal single 

neuronal activity during the performance of simple auditory discrimination, 

simple visual discrimination and configural auditory-visual discrimination 

tasks. All the tasks employed the identical apparatus and same parameters 

and differed only in the type of stimuli to be processed for correct 

performance. At the start of a trial one of the discriminatory stimuli was 

presented in a operant chamber and was continued for 2 sec. Pressing/not 

pressing a panel indicated "go"/"no go" responses respectively and were 

rewarded with food if correct. For example, for tone A (10 kHz) or an 

illimiinated light (X) on the right of the animal, the correct response was 

"go", whereas, tone B (2 kHz) or a light to the left (Y) indicated "no go". In 

configural trials, combinations of audio-visual stimuli were presented e.g., 

AX, BY, A alone, X alone. OrUy a "go" response for AX was rewarded. 

Hippocampal pyramidal neurons showed task specific activity and differential 

activity between discriminative stimuli (e.g. firing only during AX, suggesting 

involvement in specific mnemoiuc processes. The important finding in the 

Sakurai (1996) study was that the same neuron was active during two or more 

tasks and that neuron pairs could be coactive during a given task but not 

coactive during other tasks. These findings supported the theory of 
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population coding by cell assemblies, which predicts that each individual 

neuron is involved in several different memory processes (Hebb, 1949). 

5.3.3.3 Neuronal activity in the hippocampus related to recognition memory 

Rolls et al. (1991) studied responses of hippocampal neurons in 

recognition tasks. Monkeys were trained to perform a serial recognition task. 

The activity of single hippocampal neurons was recorded while macaques 

performed this task. Each visual stimulus was shown twice daily on a video 

monitor-once as novel and once as familiar. When a stimulus was novel the 

monkey had to refrain from licking in order to avoid the taste of saline. 

When a stimulus was familiar, the monkey got fruit juice by licking the tube 

in front of its mouth. Several stimuli intervened between the novel and 

familiar presentations of a given stimulus. A visual discrimination task was 

used as a control to ensure that any results obtained were not due to obtaining 

reinforcement, licking movements etc. A small fraction (2.3% or 15 of 660 

neuroris recorded) demonstrated differential responses to the novel and 

familiar stimuli. The neurons responded with increased firing rates to novel 

presentations, but did not respond to familiar stimuli. With increasing 

numbers of intervening stimuli between the novel and familiar 

presentatioiTS, the neurons responded again to the stimuli as if they were 

novel. This study thus indicated that a small proportion of neurons in the 

primate hippocampus have activity related to recent memory, rather than to 

whether the stimulus had been seen before (Rolls et al., 1991), suggesting a 

time dependent decay in memory activity. 

5.4 Reactivation of memory traces during sleep 

It is clear that the relation between memory functions and celluleir 

activity is not completely tmderstood and that the behavioral 

neurophysiology of memory is still in its in^cy. The increased firing of 
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single or small groups of neurons while performing a memory task is 

certaiiUy suggestive of the participation of the neuron in that task. However, 

it does not tell us much about how the memory is being encoded (since 

patterns of activity were not monitored) and how it may be made more long 

lasting. The possibility must be entertained that the brain somehow rehearses 

what is encoded in "off-line" states and thereby consolidates memory traces. 

Sleep is one such off-line state. The beneficial effects of sleep on memory 

consolidation are known from psychological studies and are reviewed in 

Chapter 2. Here the few known neurophysiological studies that have 

attempted to link sleep with reactivation of neuronal firing patterns in sleep 

are cortsidered. The underlying assumption in these studies is that the firing 

patterns in the hippocampus during sleep states represent traces of memories 

from previous experiences, rather than random discharges. Though it has yet 

to be shown that these traces represent memories in the behavioral sense, the 

known role of the hippocampus in memory storage from neuropyschological 

studies makes the assumption plausible. 

5.4.1 Hippocampal cell activity in sleep is influenced by activity in preceding 

awake states 

Ranck (1973) demonstrated that the firing rates of hippocampal 

complex spike cells, when not in their place fields are strongly modulated by 

the behavioral state of the animal. These cells fire at their highest rates during 

sleep and their lowest rates during waking. This suggested the possibility of 

sleep related memory processing. Pavlides and Winson (1989) investigated 

this idea by recording from pairs of complex spike cells in the rat 

hippocampus during a series of awake behaviors (exploration and still alert 

states), drowsy states (quiet alert) and during sleep before and after the 

behavior (slow wave sleep and REM sleep). The animal was placed on a radial 

8-arm maze or in a rectangular box and if both the cells had non-overlapping 
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place fields, it was placed into its home cage above the apparatiis in the 

recording room. Only if both cells had no fields, i.e., were inactive in the 

home cage, the pair was selected for testing. On the next day, baseline 

recording was performed during which the animal mostly slept, as EEG and 

single imit activity of both the cells was monitored. The animal was placed on 

the arm of the S-arm maze containing the place field of one of the units and 

was left there for 10-15 min. Similarly when animals were tested in the box, 

they were partitioned in the quadrant which contained the place field of one 

of the two cells. The animals were either alert or were engaged in exploratory 

behaviors during this time. In some cases the animal had to be manually 

restricted to the area of the place field. At the end of this period, the animal 

was placed in regions of the mazes in which the cells had no place fields and 

unit/EEG activity was monitored for ~ 2 hours as the animal slept and cycled 

through REM/SWS episodes. Subsequently, the whole procedure was 

repeated in which the place field of the second cell was sampled on the maze 

and the was monitored during sleep preceding and following behavior. Post

exposure versus post-nonexposure to place field comparisons of units' firing 

rates revealed that exposure to place fields produced a significant increase in 

the firing rate of these cells in subsequent slow-wave sleep and REM sleep, 

but not in awake states. This increase in average firing was related to an 

increase in the average number of bursts per second of the cells and a decrease 

in the inter-spike interval within bursts. The findings suggested that 

neuronal activity of hippocampal place cells in awake states might influence 

the firing characteristics of these cells in subsequent sleep episodes. 

Pavlides and Winson's study had some limitations, (a) The number of 

neurons recorded at a given time was very small. In fact only two neurons 

were monitored simultaneously for testing. Without knowledge of ensemble 

distributed neuronal activity, it is difficult to estimate whether the activity of 

single neurons is part of a coherent memory representation, (b) In the awake 
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State the animals were restricted to parts of the environment where place 

fields were present or absent Though (b) was incorporated by design, it may 

have led to non-specific increases in firing rates due to strong sampling bias 

during awake behavior. Also, since the aitimal was restricted to one area, the 

behavior was not uniformly exploratory, but included still-alert states. It is 

known that the electrical activity in the hippocampus "switches" to LIA 

during still alert states, and the firing rates increase concurrent with sharp-

wave oscillations. This increase could have, in principle, contributed to non

specific persistence of increased firing rates, (c) Although confirming that the 

cells had no fields in the home cage was a good control, the fact that unit 

recording was conducted on the following day made it entirely possible in 

principle that a different neuron pair was monitored at test, due to electrode 

drift. 

5.4.2 Reactivation of hippocampal ensemble activity during sleep 

In a seminal study, Wilson and McNaughton (1994) addressed the 

question of whether information acquired during periods of active behavior 

is reactivated during sleep. The major contribution of this study was the 

ability to monitor statistical pairwise interactions between large ensembles of 

hippocampal pyramidal neurons. This was made possible by the 

development of a method (Wilson & McNaughton, 1993), that made it 

possible to monitor several dozeits of neurons (up to 150) simultaneously. 

Forty-nine to 69 pyramidal neurons and hippocampal EEG traces were 

monitored as rats (n=3) first slept for a few minutes and then ran for 

randomly scattered food in a square box or performed a spatial working 

memory task on a X-shaped 4-arm track. In the spatial task, two adjacent arms 

were designated as start locations and the opposite two arms were designated 

as goals. The correct goal cirm was a function of the randomly selected start 
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Figure 5.2: Normalized cross-correlations between CAl place cells on the 
rectangular maze. Cross-correlations displayed below eadh cell pair were 
measured during maze ruiming and during a 10 minute period of slow-wave 
sleep immediately before (PRE) and after (POST) the maze nmning session. 
The cross-correlations were computed using an array of correlation values in 
bins of 10 ms, to a latency of 1 s (abscissa of each plot). The ordinate of each 
plot gives the cross-correlation between two cells active on the maze during 
behavior, normalized for average firing rates, on a scale between -1 and +1 
(only a part of the scale is displayed for clarity). Note that the magnitudes of 
the correlations are not important to the statistical interpretation of the data 
(see Chapter 7). See, however. Figure 8.3 for the range of vwhich can be This 
prominent rhythm wA. Cells 1 and 2 had overlapping fields on one of the 
short arms of the maze. Periodicity in the cross-correiogram during maze 
ruiming shows that these cells were weakly theta-modulated during 
behavior. This periodicity is absent during SWS before and after behavior. 
Note that the cross-correlation during behavior had a peak value in an 
approximately 100 ms interval aroimd the origin. This correlation peak was 
maintained in SWS following behavior. B. Cells 2 and 3 had non-
overlapping place fields on ^e maze, which is reflected in the cross-
correlation plot. Observe that there is no peak at short latencies in the cross-
correlations of this cell pair during SWS both before and after behavior. Mean 
firing rates of the cells (all from different tetrodes) during PRE, RUN and 
POST respectively were: Cell 1:0.073 Hz, 1.037 Hz, 0.458 Hz; Cell 2:1.622 Hz, 
0.667 Hz, 0.687 Hz; Cell 3: 0.043 Hz, 1.181 Hz, 0.272 Hz. The rat ran in a 
clockwise manner on the maze for 16.5 min and received food reward at the 
upper two comers. The animal had experienced this maze for two weeks 
before this trial. Data from current experiments. This result was first reported 
in Wilson & McNaughton (1994). 
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arm. At the end of the maze running session, the animals slept again for 20-

30 min. For analysis, the spike trains of all cells were binned into 100 ms 

segments and a cross-correlation was computed at zero-lag between all 

possible cell pairs (see Chapter 7 for a discussion on the technique). It was 

found that cell-pairs that had overlapping place fields on the maze (and were 

thereby correlated) had significantly higher correlations in slow-wave sleep 

following maze rtmning, as compared to (a) their correlation in sleep prior to 

maze-ruruiing (b) cell pairs that were active during maze running but had 

non-overlapping fields. Interestingly, correlations of cell pairs with overlap 

on the maze were higher during sharp-wave-ripple oscillations seen during 

slow wave sleep (see Figure 5.2). These effects decayed with a time constant of 

about 12 min. 

The findings from Wilson & McNaughton's study provided the first 

robust evidence that, during sleep, co-activity patterns of hippocampal cells 

from preceding behavior are retained. The observations lent necessary 

support to the hypothesis that during sleep, neuronal states encoded within 

the hippocampus during awake behaviors (presiunably memory traces) are 

replayed as part of the memory consolidation process (see Chapter 2). Co-

activity dependent synaptic change was proposed as a basis for memory by 

Hebb (1949). The specific correlation increases observed by Wilson & 

McNaughton were consistent with behavior-induced Hebbian synaptic 

modification, possibly in CA3 (since CAl has poor intrinsic connectivity). 

5.4.3 Neuronal firing order in sleep is retained from previous experience 

Cells that fire together during maze nmning have overlapping place 

fields. However, the overlap is never perfect, i.e., as the animal enters the 

place fields of the neurons, the spikes of one neuron will lead the other by 

several milliseconds. Skaggs & McNaughton (1996) investigated whether the 

temporal order in which cell pairs fired on the maze was preserved during 
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sleep. They used the parallel recordmg technique devised by Wilson & 

McNaughton (1993) and employed an experimental protocol similar to 

Wilson & McNaughton (1994), in which the animal ran repetitively around 

closed tracks, stopping at two or three locations to receive food reward. For 

each pair of CAl pyramidal cells in a data set, a measure of temporal ordering 

was calculated on the basis of their cross-correlation histogram. The temporal 

bias was defined to be the difference between the cross correlation integrated 

over a 200-ms window after time zero and the cross-correlation integrated 

over a 200-ms window preceding time zero. When pairs of cells displayed 

strong ordering on the track, they tended in a statistically significant way to 

show a bias in the same direction during sleep that followed the track-

running period. The data were interpreted as being related to the fact that LTP 

is asymmetric, i.e., several studies have indicated that potentiation of a 

synapse occurs preferentially when the presynaptic cell fires simultaneously 

with or before but not after the postsynaptic cell, within a window of about 40 

ms. Similar movement trajectories by a rat, associated with a similar 

constellation of spatial landmarks, induce sequences of place cell discharge. 

The proposal in Skaggs' study was that this temporal order is recorded by LTP 

of associational connections within CA3, and that these selectively modified 

synapses give rise to temporal biases during sleep, which are then transferred 

to CAl by way of strong Schaffer collateral projections. This study suggested 

that during sleep, in the absence of the visual cues and the physical trajectory, 

the sequences might be reactivated internally in a time-compressed manner. 

5.4.4 Reactivation in neocortical and hippocampal ensembles 

Neocortical reactivation of memory traces is a necessary component of 

memory consolidation. It is presiuned that the hippocampus somehow 

facilitates the reactivation of neocortical activity patterns during offline 

periods such as sleep of quiet wakefulness, when the neocortex is not actively 
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engaged in processing incoming data (Marr, 1971). The memory consolidation 

theories outlined in Chapter 2 (e.g., Teyler & Discenna, 1986; McClelland et al., 

1995) predict that during offline periods, activity patterns corresponding to 

recent experiences should appear in both hippocampus and neocortex, and 

moreover, that at any given time, the patterns in the two regions should be 

correlated with the same experience. In an attempt to demonstrate this, Qin 

et al. (1997) performed a study in which ensemble recordings were carried out 

in posterior parietal cortex, in CAl and simultzmeously in both areas. As for 

the studies reported above, each session involved an initial sleep episode, 

behavior on a simple maze and subsequent sleep. The main finding of this 

study was that during periods of slow-wave sleep after an episode of spatially 

extended behavior, patterns of neuronal correlation present during behavior 

re-emerge in neocortical as well as hippocampal circuits, as well as in the 

interactions between these two areas. An important contribution of this 

study, and of related studies by Kudrimoti et al. (1996,1997) was to study 

similarities in the entire correlation set during awake behavior and sleep, 

rather than to split the data into cell pairs with overlapping place fields and 

those with non-overlapping fields. The latter method (Wilson & 

McNaughton, 1994) involves an arbitrary division of the data, and the choice 

of the dividing point is not clear cut, due to varying degrees of overlap of 

place fields. Qin et al. (1997) observed similarities (correlation) between the 

patterns of correlations during behavior and during sleep after behavior, 

within hippocampal neurons and neocortical neurons and also between the 

neurons in the two areas. The latter effects provided a necessary piece of 

evidence to support the theory that the hippocampus initiates and 

orchestrates the reactivation of traces of recent experience in neocortical 

circuits. The temporal bias effect observed for hippocampal neurons (Skaggs 

& McNaughton, 1996, see above) was noted for neocortical cells. No bias was 

observed, however, between hippocampal and neocortical ensembles. For 
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within area comparisons, there was also some correlation between behavior 

and sleep prior to behavior, an effect noted earlier by Kudrimoti et al. (1995). 

This correlation indicated that patterns of network activity on the maze are 

related to patterns that occurred during sleep beforehand. The pre-existing 

correlation was presumably a reflection of previously established sjmaptic 

connectivity. Between the neocortex and hippocampus, there was no 

evidence of a preconfigured or learned connectivity, probably reflecting the 

fact that the two areas process different kinds of information (hippocampus-

spatial co-ordinate representation, neocortex-sensorimotor integration), 

which is learned and is reactivated in sleep following the learning experience. 
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CHAPTER 6: HIPPOCAMPAL OSCILLATIONS AND THEIR 

POSSIBLE ROLES IN MEMORY 

6.1 Introduction 

Various population patterns, as reflected by spontaneous field 

potentials and rhythms, are present in the hippocampal formation. These 

include the theta rhythm and the associated gamma oscillation, hippocampal 

sharp-waves and the associated high frequency (200 Hz) oscillations, dentate 

spikes, sleep spindles and delta waves (Vanderwolf, 1969; O'Keefe & Nadel, 

1978; Buzsiki et al., 1983; Bland, 1986). These rhythms are seen in different 

behavioral states. Theta activity is observed during exploratory behaviors and 

during REM sleep, whereas spindles, delta waves and sharp waves are seen at 

the onset of, and during, slow-wave sleep. There is a systematic relatioriship, 

albeit not causal, between hippocampal EEG and neocortical EEG, with 

synchronized hippocampal activity (i.e., theta) corresponding to fast, 

desynchronized cortical activity, emd irregular hippocampal activity 

corresponding to cortical spindling (Green and Arduini, 1954). The 

dissociation of hippocampal oscillations across behaviors has stimulated 

research into their possibly differing roles in memory encoding and 

reactivation. For example, the fact that theta is present in the hippocampus 

during awake behavior and during REM sleep has led to speculation about its 

possible role in learning and memory consolidation (e.g., Buzsdki, 1989, see 

also Section 2.7). This chapter discusses the two most prominent rhythms in 

the rat hippocampus-theta and sharp waves and their implications for 

memory encoding and replay. 

6.2 The theta rhythm: behavioral and neuronal correlates 
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The hippocampal theta rhythm, or rhythmic slow activity (RSA), 

though one of the most prominent EEG patterns observable in the rat brain 

(Green and Arduini, 1954), is not completely understood in terms of its 

generating mechanisms and functional significance. Green and Arduini 

(1954) performed the first systematic cross-species study involving rabbits, cats 

and monkeys, on the theta rhythm. They observed that the hippocampal EEG 

shows extremely regular oscillations in the range of 3-6 Hz in acute 

preparations and 5-7 Hz in chronically implanted animals, which were strong 

in cats and rabbits, but weaker in monkeys. Robust theta is present in rodents 

and other mammalian species such as cats and rabbits during locomotor 

behaviors and REM sleep (Vanderwolf, 1972). The evidence for theta in 

primates is very limited (e.g., Adey et al., 1963; Watanabe & Niki, 1985). The 

strongest evidence is from a report by Fox and Stewart (1991) who observed 

theta in urethane-anesthetized macaques and squirrel monkeys. Evidence for 

theta in humans is also limited. 

Green & Arduini (1954) also noted that many types of sensory 

stimulation evoke theta. In subsequent literature on the subject, the theta 

rhythm has been associated with arousal (Green & Arduini, 1954), orienting 

movements (Grasty^ at al., 1959), approach movements (Adey et al., 1966) 

and motivated behavior (Pickenhain & Klingberg, 1967). The idea that the 

theta rhythm is associated with voluntary movement was proposed by 

Vanderwolf (1969). He observed chronically prepared rats in a variety of 

behaviors. The presence of the 7-9 Hz theta in rats was strongly correlated 

with movements such as locomotion, orienting, exploratory sniffing, 

chewing, licking, rearing, swimming, digging, postural shifts, isolated 

movements of the head or limbs etc. -movements classified later by 

Vanderwolf et al., (1975) as tj^e I behaviors. Theta is also induced by any type 

of sensory stimulus that elicits movement. Interestingly, a strong theta 

rhythm is also present during REM, or paradoxical, sleep (Winson, 1972). If 
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one looks only at the EEG trace, without observing the aiumal's behavior, it is 

almost impossible to state with confidence whether the animal was awake 

and moving or it was in REM sleep (personal observation). 

When a rat that was sitting motiorUess or was sleeping starts to engage 

in Type 1 behaviors, electrical activity in the hippocampus changes radically. 

The EEG pattern changes from one domiiuited by slow waves punctuated at 

irregular intervals by large amplitude sharp-waves to one that is dominated 

by the 7-9 Hz regular theta rhythm. This change is accompanied by increases 

in fast wave activity (20-60 Hz), changes in evoked potentials, increases in 

firing rates of theta cells (putative intemeurons) in the hippocampus and 

decreases in firing rates of putative pyramidal neurons (Vanderwolf et al., 

1975). Theta cells and dentate granule cells often fire in bursts during a 

particular phase of the theta cycle (see Section 6.2.2). Several studies have also 

found small numbers of cells within the hippocampus (more often seen in 

the dentate gyrus) that decrease their firing rates in the presence of theta; 

these have been called "anti-theta" cells (Fox & Ranck, 1975; Buzs^ki et al., 

1983) or "theta-off" cells (Colom & Bland, 1987; Mizumori et al., 1990). 

6.2.1 The biology of theta 

The brain circuitry that produces theta begins in the laterodorsal 

tegmental nucleus of the brainstem, a key structure of the brain stem 

cholinergic reticular activating system. This projects to the supramammillary 

nucleus of the thalamus (possibly the pacemaker for theta) which in turn 

project to the medial septum and the vertical limb of the diagonal band of 

Broca. These two structures send cholinergic projections to their targets that 

include all areas of the hippocampal formation (Lewis & Shuttle, 1967). The 

effects of acetylcholine on hippocampal neurons are excitatory although 

inhibition can arise via excitation of GABAergic intemeiurons. In CA3 

pyramidal cells, acetylcholine induces, via muscarinic receptors, a slow, long-
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lasting depolarization (the slow cholinergic EPSP, Cole & Nicoll, 1983), 

reduction of a voltage sensitive potassium current (M current, Adams et al., 

1981) and reduction of a calcium activated potassium current (Iahp)- This may 

lead to a global depolarization, which may set the overall level of excitability. 

Although acetylcholine is thought to play an important role in the 

generation of theta, retrograde tracing combined with staining for choline 

acetyltransferase (ChAT) and glutamic add decarboxylase (GAD) has revealed 

that a major fraction of retrogradely labeled cells are GABAergic (Kohler et al., 

1984; Wainer et al., 1985). Further, these projections terminate on GABAergic 

intemeurons within the hippocampus (Freimd & Antal, 1988). This finding is 

supported by physiological evidence: septal stimulation leads to a short-

latency enhancement of perforant-path-stimulation-induced population 

spikes in the fascia dentata (Alvarez-Leefmans & Gardner-Medwin 1975; 

Fantie & Goddard, 1982). Bilkey and Goddard (1985,1987) provided evidence 

that this enhancement is due to inhibition of hippocampal intemeurons. 

Morover, GABAergic agonists (e.g., muscimol) reduce the frequency and 

amplitude of theta (Allen & Crawford, 1984) presimiably by a direct action on 

hippocampal GABAergic intemeurons. Barbiturates, benzodiazepines and 

alcohol also reduce or eliminate the theta rhythm (Blcind et al., 1981; Dutar et 

al., 1986; McNaughton et al., 1986). 

Green et al. (1960) working with curarized rabbits, localized a sharp 

phase reversal for theta in stratum radiatum of CAl, and found that many 

CAl units tended to fire preferentially at particular phases of the theta cycle, 

suggesting that the CAl layer is a generator of theta. The phase reversal point 

for theta matches the reversal point for electrical potentials evoked in the 

contralateral hippocampus (Green & Petsche, 1961). Theta EEG waves are thus 

thought to be generated by synaptic currents flowing within the dendrites of 

pyramidal cells. Later it was shown that the theta rhythm actually has two 

generators in the hippocampal formation, the CAl layer and the fascia 



138 

dentata (Winson, 1974; Bland et al., 1975). Two amplitude maxima are 

observed -one in the stratum oriens and the other superficial dentate 

molecular layer, near the fissure separating CAl &om the dentate gyrus. 

These two maxima are out of phase with each other (Winson, 1974) and the 

latter persists with lesions of CAl. These studies suggested that the amplitude 

maxima seen at CAl and the dentate gyrus actually resulted from the from 

the layered structure of generators in these regions. Skaggs (1995) has, 

however, provided a more correct explanation of why this is so, and accounts 

for the fact that in the experiments discussed herein, the maximum 

amplitude of theta is seen at the level of the hippocampal fissure, midway 

between the CAl and the dentate gyrus. Skaggs argues that a single potential 

generator in the brain always acts as a dipole and must give rise to a field 

having two amplitude maxima. In principle, therefore, two generators (CAl 

and FD) should give rise to four ampUtude maxima, two for each dipole. But 

the geometry of the layers and phase and amplitude differences in the theta 

generated leads to a different depth versus theta amplitude profile. The 

contributions from CAl and FD add up near the fissure and almost cancel out 

in the hilus. Thus, theta is best recorded from with an electrode near the 

fissure, and only gamma frequency oscillations are observable in the hilus 

(Bragin et al., 1995). This principle was followed in the current experiments. 

There are two types of theta-distinguishable by their sensitivity to the 

cholinergic antagonist atropine (Kramis et al., 1975; Vanderwolf, 1988). 

Atropine ser\sitive theta has a relatively lower frequency (< 7 Hz in rats) and 

is associated with a still-alert state (as opposed to Type I behaviors) or can be 

induced by dissociative anesthetics such as ether or urethane. Atropine 

resistant theta has a higher frequency range (7-14 Hz) and is specifically 

associated with movement related T3rpe I behaviors. Early studies found that 

neocortical ablation (Green & Arduini, 1954) or spreading neocortical 

depression (Weiss & Fifkovd, 1960) had no effect on theta in curarized rats. 
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Later studies established that the neocortex does play a role in atropine-

resistant theta. Veinderwolf and Leung (1983) and Montoya & Sainsbury (1985) 

found that entorhinal cortex lesions suppress atropine resistant theta, i.e., 

what remains is atropine-sensitive theta which is presumably mediated by 

direct projections from the medial septal area. Ylinen et al. (1995) foimd that 

theta recorded after bilateral entorhinal cortex lesions lacks the usual large 

amplitude peak at the level of the hippocampal fissure, and has a profile 

consistent with rhythmically varying GABA^ irJiibition at the level of CAl 

bodies via the septal projections. Vanderwolf and his colleagues have 

suggested that atropine resistant theta is mediated by serotonin. Vanderwolf 

and Leung (1983) foxmd that PCP, a serotonin antagonist, suppresses the 

amplitude of atropine-resistant theta, but that it does not change its frequency 

suggesting that serotonin plays a modulatory role in the generation of 

atropine resistant theta but may not be strictly involved in its generation. 

The neocortical contribution to theta has been postulated to play a role 

in memory encoding. Buzs^ki (1989) has hypothesized that during 

exploratory (theta) behaviors, the neocortical information is transmitted to 

the hippocampus, which may induce a weak emd heterosynaptic potentiation 

in a subgroup of hippocampal pyramidal cells. The weakly potentiated CA3 

neurons may then initiate population bursts during sharp waves (see Section 

6.3) upon the termination of explorative activity, that may serve to 

consolidate the weakly potentiated synapses. 

6.2.2 Influences of theta on hippocampal unit activity and the phenomenon 

of phase precession 

O'Keefe and Recce (1993) discovered an interesting relationship 

between the theta rhythm and the spatially specific firing of hippocampal 

pyramidal cells. They foimd that the phase of a theta cycle at which a 

pyramidal fires advemces gradually as the rat passes through the cell's place 
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field. This finding gave rise to new speculation about the computational role 

of the theta rhythm. Skaggs et al. (1996) extended the findings of O'Keefe and 

Recce (1993) to large ensembles of hippocampal neurons using parallel 

recording technology. Neuronal ensembles (fi^om 8 to 53 neurons per data set) 

were recorded from the CAl, CA3 and dentate regions in rats performing 

stereotyped trajectories on triangular or rectangular mazes. This study 

cor\firmed eeirlier observations (Buzsaki et al., 1983; Fox et al., 1986) that 

hippocampal pyramidal cell activity is modulated in a consistent way by the 

theta rhythm with a peak occurring simultaneously throughout the dorsal 

hippocampus. The peak activity of theta cells or putative iiihibitory 

intemeurons occurred 60° phase advanced to the peak of the pyramidal cell 

population. In Skaggs' study, the peak of pyramidal activity was used to define 

zero phase. Each spike of a pyramidal neuron, as it discharged in its place 

field, was then assigned a nominal phase with respect to the theta rhythm, 

according to the fraction of time between the preceding and following theta 

peaks. The O'Keefe and Recce (1993) effect was confirmed for ensembles of 

neurons from all the hippocampal regions. For most neurons the firing 

started approximately 90° to 120° after the phase corresponding to maximal 

CAl activity and precessed through almost 360°, indicating a coherent phase 

precession. Moreover, it was noted that the phase precession was not a simple 

linear advance but sometimes accelerated as the aiiimal passed through the 

place field. The phase precession effect was also observed in two-dimensional 

environments, though it was more easily discemable when spikes in 

different directions (ranges of 90°) were analyzed separately. However, the 

phase precession effects were foimd to be dependent on which part of the 

animal's body was taken to represent its spatial location. Interestingly, CAl 

pyramidal cell firing showed considerably sharper spatial specificity during 

the earlier portion of the theta cycle than in the later portion. Lastly, the 
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activity of granule cells of the dentate gyrus was also modulated by the theta 

rhythm, preceding p3n:amidal cell population activity by about 90". Granule 

cells showed robust phase precession on the linear tracks. The phase 

precession effect accoimted for the fact that in cross-correlation histograms 

between the activities of two pyrcimidal neurons the theta-frequency peaks are 

also shifted from the origin, by an amount that depends on the distance 

between place field centers. 

The physiological mechanisms responsible for phase precession 

remain unclear. O'Keefe and Recce (1993) suggested that the phase shift is 

produced by an interaction between extrinsic theta-frequency modulation of 

pyramidal cells, and an intrinsic tendency of these cells to oscillate at a slightly 

higher frequency. The finding of Skaggs et al. (1996) that phase precession is 

present in the dentate gyrus suggests an inheritance of the phenomenon in 

CAl from an earlier stage of the hippocampal circuit. A strong projection 

from CAS to CAl and inputs from mossy fibers to CA3 coupled with the fast 

time constants of the glutamate receptors and membranes makes this 

hypothesis viable. Tsodyks et al. (1996) have proposed a model in which the 

phase precession arises a result of periodic gating of input to the hippocampus 

in conjimction with an asymmetry of its intrinsic coimectioiw. 

The functional role of the theta rhythm is also not clear. Burgess at al. 

(1994) have developed a computational model of the role of the hippocampus 

in navigation, which depends critically on the phase shift to encode geometric 

structure of the environment. In their model, phase precession serves to link 

the rat's location with a goal lying in ft'ont of it or behind it. The effect of 

phase precession on cross-correlations indicates that when a rat passes 

through a sequence of place fields, portions of the sequence are replicated and 

repeated, in compressed form within individual theta cycles. This 

compression and repetition of sequences may make it possible to engage LTP 

to memorize the temporal structure of the rats experience (Skaggs et al., 1996). 
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LTP can make associations on a time span approaching 50 ms (Levy et al., 

1990) which is less than the duration of the theta cycle. The most critical 

requirement of LTP is that presynaptic activity precede postsjniaptic activity in 

the theta cycle. Phase precession favors this mechanism and has the required 

temporal dynamics (Levy and Steward, 1983, Gustaffson & Wigstrom, 1986; 

Larson & Lynch, 1989), and thus may lead to asjmimetric potentiation of the 

connections between two neurons in a sequence, enabling sequence learning. 

6.2.3 Theta in REM sleep 

The possible roles of the hippocampus and REM sleep in memory 

consolidation have been reviewed in Chapter 2. Of interest therefore are the 

firing characteristics of hippocampal neurons during REM sleep. Electrical 

activity in the forebrain during REM sleep is very similar, and often 

indistinguishable from the awake behavioral state (Llinas and Ribary, 1993; 

Kahn et al., 1997). Buizsdki has speculated that in terms of hippocampal 

processing, REM sleep may be very similar to exploratory activity. Indeed, 

discharge of hippocampal neurons is also similar to that in the awake animal 

(Skaggs, 1995, see Figure 6.1). Listening to the discharge of hippocampal 

pyramidal cells during REM sleep on an audio monitor during extracellular 

recordings from the rat hippocampus reminds one of the discharge that 

occurs when the rat passes through a place field (personal observation). Very 

often neurons that are quiet in the initial part of a REM episode begin to fire 

in a continuous manner for several seconds later in the episode before 

shutting off again. An interesting question is whether the order of discharge 

of neurons from awake behavior is maintained in I^M sleep, given the 

common theta rhythm in both brain states and given the similarity of 

neuronal discharge patterns. We have foimd no evidence that this might be 

the case (unpublished observations). Nevertiieless, some neocortical 

information (possibly from salient behaviors in the remote peist) may be 
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Figure 6.1: A and B. EEG traces and concurrent hippocampal single unit 
activity during two-second periods of REM and SWS in POST. In each plot, 
the topmost traces are the raw EEG waveforms acquired by sampling at 200 Hz 
(A) and 1 kHz (B). The second and third waveforms are the EEG data band
pass filtered between 6-10 Hz and between 100-300 Hz respectively. In A, the 
100-300 Hz bandwidth was achieved by filtering the 1 kHz sampled raw data. 
At the bottom in A and B are rasters of 36 pyramidal neurons of the CAl 
region that fired on the track (not all were active in the time windows 
shown). Each vertical tick-mark represents one neuronal action potential and 
each row of tick-marks represents the activity of one neuron over 2 sec. Theta 
rhythm during REM sleep is shown in A. The filtered waveform shows a 
large 7-8 Hz component compared to the corresponding filtered waveform in 
B. The third plot shows very small amplitude 100-300 Hz components in 
these data. Slow wave sleep is illustrated in 6. There is an absence of theta 
modulation in the EEG; however, characteristic large amplitude 200 Hz 
"ripples" are clearly observed in the raw data as well as in the 100-300 Hz 
filtered waveform. Coincident with the ripples is a burst of activity of the 
CAl pyramidal cells, which do not fire in the same maimer between ripples. 



144 

A 
k 

V 
A. A A 

\ / W' V 

% 
A A A A 
/ \ / \ / I / 

v \y \y V V V y 

#*« 

II Olll IMII !• Ill 11 

• II I 

Window Size: 2 sec 

B. 

jiifc 

I I 

I 

/• • 

Window Size; 2 sec 



145 

transferred to the hippocampus during REM sleep, just as during awake 

behavior via the superficial layers of the entorhinal cortex. The activity 

induced in the hippocampus may potentiate synapses in CAS. The newly 

created synaptic weights among the recurrent collaterals of CA3 pyramidal 

cells after each REM episode, in turn, may determine the recruitment order of 

discharging neurons in subsequent SPW events associated with the ensuing 

SWS cycle (Buzsdki, 1989). Thus, Buzsdki hypothesized that the goal of REM 

sleep is to update the connectivity of the CA3 network and replay 

information back to the neocortex in subsequent SWS, as part of the memory 

consolidation process. This hypothesis was explicitly tested in the research 

reported herein (Chapter 9). 

6.3 Hippocampal sharp waves 

6.3.1 Slow-wave sleep and the physiology of sharp waves 

The most synchronous network pattern in the limbic system is a sharp-

wave (SPW) burst (Vanderwolf, 1969; O'Keefe & Nadel, 1978), which occurs 

predominantly during slow-wave sleep (SWS) (Buzsaki et al., 1983) but is also 

seen in quiet awake states. SPWs occur irregularly and most frequently dviring 

SWS and during immobility, drinking, eating and grooming (0.02 -3 per sec). 

If a rat sits motionless with its head held up and its eyes fully open, or is 

engaged in chewing, licking, teeth chattering, or rhythmic rubbing of its 

forepaws (named type 2 behaviors by Vanderwolf), hippocampal EEC activity 

is dominated by SPWs. Population sjrnchrony of principal cells increases five 

to 8-fold during SPW relative to theta oscillations associated with exploratory-

attentive behaviors (see Figure 6.1). 

Gyorgy BuzsSki has systematically studied the SPW phenomenon. In 

one of his studies (Buzs^ et al., 1983) hippocampal EEC and unit activity was 

monitored using ttmgsten microelectrodes implanted stereotaxically into rats 

that were drinking, quietly sitting or grooming. Movable microelectrodes 
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allowed EEG monitoring at different depths. The study foimd that the 

amplitude of a SPW can be sometimes as great as 3.5 mV, but polarity and 

amplitude varies as a function of the electrode location (Buzsaki et al., 1983). 

A depth profile of SPWs was constructed after measuring 30 SPWs at each 

recording depth and comparing it to the recorded field potentials evoked 

either by commissural or associational (Schaffer collaterals) input activation. 

In both cases reversal occurred just below the pjnramidal cell layer while the 

maximal negativity was seen in the middle portion of the stratum radiatum 

(see Figure 6.2). These observations were utilized to locate the CAl cell layer 

in our recordings. The polarity of SPWs in stratiun oriens and in stratum 

pyramidale of the hippocampus is positive. The largest positive SPWs have 

been recorded in the pyramidal layer of the subiculum (Buzsdki et al., 1983) 

The maximum negative voltages are found in the middle third of the 

stratum radiatum. Spike-triggered averaging with either the CAl or CA3 

bursts revealed high amplitude SPW averages in CAl (Buzsaki et al., 1983). 

Although SPWs may be absent in the pyramidal layer of CA3, large negative 

SPWs are present in stratum lucidum of CA3 (Buzsaki, 1986). Negative SPWs 

are also observed in the inner third of the molecular layer of the dentate 

gyrus and the molecular layer of the subiculum (Buzsdki, 1986). Polarity 

reversal is abrupt in all regioiis. The electrical gradient can be as large as 8-14 

mV/mm across the pyramidal layer of CAl and CA3. Reversal and voltage 

maxima of SPWs are reliable physiological markers of the positioi\s of the 

microelectrode (Buzsdki et al., 1983; Buzs^; 1986). This fact has been 

consistently applied in the studies reported herein to estimate whether the 

array of electrodes is in stratiun oriens or in stratum radiatum. SPWs in 

dil^erent regions of the ipsilateral hippocampus are correlated, occur almost 

synchronously in both hippocampi, and are invariably correlated with bursts 

of cellular activity (Buzs^ et al., 1983; Buzs^, 1986, Figure 6.1). 
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Figure 6.2: Polarity reversal of sharp-waves near the pyramidal cell layer 
(Illustration). Sharp waves and the overriding ripple oscillations are not 
clearly discemable in stratum oriens. As the recording electrode is moved 
down into stratxim p3n:amidale, sharp-waves increase in amplitude and 
ripples become clearly visible, coincident with a burst of neuronal activity 
(heard on audio monitor and seen on oscilloscope). The sharp waves reverse 
polarity at or just below stratiun pyramidale and increase in amplitude as the 
electrode reaches stratum radiatum. 

Indeed, both pyramidal neurons and intemeurons fire with increased 

probability during SPWs. Activation of CA3 p3n:amidal cells by electrical 

stimulation of the perforant path lead to larger population spikes in CAl 

during SPWs, suggesting that hippocampal neurons are more excitable 

during SPWs (Buzsdki et al., 1983). On average, approximately 10% of 

recorded neurons fired in the time window of the SPW. Pyramidal netirons 
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do not, however, fire during every SPW. In contrast to pyramidal cells, some 

classes of physiologically identified intemeurons appeared to discharge in 

bursts of 10-25 action potentials with every SPW event. In between SPW-

concurrent population bursts, very little cellular activity occurs. Since both 

principal neurons and intemeurons are found to discharge maximally during 

the SPW and both types of neurons have a low level of firing between 

successive SPWs, the inter-SPW suppression of pyramidal cells cannot be 

explained solely by intemeuronal activity (Buzsiki, 1986). GABA-mediated 

intemeuronal mechanisms may be crucial, however, in terminating 

recruitment of more neuroiis during a given SPW, and thereby terminating 

the bursts. The GABA agonists, diazepam and nembutal, reduce the frequency 

of occurrence of SPWs, while blockade of GABA synapses by picrotoxin 

increases the amplitude and incidence of SPWs (Bvizsaki, 1989). A 

contribution from a calcium mediated potassium current in terminating 

SPW related bursts has also been determined (Alger and Nicoll, 1980; Nicoll 

& Alger, 1981). 

Neodecortication and fimbria-fornix lesions together failed to abolish 

hippocampal SPWs and commissural paths are not essential for SPW 

generation. Section of the fimbria-fornix and the overlying neocortex 

abolished the correlation between behavior and the occurrence of SPWs. 

SPWs occurred in these preparations without any regard to behavior (Buzsaki 

et al., 1983). This suggested that RSA induced suppression of SPWs originated 

in subcortical inputs to the hippocampus or from the neocortex. It also 

suggested that SPWs originated in the hippocampus or its immediate input 

(entorhinal cortex) and that the influences from the lesioned structures was 

mairUy modulatory. Eserine (a muscarinic agonist) was capable of completely 

suppressing SPWs both in normal animals and in animals with lesioi\s of the 

fimbria-fornix and neocortex. On the other hand, admirustering atropine (a 

muscariiuc antagoiiist) abolished RSA during walking and replaced it with 
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SPWs. These observations suggested a strong modulatory (inhibitory) 

influence of acetylcholine on SPW occurrence. Interestingly, deafferentation 

of the entorhinal cortex only (by removing a strip of white matter bilaterally 

from the midline to the rhinal fissure) did not change the occurrence or 

cellular and behavioral correlation of SPWs. This suggested, again, an 

entorhinal cortical or intrahippocampal origin to SPWs. Furthermore, a 

transplanted fetal hippocampus, which receives a limited number of afferents 

from the host brain produces irregular SPWs for several months (Buzsdki et 

al., 1988). 

Based on these observations, Buzsdki (1986) suggested that SPWs are 

generated intrinsically in the hippocampus, especially when external afferent 

input to the hippocampus is weakened or blocked (e.g. during consummatory 

behaviors or SWS). The CAS region is a viable candidate for initiation of 

SPWs for the following reasons: 1) it has strong excitatory interconnectivity 

between its neurons (imlike CAl) (Lebowitz et al., 1971; MacVicar & Dudek, 

1981; 2) its neurons exhibit bursty discharge during SPWs; the bursts have 

been shown to be endogenous in nature due to an interplay of intrinsic 

membrane currents; 3) the peak negativity in the depth profiles of the SPWs 

in the CAl and dentate regions correspond to the terminal fields of the 

Schaffer collaterals and associational path, respectively. 

6.3.2 Mechanisms of generation of sharp waves 

SPW-related discharge in the entorhinal cortex may activate synapses 

successively in the dentate gyrus, CA3 and CAl. The large negative SPWs in 

stratum lucidum of CA3 may result from mutual excitation of pyramidal 

neurons via their recurrent axon collaterals. Alternatively, they could 

represent synchronous excitation of CA3 cells by mossy fibers. The CAl region 

may project back this afferent copy to retrohippocampal structures including 

the entorhinal cortex. This hypothesis was tested by Buzs^ (1989). Single 
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volley stimuli delivered to the perforant path during SPW bursts 

occasionally evoked double or triple responses. A complete cycle required 

about 20-25 ms. Recording foom isolated single neurons revealed that if a 

neuron responded to the first cycle, its response to the second cycle was very 

likely. This observation raised the possibility that despite the anatomical 

divergence of intrahippocampal pathways, neuronal information is not 

mixed at successive stages of hippocampal circuitry but is returned "as is" to 

the cells of origin in the entorhinal cortex. Consistent with this idea, the 

spatial distribution of the amplitude of the CAl field potential responses in 

two subsequent cycles was virtually identical. Furthermore, Chrobak & 

Buzsdki (1994) demoiistrated that neuroi\s within the deep layers of 

retrohippocampal structures significantly increased their discharge rates 

during SPWs. They also noted that the high-frequency ripple oscillations 

occurring within the CAl pyramidal layer during SPWs are also present in 

the deep layers of the retrohippocampal cortex (layers V-VI of entorhinal 

cortex), with neuronal discharge phase-locked to successive phases of the 

localized ripple. Thus, groups of pyramidal cells in CAS, CAl, subiculum and 

deep layers of the entorhinal cortex fire in synchronous population bursts 

associated with the field potential of the SPW (Chrobak & Buzsaki, 1994). The 

discharge of deep layer neurons appeared imrelated to hippocampal or 

entorhinal theta activity. In contrast superficicd neurons (layers II-III) of 

entorhinal cortex are phase locked to theta-oscillations (Mitchell & Ranck, 

1980). 

Buzs^ suggested that the large amplitude SPWs seen in CAl reflect 

synchronous dendritic excitation (EPSPs) of CAl p)n:amidal cells by Schaffer 

collaterals of CA3 neurons coupled with somatic IPSPs produced by 

intemeurons. Intemeurons may be excited by Schaffer collaterals and by 

recurrent £ixons of CAl pyramidal neiurons. In a recent study (Ylinen et al., 

1995) current-source density analysis of this oscillation revealed a large 
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inward current (sink) near the middle third of the stratum radiatiim, a 

smaller sink in stratiun oriens, and a current source at the pyramidal layer. 

This confirmed the previous suggestion that SPWs in the CAl region reflect 

activation of the apical and basal dendrites due to S5mchronous activity of the 

Schaffer collaterals (Buzs^ et al., 1983). In the dentate gyrus, SPWs are 

thought to reflect sjrnchronous excitation of the proximal dendrites of granule 

cells by associational and commissural paths. The hilar mossy cells, which 

give rise to these pathways are in turn activated by the dentate granule cells. 

6.3.3 Mechanisms of generation of ripple oscillations 

Transient depolarization during SPWs induces a fast discharge in CAl 

basket cells resulting in a fast field oscillation (200 Hz) called a "ripple", in the 

CAl pyramidal layer (Buzsaki et al., 1992; Ylinen et al., 1995). This ultrafast 

oscillation can entrain pyramidal cells to fire with a precision of 2-3 msec. 

When activity was monitored along the longitudinal axis of the 

hippocampus with 24-site silicon probes or wire electrode arrays placed in the 

pyramidal layer, the ultreifast oscillations were found to be highly coherent, 

with minimal time lags between simultaneously recorded traces (Ylinen et 

al., 1995). This suggested that ripples are not initiated from one site but 

emerge s3mchronously from several locations. 

The cellular interactive mechanisms of ripple generation have been 

investigated by Ylinen et al. (1995). Although the discharge probabilities of all 

pyramidal neurons with respect to ripples were not equal, pjrramidal cells, as 

a group, are tightly coupled to the negative peaks of the field ripple waves 

recorded from the pyramidal layer. Some intemeurons fired virtually on 

every single fast oscillatory wave. When inter-neuronal activity was cross-

correlated with the fast field oscillation, the peaks of the cross-correlograms 

lagged 0.0-2.5 msec (0® to 180® of the ripple cycle) behind the peaks of the cross-

correlograms of pjrramidal cells. The frequency of intemeurons steeply 
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increased at the occurrence of the Held ripple and the discharge rate was often 

maintained between 150-250 Hz for the duration of the event. A histologically 

identified basket cell increased its firing rate during the fast oscillation and 

discharged at the frequency of the extracellular ripple. 

The oscillatory event appears to be initiated by inhibitory intemeurons 

and reflects summated IPSPs in the p3^ainidal cells. These findings were 

corroborated by intracellular recordings from, and histological verification of, 

pyramidal cells in anesthetized rats. Intracellular recordings from CAl 

pyramidal cells often showed up to a 1.5 mV depolarization of the membrane 

potential during extracellularly recorded SPW-concurrent fast oscillations, 

due most likely to the depolarization of dendrites by the Schaffer collaterals. 

Fast membrane oscillations were present only in association with 

extracellular ripples. Though the fast oscillation most often co-existed with 

the SPW-related oscillation, it was sometimes present without obvious 

depolarization. This observation suggested that the two field events (SPW 

and fast oscillations) are generated independently despite their frequent co

existence. Furthermore, the frequency of the oscillation was phase locked to 

the extra-cellular ripple event and was independent of the membrane 

potential. The amplitude and phase of the oscillation were voltage 

dependent: the amplitude was smallest between -70 mV to -80 mV and the 

phase of the intracellular oscillation relative to the extracellular ripple 

reversed when the membrane was hyperpolarized to more than -80 mV. 

It is possible that reciirrent collaterals from pyramidal neurons initiate 

ripple oscillations in intemeurons. Ylinen et al. (1995) found, however, that 

there is a very short time lag between firing of intemeurons and the firing of 

pyramidal cells (0-2 msec). Based on this observation, they hypothesized that 

ripple oscillations do not solely result from a rhj^thmic excitatory drive from 

recurrent collaterals of pyramidal cells, but may be a function of the intrii\sic 

membrane properties of intemeurons. According to another hypothesis, zero-
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lag time synchronization of pyramidal neurons during ripple oscillations is 

brought about by assumed gap junctions between their axons (Draguhn et al., 

1998). In the Ylinen et al. (1995) model, excitatory input from CAS and CAl 

pyramidal neurons may result in a relatively steady depolarization of the 

target intemeurons. This target depolarization would, in turn, activate 

voltage dependent ch<mnels resulting in rhythmic oscillation of the cell 

membrane and phase-locked firing (Llinas, 1988). The fast extracellular ripple 

oscillation thus reflects stimmed IPSPs in pyramidal cells because of a rapidly 

oscillating input from intemeurons. As a result of coordinated intemeuronal 

firing, the discharge of pyramidal cells becomes phase locked. This reciprocal 

arrangement can lead to coherence across the CAl network populations. In 

this scenario, no particular site is leading the oscillation, but temporal 

coherence within a given ripple event is determined by the most 

synchronously discharging pyramidal neurons in that event. Action 

potentials of pyramidal cells that are not linked monosjoiaptically by 

excitatory collaterals can be synchronized with high precision via their shared 

intemeurons that are equipped with intrinsic properties to oscillate at high 

frequencies. Dampening of the network oscillation is postulated to be a 

passive process due to the waning of the depolarization barrage from CA3. 

CAl pjrramidal cells that succeed in synchronizing their discharges in a 

precise temporal window during high-frequency ripples would be expected to 

exert a powerful impact on their retrohippocampal targets. Recent work from 

Buzs^'s laboratory (Csicsvari et al., 1999) has revealed a functional 

heterogeneity of the intemeuronal firing patterns during SPW-ripple 

complexes. Some intemeurons in the pyramidal layer had imimodal firing 

probability distributions similar to those of pyramidal neurons. Other 

intemeurons in the pjrramidal layer had a bimodal distribution of maximum 

activity, before and after the maximimi discharge probability of pyramidal 

cells. The functional signifrcance of these observations is not yet clear. 
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6.3.4 Possible mnemonic role of sharp waves 

An important question of relevance to the possible memory 

reactivation functions of the hippocampus during sleep is whether discharge 

of the population is structured, especially during SPW-ripples. Let us for a 

moment, assume random discharge during SWS. On the basis that a very 

large fraction of hippocampal neurons are active during SPWs, Buzsaki (1998) 

hypothesized that such random firing may serve "housekeeping" functions 

such as maintaining synapses viable and creating a tabula rasa network to 

encode new memories in the next awake cycle. If this is the case, synaptic 

changes effected during behavior will not persist (i.e., there will be no 

reactivation from preceding behavior). Memories subserved by those changes 

will presumably vanish (due to interference or saturation). Since the 

hippocampus plays an important role in memory consolidation, it appears 

unlikely that hippocampal discharge during "offline" states like SWS is 

random. 

There is some evidence from extracellular unit recording studies to 

show that hippocampal discharge during SPWs is orderly. Nadasdy et al. 

(1997) examined whether repeating spike sequences occurred in 

simultaneously recorded CAl pjrramidal cells. The probability of chance 

repetition was determined analytically and by comparing the observed 

repetitions to a shuffled (Monte Carlo) database. The findings revealed 

complex repeating of 3-8 neurons during SWS and REM sleep episodes. The 

incidence of such sequences was significantly above random. Moreover, 

several cells were part of more than one pattern (cell assemblies) and not all 

neurons fired at equal rates, refuting the hypothesis that the main function of 

sleep is to equalize the synaptic weights. It is therefore possible that such 

structured discharge diuing sleep may be a consequence of hard-wiring 

(McNaughton et al., 1996) or may reflect changes as a result of learning in the 

awake arumal (McNaughton, 1983a; Buzsdki, 1989). Evidence that this may 
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the case is presented in Chapters 5 and the hj^othesis is tested more 

exteiisively in this thesis. 

If indeed the discharge is non-random, SPW bursts, in principle, 

provide a robust endogenous mechanism for modifying synaptic cormections 

(based on Hebb's idea that synaptic weights change as a result of concurrent 

activity of presynaptic discharge and post-synaptic depolarization of 

dendrites). Recent findings in the neocortical slice preparation indicate that 

the precise timing of the action potential determines whether synaptic 

weights decrease or increase (Markram et al., 1997). Therefore, for induction 

of synaptic plasticity during sleep, the firing of hippocampal neurons has to be 

highly structured. When SPW-like bursts were mimicked in the slice 

preparation by CA3 application of kairuc acid or the GABA^ blocker 

bicuculline, single pulse activation of CAl p3n:amidal cells in conjunction 

with the induced population bursts resulted in LTP of the Schaffer collateral-

CAl pyramidal cell sjmapse (Buzsaki et al., 1987; Ben-Ari & Gho, 1988). 

Recently (Kamondi et al,, 1998), SPW-like discharges in the slice have been 

shown to be associated with dendritic spikes on CAl pyramidal cells. There is 

evidence from in vitro studies that pairing of afferent input with dendritic 

spikes can induce a large caldtmi influx, which has implicatior\s for long-

term synaptic modification (Magee & Johnston, 1997; Markram et al., 1997). 

Thus, the SPW events appear to set up conditions conducive to synaptic 

plasticity. 

If the results from slice studies can be extrapolated, albeit with some 

reservations, to the intact brain, an import£uit question arises—are the 

synaptic changes de novo and merely a result of co-activity induced during 

SPWs? Alternatively, does the presumed sjmaptic alteration in SWS reflect 

persistence of the S3maptic changes induced by behavior at hippocampal 

sjmapses? If new synaptic changes occur during SWS, then memories 

encoded during earlier behavior will almost certainly be interfered with. 



156 

From a memory consolidation point of view, not much could be achieved by 

changing synaptic weights induced earlier. Thus, synaptic modification seems 

unlikely during SWS. Moreover, diminished release during SWS of several 

subcortical neurotransmitters thought to enhance LTP is consistent with the 

notion that synaptic plasticity is suppressed during SWS. There is some 

evidence that this is indeed the case (Leonard et al., 1987; Bramham & Srebro, 

1989). 

If hippocampal network discharge during SWS is orderly, but if 

synaptic modification is not likely, it likely means that patterns of activity that 

occurred at a previous time, perhaps in a different brain and behavioral state 

are present in the hippocampus during SWS. An intriguing possibility is that 

SPW bursts carry vital information and serve to replay information 

embedded in the orderly discharge of neurons to extrahippocampal locations 

(McNaughton, 1983a). Buzsdki (1989) suggested that behavior-induced 

electrical changes in the hippocampal formation (theta and SPW-associated 

states) might subserve a two-stage process of information storage. Mnemonic 

representations may be encoded in subsets of CA3 pyramidal cells during 

theta-associated exploratory activity where information is temporarily held. 

During consummatory behaviors, particularly SWS, the same subsets of CA3 

cells burst during SPWs due to a transiently potentiated recurrent 

cormectivity. This excitation spreads to specific CA3 neurons via the 

extensive recurrent CAS collatersil system. The structured discharge of 

populations of CAS neurons induces neurons in downstream regions such as 

CAl and entorhinal cortex to discharge, relaying stored mnemoruc 

representations to the neocortex. In essence, information encoded in the 

hippocampus during awake behaviors is replayed, during SPW bursts. The 

phenomenon of replay of activity patterns in the hippocampus is 

experimentally tested and confirmed in the experiments described in 

Chapters 8 and 9. 
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CHAPTER 7: GENERAL METHODS 

7.1 Introduction 

In general, there are two methods of studying neuronal activity: in 

vitro and in vivo. The in vitro slice preparation is the de facto standard for in 

vitro neurophysiological studies of the hippocampus. Not only has it been 

used to study neuronal firing patterns using intracellular recording methods, 

but is also used to study the physiological mechanisms of LTP (in a seemingly 

bewildering pot pourri of reported studies). The in vivo method typically 

employs extracellular electrode recording techniques in anesthetized or 

awake, freely behaving animals. One of the ultimate goals of both types of 

methods in the hippocampus is to understand ensemble activity in 

hippocampal neural networks encodes and reinstates memories. It is clear 

that currently the in vivo method, especially one using the multielectrode 

technique in freely behaving animals reported in this dissertation, is the 

closest that one can achieve to natural circumstances. Although the technique 

has limitations, the ability to simultaneously monitor neuronal 

subpopulations in a behaving animal is a major technical advance that brings 

us a step closer to bridging the brain-behavior abyss. The experiments 

reported herein have several major components: behavioral training of the 

aiumals, chronic implantation of the electrode array into the rat brain, 

monitoring neuronal and EEG activity, recording the data and off-line data 

analysis. These components are discussed in some detail in this chapter. 

7.2 Experimental animals 

Fourteen adult, male retired breeder Fischer 344 rats (Charles River 

Laboratories, Wilmington, MA), with a mean age of 12.5 months at surgery, 

were maintained at 80% of their ad libitum weights. The rats were housed 

individually and maintained on a reversed 12-hour light-dark cycle 
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throughout the training and recording period. During this time they had free 

access to water and were handled and weighed daily. Arumal care, surgical 

procedures and euthanasia were carried out according to National Institutes 

of Health guidelines for the use of vertebrate aiumals in research. 

7.3 Training and recording environments 

Eight £inimals were used in the main experimentss used in the current 

experiments in conjunction with behavioral crite. Three wooden tracks were 

used to train these animals. A triangular track (each side 75 cm long and 8 cm 

wide) was used to train three rats. For two of these animals, the same 

triangular track was used during recording, whereas for the third rat, a linear 

track (180 cm long and 6 cm wide) was used for the recording sessions. For 

the remaining five animals, the training and recording environment 

consisted of a "digital 8"-shaped track (width = 6 cm). This track could be 

thought of as consisting of two rectangular tracks of dimerisions 93 cm x 43 

cm with one of the longer sides shared between the two (Figure 7.1). Tracks 

with linear configurations were used to ensure repeated sampling of all the 

locations on the track as the animals performed stereotyped trajectories. 

During the training and recording sessions, these tracks were placed on a table 

1 m from the floor, in the center of a moderately illimiinated 3.9 m x 3.9 m x 

2.5 m room with a black floor, a black ceiling and multiple visual cues 

distributed arotmd the perimeter. 

7.4 Training protocol 

7.4.1 Fre-training 

Five of the eight rats tmderwent daily food-rewarded training on linear 

tracks, 90 cm long, 13 cm wide and 1 m above the floor, in a different room. 

The goal of this pre-training was to familiarize the animals with the sequence 
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Familiar 
Half 

Novel 
Half 

Figure 7.1: Top: A photograph of a rat running on a figure-8 maze. Bottom: 
Cartoon depiction of a top view of the maze. In the one-maze experiment, 
the rat ran on one half of this maze (familiar), with a barrier preventing 
access to the other (novel) half. In the multiple-maze experiment, the rat 
ran on both halves of the maze in succession. 
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that they would experience during the training zmd recording sessions, which 

consisted of a pre-track epoch (PRE), track-ruruung (RUN) and a post-track 

epoch (POST). Each rat was allowed to sleep or rest quietly in a "nest" for 

about 30 min (PRE) before the experimenter placed the rat on the track. It was 

then trained to nm back and forth along the track, receiving food reward at 

both ends (RUN). After about 30 min of track nmi\ing, the emimal was placed 

back into the nest and left to rest for 30 min (POST). In most recording 

sessions, POST was started right after maze runrung. If, however, the animal 

was moving around in the nest (EEG showed theta rhythm), recording was 

delayed imtil the arumal settled down and sharp waves were seen on the 

EEG. This usually took about 8-10 min. 

The animals learned this task within 1 week and ran on the 

rectangular 8-shaped track during subsequent training/recording sessions. 

The other three animals did not undergo a formal pre-training protocol; 

however, they underwent extensive training on the apparatuses on which 

subsequent recording sessions were carried out. All traiiung/recording 

sessions were carried out in the light phase of the animals' diurnal cycle, to 

maximize sleep duration during recording. 

7.4.2 Training 

For one week following surgical implantation of recording electrodes, 

the five rats pre-trained on the linear track underwent daily food rewarded 

training on one half of the 8-shaped track so that they had to traverse a 

rectangular path. A wooden partition 60 cm in height was placed along one 

side of the long arm of the rectangular track, so that the animal would have 

visual and physical access only to the half of the track on which it was trained. 

The rat was placed into the nest on the training apparatus and connected to a 

recording cable. As it rested, multiple single unit and EEG activity were 

monitored as the electrodes were gradually and intermittently advanced 
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toward the hippocampal CAl layer. After about an hour, the experimenter 

placed the rat on the track and trained it to traverse the track in a clockwise 

direction, rewarding it with a mixture of chocolate and rat chow at the two 

comers farthest away from the partition. Following track ruiming, which 

lasted for 20-30 min, the rat was placed back into its nest and was allowed to 

sleep for about an hour. Two of the remaining three animals were 

extensively trained (3-4 weeks) to run alternately in clockwise and 

counterclockwise directions on the triangular track, and received "sleep 

training" before and after track nmning similar to that given to the other rats. 

The last animal was trained for 10 days on the triangular track and 

subsequently on the linear track on which data were collected. Each rat 

received one training session per day. 

Data from an additional 6 animals, which were prepared, using 

identical procedures, for different studies, were included in the analysis 

presented under the multiple-maze experiment in order to confirm the result 

obtained therein with an independent sample and to increase the sample size 

in certain analyses. These animals were pretrained on the linear track 

described above and then recordings were conducted while they ran for the 

first and/or second times on either circular, triangular or rectangular tracks 

similar if not identical to those described above. 

7.5 Electrode and microdrive construction 

The multielectrode drive array was built in a way such that each tetrode, 

a bundle of 4 recording electrodes, could be manipulated independently of the 

others (Gothard et al., 1996a). Tetrodes (McNaughton et al., 1983c; O'Keefe and 

Recce, 1993; d ~ 40 |im) were made by twisting 4 strands of fine polyimide-

coated nichrome wire 13 nm in diameter (H.P Reid Co., Neptune, N.J) under 

tension, and stiffening and adhering the strands together by softening the 

insulation for 2-4 s with a heat gun. The tips were cut flat at the same level 
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and an input impedance of 300-600 k £2 at 1 kHz was achieved by 

electrochemically gold plating the tips in a gold salt solution (Sifco, Cleveland, 

OH) and by passing a current of 2 ^lA for 2-3 s. Each tetrode was inserted and 

glued into two nested polyimide caiuiulae (Hudson International, Trenton, 

GA), 78 and 110 in diameter. 

The infrastructure for the multielectrode array was provided by a 

custom-built inverted conical plastic microdrive core, machined from Delrin 

(Small Parts, Miami Lakes, Fl). This core had fourteen pre-drilled inclined 

guide holes into which 30-gauge stainless steel drive cannulae were inserted. 

The guide holes were drilled in such a way that, at the base of the core, each 

cannula fanned out at a 30° angle to the long axis of the core. At the apex of the 

core, the cannulae emerged from the core parallel to the long axis, and were 

held in place by heat shrink tubing and an 11-gauge stainless steel cannula. 

Each guide cannula was encased in its inclined upper part by another drive 

cannula (23 gauge stainless steel) which in turn was independently coupled 

via a molded plastic nut to its own drive screw (stainless steel 0-80, 350 ^im per 

turn) which rotated in a thread in the base of the microdrive core. 

The nested polyimide tubes containing the tetrodes were loaded into the 

guide caimulae. Each enclosed tetrode was glued to its drive caimula such that 

when then drive screw was turned, the drive cannula advanced over the 

guide cannula and the tetrode affixed to it advanced through the guide 

cannula, up to a distance of 5-7 mm. The tips of the 14 tetrodes emerged from 

the end of the enclosing tubes and the guide cannula at the apex of the core. At 

the other end, each electrode within a tetrode was cormected with to a separate 

pin, on a multipin connector. 

7.6 Surgery 



Figure 7.2: A: Photograph of rat with an implanted hyperdrive. B: 
A schematic view of a coronal section of the rat brain displaying 
the positioriing of the tetrode array in the dorsal hippocampus. IDiive 
not to scale. 
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Under pentobarbital sodium anesthesia (Nembutal 40 mg/kg i.p., Abbott, IL), 

the rats were placed on a stereotaxic frame (Kopf, Tujimga, CA). After exposing the 

skull on the parietal cortices with a midline incision, several small holes were 

drilled in the skull to affix stainless steel screws, one of which served as the electrical 

groimd. A circular (d= 2 mm) craniotomy was then performed unilaterally, above 

the right hippocampus, at a location determined stereotaxically. The apex of the 

microdrive was then positioned above the surgical site 3.8 mm posterior and 2.5 

mm lateral to the bregma, which positioned the electrodes above the CAl region of 

hippocampus (Paxinos and Watson, 1982). The dura was incised and retracted and 

the tip of the guide tube array was placed on the brain surface to place the electrode 

array within an area less than 2 mm^ into the brain, in a parallel hexagonal lattice 

with an interprobe spacing of ~250 nm (Figure 7.2). The craniotomy was filled with 

melted bone wax to protect the guide tube array, and microdrive was anchored with 

dental acrylic to the screws affixed to the skull. Anesthesia was supplemented with 

methoxyflurane (Metofane, Pitman-Moore, IL) inhalation if necessary. 30,000 imits 

of penicillin (Bicillin, Wyeth, PA, i.m. in each hindlimb) were administered as a 

prophylactic antibiotic preoperatively. During surgery, the animals were periodically 

aspirated using a fine plastic tube attached to a sjninge, to prevent tracheo-bronchial 

obstruction by mucus. After surgery, the rats recovered from anesthesia in an 

incubator, wherein temperature and humidity were confrolled for safe post

operative recovery. An elecfromechanical aspirator was kept on standby. They were 

administered 25 mg of acetaminophen (Children's Tylenol Elixir, McNeil, PA), 

orally for analgesia. They also received 2.67 mg/ml acetaminophen in their drinking 

water for 3 days following surgery. 

7.7 Electronics and recording 

7.7.1 Single unit spike recording 

Twelve of the 14 tetrodes served for unit recording and the two 

remaining tetrodes served as reference or EEG electrodes or both. Each 
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electrode within a tetrode was connected to an independent imity gain FET 

pre-amplifier, 25 of which were contained in a nucrochip (CFP 1020, 

Multichannel Concepts Inc., Gaithersburg, MD). Two such microchips were 

housed in a custom built head stage mounted on the microdrive and 

provided pre-amplification for 12 of the 14 tetrodes. The two remaining 

tetrodes served as reference or electroencephalogreim (EEC) electrodes or both. 

The output of the preamplifiers was fed via a multi-wire cable (which also 

contained a power line for the position tracking diodes from a 15 V battery) to 

a 64-chaimel commutator (Beila Idea Development, Anaheim, CA). Multi-

unit signals ft:om tetrode pairs were passed through dedicated 8-chaiuiel 

amplifiers (gain = 10000) and band pass filters (600 Hz and 6 kHz) (Neuralyiuc, 

Tucson, AZ), before being fed into analog-to-digital converter cards (DT 

2821G, Data Trai\sIation Inc., Marlboro, MA) housed in six dedicated 25 MHz 

IBM 80386 PCs equipped with programmable 10 kHz time-stamp clocks giving 

a resolution of 100 |xs. Signals from each tetrode were sampled at 32 kHz using 

data-acquisition software {Discovery, DataWave Inc., Longmont, CO) and 

whenever the amplitude of the signal exceeded a pre-set voltage threshold 

(set independently for each chemnel), a one millisecond seimple of the data (32 

points/channel) was time stamped beginning 0.25 msec before threshold 

crossing and stored on hard disk. The signals could also be fed to an audio 

monitor (Model AM 8C, Grass Instruments, Quincy, MA) in parallel, to make 

possible a subjective auditory recogrution of CAl complex spike units within 

and near the cell body layer. 

7.7.2 Continuous EEG sampling 

Signals from eight electrodes (selected from any of the hippocampal 

tetrodes including one from a tetrode placed near the hippocampal fissure) 

were used to acquire continuous EEG data. The signals were sent to another 

8-chaimel amplifier to be amplified 2000 times and were then band pass 
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filtered between 1 to 100 Hz and then sampled at 250 Hz to be stored on a 

seventh microcomputer. The time stamps were S3mchroiiized by a master 

clock signal emitted by one of the seven microcomputers that served as the 

master system. Additionally, data from four electrodes were filtered between 1 

Hz to 3 kHz and were sampled at 1 kHz (In general, 500 Hz-S kHz aliasing was 

miiumal due to low power of these frequency components). The 250 Hz-

sampled data were used to capture the theta rhythm (6-10 Hz) in the EEG 

during locomotor behavior (Vanderwolf et al., 1975) and REM sleep 

(Winson, 1972) and "sharp waves" during slow wave sleep (Buzs^ki, 1986; 

Ylinen et al., 1995). The 1 kHz-sampled data were used to identify 100-300 Hz 

"ripples" in the EEG waveform during slow wave sleep (O'Keefe, 1976; 

Buzsdki et al., 1992; Ylinen et al., 1995, see Figure 6.1). 

7.7.3 Position data sampling 

Infrared diodes mounted on two ends of a 15-cm light aluminum rod 

affixed to the head stage served as markers for position and head direction 

during data acquisition. The front diode array was positioned approximately 5 

cm in front of the animal's nose and generated a brighter signal, allowing 

front-back discrimination by the data-acquisition software. The back diode 

array was situated 10 cm behind the nose at the other end of the rod. Signals 

emitted by the LEDs were received by a video camera mounted on the ceiling 

above the recording apparatus, at a resolution of ~2.3 pixels/cm and were 

sampled at 20 frames/s at a resolution of 256x256 pixels by a tracking device 

(Dragon Tracker, Model SA2, Boulder CO) which extracted and stored the co

ordinates of all pixels whose intensity exceeded an adjustable threshold. The 

average error in position fracking due to tilt error attributable to distance of 

the diodes above the rat's head and variatioiis in aiumal posture was 

estimated at 5 cm. The rat's behavior could be observed on a TV monitor in 

the computer room. 
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7.7.4 Recording Protocol 

7.7.4.1 Identification of units 

Following surgery, 12 of the 14 tetrodes were lowered gradually into the 

hippocampal CAl layer over the course of 5-7 days. One of the remaiiiing 

tetrodes remained fixed in the neocortex near the corpus callosiun, serving as 

a reference electrode, whereas the last tetrode was positioned approximately 

300 nm below the CAl cell body layer, near the hippocampal fissure, and 

served as an EEC electrode optimized to record the hippocampal theta 

rhythm. Proximity to the CAl cell body layer was identified by the presence of 

ripple-sharp wave complexes, which reverse polarity ~50 ^m below the CAl 

layer. The cell body layer itself was characterized by the appearance of 

multiple complex-spike cells (Ranck 1973; Fox and Ranck, 1981; McNaughton 

etal, 1983b). 

7.7.4.2 Sleep scoring 

Once stable hippocampal cell activity was obtained across at least 

several tetrodes, the experimenter left the recording room and started data 

acquisition. Sleep scoring was done using a combination of behavioral and 

EEG criteria. The primary behavioral criteria used to identify sleep were that 

the rat must be immobile with eyes shut. The experimenter observed the rat's 

behavioral state on the TV monitor (this avoided disturbing the rat by getting 

too close to it), while noting down the EEG state 4-5 times per minute and 

concurrently listening to an audio monitor for ripples. Baseline data were 

collected for 20-60 min (PRE). This period consisted predominantly of LIA 

("large irregular activity": sharp wave-ripple complexes heard on audio 

morutor or seen in EEG, rat apparently sleeping or falling asleep), SWS 

(clearly sleeping, but no theta rhythm in EEG, oi\set often associated with 

obvious neocortical spindle activity picked up by the Ccdlosal reference 
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electrode) and REM (theta in hippocampal EEG, rat sleeping). The animal 

was then placed on the track and single imit/EEG data were acquired (RUN) 

as the animal traversed the track. Following track running, the aiiimal was 

replaced into its nest and data were collected for a further 60-180 min (POST) 

as the animal rested quietly and/or slept. Occasionally, one or more REM 

episodes occurred in the sleep sessions recorded. In all these sessions, the 

track was highly familiar to the animals, and the protocol constituted the one-

maze experiment. 

After two or three such recording sessions on consecutive days, a 

different protocol-the multiple-maze- was introduced for the 5 animals 

trained on the rectangular track. Following PRE, the animals trained on the 

rectangular track first ran on the familiar half of the track, as before. While 

the rat was on the central arm, the partition was lifted and placed on the other 

side of the rat, giving the rat access to the novel half (which also included the 

central arm). The rat was allowed to traverse the track in the novel 

configuration. Finally, the original configuration was restored and the animal 

ran again on the familiar half. There were no pauses between the three track 

sessions. The rat was then placed back in the nest as before (POST). This 

multiple-maze experimental protocol was carried out with three issues in 

mind: 1. To confirm that there were no significant changes in the place field 

configuration during the first and second traversals on the familiar half of the 

track, thus establishing that the same cells were recorded during the entire 

track-running period. 2. To determine whether and how the spatial 

representations of two different environments were reactivated concurrently 

in sleep following these experiences. 3. To determine if the reactivation 

following novel environments was qusditatively and/or quantitatively 

different as compared to familiar ones. As the sleep periods before and after 

the familiar and novel halves of the track were the same, non-specific effects 

due to sharp-wave induced dynamics in SWS were controlled for in 
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Figure 7.3: An example of the clustering technique used to isolate single imits. 
The amplitudes of the spikes recorded on different electrodes within a tetrode 
are plotted against each other. This results in clusters of spikes in each of the 6 
possible combinations of the four tetrode channels. One such projection is 
shown at the top of this figure. Boimdaries are drawn aroimd putative neuron 
clusters successively in different projections and the overlap between clusters 
is thereby reduced to zero. The bottom plot shows the spike waveforms of the 
neuron isolated by the green cluster on all the four tetrode chaimels (charmel 
3 plotted on the X-axis and charmel 4 on the Y axis). All axes in microvolts. 
Excluded spikes are not shown. 
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comparisons between the reactivations for each half. This protocol was 

repeated on the next day. In general, this protocol was considered to be a 

novel experience for the animal, although it was obviously somewhat less 

novel on the second day. To confirm that the hippocampal representation of 

the two halves of the track were different, smoothed firing rate maps of the 

neurons with place fields on the two halves were constructed by binning the 

enivironments (bin size, 1.7 cm x 1,7 cm) (Skaggs at al., 1993). Correlations 

were computed between the rate maps to assess similarities in spatial 

representation. Data acceptable for analysis (based on the number and quality 

of imit isolation and EEG quality) were obtained from three of the 5 rats 

introduced to the multiple-maze protocol. 

7.8 Data analysis 

7.8.1 Off-line unit isolation 

After a recording session, data were transferred to a SUN SPARCstation 

(Sun Microsystems, Inc., Mountain View, CA) for further analyses. Up to 20 

single units could be isolated on a tetrode using a technique called cluster 

cutting (McNaughton et al., 1989a). The technique uses the relative amplitudes 

of extracellular spikes from several cells recorded simultaneously on the four 

closely spaced electrodes within a tetrode, to distinguish between the spikes 

(Figure 7.3). The largest signals are picked up on the electrode closest to the 

soma of a given neuron and vice versa. A scatter plot of the relative peak 

amplitudes of such spikes on the 6 possible pair-wise combinations of the four 

tefrode channels allows good unit isolation, as single-imit spikes tend to form 

clusters in these plots (McNaughton et al., 1989a; Wilson and McNaughton, 

1993; see Jung et al., 1994, Figure 1, for an illustration of the technique). A 

custom-written X-Windows based graphics software incorporated additional 

parameters such as spike width, spike times and spike locations to assign a 

point in N-dimensional parameter space to each spike. Projections of pairs of 
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Figure 7.4: Maze configurations and firing rate maps of simultaneously 
recorded CAl pyramidal cells from three different rats on three different 
mazes. For ea^ cell, its map was constructed by birming each maze into 2.8 
cm squares and dividing the total number of spikes that the cell fired when 
the animal was in the bin by the total amount of time that the animal spent 
in that bin. A smoothing technique averaged the value of the bin firing rate 
for each cell over four of its adjacent bins to give an average firing rate for 
that location. This average rate was color coded on an arbitrary scale for each 
cell such that, in these maps, blue indicates no firing, red indicates high firing 
rates and the intermediate colors indicate moderately high rates. Pyramidal 
neurons that did not fire on the maze have not been displayed. A. Rat 4082: 
The aiiimal traversed the triangular maze in a clockwise fashion for about 20 
min. A total of 36 cells were recorded in this session of which 16 had place 
fields on the maze. The rat received food reward at the midpoints of the sides 
of maze. B. Rat 5672: The animal ran in a clockwise fashion and was 
rewarded at the upper two comers of the rectangular maze. In this 24-min 
session, a total of 54 cells were recorded of which 36 cells had place fields. The 
figures are not to exact scale. C. Rat 4079: The animal traversed the linear 
maze in a to-and-fro manner for approx. 20 min receiving chocolate milk at 
both the ends. 11 out of 19 recorded neurons had place fields. 
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parameters onto 2-D subspaces allowed the user to define polygonal 

boundaries around the dusters using a computer mouse. Units were isolated 

by progressively defining such boundaries in all the possible 2-D projections 

to remove all spikes that did not belong to a cluster in all the projections. 

7.8.2 Unit classification and spatial firing analysis 

An isolated imit was classified as a pyramidal cell if (i) it had fired 

complex spike bursts during SWS; (ii) it had been recorded on the same 

tetrode with other complex spike cells in the CAl layer (iii) it had a spike 

width (peak to trough) of at least 300 ^.s and (iv) it had a mean firing rate of < 

5 Hz during track running. Only those pyramidal cells that were stable across 

PRE, RUN, and POST were included in the analysis. A pyramidal cell was 

considered to have sigiuficant location-specific firing based on two measures: 

a) A measure that quantifies the amovmt of information that the occurrence 

of a single spike conveys regarding the location of the rat (Skaggs et al., 1993). 

The spatial mformation per spike is derived by considering the cell as a 

communication channel whose input is the arumal's location and whose 

output is the cell's spike train. It is assumed that information is conveyed by 

the cell's instantaneous firing rate. Intuitively, if a cell fires over half the area 

of an environment, the occurrence of a spike conveys one bit of information. 

If the cell fires in one quarter of the environment, a spike conveys two bits of 

information and so on. The formula derived by Skaggs is: 

where the environment is divided into non-overlapping spatial bins i = 1, ..., 

N, X, is the mean firing rate for bin i, Xis the overall mean firing rate of the 
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cell, and / is the information conveyed in bits per spike, b) A spatial 

selectivity measure: equal to the spatial maximum firing rate divided by the 

mean firing rate of the cell. The more tightly concentrated a cell's activity, the 

higher is the selectivity. A cell with no spatial tuning at all will have a 

selectivity of 1. Spatial firing rates A,, were calculated using an "adaptive 

binning" technique designed to optimize the tradeoff between sampling error 

and spatial resolution 

Spatially active single uruts were defined as pyramidal cells with 

sigiuficant (p < 0.01) information per spike and spatial selectivity (place fields) 

during track nmning behavior (Figure 7.4). Spatially inactive units were 

pyramidal cells that did not have place fields on the track and fired very few 

or no spikes during track rtinning. Theta cells (putative intemeurons) were 

excluded from the analysis. 

7.8.3 Spike train correlation analysis 

The pairwise correlation method has been used in the studies reported 

herein to make statistical iriferences about the coincidence of pairs of 

neurons, or lack thereof, in an ensemble. More importantly, the correlation 

distributions in different behavioral epochs have been used to make 

inferences about the similarities in state space occupancy distributions in 

these epochs. The correlation between two neuronal spike trains gives a 

measure of the probability, given a spike in neuron 1 at time t, that a spike 

will be present in neuron 2 at the same time t. To compute a cross-

correlation between two neurons one requires the spike train of each neuron-

-a sequence of action potentials produced by a given neuron over a relatively 

long period. Neiuronal spike trains, i.e., discrete sequences of timestamps of 

neuronal action potentials, were generated by the experiments carried out and 

were used as raw data for analysis. Thus, the raw data of interest in the 

current studies are not, for example, the voltage changes during an 
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individual action potential, but rather the precise measurements of the times 

of occurrence of neural events. 

The variability, randomness, indistinguishability and instantaneity of 

spike train events have led to their being described as stochastic point 

processes occurring in one dimension, corresponding to the time axis. In any 

such point process, in which all events (spikes) are indistinguishable except 

for their times of occurrence, it is the elapsed times between the events, i.e., 

the inter-spike intervals that exhibit the properties of random variables. 

These intervals are regarded as being drawn from an underlying probability 

distribution; if that distribution, together with its parameters, does not vary 

with time of observation, the stochastic point process is stationary (Perkel et 

al., 1967a). A monotonic change in a neuron's firing rate precludes its 

characterization as stationary. 

7.8.3.1 The problem of non-stationarity 

Detection of non-stationarity and assessing its effects are difficult. 

Experimental data, as those presented herein, are realizations over finite 

durations of stochastic point processes; only the (hypothetical) underlying 

point processes are stationary (or non-stationary). In a finite data sample, it 

may become impossible to distinguish non-stationarity from inadequate 

sampling. The firing rates of hippocampal pyramidal neurons change with 

behavioral state (e.g., awake behaviors versus sleep) and even within 

behavioral states (e.g., higher firing rates in certain spatial locations, higher 

firing rates during ripple oscillations). Does the assumption of stationarity 

then hold for pyramidal cells? Perkel et al. (1967a) note that in a stimulated 

neuron, if the time variation of firing rate is the same after each stimulus, the 

spike train can be assumed to be stationary in a larger sense. Extrapolating to 

hippocampal pyramidal cells, one can state that if the increases in firing rates 

in place fields are comparable in all traversals through the place field and 
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similaily, if the increases during ripples decay with comparable time 

coiistants after each ripple, the spike train satisfies requirements for 

stationarity. Moreover, the effects of non-stationarities in firing rates are less 

pronounced in an irregularly firing cell (e.g. pyramidal neuron) than in an 

oscillating cell like a pacemaker neuron. The spike train from a 

spontcmeously firing hippocampal pjrramidal neuron can, by these criteria, be 

considered stationary. 

A matter of bigger concern is whether non-statioiiarity across 

behavioral epochs contributes to change in correlation between cell-pairs 

within those epochs. Clearly, the firing patterns of hippocampal neuronal 

firing change in different behavioral states, introducing, perhaps, non-

stationarities in firing rates. Perkel et al. (1967b) demonstrated via computer 

simulations, that rather drastic rate changes must be present in irregularly 

firing neurons to change correlations between them significantly. For two 

Poisson processes with time varying parameters, the maximal expected 

departure of the cross-correlogram from its null level is less than the square 

root of the maximal fractional rate variation. If, for example, the shared rate 

changes of the two processes vary within 20% of their respective means, then 

the cross-correlation will depart by at most 4% from its predicted value for 

independent stationary processes based upon observed firing rates. Thus, 

because the effects of moderate non-stationarity on the cross-correlogram are 

of second order, the statistical indications of interaction between two cells, are 

not severely affected by rate changes in one or both of the cells, even if they 

are fairly severe (Perkel et al., 1967b). In our data, the firing rates between two 

sleep epochs PRE and POST increased by 14% on average, and yet, the average 

normalized correlation between cell pairs increased by almost 50% (see 

Chapter 8). This effect in the opposite direction, i.e. large changes in 

correlations with small changes in firing rates suggests that the observed 

dependence (albeit small) between neuron-pairs is an outcome of a true 
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interaction between them rather than that induced by changes in firing rates 

by common input. Moreover, the animals sampled the environment 

uniformly during which many of these neurons had place fields. All such 

spatially active cells, and thereby the correlations between them, were equally 

subject to effects of possible rate changes that might result from prior activity. 

7.8.3.2 Chance correlations and normalization 

Palm et al. (1988) addressed the issue of normalization of correlation 

measures arguing that it is essential to be able to compare results of different 

experiments. In particular it is important to compensate for variations on 

individual neuron firing rates due to a common influence on all neurons, 

since these influence the observed near-coincidence rates. Although the 

influence may be small (Perkel et al., 1967b) it may be of significance to 

correctly interpret experimental data. Intuitively, the true coincidence 

between a neuron pair is the observed coincidence minus the coincidence 

expected by chance. The expected coincidence is the average of all possible 

permutations of bin spike counts (the shuffle predictor) (Perkel et al., 1967b; 

Gerstein and Perkel, 1969), and is equal to the product of the spike counts of 

the neurons divided by the number of bins. Palm et al. (1988) concluded that 

an appropriate normalization approach was to subtract the expected 

coincidence and divide by the product of the estimated standard deviations of 

the spike counts of the neurons. The resulting equation reduces to a Pearson's 

correlation coefficient C for binned spike trains. If the spike trains of N 

pyramidal neurons in a data set were binned into T intervals to obtain 

sequences of spike counts ) the normalized correlation C between each 

pair ({;) of spike rate sequences is, 

r> — t=\. 
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where /i, and cT, are the mean and standard deviation offJ[t] respectively 

(Perkel et al., 1967; Gerstein and Perkel, 1969; see Palm et al., 1988 for related 

measures). The array of QyS for different time lags St produces a cross-

correlation histogram. For 8t = 0, we get the zero lag correlation between the 

spike trains, which is an indicator of spike coincidence within the confines of 

the bin size used. This zero lag correlation Wcis used in statistical analyses. 

7.8.3.3 Increases in mean rate do not imply increased normalized correlation 

Although non-stationarities in firing rates can influence correlation 

values, the effect is dependent on other factors. In this study, we have 

exclusively used zero-lag correlations. Insofar as simultaneous increases in 

instantaneous (bin) firing rates lead to increases in the overall rates of both 

the neurons, correlations increase. A non-stationarity of this sort may be 

induced by hormonal modulation or by oscillatory input to the neuron pair 

that increases their depolarization periodically and thereby increases the 

probability of simultaneous discharge. However, the true correlation between 

two neurons is dependent more on the distribution and timing relationships 

of the instantaneous firing rates, i.e. changes in firing rates in corresponding 

or lag bins, rather than being dependent on the mean firing rates. For 

illustrative purposes, one can envisage scenarios where the mean rates 

change but the correlations are unaffected. Assuming a constant bin size, (a) if 

the firing rate of one or both neurons in a pair doubles imiformly in all bins, 

the mean firing rates double but the correlation between them will not 

change, (b) if the firing rate of one neuron in a pair consistently increases 

during times (i.e., in bins) in which the second neuron was inactive and vice 

versa, the correlation between them will decrease in spite of an increase in 

the mean firing rate of both neurons. 

If, however, firing rates in corresponding bins increase, i.e. if the 

neurons fire together with higher instantaneous rates, then the correlation 
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will increase. Correlation values, albeit related to firing rates, are dependent 

on factors such as bin size, sample size, firing probability distributions and 

modulatory influences on neuronal firing. It is possible that the concurrent 

increase in firing rates during ripple oscillations lead to higher correlations 

between neurons. Thus, correlations may be induced during ripples, a 

possibility that is completely consistent with the hypothesized role of these 

oscillations. Note, however, from Figs 4A and 4B that in spite of large 

differences in firing rates between ripples and inter-ripples, there were no 

significant differences between the average correlations— an observation that 

makes the point that there is no unidirectional relationship between firing 

rates and normalized pairwise correlations. 

7.8.3.4 Correlation distributions 

Palm et al. (1988) addressed the issue of the shape of the distributions of 

the correlations via simulations. They observed that for large niunbers of 

neurons (N >100), C is normally distributed for different values of f[t] and 

there are departures from normality for N < 100. The distributior\s appear to 

be skewed to positive values. Palm et al. (1988) made the important 

observation in their simulations that there is a severe limitation to the 

attainable deviation in the negative direction. Correlation values caimot take 

on large negative values (i.e., close to -1) tmless N is unrealistically high 

(Palm et al, 1988). They can, however, take large positive values (up to +1 in 

the limit). 

Ensemble recording firom N neurons over T sampling intervals (e.g., 

100 ms in the present analysis) generates an N x T matrix (Q) in which the 

rows are spike rate sequences (spike 'trains', in the limit of short intervals) 

and the columns are 'population vectors' (McNaughton, 1998, Figure 7.5). 

can be defined as the cosine of the angle between two row vectors in Q, after 

subtracting their respective means. It is a real ntmiber between -1 and +1 and 
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is a normalized measure of the tendency of the firing rates of both cells to co-

vary on the time scale in question (5t = 0). When C,y is computed for all 

neuron pairs, a unique NxN matrix R of pairwise activity correlations is 

generated. For N neurons, the niunber of possible combinations taking 2 

neurons at a time is = N* (N-l)/2. Thus, the number of pairwise 

interactions that can be monitored increases as the square of the sample size. 

Furthermore, we exclude correlations between neurons recorded on the same 

tetrode. Hence the accurate formxila for the number of unique pairwise 

correlations in a correlation matrix with N neurons is, 

N ( N - l )  Z «,•("•-1) 

2 - 2 ^ ri ^ 
where T is the total number of tetrodes and «, is the number of neurons 

r e c o r d e d  o n  t e t r o d e  i . .  

7.8.3.5 Selection of bin size 

For a discrete time series such as a neuronal spike train, a finite bin 

interval must be chosen for binning the data. There is tradeoff between 

sample size and the temporal resolution required for accurate statistical 

inference. If the fastest rate of change of population activity is say, 5t ms, 

choosing a bin size < St will require the use of a very large T to generate an 

adequate statistical sample. If, on the other hand, the bin size > St, the fine 

structure of spike coincidence will be lost, generating spurious correlation 

values due to "blurring" of the data. Clearly, results based on correlations are 

dependent on the bin size and inferences about network activity must be 

made only after careful selection of the bin width. A rule of thumb is to 

choose the bin size of a duration determined by the fastest rate at which 

collective activity in a neuronal ensemble changes. In our studies, the 

duration of the sharp wave during SWS appeared to be the fastest 
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Figure 7.5: If N neurons are recorded from over T time intervak , one has an 
NxT matrix, Q. The inter-row correlations (a diagonally symmetric NxN 
matrix, R) are temporal correlations -a function of the trajectory of the system 
dtiring T. The inter-coltmm correlations are state correlations- (a diagonally 
symmetric TxT matrix, S)-similarities between global states of the system. 
R is computed for different experimental epochs SI, M and S2. R is generated 
by computing zero-lag correlation coefficients between binned (100 ms) spike 
trains of pyrcmiidal cell pairs during behavior and sleep epochs. R matrices 
between epochs were compared using a partial correlation analysis. S 
matrices, and are generated by computing correlation coefficients 
between all instantaneous firing rate vectors of the respective epochs. 
Adapted &om McNaughton, 1998. 
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hippocampal population event observed and lasted, on average, for 100 ms. 

The choice of 100 ms was based on the above reasoning and has been 

used previously (Wilson & McNaughton, 1994). To check the robustness of 

the effects described in Chapter 8, four data sets from four different rats were 

also analyzed using bin sizes of 50 and 200 msec, with comparable results (data 

not presented). 

7.8.4 Correlations between spike train correlations 

The present study was designed to assess the similarities of the R 

matrices over different behavioral epochs. R is symmetric and hence only the 

lower diagonal portion of it needs to be considered. In addition, only 

correlations between cells on different tetrodes were used in the analyses. 

This eliminated the possibility of spurious overlap due to incomplete 

isolation of single imits. Experiences presimiably are encoded as population 

vectors in the N dimensional space of neural firing, and a memory trace is 

presumably a reinstantiation of some approximation of an earlier occurring 

population vector or sequence thereof. The structure of the zero-lag firing rate 

correlation matrix R depends entirely and solely on the specific set of 

population vectors contained in the sample, irrespective of their temporal 

order, i.e., the state-space occupancy distribution. The assimiption made here 

is that the similarity of the R matrices for two sampling epochs is a reflection 

of the similarity of the corresponding state-space occupancy distributions (i.e., 

the similarity of the two sets of population vectors). To the extent that the 

state-space occupancy distributions differ between two epochs, the R matrices 

will be less similar. This could occur either because recall is noisy, because 

different events (i.e., events not in the test set) are being recalled, or because 

some states are spontaneous, and do not reflect recall of any previous input. 

These carmot be distinguished in the present analysis. 
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In this approach/ it is the relative similarities of correlations and not 

their magnitudes that are critical. In general, the spread of values in R is 

expected on statistical groimds to tend towards zero as the number of different 

population vectors in the sample increases. Thus, correlation magnitudes per 

se are not of much significance in the assessment of reinstantiation of 

memory traces. Moreover, the reactivation is not of correlated activity per se, 

but of population vectors encoded by cell assemblies. Pairwise correlated 

discharge is merely a part of the overall activity in the cell assembly. What is 

impUed is that the statistical similarities in the correlation patterns during 

behavior and sleep, expressed as the correlation variance, suggest a memory 

trace reactivation (see below). 

Roughly speaking, the R matrix potentially contains contributions 

from two sources, one global and one specific to individual cell-pairs. Global 

changes in correlations can arise from any fluctuation or nonstationarity in 

the net activity of the system over the sampling interval. These could be due 

to fast or slow external modulation, for example, changes in circulating 

hormone levels or in the activity of subcortical inputs such as the 

septohippocampal GABAergic and cholinergic systems or the median raphe 

serotonergic system, or to intrinsic dynamics such as intrinsic oscillations, 

sharp waves etc. Changes in global modulation may be expected to change 

the mean values of the correlations, without much change in their relative 

magnitudes, at least within some range. 

The present study was designed to investigate the dynamics of memory 

trace reactivation during sleep and/or quiet waking. We approach this by 

quantif)dng how much of the variance in the elements of R during sleep can 

be "explained" (statistically speaking) by their relative magnitudes during a 

prior active waking experience, after taking into account their relative 

magiutudes in sleep prior to the experience. This enables the compcuison 

across time and behavioral state of the effects of prior experience on the 
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microstructure of the firing rate correlation pattern. The explained variance 

(EV) of the correlation pattern in sleep (POST), due to a track-running 

experience (RUN), was computed using the square of partial correlation 

coefficients in a multiple correlation analysis (Kleinbaum et al., 1988) in 

which the lower diagonal elements of the corresponding ensemble firing rate 

correlation matrices, for the periods PRE, RUN and POST were entered as 

variables. 

POSnPRE 

r 
Yrvn,post T run,PtaV post,pre 

\ rposT.pR^ 
/ 

where rRUN,P0ST\PRE reflects the effects of the maze experience (RUN) on the 

activity correlations in POST, after controlling for any preexisting relationship 

which might have been present in PRE. The analysis typically used 

correlations during the last 10 min of baseline SWS (PRE) and track running 

(RUN) as independent variables, and the correlations in three 10 min epochs 

in post-behavior SWS (POST) as dependent variables. The relationship 

between RUN correlations and POST correlations was thus measured after 

controlling for the linear effects of PRE correlations on both of these variables. 

For the multiple maze session experiments, the relationship between the 

activities in the two different halves of the maze was also controlled for, 

enabling an assessment of the independent contributions of the two 

experiences to the correlation variance during POST. In sessions wherein 

REM occurred during post-behavior sleep, the correlation during the REM 

episode was also used as a dependent variable. In some zmalyses, SWS epochs 

were parsed into SPW and inter-SPW segments, and the magnitudes of the 

EV for these two conditions were compared. 
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Figure 7.6: Demonstration of the ripple-detector program. The top trace is a 
raw EEG waveform sampled at IKHz during a 1-sec epoch of slow wave sleep. 
The middle trace is the same waveform filtered between 100 Hz and 300 Hz. 
The tick marks at the bottom indicate the start- and end-times of a sharp-
wave-ripple complex as detected by the program. The algorithm detected a 
ripple in the filtered waveform using a user-defined threshold. 
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7.8.5 Multi-day recordings 

In recordings from large hippocampal ensembles, it is difficult to state 

with any degree of confidence that one is recording the same or different cells 

on different days. The same cell may have different fields in different 

recording sessions of maze nmiung behavior and different cells may have the 

same place fields. Besides, the characteristics of spike discharge may be highly 

similar during sleep for different cells and may change for a given cell over 

days. The question is whether recording from different subsets of neurons 

affects the interpretation of results in any way. Recording from the same 

neurons is not critical to the study reported and to the results obtained. The 

reactivation effects that were observed (Chapters 8 and 9) are, after all, only 

representative of the overall changes in neuronal activity induced by 

experience in the entire hippocampal ensemble. On different recording days, a 

different subset of this ensemble may have been sampled. What is critical is 

that with in a recording session, the same cells should be recorded from. It is 

for this reason that it was ensured that cells that were recorded from were at 

least stable within a given recording session 

7.8.6 EEG analysis 

EEG analysis served two purposes: First, it allowed a differentiation of 

sleep states. The experimenter selected two raw EEG traces with the largest 

overall theta rhythm amplitudes, sampled at 200 Hz and 1 kHz respectively, 

and visually inspected the trace from the start to the end of both pre-behavior 

sleep and post-behavior sleep. The sleep scoring notes were matched with the 

EEG trace and lased in conjimction with the EEG waveform to identify periods 

of REM activity, LIA/SWS states, and awake theta (AW9). The start and end 

times of each of these states were flagged and later used to analyze 

correlations separately during REM and SWS periods (Figs. lA & IB). 

Secondly, the 1 kHz sampled EEG traces were used to identify the start and 
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end times of ~200 Hz oscillations (ripples) in the EEG recorded near the 

P3nramidal layer, associated with sharp-wave (SPW) activity deeper in stratum 

radiatum (Ranck, 1973; O'Keefe and Nadel, 1976; Buzsaki, 1986; Fig. IB). The 

traces were digitally band-pass filtered between 100 and 300 Hz, and the times 

of the ripples were identified by an algorithm that detected a ripple when the 

amplitude of the filtered EEG crossed a set threshold and remained above the 

threshold for at least 25 ms (Figure 7.6). Durations of the ripples and inter-

ripple intervals were used in comparing the relative strengths of the pattern 

reactivation during these periods. 

7.8.7 Histology 

Small electrolytic lesions were made at the end of all the experiments 

at the tips of the electrodes, by passing current (10 |xamp for 10 seconds) 

through one channel of each tetrode to facilitate identification of the 

recording sites. The animals were then sacrificed with an overdose of 

Nembutal and perfused transcardially with a 3.7% solution of formal-saline. 

The brain was placed in a 30% solution of sucrose in formal-saline for at least 

48 hours, after which the tissue was sliced in 40 ^m coronal sections, 

mounted, and stained with Cresyl Violet. Inspection of the slices revealed 

that in all our experiments recordings were carried out from the CAl region; 

in a few cases, some tetrodes were located in CA3. 
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CHAPTER 8: REACTIVATION OF HIPPOCAMPAL ENSEMBLE 

ACnVITY DURING SLOW WAVE SLEEP 

The results outlined in this chapter report the phenomenon of pattern 

reactivation in the hippocampus making use of an established statistical 

technique, i.e., partial correlation analysis, to establish the robustness of the 

effect. As stated in Chapter 7, a recording session consisted of data collection 

during a pre-behavior sleep period (PRE), spatial behavior on one or more 

tracks (RUN), and a post-behavior sleep period (POST). The results in this 

chapter and Chapter 9 are based on 42 recording sessions from 14 rats. From 16 

to 63 pyramidal cells were recorded per session for an average of ~32 

cells/session. In this study, a total of 18,051 correlations were computed from 

1335 pjrramidal cell unit recordings. Although it is likely that some cells were 

recorded from more than once, most of the results were observed 

independently in each session. 

8.1 Patterns of activity during different behavioral epochs 

Two major electrophysiological observations were made in rats 

running linear tracks for food reward: a) A regular strong theta rhythm was 

invariably present and recorded robustly on the electrode near the 

hippocampal fissure when the rats were engaged in locomotion b) As 

illustrated in Figure 7.2, several neurons (more than a third of the cells 

monitored) had place fields during locomotor behavior. On the audio 

monitor, the theta modulation could be clearly heard as a periodic 7-8 Hz 

oscillation in cellular discharge. Preceding and following maze ruiming, the 

animals rested. Patterns of activity during quiet-awake states and slow wave 

sleep were significantly different from those seen during behavior. As 

discussed in Chapter 6, sharp-waves were seen on the electrode placed near 

the fissure; they corresponded to ripple oscillations observed on the tetrodes 
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Figure 8.1: Top. A raster plot of population activity with respect to ripples is 
shown. 475 ripples occurred in the 10-min epoch of slow wave sleep 
represented in ^e figure. The start of each ripple oscillation is aligned to the 
vertical line at zero. Each row of tick-marks represents the firing of the 
population (i.e., it is a combination of spike trains of all the 36 cells) in a 200 
msec window centered on the start of a ripple (X-axis). 475 such rows, each 
corresponding to the population activity around each ripple are stacked on 
top of each other (Y axis). It is clearly seen that there is an increase in 
population discharge during the ripple oscillations, as compared to the 
periods just before the ripples. Bottom: A amiulative histogram of the same 
data demonstrating a significant increase in population activity at the onset of 
the sharp wave. Notice that some increase over baseline firing persists after 
the end of the sharp wave. 
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in the pjn-amidal layer. The activity of the hippocampal neuronal population 

significantly increased during sharp wave-ripple complexes; in between the 

ripples, the cells hardly fired (Figure 6.1A). Patterns of activity during an 

episode of REM sleep are demonstrated in Figure 6.1B. The differences in 

firing pattenis between SWS and REM sleep are clear. Figure 8.1 (top) shows a 

raster plot of hippocampal pyramidal neurons showing characteristic bursty 

discharge during the sharp waves. At the bottom of this figure is shown a 

cumulative histogram of the spikes of all recorded neurons, indicating a clear 

increase in discharge of the neurons during ripples. 

8.2 Mean firing rates and average correlation of the population 

preceding and following track running 

Using data collected in the one-maze experiment, firing rates of cells 

were computed during PRE and POST for two cell-groups: Cells with fields on 

the track (n = 423, mean firing rate during RUN: 1.03 ± 0.03 Hz) and cells 

inactive on the track (n = 237). There was only a slight (non-significant) 

increase in firing rates from PRE to POST of the cells that had fields on the 

track (difference ~14%, p > 0.05, see Figure 8.2A). Cells that did not fire during 

behavior also showed no change in their mean firing rates (p > 0.05). The 

small increase in firing rates of the active population decreased rapidly with a 

time constant of -20 min. Pairwise correlations between cells on different 

tetrodes were computed during PRE, RUN and POST. The mean correlation 

of the population of cells with fields increased significantly from PRE to POST 

but rapidly decayed (t ~ 12 min. Figure 8.2B). In addition, the correlations 

during PRE and POST were sorted by whether the cell-pairs were co-active, 

i.e., had overlapping fields during RUN (C > 0.01, HICOR), and those pairs 

that were active but tincorrelated during RUN (C < 0.01, UNCOR, Figure 

8.2C). Correlations of the HICOR group increased from PRE to POST but 
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Figure 8.2: A. Plistograms of the mean firing rates of pyramidal neurons 
during pre-behavior SWS (PRE) and three 10 min intervals in post-behavior 
SWS (POST), computed by averaging across 22 track nmning sessions from 7 
rats. Data from the last rat were ins^ficient for this analysis. Firing rates of 
cells with place fields on the track (n = 423) increased marginally (p > 0.05, 
ANOVA) and returned rapidly towards their PRE levels with a time coi\stant 
of 20 min. For all periods, firing rates of cells with fields on the track were 
significantly higher than firing rates of cells inactive during track nmning (n 
= 237; p < 0.05, ANOVA). B. Mean correlations of cell-pairs (using 100 ms 
bins) during the same periods as in A. The mean correlation of cells active on 
the track increased from PRE to POST (p < 0.05, all periods) but the increase 
rapidly declined over the 30 min period (x = 12 min). The mean correlatiorxs 
of cells inactive of the track did not change significantly (p > 0.05, ANOVA). C. 
In the cell group with fields on the track, correlation values were sorted into 
HICOR (correlation > 0.01) and UNCOR (correlation < 0.01) sets. The mean 
correlation of the HICOR set was significantly higher compared to the mean 
correlation of the UNCOR set (p < 0.05, ANOVA, all periods). This difference, 
present in 6 of 22 sessions in P^ was ei\hanced in all 22 sessions during 
POST (significant interaction on a repeated measure ANOVA) as the mean 
correlation of the HICOR set (mean correlation 0.10 ± 0.003 on track) increased 
from a PRE value of 0.04 ± 0.002 to a POST value of 0.07 ± 0.002 (p < 0.05, 
ANOVA). This increase decayed rapidly (t = 18 min). The mean correlation 
of the UNCOR set (mean correlation -0.02 ± 0.000 on track) increased from a 
PRE value of 0.02 ± 0.001 to 0.03 ± 0.000 in POST (p > 0.05 ANOVA). It is 
theoretically possible that the differences in the mean correlations between 
the two groups in the histogram could be due to differences in the firing rates 
of the neurons in the two groups; however, the majority of cells were 
members of pairs in both groups and there were no significant differences in 
the mean firing rates between the HICOR and UNCOR cells during POST 
(19/22 sessions, p > 0.05). D. Explained correlation variance (EV) during the 
same periods as in A. For PRE, EV was computed using the square of the 
simple correlation coefficient rRUN.pRE (solid histogram on left). For POST, 
EV was computed using the square of the partial correlation coefficient 
POCTiPKE (3 histograms on right). EV for all periods of SWS was significantly 
above zero (p < 0.001, ANOVA) and increased significantly following 
behavior (p < 0.05, ANOVA). The decay time constant (baseline = 0) was 30 
min, suggesting that the similarity of the correlation matrices for the RUN 
and POST periods outlasts changes in the average magnitude per se. Note 
that the baseline for the POST ^ is zero, not the PRE value, which is 
removed by the partial correlation procedtire (see methods). 
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rapidly decayed (x ~ 18 min). Thus, the behavior-related elevations of firing 

rates and pairwise correlations decayed rapidly during POST. 

8.3 Distribution of correlations during sleep states 

A typical example of the distribution of pairwise rate correlations 

during track running behavior and during SWS and REM sleep states is 

shown in Figure 8.3A. An illustrative example of a simple linear regression 

fit is shown in Figure 8.3B. For the actual RUN/POST comparison, a partial 

correlation coefficient, controlling for the linear effects of PRE on both the 

variables was used. For the PRE/RUN comparison, a simple correlation 

coefficient was computed. For illustrative purposes and for comparison with 

the results of Wilson and McNaughton (1994) some data were sorted into cell-

pairs that were relatively highly correlated during track running (HICOR) and 

cell-pairs that were relatively uncorrected during track rimiung (UNCOR) 

using a cutoff of +0.01. Although this cutoff is arbitrary, it was a reasonably 

consistent value by which cells with completely or partially overlapping 

spatial fields could be distinguished from those with non-overlapping fields. 

The multiple correlation approach provides a more quantitative estimate of 

the true strength of trace reactivation, because it takes into account all of the 

variance in the data, rather than partitioning the data arbitrarily into two 

groups. It also provides a means of estimating explicitly the magnitude of the 

contribution of recent experience to the correlations, by removing the 

contributions of pre-existing correlation structure in the network. Most 

statistical analyses were performed using the SPSS (SPSS Inc., Chicago, IL) 

statistical package. 
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Figure 8.3; A. Example distributions of the pairwise correlations from one 
recording session (familiar track). Histograms show distributions of 
correlations during SWS-PRE (last 10 min), SWS-POST (first 10 min), track 
ruiming behavior (RUN) and REM-POST. B. Data from the same recording 
session showing the relationship between pairwise correlations during RUN 
and during SWS-PRE (left) and the relationship between correlations during 
RUN and during SWS-POST (right). Each data point in the scatterplots 
corresponds to one cell-pair, bofii members of which had place fields on the 
track. For illustrative purposes, the relationship between track correlations 
and sleep correlations has been shown using a simple linear regression fit. In 
the actual analysis of POST Vs RUN, a multiple correlation model that 
controlled for the effects of PRE was used. 
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8.4 Correlation patterns during sleep were partly explained by the 

patterns during prior track miming 

A multiple correlation analysis was performed on the activity 

correlations during RUN, PRE and POST. There was a significant 

relationship (rRUN.posTipRE' P < 0.0001) between the correlations during RUN 

and those during POST after controlling for the linear effects of PRE 

correlations. These effects were sigiuficant in all data sets. The activity 

patterns of hippocampal pyramidal cells during behavior in a highly familiar 

enviroiunent explained approximately 15% of the variance in the firing rate 

correlations among these cells during sleep immediately following behavior 

(i.e., EV = 0.15; Figure 8.2D). 

To verify that the partial regression analysis was indeed capable of 

removing the effects of any preexisting similarity between R during POST and 

R during RUN, tests were performed in which the one half of the RUN 

period was substituted for PRE in the analysis of the relationship between the 

other half of RUN period and POST. As expected, this resulted in an EV for 

the RUN-POST comparison of about zero. 

Because the partial coefficient rRUN-posri pre controls for the linear effects 

of PRE, the baseline level of EV can thus be taken to be zero. Using the 30 

min of POST, an exponential was fitted to the decay of EV, and a slower time 

constant of about 30 min (compared to the faster time constants of the firing 

rates and correlation magnitudes) was obtained, suggesting that the 

similarities of the correlations outlast the changes in the overall mean values 

of the correlations or the changes in firing rates per se. 

8.5 Correlation patterns during behavior on a familiar track can 

sometimes be predicted from the patterns during pre-behavior sleep 
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If activity patterns persist in the hippocampus, then, for a familiar 

experience that is repeated daily, some of the variance in the correlations 

during PRE should also be explainable by the pattern during behavior. In all 

22 sessions from the familiar-track experiment, the environment was already 

highly familiar. In 6 of these sessions (from 3 different rats), there was a 

significant relationship between the RUN correlation structure and that 

during PRE (p< 0.00001 in 3 sessions, 0.003 ^ p ^ 0.006 in the other 3 sessions). 

In the remaining 16 sessions, rKUN.pKE was positive, indicating a significant 

trend. In the multiple-maze experiment (Chapter 9), PRE effects were seen for 

the familiar track in 2/6 data sets, consistent with the proportion seen in 

familiar maze experiment. Overall, the activity patterns of hippocampal 

pyramidal cells during behavior in a highly familiar environment accoimted 

for, on average, about 5% of the variance in the coactivity patterns of these 

cells during sleep immediately preceding RUN (Figure 8.2 D). 

The foregoing PRE effects might reflect residual traces of memory for 

familiar experiences, lasting at least until the next day. This hypothesis 

predicts that, for novel environments, there should be no relationship 

between correlations during PRE and RUN and a possibly weaker 

relationship between the correlations during RUN and POST as compared to 

highly familiar experiences. These questions are addressed in the next 

chapter. 

8.6 Trace reactivation in SWS occurs most robustly during ripples 

During SWS and quiet wakefulness (LIA), pyramidal cells in the 

hippocampus fire intermittently in synchronized bursts, associated with ~200 

Hz "ripples" near the cell bodies and simultaneous sharp-waves (SPW) in 

stratimi radiatum (see Figure 6.1A). Because ripples were identified on the 

basis of EEG traces, only those data sets with robust ripple activity in the EEG 
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Figure 8.4: Ripple analysis for a subset of data from the one-maze experiment 
(12 recording sessions, familiar environment). A. Histograms showing the 
mean firing rates of the population with place fields (n = 258), during ripples 
cmd during inter-ripple intervals. For all periods, firing rates during ripples 
were significantly higher than firing rates during inter-ripple intervals of 
comparable duration (p < 0.05). Firing rates during ripples increased from 
PRE to POST (p < 0.05) and decayed over a 30 min period with a time-constant 
of ~13 min. Firing rates during inter-ripple intervals did not change (p > 
0.05). B. During POST, mean correlations during ripples and inter-ripple 
intervals were not different (p > 0.05). The mean correlation of the 
population during ripples did not change from PRE to POST. The mean 
correlation during inter-ripple intervals increased from PRE to POST but 
decayed rapidly (1 = 8 min) to PRE levels. C. The average duration of ripples 
decreased from PRE to POST (p < 0.05) but remained coi\stant during the 30 
min of SWS in POST (p > 0.05). D. The number of ripples increased from PRE 
to POST (p < 0.05) but did not decrease significantly over the 30 min interval 
(p > 0.05). E. Histograms showing a ripple index which was computed as (% 
time in ripple state x mean firing rate of population during ripples)/(% time 
in inter-ripple state x mean firing rate of population during inter-ripple 
intervals). The index increased from PRE to POST (p < 0.05) and there was a 
decreasing trend in POST (x = 28 min). F. For PRE (ripple and inter-ripple 
periods), EV was computed using the square of the simple correlation 
coefficient rRUN.pRE (histograms on left). For POST (ripple and inter-ripple 
periods), EV was computed using the square of the partial correlation 
coefficient rRUN.posriPRE (3 histograms on right). Explained correlation 
variance (EV) during ripples and inter-ripple intervals in POST were 
significantly above ^ance (p < 0.05) and increased significantly following 
behavior (p < 0.05, ANOVA). During the first 10 min of SWS, the EV was 
greater during ripples (p < 0.05). The decay time constant for explained 
correlation variance during ripples was 30 min. (Note again that the baseline 
for the POST EV is zero, not Ae PRE value, which is subtracted by the partial 
correlation procedure). 
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record, i.e., those with optimal positioning of the EEG electrodes, were 

considered for analysis of activity during ripples and inter-ripple intervals. 

Using this criterion, 12 track running sessions were selected, in which the 

post-behavior sleep period had 10 min of continuous SWS/LIA activity in the 

first 30 min of sleep. Correlations were computed separately for spike rates 

during the ripple periods and during the inter-ripple intervals. 

For a set of random variables, the variance of their correlation 

distribution is inversely proportional to the square of the length of the 

sampled epoch. Because a major fraction of SWS is spent in the inter-ripple 

state (mean duration 1.2 s for inter-ripple intervals vs. 73 ms for ripples), it is 

necessary to equate the total sampling time for the two states. Therefore, a 

period in each inter-ripple interval, midway between the two ripples 

bounding it, and of duration equal to that of the preceding ripple was selected. 

The ripple and inter-ripple segments were then pooled for correlation 

analysis. 

Mean firing rates of the population during ripples increased slightly 

from PRE to POST (p < 0.05) but this increase decayed rapidly with a time 

constant of ~13 min (Figure 8.4A). Mean correlations during ripples did not 

change from PRE to POST (Figure 8.4B). Although the mean firing rates were 

significantly different (p < 0.05, ANOVA) between ripples and inter-ripple 

intervals, the mean correlations were not different during POST (p > 0.05, 

Figure 8.4B). The mean ripple duration decreased from PRE to POST (p < 0.05, 

Figure 8.4C) but the number of ripples increased (p < 0.05, Figure 8.4D). A 

ripple index, representing a ratio of the total number of spikes emitted during 

ripples to the number during inter-ripple intervals increased from PRE to 

POST, prestmiably due to the increase in firing rates during ripples (p < 0.05, 

Figure 8.4E). There was a significant relationship (rRUN.poCTiPRE' P < O.OOl) 

between the correlations during RUN and those during both ripples and 

inter-ripple intervals in POST. As shown in the three histograms on the right 
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in Figure 8.4F, the correlations during behavior explained a significant 

proportion of the correlation variance during ripples and during inter-ripple 

intervals following the behavior (p < 0.05, t-tests; chance = 0%). During the 

first 10 min of SWS, EV was significantly higher during ripples than during 

inter-ripple intervals (p < 0.05, ANOVA). The decay time corwtant for EV 

during ripples was 31 min. 

8.7 Reactivation in the quiet waking state 

Hippocampal EEG eind population discharge characteristics in the quiet 

waking state are essentially indistinguishable from that of SWS, being 

characterized by the same sharp-wave ripple complexes and associated 

complex spike bursts. This raises the question of whether sleep per se is an 

essential prerequisite for the re-expression of preceding correlation patterns. 

This question was addressed in one recording session. Following RUN, an 

experimenter sat inside the recording room and intermittently stroked the 

rat's fur to prevent it from falling asleep. Behaviorally, the rat was in a 

relatively motionless but alert state, with eyes mostly open, and with LIA 

being observed in the EEG and audible ripple bursts on the audio monitor. In 

this data set (28 cells), there was a significant dependency of the RUN 

correlation structure on that during PRE (rguN pRE = 0-13 ± 0.05, p < 0.02; EV = 

2%) and of the POST structure on RUN (rRUN-posriPRE = 0-35 ± 0.05, p < 0.0001; 

EV = 12%). These values are comparable to the effects observed during SWS. 

Thus, it appears that the presence of ripples may be a sufficient condition for 

pattern reactivation. 

8.8 Discussion 

An experience-specific pattern of firing correlations persists during 

subsequent SWS and quiet wakefulness, and was shown here to be 
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quantifiable in terms of explained (in the statistical sense) variance (EV) in 

the correlation structure of the ensemble during these states. 

During SWS and quiet wakefulness, the hippocampus exhibits 

irregularly timed burst activity accompanied by sharp-wave (SPW)/ripple 

oscillations in the EEG. Although there is significemt EV due to the preceding 

experience in the inter-ripple intervals, the magnitude of the EV is 

substantially larger during the ripple events (see also Skaggs and 

McNaughton, 1998a). This is consistent with the idea that these events reflect 

convergence of the network onto "attractor" states representing stored 

memories (McNaughton, 1983a; Chrobak and Buzsdki, 1994, Wilson and 

McNaughton, 1994; Shen & McNaughton, 1996); however, this conjecture 

requires verification from further analysis. It is possible, for example, that the 

reduced EV in the inter-ripple intervals reflects mostly statistical error, related 

to the interaction between the lower firing probabilities in these periods and 

the minute sample size (compared to the total ntunber of neurons). It is also 

possible, however, that the reactivation occurs exclusively during ripples, and 

that the EV during the inter-ripple intervals reflects measurement error in 

the detection of small ripple events. Although ripple dynamics were observed 

to change over the course of a sleep episode, the time course of the EV itself 

was somewhat more persistent on average. 

Pavlides and Winson (1989) reported that CAl complex spike cells 

exhibited increased firing rates and more bursting activity in SWS following 

selective exposure of the rat to their respective place fields. The current data 

show a rather modest (and not statistically significant) increase (14%) in firing 

rates between the first and second sleep epochs of cells that were spatially 

active" during the intervening behavior on the track. The larger effects seen 

in the Pavlides and Winson study could be due to the fact that their animals 

were confined to a small region containing the field of a cell for 10-15 min 

before being allowed to sleep. Thus, the reactivation during subsequent sleep 
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was biased to cell populations that were active in the region of the 

environment that the rats visited. This would lead to an apparent elevation 

in the mean firing rates of those cells encoding this region relative to those 

cells encoding other, imvisited regions. This would be completely compatible 

with the present results. In general, if recent, spatially-specific patterns of 

activity are re-expressed in sleep, then the larger the space explored during 

waking, the smaller will be the expected increase in mean firing rate. 
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CHAPTER 9: EFFECTS OF MULTIPLE EXPERIENCES AND REM 

SLEEP ON REACTIVATION 

9.1 Introduction 

It was of interest to know if two experiences experienced in quick 

succession are both replayed in sleep following the experiences. One possible 

confound was the similarity of the two mazes in the multiple-maze protocol, 

besides the fact that the central arm of the track was shared between the two. 

The partial correlation technique allows one to control for such effects. The 

use of this analytical method made it possible to isolate independent effects of 

both experiences on the correlation pattern during sleep. Also, the possible 

role of REM sleep in memory consolidation (see Chapters 2 and 6) led us to 

investigate the replay phenomenon in REM sleep. The results have been 

summarized in this chapter. 

9.2 Effects of multiple experiences on pattern reactivation 

9.2.1 Correlations between the two mazes 

In the multiple-maze experiment (2 consecutive days for each of 3 rats), 

the animal first ran on the familiar configuration (Fl) of the "figure-8" track, 

then on the imfamiliar configuration (N), followed by another session on the 

original configuration (F2). Because the second configuration was relatively 

novel on both days, data from both days were considered together. Although 

the two halves of the track were very similar in shape and alignment with 

respect to extra-track cues, the place fields of the same cells were mostly 

different in the two regions. For example, 18 of the 58 cells recorded on the 

first day of the multiple-maze experiment did not have fields on the novel 

half. For cells that had fields on both halves, firing rate map correlations 

between fields of the same cell had a mean value of 0.30 ± 0.06. For 
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comparison, the corresponding rate map correlations for F1 vs. F2 were 0.76 ± 

0.02, indicating highly similar fields during two episodes in the familiar 

environment. On the second day of this experiment, 17 of 73 neurons with 

place fields on the familiar half did not fire on the novel half and the spatial 

firing patterns between the two halves had a lower correlation (0.17 ± 0.06). 

Similarly, the temporal activity correlation patterns for the two 

environments were somewhat correlated (r = 0.3 and 0.5 on days 1 and 2 

respectively). Some of the correlation between the spatial and temporal 

activity patterns in the two environments may have been due to fact that the 

central arm of the track (i.e., about 1/3 of the track) was common to both N 

and F configurations. In any case, this correlation was controlled for in 

estimating the independent effects of both halves of the maze during POST. 

Thus, rN.posTiPRE, F2 computed for the novel half (N) of the track and Tpj. 

POST I PRE, N computed for the familiar half (F2), for subsequent 10 min 

intervals in post-behavior sleep as in the one-maze experiment. 

9.2.2 The correlation structures for two sequentially visited environments 

both contributed to the correlation structure in sleep 

As before, the mean correlations of the population increased from PRE 

to POST but decayed rapidly with time constants of 36 min (N) and 27 min 

(F2) on Day 1 and with time constants of < 10 min on Day 2. rN.posTipRE, n 

^F2-P0CTiPRE, N were sigiiificant (p < 0.001). In POST, EV for both N and F2 were 

above chance (p < 0.05, t-tests. Figure 9.1C) and EV for N was significantly 

smaller than that for F2 (p < 0.05, Figure 9.1C). This was observed in spite of 

the fact that mean correlations were somewhat higher for N (0.0677± 0.002) 

than for F2 (0.0558± 0.002) in the first 10 min of POST (p < 0.05) and were not 

significantly different from those for F2 in all other periods (p > 0.05). The 

combined independent contributions of N and F2 accounted for 

approximately 30 percent of the variance of the correlation distributions 
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Figure 9.1: A. In the multiple-maze experiment, the animals traversed the 
familiar half of the 8-shap^ track first, and then ran on the second, novel 
half of the track before rtmning on the familiar half again. Analysis for data 
from the multiple-maze experiment (6 recording sessions). A. "^e average 
duration of ripples decreas^ from PRE to POST (p < 0.05) but remained 
constant during the 30 min of SWS in POST (p > 0.05) B. The number of 
ripples increased from PRE to POST (p < 0.05) but did not decrease 
sigruficantly over the 30 min interval (p > 0.05). C. During POST, the 
independent contributions of both regions to the explained variance (i.e., 
after confroUing for any correlation between regior\s), were significantly 
above chance. Also, EV for the familiar half was significandy above that for 
the novel half (p < 0.05, Mann Whitney U test). For both halves, the 
explained variance had slower time cor\stants of decay (" 43 min), in 
comparison to the familiar-only experiments. D. During POST, the EV was 
greater during ripples (p < 0.05) as compared to inter-ripple intervals. Here, 
^e EV was computed for the combined effects of both mazes. 
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during POST. Examination of the ripple dynamics did not reveal any 

differences between the one-maze and multiple-maze protocols that might 

have accounted for the increased EV (Figure 9.1A & B). 

9.2.3 Correlations in PRE did not predict those in RUN for a novel experience 

If the significant EV in PRE due to RUN that was observed in the one-

maze experiment (Chapter 8) was due to a memory effect lasting from one day 

to the next, there should be no such effect for a novel environment. 

Consistent with this prediction, in the multiple-maze experiment, rpRE.NiF2 was 

not significant (data not shown), i.e., there was no significant relatioi\ship 

between the correlation patterns during PRE and RUN for the novel 

experience in any of the 6 data sets. Significant PRE effects were seen for the 

familiar half in 2/6 data sets, consistent with the proportion seen in the one-

maze protocol. The magnitude of the PRE effect for the familiar environment 

was significantly larger than for the novel (Wilcoxon signed rank test, p < 

0.043). To address this issue further, using independent data, 9 recording 

sessions from a separate experiment, in which 6 animals ran on entirely 

novel mazes, were compared to the familiar envirorunent data from the one-

maze experiment. There was a significantly larger PRE effect for familiar 

environments (Mann-Whitney U test, p < 0.005. Mean EV, 5.7 ± 2.7 for 

familiar, 0.37 ± 0.23 for novel). 

9.3 Correlation structure during REM 

In several recordings in the one-maze experiment, REM sleep was 

observed in post-behavior sleep (see Figure 6.1). In sessions in which POST 

data were collected for more than 1 hr, the animals had a few episodes (up to 

4) of REM sleep (average duration 1.85 ± 0.17 min). In most of the data sets, 

however, only one REM episode occurred during POST. To test whether 

reactivation of activity patterns occurs during REM sleep, and whether a REM 
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Figure 9. 2: Correlations were computed in POST during the first and last 3 
min of a 10 min SWS period (top panel. Blocks 1 and 2) preceding the first 
REM episode, and during a 3 min period following the REM episode (Block 
3). EV during REM was significantly smaller than during preceding SWS 
(Blocks 1 and 2, p < 0.05, Maiui-Whitney U test) and was not significantly 
above zero (p > 0.05). EV for Block 3 was significantly lower than that in 
Block 1 (p < 0.05), as expected (e.g. Fig. 3D). Between Blocks 2 and 3, a 
decreasing trend in ripple coimt was observed (196 ± 15 in Block 2 to 133 ± 13 
in Block 3, p < 0.05). Firing rates during ripples showed a trend toward an 
increase (Block 2 - 2.06 ± 0.17 Hz; Block 3 - 2.23 ± 0.19 Hz, p < 0.06). During 
inter-ripple intervals, firing rates showed a net decrease (Block 2, 0.57 ± 0.05 
Hz; Blc^ 3,0.50 ± 0.06 Hz, p < 0.05). 
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episode has any relationship with the correlations during the SWS preceding 

it and following it, correlations between hippocampal pyramidal cell-pairs 

were computed in post-behavior sleep (7 recording sessions from 4 rats). The 

data were separated into the following epochs (see Figure 9.2, top panel): a 3 

min SWS interval starting 10 min prior to a REM episode (Block 1), a 3 min 

SWS period just before the REM episode (Block 2), the REM episode (REM), 

and a 3 min SWS interval just after the REM episode (Block 3). An ANOVA 

revealed no sigruficant differences (p > 0.05) between the mean firing rates in 

the REM period (mean firing rate: 0.48 ±0.04 Hz) and in the SWS episodes that 

preceded (Block 2; mean firing rate: 0.61 ± 0.04 Hz) and followed it (Block 3; 

mean Hring rate: 0.56 ± 0.05 Hz). Between Blocks 1 and 2, there was a 

decreasing trend in the EV. 

9.3.1 In the familiar only condition, there was no significant effect of the 

waking experience on the correlation structure during REM 

Although the EV for Blocks 1 and 2 of SWS was significantly greater 

than zero, EV was not above chance (p > 0.05) for a comparable period of REM 

immediately following Block 2; nor, however, was EV for the next SWS block 

different from zero (Figure 9.2, bottom). It is thus not clear whether the lack of 

significant EV during REM was due to the ongoing decay of the EV per se or 

to some intrinsic difference in reactivation dynamics during REM. The mean 

correlations during the REM episode (0.0095 ± 0.014) were significantly lower 

than the correlations during SWS (Block 1, 0.031 ± 0.014; Block 2,0.022 ± 0.011 

and Block 3,0.031 ± 0.016, p < 0.05). 

9.3.2 There was a significant relationship between the correlations during 

REM and the correlations during SWS preceding it 

Correlations during REM were related to the correlations during Block 

2 (r = 0.2 ± 0.02, p < 0.0001) and during Block 1 (r = 0.16 ± 0.02, p < 0.0001); 
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however, there was no relationship between the correlations during the REM 

episode and Block 3, controlling for Block 2 effects (r = 0.03 ± 0.02, p > 0.05, 

Figure 9.2). Thus, the REM episode and its associated theta activity did not 

appear to affect the pattern in SWS in a manner coniparable to the effects of a 

prior waking theta episode. In two rats, 3 additional REM episodes were 

present during post-behavior sleep. In 5/6 of these episodes, correlations 

during the REM episode were related to the correlations during SWS just 

preceding the episode (p < 0.05). 

9.3.3 For the familiar condition, following a REM episode, the mean 

correlation in SWS increased to levels observed prior to the REM episode, but 

there was no effect on the correlation patterns 

The mean correlation of the population of cells increased in Block 3 

immediately following the REM episode to the Block 1 value (p > 0.05). 

However, in spite of the increase in mean correlation, the reduction in EV 

between Blocks 1 and 3 was not substantially different from that expected 

from the spontaneous decay rate (Figure 8.2D), indicating a lack of an effect of 

the REM episode on the memory trace for the familiar experience. There was 

insufficient REM data in the multiple-maze experiment for analysis. 

9.4 Discussion 

The EV due to one experience is still present, although possibly 

attenuated in SWS, even if a different experience (and hence a different 

activity pattern) intervenes prior to sleep onset. This observation is consistent 

with the notion that the EV reflects spontaneous retrieval of stored memory 

traces and not merely the persistence of recent activity such as is commonly 

associated with 'working memory' (e.g. Fuster & Alexander, 1971; Kubota & 

Niki, 1971; Kojima and Goldman-Rakic, 1982). It cannot be ruled out that 

multiple independent reverberatory traces may be maintained elsewhere in 
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the brain eind imposed on the hippocampus during SWS; however, the 

probable origination of the ripple events in CAS (Buzs^ki, 1986; Chrobak and 

Buzsdki, 1994) would weigh against this hjrpothesis. Moreover, significant 

traces of familiar experiences were occasionally detected during SWS 24 hours 

after the last episode, in a few cases rather robustly (EV of 30-60%). Overall, 

the magnitude of the PRE effects for familiar environments, although usually 

small, were significantly above zero, and significantly larger than for novel 

ones. This pattern suggests that the memory traces for repeated experiences 

may be quite well preserved, although they may be retrieved only sporadically 

during sleep occurring 24 hours or more after the last ii\stantiation of the 

experience. 

An interesting and somewhat unexpected finding was that, at least 

following highly familiar experiences, the reactivation phenomenon was 

present during SWS and quiet wakefulness but not during REM sleep. 

Unfortunately, there was insufficient REM sleep data available in Experiment 

2 to assess whether this pattern may change following a novel experience, and 

further study of this question is needed. It is possible that some reactivation 

does occur in REM and that the failure to detect it in terms of significant EV is 

a consequence of di^erent memory retrieval dynamics in the two states (see 

Skaggs and McNaughton, 1998a; McNaughton, 1998). For example, if the 

speed of playback of event sequences was higher in SWS than in REM sleep, 

then more of the previous states could be represented in a given period of 

time, possibly making the correlation structure of the ensemble during a 

relatively brief SWS episode more similar to that of the preceding waking 

epoch. There is some evidence suggesting that sequence reactivation occurs 

during SWS at an accelerated rate (Skaggs & McNaughton, 1996). 

Alternatively, the extent of memory trace retrieval during REM sleep may be 

affected by the relative familiarity of the experience. Recently Pee et al. (1997) 

have shown that the firing patterns of CAl pyramidal cells during REM sleep 
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are different depending on whether the cells participated in the encoding of a 

novel experience or only a familiar one in the prior waking period. In the 

latter case, the firing was both less robust and occurred preferentially at a 

phase of the local EEG theta rhythm 180° reversed from the peak firing phase 

during waking behavior. They speculated that firing of cells related to 

familiar events may be actively suppressed during REM, which would 

explain the failure, in the present study, to detect during REM any significant 

EV for familiar experiences. Finally, the data were not sufficient to rule out 

the possibility that the lack of significant effects during REM sleep is merely a 

consequence of the decay of the EV during the 15-30 min of SWS which 

typically precedes any REM bout. Although the EV in REM due to the 

preceding waking episode was not statistically significant, there was a 

significant EV in REM due to the immediately preceding episode of SWS. We 

do not think that either the data or the current analytical techniques warrant 

any strong conclusions about the possible functional significance of this 

phenomenon at present. 
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CHAPTER 10: GENERAL DISCUSSION AND FUTURE 

PERPECnVES 

The shidies reported in this dissertation extend our understanding of the 

basic characteristics of "off-line" reactivation of activity patterns in 

hippocampal neuronal ensembles (Pavlides and Winson, 1989; Wilson and 

McNaughton, 1994; Skaggs and McNaughton, 1996; Qin et al., 1997). Overall, 

the results indicate a persistent similarity in the pattern of neuronal ensemble 

discharge in the rat hippocampus during SWS compared to prior waking 

experience, suggesting a reactivation of recent memory traces. Several 

important questions, a few of them puzzling at the outset, arise from the 

experiments reported in Chapters 8 and 9. These are discussed below and 

some directions for possible experimental work are provided. 

10.1 Does the reactivation of correlation patterns imply a memory 

reactivation? 

The experiments reported in Chapter 8 provide evidence to show that the 

correlation patterns in sleep are not random. The correlations are in fact 

structured in a way that resembles in part the structure during a prior awake 

behavior. Indeed, the strongest support in favor of the idea that the replay of 

correlation patterns underlies memory reactivation is that the reactivation 

was specific to an immediately preceding experience—the correlation patterns 

in sleep and awake behavior were statistically similar. Secondly, the specific 

correlation pattern in sleep is capable of spontaneous reactivation in that it 

can sometimes emerge even prior to a familiar experience. Thirdly, the 

pattern specific to one experience can arise spontaneously even after a 

partially different experience intervenes. This indicates that the replay is not 

reverberatory discharge. Fourthly, patterns specific to two experiences are 

replayed together during sleep, suggesting an interleaved replay of memory 
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traces. Lastly, maze running and slow-wave sleep have different EEG 

dynamics due to different rates of change of population states. Therefore, the 

pattern reactivation caimot be a persistent neuronal discharge. It is present in 

spite of a drastic change in firing patterns between awcike behavior and slow 

wave sleep. This indicates again, that the reactivation is representative of a 

persistent change in network dynamics indicative of a stored memory. 

10.2 Replay of familiar experiences 

If reactivation of patterns in the hippocampus imderlies memory 

consolidation, then why is it that traces from a familiar experience were 

replayed robustly and with comparable strength over several days? In the 

one-maze experiments, the animals had experienced the maze and 

surrounding environment for at least a week prior to recording (see Chapter 

7). It could therefore be assumed that the experience was familiar to the 

animal. Certainly, the behavior of the animals was fairly uniform across the 

recording sessions, which indicated that they had learned the task and 

presumably the environment as well. The robust reactivation following each 

reinstatement of an apparently familiar experience could in fact be of vital 

importance for memory consolidation, which is thought to require repeated 

exposure to exemplars for a robust long-term storage in neocortical locations 

(McClelland et al., 1995). Further, in the theory outlined in Chapter 2, it is 

stated that memory reactivation is a necessary component of memory 

coi\solidation. The claim is not made that the strength of memory 

reactivation needs to be correlated with the degree of memory consolidation. 

Some correlation, however, between the presence of reactivation and a 

behavioral measure of memory is to be expected. In other words, if there is no 

memory reactivation of a given experience (e.g. a spatial memory task) there 

will be no memory consolidation and the animal will therefore exhibit 

learning deficits on that particular task. Note that in the experiments 
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performed, the task did not require spatial learning. Better tasks need to be 

designed in the future to address this question. In designing spatial memory 

tasks, sampling of the environment can, however, present a confoimd. 

Nadel and Moscovitch (1997) suggest that the reactivation of memory 

traces in the hippocampus must occur with each reinstatement of an 

experience in a different context. Persistent reactivation of familiar 

experiences in our experiments is at least consistent with this hypothesis. The 

theory, in suggesting that the hippocampus has a permanent role in memory 

restructuring, places excessive requirements on the storage capacity of the 

hippocampal networks that are not completely supported by hippocampal 

network architecture and the anatomy as outlined in Chapter 3. A time 

limited role of the hippocampus in memory consolidation still appears likely 

if one considers converging trends in the neuropsychological and lesion 

literature across species (Chapter 2). The view taken by this researcher is that 

memory reactivation in the hippocampus, and for that matter in extra-

hippocampal locations, will always be robust following reinstatement of an 

old experience. On the other hand, the prediction is that spontaneous 

reinstatement (for example, that prior to maze rtmning) will decrease 

exponentially over time, as the experience becomes more familiar and 

thereby consolidated as an extra-hippocampal memory. In our data, 

spontaneous reactivation prior to experiencing a familiar maze was seen only 

25% of the time. It is possible that if the maze was experienced for a few weeks 

more, this percentage would drop further and in an exponential maimer. Of 

course, a more robust test of spontaneous reinstatement is desirable but 

technically difficult. Ideally, one would like to monitor ensemble activity for 

at least 24 hours before placing the animal on a familiar maze. That would 

allow one to look for possibly several instances of spontaneous reactivation. 

Technical limitations of the parallel recording technique, such as electrode 

drift do not make this practicable. 
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10.3 Reactivation and the time-course of LTP 

Reactivation of correlation patterr\s specific to an experience decays 

with fast time constants (~ 30 min). Is such a temporal dynamic consistent 

with the time-course of LTP? Can such a rapidly decaying process contribute 

to memory consolidation? It is assimied in the theory developed in this 

dissertation that the reactivation of memory traces in the hippocampus 

contributes to synaptic plasticity in the neocortex by inducing LTP in the 

pathways from the hippocampus to the neocortex. It is not implied, however, 

that the reactivation phenomenon itself is the network manifestation of LTP 

induction. In fact, as outlined in Chapter 6, it is unlikely that synaptic 

plasticity takes place in the hippocampus during slow-wave sleep. 

Reactivation is more likely a process that induces LTP in extra-hippocampal 

locations via multi-synaptic pathways. Trai«mission times in such pathways 

are of the order of several milliseconds, well within the time frame of decay 

of reactivation. Thus, before reactivation decays, repeated transmission across 

these pathways during subsequent sharp-wave ripple complexes may set up 

the necessary conditions for LTP induction in neocortical circuits (see Chapter 

6). The recent results of Higuchi & Miyashita (1996) that demonstrate a 

breakdown of correlated activity in the infero-temporal cortex following 

lesiorxs to the hippocampus are consistent with a plasticity-inducing role for 

reactivation. Deficits in declarative memory tasks and retrograde anrmesia 

following hippocampal lesions can similarly be explained on the basis of a 

lack of reactivation. If the lesions are performed immediately after learning a 

task without giving an adequate time window for memory reactivation, 

deficits will be observed. However, if reactivation is allowed to proceed 

without disruption, the memory will be consolidated. Moreover, given the 

multitude of experiences that an animal is likely to have in its lifetime, 

concurrent activation of all memory traces in the hippocampus will very 

likely lead to saturation and interference. Therefore it is important that 
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"active" memory traces decay in the hippocampus rapidly to maintain its 

functional integrity. Perhaps the time course of decay is different across 

species. In humans, who have to master complex bodies of information, it is 

likely that reactivation persists for longer periods than in rodents or in non-

human primates. This may parallel the flatter gradients of retrograde amnesia 

seen in humans (Chapter 2). 

10.4 Reactivation and REM sleep 

Why was there a lack of reactivation during REM sleep, given the 

emphasis that has been placed on REM sleep per se in the memory 

consolidation literature? This finding is surprising at the outset. As discussed 

in Chapter 9, the lack of the effects could be related to inadequate sampling or 

due to different population dynamics in REM sleep. The hypothesis that REM 

has nothing to do with memory (Hobson, 1989) cannot, however, be accepted 

yet. For example, note that that insufficient data were available for the novel 

experiences. It is entirely possible that REM sleep plays an important role in 

replaying novel experiences. Future studies should address the possible role 

of REM sleep in the replay and consolidation of novel experiences as well as 

the possibility that later REM cycles in the same sleep session may be devoted 

to the more recent experience (e.g. Smith and Butler, 1982, Smith and 

MacNeill, 1993). Technical caveats, such as stability of recordings, may 

however, have to be overcome before such experiments can be designed. 

10.5 Limitations of the pairwise correlation method 

A note on the limitations of the pairwise correlation method is in 

order. A correlation between cell pairs gives some indication of the behavior 

of those two cells over a period of time. The mean and variance of the 

correlations between all cell pairs gives some indication of the behavior of the 

network of neurons over that period. However, in the Hebbian model (Hebb, 
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1949) and some recent theories based on that work (e.g., McNaughton, 1998, 

see Chapter 7), memories may be encoded in a network exhibiting attractor 

dynamics (Treves and Rolls, 1994), as vectors of instantaneous firing rates 

within a neuronal ensemble, and possibly as contiguous sequences of such 

vectors. As McNaughton notes, as the niunber of such states increases, the 

mean and the variance of the pairwise correlations between neurons in the 

ensemble will tend toward zero. This will make it increasingly difficult to 

detect reactivation using temporal correlations. One prediction from this 

consideration is that larger experiences (in terms of the nvunber of the state 

vectors needed to encode them) would be reactivated more weakly than 

smaller experiences. This is consistent with the idea that more larger and 

more complex information is harder to master as compared to smaller and 

simpler information. One way of testing this hypothesis is to compare 

reactivation strength following experiences on short and long mazes of the 

same shape. The prediction is that the shorter maze will be reactivated more 

strongly, given equal amoimts of experience on both mazes, in terms of the 

number of laps performed. From the point of view of the state vector 

approach, the probability of a match between a state vector during awake 

behavior and during sleep decreases as the number of vectors increases. 

Thus, detection of "hits" becomes harder as the experience becomes larger. 

Experiments addressing this issue are imderway in this laboratory and 

analysis of the data, once sviffidently available, will give us some insights into 

this interesting question. 

Another weakness inherent in the temporal correlation method is that 

scrambling of events has no e^ect on the magnitude of the correlations. This 

is because the temporal order of data pairs does not enter into the formula for 

the correlation coefficient. The temporal correlations depend oiUy on the 

state-space occupancy distribution, i.e. the set of pattern vectors, regardless of 

their order. Temporal correlations are, however, sensitive to two types of 
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states likely in the system during reactivation. If some vectors are reinstated 

more or less frequently, all the temporal correlations will change. Similarly, 

some or all temporal correlations change when some the state vectors are 

recalled noisily, i.e., some elements of the vector are different from those 

during preceding behavior. Since it is not easily predicted whether the 

average magnitude and variance of correlations increases or decreases 

following either of these changes, it is clear that the correlation method 

caimot clearly distinguish between noiseless but infrequent recall of a robust 

memory trace and noisy but frequent recall of the same trace. 

The correlation method is thus limited in its scope. Perhaps a better 

way to look at memory reactivation is to study the replay of pattern vectors 

during sleep. This can, however, get computationally intensive as the 

number of neurons recorded from increases and the duration of the recording 

epoch increases. Until better recording and analytical methods (such as 

algorithms for study of replay of sequences) are developed in the future, the 

correlation techruque seems valid. The use of the technique provides 

empirical evidence for a necessary component of memory consolidation 

theory, i.e., reactivation of activity patterns in the hippocampus during slow-

wave sleep from a preceding behavior. The reactivation of memory traces 

may play a critical role in inducing synaptic plasticity in the neocortex via 

backprojections from the medial temporal lobe structures. Consistent with 

this hypothesis, NMDA receptors are present especially in the superficial 

layers of the cerebral cortex, impljring that Hebbian learning may take place at 

the sites of termination of the backprojecting axons (Monaghan & Cotman, 

1985). Continued reactivation following reinstatement of experiences may 

play a role in a gradual reorganization of neocortical circuits, deemed 

necessary for the long-term storage of experiences. 

Indeed, partially spared long term memory with a devastating 

anterograde amnesia in patients with Alzheimer's disease or in patients left 
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amnesic after trauma or surgical procedures makes one wonder if the primary 

functional deficit in these disorders is in memory reactivation. Thus, from 

both basic science and applied clinical perspectives, it is crucial to gain better 

understanding of the role of the hippocampus and sleep in memory 

reactivation and consolidation of short-term memories. The combinatorial 

use of animal models and theoretical ideas certainly facilitates this 

imderstanding. It is hoped that this dissertation was one step in that direction. 
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