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ABSTRACT
In young rats, the pattern of neuronal ensemble activity correlations expressed
among hippocampal pyramidal cells during behavior, persists during subsequent off-line
periods, such as quiet wakefulness and slow-wave sleep. This process may facilitate the
consolidation of memories. The present study explored the hypothesis that age-related
changes in this process might contribute to age-related memory impairments. Neuronal
activity was recorded from CAI pyramidal cells in young and old rats during track
nmning and off-line periods before and after track running. Two methods were used to
quantify memory reactivation, one which measured similarities in activity patterns
without considering the temporal order of neuronal activity (EV) and one that quantified
the off-line preservation of temporal asymmetries formed between neurons during
behavior (TB). A consistent similarity between the resting epoch activity patterns and
those from the preceding behavior epoch was observed in both age groups, using the EV
method. This similarity was strongest during sharp wave events. With the EV method,
no age differences in the reactivation process were found in experiments using a familiar
environment. In addition, the aged group exhibited greater reactivation versus the young
group in the novel track experiments. In light of the observed age-related plasticity
deficits these results suggest that memory reactivation, measured by EV, is not dependent
on such mechanisms. In contrast, the TB method revealed a significant age-related
deficit in the off-line preservation of temporal asymmetries. Thus, it appears that newly
formed activity sequences are not preserved during off-line reactivation in aged animals,
possibly because the new storage of activity sequences requires intact synaptic plasticity.
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CHAPTER 1; INTRODUCTION AND OVERVIEW
In the last several decades, memory research has focused intensely on the
hippocampus. In 19S7, the study of learning and memory was transformed by the results
of a rather unfortunate surgical procedure conducted on a patient with epilepsy. The now
famous patient H.M., underwent a bilateral temporal lobectomy in an attempt to treat his
epileptic seizures that were unresponsive to pharmacological therapies. Although the
surgery was successful in treating H.M.'s epilepsy, it is also had an immediate and
devastating effect on H.M.'s memory capabilities (Scoville & Milner, 1957). To this day,
H.M. is largely unable to remember most novel facts, faces, objects or places, although
he is able to learn new procedural tasks or routines (Corkin, 1965; 1984; 2002). This
particular pattern of H.M.'s deficit, namely the specific types of memory lost and the
presence of a retrograde amnesia, have important implications for the role the
hippocampus plays in memory systems and memory consolidation, discussed at length in
Chapters 3 and 6.
In the last several decades, a wide variety of studies have implicated the
hippocampus in the initial encoding and consolidation of certain forms of memory.
Lesion and pharmacological manipulation studies in mammals, including rats and nonhuman primates, have confirmed a necessary role of the hippocampus in the formation
and consolidation of memory. Although not as dramatic as the effects of lesions,
memory studies on aged animals and humans have consistently shown an age-related
deficit in memory functions. In particular, aged mammals, including humans, often
display an anterograde deficit for episodic memory, specifically spatial memory, which
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requires the normal function of the hippocampus. Furthermore, region-specific £^ing
changes in hippocampal connectivity and function have been documented. These aging
alterations can provide insight into both normal hippocampal function and age-related
changes in memory (see Chapter S). In addition, the anatomy of the hippocampus
suggests that it is strategically positioned to play an important role in memory functions.
The hippocampus receives highly processed information from multiple cortical areas and
has the internal connection properties required to store associations rapidly among this
vast array of inputs. Furthermore, the hippocampus projects back to the same cortical
structures that provide its input, thus, activity in these projections during sleep or similar
states may assist in the consolidation of newly formed memories within the widely
distributed networks of the brain.
Much of the early theoretical precedent motivating the experiments in this
dissertation comes from the writings of Donald Hebb and David Marr. Hebb (1949)
suggested that memory traces are stored as a result of changes in the strength of synaptic
contacts between neurons that are concurrently active. The synchronized activity of these
neurons and the resultant synaptic weight changes could form cell assemblies, which
would eventually contribute to the ensemble activity itself Obviously, these early
concepts were based on the assumption that synaptic contacts within the brain are plastic
and that some mechanism exists for detecting coincidental activity in groups of
interconnected neurons. In 1973 the first evidence for such a synaptic plasticity
mechanism was discovered in the hippocampus (Bliss & Lomo, 1973; Bliss & GardnerMedwin, 1973). This phenomenon, now known as Long-Term Potentiation (LTP), has
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been studied intensely and still remains the most likely mechanism underlying the
changes in synaptic strengths required for memory storage.
Following his theory of neocortex as "a structure which classifies the information
presented to it" (Marr, 1969), David Marr went on to discuss the possible functions of the
archicortex (hippocampus). Marr (1971) presented a mathematical model, based on the
known anatomy of the hippocampus at that time, suggesting that the hippocampus
"performs a simple memorizing fimction" using modifiable synapses such as those
proposed by Hebb. Marr's theory and expansions of this theory over the years, propose
that the hippocampus is able to quickly encode memory traces during behavior and that
these memory traces can later be reactivated to "teach" the neocortex during "oflF-line"
periods, such as sleep. Hereafter, the term "off-line" will be used to refer to brain states
in which the processing of external sensory inputs is reduced, such as quiet wakefulness
and slow-wave sleep (Kavanau, 1998), a concept that will be explored in detail in
Chapter 6.
Although memory consolidation theories differ on the role ascribed to the
hippocampus in the long-term storage of permanent memory (see Chapter 6), it is agreed
that the hippocampus is necessary for the acquisition of certain memory types, and for the
consolidation process. Previous studies of hippocampal activity during "off-line" periods
such as slow-wave sleep (Pavlides & Winson, 1989; Wilson & McNaughton, 1994;
Kudrimoti et al., 1999) support theories (e.g., Marr 1971; McClelland et al., 1995)
suggesting that a reactivation of neuronal activity patterns from the hippocampus into the
neocortex may indeed underlie the process of memory consolidation. In such theories.

the memory trace within the hippocampus may represent an index of the various cortical
inputs contributing to a particular memory and the off-line recurrence of hippocampal
patterns could be broadcasted back into the cortical networks associatively binding these
various cortical representations with each other over time.
Pavlides and Winson (1989) recorded the activities of rat hippocampal neurons
during awake behavior as well as during sleep periods before and after the behavioral
epoch. In this paradigm, they found that the firing rate of single hippocampal pyramidal
cells during sleep was affected by the firing rate of those cells during the preceding
behavioral epoch. This was the first result to suggest that the off-line activity patterns of
the hippocampus might reflect the activity patterns of a previous experience. Single
electrode experiments such as this one, however, are limited in their ability to study the
engram of memory and memory processes within large networks of neurons.
Technological advances made in the past decade have afforded neuroscientists the
means to monitor the activity of dozens or even hundreds of neurons simultaneously.
These advances provide the means for investigating some of the questions demanding
ensemble recordings. Using this new technique, Wilson and McNaughton (1994)
reported that hippocampal pyramidal cell pairs with a strong correlation during behavior
remained strongly correlated during a subsequent off-line period. Several multiple
neuron studies since then support the observation that hippocampal activity patterns fi'om
a behavioral epoch are reactivated during ensuing off-line periods (Skaggs &
McNaughton, 1996; Kudrimoti et al., 1999; Nadasdy et al., 1999). In addition to the
evidence for hippocampal memory trace reactivation, Qin et al. (1997) have shown that

correlated activity patterns between bippocampal and neocortical neurons during
behavior are also maintained during a subsequent rest epoch. In these reports and the
present studies, bippocampal memory trace "reactivation" is defined as the spontaneous
re-occurrence of network firing patterns from a previous period of active behavior. This
process is quantified by the off-line re-instantiation of prior, behavior-specific firing
relationships among recorded neurons. Data on the off-line reactivation of activity
patterns within the aged hippocampus, however, are lacking.
The present experiments were designed to investigate memory reactivation in
aged rats. If the bippocampal memory reactivation process plays an important role in
memory functions, than this process should include new changes in synaptic
connectivity. Furthermore, if memory reactivation reflects network connectivity changes
resulting from the behavior epoch, than the well-known aging plasticity deficits (Barnes,
2001 for review) suggest that old animals would exhibit an age-related impairment in the
off-line reactivation of bippocampal memory traces. An impairment or lack of memory
trace reactivation in aged animals could account, at least partially, for the memory
impairments that have been documented in aged animals and humans. This hypothesis
was tested under a variety of conditions. As in previous reports on memory trace
reactivation, the behavioral portion of these experiments included repetitive traversals
along elevated tracks. This type of behavior is ideal for investigating memory trace
reactivation because the repetition of activity patterns produced by the place field
distribution on the track allows for accurate sampling of the firing relationship between
pairs of cells recorded simultaneously. The behavioral epochs of the present experiments
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utilized various types of elevated tracks. Memory reactivation was measured following
familiar track-running experiences, when the animal had extensive experience with both
the track and surrounding envirotmient, and novel track-numing experiences, when the
animal had no previous experience with either the track or the surrounding environment.
A multiple track running paradigm was used as well, when the animal ran on more than
one track during a single behavior epoch. The reactivation of activity patterns from these
behavioral experiences was measured both before and after the track-running session.
During off-line periods such as slow-wave sleep, irregular bursts of activity are
observed within the CA3 and CAl layers of the hippocampus. This phenomenon, the
sharp wave-ripple complex, has been implicated in the ofT-line replay process as a
plausible mechanism for memory trace recall within the hippocampus as well as
reactivating the appropriate connections within neocortical and subcortical areas
(Buzsaki, 1986; 1989; McNaughton, 1983; Sejnowski & Destexhe, 2000). The sharp
wave activity burst initiated within CA3 produces a high frequency "ripple" oscillation
within the CAI cell layer. In addition, to the single unit data, EEC traces recorded from
rats in both age groups were used to isolate the "ripple" oscillation within the CAl layer
of the hippocampus. The role of sharp wave-ripple complexes in memory trace
reactivation was investigated in both age groups and the characteristics of sharp waveripple complexes were studied for possible age-related differences in this phenomenon.
In order to discuss the results and implications of the experiments conducted in
this thesis, a review of the relevant background literature is in order. This review wilt
begin with a brief synopsis of the functional anatomy, histology and connectivity of the

26

hippocampus in Chapter 2. Chapter 3 will present an outline of memory systems and a
summary of the experimental literature and conceptual models concerning the role of the
hippocampus. Chapter 4 is a review of hippocampal neurophysiology; specifically, the
neural firing correlates of the hippocampus and their possible implications in nmemonic
processes of the hippocampus. Aging associated changes in hippocampus functionality
will be discussed in Chapter 5. Lastly, Chapter 6 provides an overview of memory
consolidation theories and memory trace reactivation, as well as the hippocampal states
and oscillations that may be critical in such processes.
The current experiments, the results and a discussion are presented in the
remaining chapters, beginning with a presentation of the general methods used in data
acquisition and analysis (Chapter 8). Chapter 9 contains an experiment in which
hippocampal memory trace reactivation is examined using a behavioral paradigm similar
to that used in previous investigations into hippocampal memory trace reactivation in
young rats (Kudrimoti et al., 1999; Skaggs & McNaughton, 1996; Wilson &
McNaughton, 1994). Chapter 10 addresses the replay of memory traces following a
completely novel experience in both age groups and Chapter 11 provides an analysis of
the temporal firing patterns during active behavior and subsequent rest epochs. A
thorough analysis of the sharp wave-ripple complex in the CAl layer of both age groups
is presented in Chapter 12. Finally, Chapter 13 presents a general discussion of the
results; including the role that memory trace reactivation may play in memory
consolidation and interpretations of the data from the aging experiments conducted in the
dissertation.
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CHAPTER 2: THE FUNCTIONAL ANATOMY AND
CONNECTIVITY OF THE RAT HIPPOCAMPAL
FORMATION
2.1 Introduction
Before discussing the learning and memoiy functions of the hippocampus, it is
necessary to briefly describe the functional architecture of the hippocampus. There are
two main reasons that the hippocampus is one of the most thoroughly studied structures
of the central nervous system. The first is the fundamental role played by the
hippocampus in certain forms of learning and memory. The second is its unique
anatomical structure that is readily observed at both the gross and the histological levels.
In the human, the shape of the hippocampus, with its interlocking cell layers, resembles
that of a sea horse. This fact led early anatomists to name this structure the hippocampus
(in Latin hippo means "horse" and kampos means "sea monster"). In addition, the
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shaped structure of the interlocking layers of neurons led Lorente de No to call the
hippocampus Ammon's horn (Ammon was a Greek god with ram's horns) and to name
the divisions of the hippocampus proper as CAl - CA3 (CA is an abbreviation for Comu
Ammonis). Unlike the surrounding six-layered neocortex, the divisions of the
hippocampus proper, as well as the dentate gyrus, are composed of a single layer of cells,
which are stacked 3-6 cells deep. This principal cell layer is surrounded by less cellular
or acellular regions on either side of the cell layer, which contain the dendrites of the
principal cells and the connections into the particular region. This orderly structure of the
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hippocampus made histological and electrophysiological studies of the hippocampus
relatively straight forward.
The rat hippocampal formation has a combined surface area of approximately 1.2
cm^, whereas the surface area of the entire isocortex is between 1.5 and 1.6 cm^
(Swanson et al., 1987). The large overall size of the hippocampal formation suggests an
important role for the hippocampus in the day to day living of early mammals. In the
wild, cognitive abilities such as spatial navigation and memory for both location and
affect are critical components of an animals' ability to locate food and avoid predators
(Mittelstaedt & Mittelstaedt, 1980) and the hippocampus has been shown to play a crucial
role in spatial functions (e.g. O'Keefe & Nadel, 1978; O'Keefe & Speakman, 1987).
Thus, given the importance of spatial navigation in the daily lives of many mammals, it is
not surprising that the hippocampus occupies such a large fraction of the rat brain.
The gross anatomy of the hippocampus is shown in Figure 1 with the overlying
isocortex cut away to expose the hippocampus. In this figure, the C-shape of the
hippocampus, as it curls back and around the diencephalon, is visible. The most
straightforward method for understanding the gross anatomy of the hippocampus,
however, is to imagine the structure removed from the brain entirely and set as an oblong
shaped tube on a table. This structure has two basic and perpendicular axes, the long
axis, which is most commonly referred to as the septo-temporal (S-T) axis, and the
shorter axis, the transverse axis. An example of the transverse axis of the hippocampus is
shown in the upper portion of Figure 1 and more histological detail can be seen in the
cresyl violet stained transverse (or coronal) section of the hippocampus shown in Figure
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Figure 1: Rat Hippocampus. The gross anatomy of the rat hippocampus shown with tiie overlying
cortex removed. The septo-temporal axis of the hippocampus extends in a C-shaped fashion from
the septal nuclei rostraify, extending over and behind the underlying diencephalon before
terminating in the temporal and ventral portion of the brain. The cutout above shows a transverse
section of the hippocampus with the dentate gyrus and the CAI and CA3 fields. Figure adapted
from Amaral & Witter, 1989.

2. The three dimensional anatomy of the hippocampus within the overall brain, however,
is more complex. As seen in Figure I, the long or septo-temporal axis of the
hippocampus is not straight, but extends in a C-shaped fashion from the septal nuclei
rostrally, over and behind the underlying diencephalon, running into the temporal portion
of the brain caudally and ventrally. The transverse or horizontal axis of the hippocampus
is orthogonal to the long axis at all portions of the septo-temporal gradient. Transverse
slices of the hippocampus, such as the one shown in Figure 2 are typically used during in
vitro electrophysiological studies of the hippocampus because the intrinsic connections of
the hippocampus shown in Figure 1 can be somewhat preserved in the transverse slice.
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Figure 2: Cresyi violet stain of a coronal slice of the rat brain. This figure shows the prominence of
the hippocampal structure in the rat brain, particularly the dark staining cell body layers (CAI, CA3
and DG) of the hippocampus. This figure also shows the interlocking Cs of the dentate gyrus (DG)
and the hippocampus proper (CAI and CA3) in both hemispheres. This picture courtesy of Carol
Barnes.

Much of the data regarding the laminar organization of neurons in the
hippocampus, as well as its intrinsic and extrinsic connections have been well described
for almost a century. A large portion of the descriptions of the hippocampal formation
can be traced to the classic work of Ramon y Cajal (1911) and Lorente de No (1934).
Although most of these early descriptions of hippocampal circuits are accurate, the
entirety of hippocampal connections, circuits and their possible roles in the function(s) of
the hippocampus has yet to be detailed in their entirety. Over time, the characterization
of hippocampal anatomy has been constantly refined, with old concepts coming into
question and new circuitry revealed. These advances are primarily due to contributions
from new technologies such as immunohistochemistry, receptor autoradiography,
intracellular labeling, retrograde labeling and computer aided reconstruction (Amaral &
Witter, 1995).
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2.2 Overview of the Hippocampal Formation
In the most widely accepted classification, the hippocampal formation consists of
six cytoarchitectonically distinct regions: the entorhinal cortex; dentate gyrus;
hippocampus proper, which is subdivided into the three fields CA3, CA2, and CAl; the
subiculum; presubiculum; and parasubiculum (Amaral & Witter, 1995). It must be noted
that the subiculum, presubiculum and parasubiculum are at times grouped together into
the subicular complex. Other classifications include only the allocortical or three-layered
regions as part of the hippocampal formation (three-layered regions contain a single layer
of neurons with plexiform layers on either side of the cell layer). This categorization
would only include the dentate gyrus, hippocampus proper, and subiculum, although the
exact lamination of the presubiculum and parasubiculum are still debated. In the most
widely used classification, the six regions that make up the hippocampal formation are
distinguished from other cortical and subcortical regions based on their cytoarchitectiu'e,
as well as the largely unidirectional forward projections between the six regions. In the
hippocampal formation the major connection between regions is mainly unidirectional,
unlike most other cortical regions where reciprocal connections are the norm. This
classification, including the non-allocortical portions (entorhinal cortex, presubiculum,
and parasubiculum), will be used in this dissertation.
The hippocampus is in a unique anatomical position in that it receives input that
has been processed through the various levels of primary and associative cortical areas.
This vast array of convergent and highly processed cortical input reaches the
hippocampus through a series of connections, but the principal input into the

hippocampal formation arises in the adjacent perirhinal cortex. The perirhinal cortex, as
with most cortico-cortical projections, has bi-directional connections with the entorhinal
cortex. Although the entorhinal cortex possesses bi-directional connections with the
cortical areas that lie outside the hippocampal formation, its forward projections within
the hippocampal formation are largely unidirectional, thus beginning the distinction of
the hippocampal formation. The first link of the classic tri-synaptic circuit, known as the
perforant pathway, originates in the superficial layers of entorhinal cortex and provides
the major input to the granule cells of the dentate gyrus. This entorhinal projection to the
dentate gyrus is not reciprocated, however, as none of the dentate granule cells connect
back to the entorhinal cortex (see Figure 3). Rather than projecting backward to the EC,
the dentate gyrus (DG) sends forward connections via the distinctive mossy fibers to the
CA3 field of the hippocampus. Although some CA3 cells do contribute axon collaterals
that enter the polymorphic layer of the dentate gyrus, none come into direct contact with
the granule cells. A similarly unidirectional projection originates in CA3 and projects via
the Schaffer collaterals to the CAl field. CAl in turn projects forward to the subiculum,
which is the major output structure of the hippocampal formation. These major
projections are not the only connections within the hippocampal structure, however, and a
more detailed presentation of each of the regions will be presented later in this chapter.
The relative locations of the six regions of the hippocampal formation can be
appreciated in the Cresyl Violet stained transverse section shown in Figure 2. It must be
noted, however, that at different septo-temporal levels of the C-shaped hippocampal
formation, the proportion of the hippocampal structure made up of these regions varies.
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Figure 3: Pathways of the hippocampal formation. A general overview of the major pathways of the
liippocampal formation is shown. The classic trisynaptic loop includes the perforant pathway, mossy
fibers and Schaffer collaterals. The major subcortical inputs and outputs are listed at the top of the
figure and the major cortical interconnections at the bottom of the figure. This figure is not meant to
imply that all of the cortical structures listed at the bottom have connections with CAl. Although the
perirhinal and retrosplenial cortices have direct connections with CAl, no direct connection between
CAl and the medial frontal cortex has been established. Figure adapted from Amaral and Witter
(1995).

For instance, in the extreme septal levels only the dentate gyrus and hippocampus proper
(CA3-CA1) are present. The subiculum first appears about one-third of the distance
towards the temporal pole and the presubiculum and parasubiculum are not evident until
even more temporal slices. The entorhinal cortex is located caudal and ventral to the
hippocampus, in the most caudal part of the isocortex overlying the hippocampal
formation, with its lateral border located near the rhinal sulcus.
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In addition to its intrinsic, largely unidirectional connections, the hippocampal
formation also receives many subcortical inputs and contains several major fiber bundles.
The list of subcortical regions that provide some input to one or more regions of the
hippocampal formation includes the amygdala, claustrum, septal nuclei,
supramammillary nucleus, lateral hypothalamus, anterior and midline thalamus, ventral
tegmental area (VTA), raphe nuclei and the locus coeruleus. Many of these same
structures also receive projections from the hippocampal formation, in addition to other
subcortical areas such as the nucleus accumbens and olfactory regions. A more thorough
presentation of subcortical input will be included in more detailed sections on each region
of the hippocampal formation. The major fiber bundles of the rat hippocampal formation
include the alveus, fimbria, fornix, angular bundle, and the ventral and dorsal
hippocampal commissures. The alveus is a thin sheet of mostly myelinated fibers that
covers the ventricular surfaces of the subiculum and hippocampus. The alveus contains
axons originating from pyramidal cells of both regions that are in route to subcortical
areas or the contralateral hippocampal formation. As these fibers extend obliquely and
septally, they collect into a thicker fiber bundle located at the lateral end of the
hippocampus called the fimbria. As the fibers exit the hippocampal formation, they
become the fornix, which then descends into the forebrain and innervates many
subcortical regions and other basal forebrain structures. It must be noted that the fimbria
and fornix contain both afferent axons from the subcortical regions to the hippocampal
formation and efferent fibers traveling in the opposite direction at all levels. The other
major fiber bundles are the two hippocampal commissures, which are mainly composed

of fibers crossing from one hemisphere to fields in the opposite hemisphere. Some fibers
from the fimbria/fornix system, however, cross the midline in the ventral hippocampal
commissure before exiting the hippocampal formation in the contralateral fornix. The
dorsal hippocampal commissure carries fibers that mainly project to and from the
presubiculum, parasubiculum and the entorhinal cortex.
The next six sections of this chapter will explore each of the six regions of the
hippocampal formation in order from entorhinal cortex to the presubiculum and
parasubiculum. In the following sections, the inputs and outputs of different regions
within the hippocampal formation are referred to as "intrinsic" or "extrinsic". In this
description, "intrinsic" connections are those that remain within the hippocampal
formation and "extrinsic" connections originate or terminate outside of the hippocampal
formation. For a complete review of the anatomy of the rat brain, including the
hippocampal formation, see Amaral and Witter (1995).

2.3 Entorhinal Cortex
The entorhinal cortex (EC) is different from the other five regions of the
hippocampal formation in that it is six-layered cortex with an internal structure that is
more closely related to other neocortical areas than that of the other, typically 3-layered
regions of allocortex. In the rat, entorhinal cortex lies in the ventroposterior convexity of
the rat cerebral hemisphere, extending ventromedially to border either the parasubiculum
medially or the piriform cortex and amygdala rostrally. The entorhinal cortex also
extends dorsolaterally to approach the rhinal fissure and at the most rostral levels EC
ends just ventral to the rhinal fissure. The six layers of the entorhinal cortex are similar to
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the standard six-layer structure applied to isocortex. In this scheme, there are four
cellular layers (layers II, HI, V, and VI) and two acellular or plexiform layers (layers I
and IV, the lamina dissecans).
Layer I is relatively devoid of neurons, the cells that reside within layer I are
mainly GABA-ergic neurons. Some of the stellate and horizontal cells project to the
dentate gyrus and hippocampus, but most terminate on the dendrites of layer 11 cells that
project to the dentate (Germroth et al., 1989b; Witter et al., 1989a). This superficial
plexiform layer contains many transversely oriented fibers (Blackstad, 19S6; Haug,
1976). The structures that have projections terminating within layer I of EC include the
olfactory cortex, perirhinal cortex and the presubiculum. The cells in layer II provide the
majority of axons in the perforant path projections to the dentate gyrus. The major cell
type found in layer II is the stellate cell, which have dendritic trees that are confined to
layers I and 11 and axons that form the perforant path in addition to a minority of the
stellate cell axon collaterals that run horizontally within layer II and layer I. In addition
to the stellate cells of the perforant path, layer II also contains several types of local
circuit cells such as horizontal cells, multipolar and a class of axo-axonic cells that are
similar to cortical chandelier cells. The major efferent input to layer II comes originates
within the hippocampal formation, from the parasubiculum. In addition to the normal
array of local circuit neurons that are mainly GABA-ergic, Layer III contains many
pyramidal cells, which are the source of the EC input to CAl and the subiculum,
although some of the pyramidal cells in layer III also contribute to the perforant path.
Layer III receives input from subcortical areas including the amygdala and claustrum.
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Layer IV, the lamina dissecans is an acellular layer that mainly contains the horizontal
axon collaterals from the neurons of other layers. Layer V, which receives the majority
of the intra-hippocampal input, is often subdivided into two separate regions on the basis
of the major cell type found in these subregions. Layer Va is distinguished by its large
pyramidal cells that stain darkly and give rise to axons that run toward deep white matter,
terminating in extra-hippocampal structures. Collaterals from these axons are found
within the EC and the angular bundle. Most of the input to the deep layer of the EC
comes from fibers originating in other regions of the hippocampal formation and
projecting back to the EC. Lastly, layers Vb and VI contain a wide variety of cells that
can be grouped into classes that either: (a) affect the activity of other cells in layers Vb or
VI, (b) projection neurons whose axons head toward deep white matter, or (c) a small
number of cells that may contribute to pathways connecting the EC with the dentate
gyrus or hippocampus.
In addition to EC's classification as six-layered cortex, it is largely accepted that
the rat entorhinal cortex can be divided into two general areas; the lateral entorhinal area
(LEA) and the medial entorhinal area (MEA). One of the distinguishing characteristics
of these two regions is a difference in layer II. In the LEA, layer II is much more
pronounced with cells more densely clustered. In fact some authors have suggested that
layer II of the LEA has two subdivisions; Ila where cells are densely packed and lib
where cells are much more scarce (Blackstad, 1956; Cabellero-Bleda & Witter, 1993a;
Swanson et al., 1987). Another distinguishing characteristic between the LEA and the
MEA is the lamina dissecans, which is more sharply delineated in the MEA than the
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LEA. Despite the suggestive nature of their names, both of these regions are triangular
shaped rather than simply divided along the transverse plane (see Figure 4). The
triangular shape of LEA occupies the rostrolateral portion of the EC with its base oriented
rostrally and the point of the triangle caudolaterally oriented, next to the rhinal fissure.
The MEA occupies the opposite triangular area with a caudolateral base and a
rostromedially oriented tip. The fibers originating from these two areas have a definite
topography in their region of termination within the dentate gyrus and hippocampus.

Temporal

Caudal

Figure 4: General projection topograpiiy of entoriiinal cortex. Tlie LEA and IVfEA of tiie entoriiinal
cortex are shown with the projection of the perforant path fibers to the dentate gyrus. Fibers
originating in the LEA terminate in the outer 3"* of the molecular layer in the DG and superficially
in the stratum lacunosum-moleculare. Fibers originating in the MEA terminate in the middle 3"^ of
the molecular layer and more deeply in the stratum lacunosum-moleculare. In addition, the lateral
portions of the MEA and LEA tend to project to the septal portions of the DG and the medial
portions of the MEA and LEA tend to project to the temporal portions. Figure courtesy of
Rosenzweig, 2002, adapted from Amaral & Witter, 1995.
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Fibers originating in the LEA terminate in the outer 3^^ of the molecular layer in the
dentate gyrus and superficially in the stratum lacunosum-moleculare in the hippocampus;
whereas fibers originating in the MEA terminate in the middle 3"* of the molecular layer
and more deeply in the stratum lacunosum-moleculare (Witter et al., 1989; Amaral &
Witter, 1995). The EC projections to CAl fi-om layer III are also topographic in nature.
LEA fibers projecting to CAl and the subiculum terminate near the CAl/subiculum
border, whereas the MEA projections terminate more proximally in CAl and more
distally in the subiculum.
In addition to the division of the LEA and MEA, another general topography
exists in the fiber pathways fi'om the EC. In general, cells located laterally, regardless of
the LEA/MEA subdivision, project to more septal levels of the hippocampal subfields
and cells located more medially project to more temporal levels of the hippocampal
subfields (see Figure 4). Thus, the septal portions of the DG, hippocampus, and
subiculum receive input fi'om the lateral portions of both LEA and MEA and vice versa
for the temporal portions of the DG, hippocampus, and subiculum. Projections back to
the EC from CAl and the subiculum also have some topography, with septal portions
projecting to lateral portions of EC and temporal portions of CAl and the subiculum
connecting back to medial portions of EC. Thus the efferent and afferent connections
between EC and CAl/subiculum are complimentary in the lateral-medial vs. septotemporal axes. The connections back to the EC areas LEA and MEA fi'om CAl and the
subiculum are also in the mirror image with distal CAl and proximal subiculum sending
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input back to LEA (Tamamaki & Nojyo, 1993) and proximal CAl / distal subiculum
connecting back to the MEA.
2J.l Intrinsic output of entorhinal cortex
While a few of the efferents of the entorhinal cortex, such as the connections to
CAl and the subiculum from layer III and the perforant path, have already been
discussed, there are other outputs of the EC. First, however, the most prominent output
pathway, the perforant path requires further detail. The perforant path originates mainly
from the stellate cells of layer II but receives some contributions from layer III pyramidal
cells. Although the perforant path terminates largely on the outer 2/3rds DG granule cell
dendrites, the perforant path sends some fibers to all the regions of the hippocampal
formation. There are some fibers from the perforant path that bypass the dentate gyrus
and terminate in the CA3 subfield (Nafstad, 1967; Witter et al., 1992b) with topography
similar to that of the layer III projection to CAl (LEA fibers more superficial and MEA
fibers contacting dendritic branches deeper in the stratum lacunosum-moleculare). In
addition, some fibers of the perforant path also terminate in the subiculum (Witter et al.,
1992b) and a very minor component of the perforant path courses through the molecular
layer of the pre- and parasubiculum. Entorhinal cortex layer II also gives rise to crossed
pathways connecting to all components of the contralateral hippocampal formation (Van
Groen & Wyss, 1990a) and to longitudinal association connections (Kohler, 1988).
23.2 Extrinsic output of entorliinal cortex
The outputs from the deeper layers of the rat EC (layers V & VI) give rise to
widespread and prominent projections to many unimodal and multimodal areas of
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associational cortex (Swanson & Kdhler, 1986). Several of these projections back to
cortical areas from EC course through the perirhinal cortex in the reciprocal connections
between these two cortical areas. Efferents of the EC also reach widespread areas of the
limbic, paralimbic, and olfactory regions of the cortex (Lopes da Silva et al., 1990).
Additionally, recent anterograde tracer studies by Insausti et al. (1997) suggest that layer
V neurons of the extreme lateral EC project to both ipsilateral and contralateral (although
weakly) lateral frontal (motor), temporal (especially auditory), occipital, and parietal
(somatosensory) cortex, as well as, the anterior insular and cingulate cortices. The EC
also sends connections to subcortical regions. Including the septal region (Alonso and
Kdhler, 1984; Swanson and Cowan, 1977) a strong projection to the amygdala, especially
the basal nucleus (Ottersen, 1982; Turner et al., 1980; Veening, 1978), and the ventral
striatum, especially the nucleus accumbens. The extrinsic outputs from EC to the
widespread cortical and subcortical areas originate almost exclusively in the deep layers
of EC.
233 Inputs of the entorhinal cortex
Some of the inputs to the entorhinal cortex have also been discussed in the return
projections from CAl and the strictly ipsilateral return connections from the subiculum
(Kdhler, 198Sa). Other inputs from within the hippocampal formation include an
impressive connection from the parasubiculum that terminates in layer II throughout the
EC and a prominent projection from the presubiculum directed to only the medial EC
bilaterally, which terminates mainly in layer III. As previously mentioned, the entorhinal
gets input from a vast array of cortical areas, many of which are channeled through the

perirhinal cortex, the largest source of input into the superficial layers of EC. In addition,
some types of cortical input reach the deep layers of the entorhinal cortex. In fact, the
cortical input to the EC can be split into two categories based on the layer(s) that the
input terminates within. The first group of cortical input terminates in the superficial
layers (I-III) and is believed to deliver cortically processed information to the EC, which
in turn, is the source of information for the rest of the hippocampal formation. The
cortical inputs that terminate in the superficial layers of the EC include a rather strong
projection from the olfactory cortex (Haberly & Price, 1978; Kosel et al., 1981) in
addition to other connections from the medial prefrontal region, and retrosplenial cortex
(Beckstead, 1978, 1979; Takagishi & Chiba, 1991; White et al., 1990) to name a few.
The second group of cortical inputs to the EC terminates in the deeper layers (IV-VI),
which also receives projections back from many regions within hippocampal formation.
These cortical inputs to the deep layers of the entorhinal cortex, which intermingle with
return projections within the hippocampal formation, are often reciprocated by the EC.
Thus, this second class of cortical input would be in a position to influence the output
side of the hippocampal formation.
In addition to the intrinsic and cortical connections, the EC also receives input
from subcortical regions, including several of the structures that innervate the
hippocampus proper (Swanson et al., 1987) as well as the EC. The most widely
publicized subcortical projection is the topographical projection from the medial septal
nucleus (Milner & Amaral, 1984; Saper, 1985), which is organized such that cells in the
horizontal limb of the nucleus of the diagonal band terminating mostly in the lateral
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aspects of the EC (layer II) and the medial septal nucleus and vertical limb of the
diagonal band terminating more in the medial portions of EC. The EC also receives a
reciprocal projection from the amygdala, specifically the basal nucleus, in addition to
diffuse seretonergic and noradrenergic inputs from the hypothalamus and brain stem.
The entorhinal cortex also receives a strong projection from the thalamus, especially the
nucleus reuniens and the nucleus centralis medialis.

2.4 The Dentate Gyrus
The dentate gyrus (DG) is a V-shaped region which is typically found just
medially to the CA3 region in coronal sections, with the open end of the "V" overlapping
somewhat with the CAB region (See Figure 2). Cytoarchitechtonically, the dentate gyrus
is comprised of three layers; the granular cell layer, which contains the principal cells
(granule cells) of the dentate gyrus, the relatively acellular molecular layer, and the
polymorphic layer, which is often termed the "hilus". It is often possible to visualize the
dentate gyrus as two separate "blades", the suprapyramidal blade (synonymous with
dorsal blade), which is adjacent to the CAl suprapyramidal blade and is typically located
dorsally from CA3 on transverse sections (see figure 2) and the other portion of the
granule cell layer called the infrapyramidal blade (synonymous with ventral limb). The
portion that connects the two blades of the DG (the base of the "V") is often referred to as
the crest.
The granule cell layer is marked by the darkly staining granule cells, which are
the main cell type of the aptly named granule cell layer. The estimated 0.6 - 2.2 x 10^
granule cells are densely packed in columnar stacks (Amaral et al., 1990; Boss et al..
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1985; Gaarskjaer, 1978a; Seress & Pokoray, 1981; West et al., 1988), and possess coneshaped, spiny dendritic trees that expand into the molecular layer of the dentate gyrus.
There is topography in the dendritic extent of the granule cells such that the average
number of spines on the dendrites of suprapyramidal granule cells is approximately 5564,
whereas the average number of spines on infrapyramidal granule cells is closer to 3630
(Desmond & Levy; 1982, 1985). The outer two-thirds of the granule cell dendrites are
the termination site for the perforant path from the entorhinal cortex and the axons of
granule cells make up the major forward projection of the DG, the mossy fibers, which
connect to CA3. Basket cells are also located within the granule cell layer, along the
deep portion of this layer. These largely GABA-ergic basket cells form axonic plexi
around the soma of granule cells, which gives them the basket-like appearance. In
addition to the basket cells, other local circuit cells are located in the subgranular region
and contribute axons to the basket-like plexus around granule cells.
The molecular layer of the DG is a largely acellular region mainly occupied by
the dendritic trees of the granule cells, basket cells and other polymorphic cells. This
layer also contains terminal axonal arbors from other sources. The first is a group of
largely GABA-ergic cells deep in the molecular layer with triangular cell bodies and
spiny dendrites, whose axons contribute to the basket plexus (Hazlett & Farkas, 1978;
Kosaka et al., 1984, 1987). The second source of the axonal fibers arises from the group
of axo-axonic cells within the molecular layer that are similar to "chandelier" cells in the
cortex. These cells have axo-axonic connections with the proximal portion of the granule
cell axon and are thus capable of strong inhibition of the granule cells (Kosaka, 1983a,
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Somogyi et al., 1985; Halasy & Somogyi, 1993). For a fiill description of the inhibitory
intemeurons located within the EKj, see Freund and Busz^i (1996). In this study,
Freund and Busz^ (1996) documented nine different types of intemeurons present in
the DG: chandelier cells, type I basket cells, type II basket cells, HIPP cells, HICAP cells,
MOPP cells, spiny CR cells, IS-1 cells and IS-2 cells.
The polymorphic layer of the DG contains a variety of cells that are believed to be
largely GABA-ergic, local circuit neurons. Little is known about most of these neurons.
The most common and impressive cell type within the polymorphic layer, however, is the
mossy cell. These neurons have a large, triangular shaped soma and a dendritic tree with
few branches and large complex spines. These large dendritic spines are the termination
point for mossy fibers fi'om granule cells. The mossy cells give off axons which
terminate bilaterally back onto the proximal 1/3*^ of granule cell dendrites, creating an
interesting feedback loop between the DG granule cells and the mossy cell of the
polymorphic layer.
2.4.1 Intrinsic input of tiie dentate gyrus
The major intrahippocampal input to the dentate gyrus is the perforant path which
projects firom superficial layers of EC to the distal 2/3rds of the granule cell dendrites.
As described in the EC section, fibers of the perforant path (PP) originating in the LEA
terminate in the outer one-third of the molecular layer, on the most distal portions of the
granule cell dendritic tree and fibers from the MEA terminate in the middle one-third of
the molecular layer. Additionally, the lateral portion of LEA projects almost exclusively
to the suprapyramidal blade of the granule cell layer and the more medial portions of
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LEA project mainly to the infrapyramidal blade of the granule cell layer (see Figure 4).
Fibers originating from the MEA are also divided topographically, with lateral and caudal
parts projecting heavily to the suprapyramidal blade and medial portions mainly
connecting with the infrapyramidal blade. The inner one-third of granule cell dendrites
contains synaptic connections from the feedback projection of the mossy cells.
2.4.2 Extrinsic Inputs to the dentate gyrus
The other inputs to the dentate gyrus come from outside the hippocampal
formation. The most prominent of these is the cholinergic projection from the septal
region, which was first described by Morin (1950) and Daitz & Powell (1954) and has
since been further characterized by more recent studies (see Amaral & Witter, 1995 for a
review). Axons from the medial septal nucleus and the nucleus of the diagonal band of
Broca travel via the fimbria and dorsal fornix before terminating in all hippocampal
fields, but most prominently in the dentate gyrus. The cholinergic septal input to the DG
is topographically organized with cells located medially in the septum projecting to the
more septal or dorsal DG and cells located laterally in the septum project more
temporally within the DG. Thus, the septal hippocampal formation receives its
cholinergic input mainly from the nucleus of the diagonal band and more temporal areas
of the hippocampal formation receive cholinergic input from the medial septal nucleus.
In addition to the prominent cholinergic input, there are some GABA-ergic inputs in this
septal projection and these axons connect to GABA-ergic local circuit cells within the
hippocampal formation. Another subcortical area that projects to the DG is the
supramammillary region of the hypothalamus. This projection terminates heavily in the
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narrow zone of the molecular layer just superficial to the granule cell layer and has (nly a
few coimections within the other two layers. Finally, the DG receives monoaminergic
projections from the brain stem. First is the prominent noradrenergic input, which
originates in the locus coeruleus and terminates mainly in the polymorphic layer (Haring
& Davis, 1983, 1985a, 1985b; Koda et al., 1978a, Pickel et al., 1974). Second is a
serotonergic projection from the raphe nuclei that terminates mostly in the immediately
subgranular area of the polymorphic layer onto intemeurons that are capable of
influencing the distal dendrites of the granule cells.
2.43 Outputs of the dentate gyrus
The dentate gyrus has no extrinsic outputs, the only extra-dentate output is that of
the mossy fiber pathway. The mossy fibers are made up of distinct unmyelinated axons
that were first described (and named) by Ramon y Cajal (1911). The mossy fibers project
to the entire transverse extent of CA3, terminating on the proximal portion of CA3
pyramidal cell dendrites in stratum radiatum. Another important connection of the mossy
fibers is formed by a group of collaterals that never leave the DG, but rather enter the
polymorphic layer and form synaptic contacts with mossy cells in a bi-synaptic feedback
loop. In addition, a few of the axons within the mossy fiber pathway end on nonpyramidal cells within CA3, such as basket cells near the pyramidal cell layer. There are
two other intrinsically connected outputs of the DG. One is made up of the various
intrinsic local circuit connections such as the basket plexus and the axo-axonic
connections of the "chandelier" like cells in the polymorphic layer. The other includes
the associational/commissural projection, which includes the connection from the mossy

cells of the polymorphic layer back to the imier one-third of the granule cell dendrites
(Blackstad, 1956; Laurberg & Sorensen, 1981; Swanson et al, 1978). These connections
are asymmetric, excitatory (glutamatergic) connections, which are projected bilaterally
and are widely difbse in the septo-temporal axis (Amaral & Witter, 1989). This
feedback projection also tends to terminate more heavily at granule cells that are distal
versus more proximal granule cells, which is opposite that of the connection from the
granule cells to the mossy cells, which tends to remain near its origin. In addition to
contacts with the granule cells, the associational fibers of the mossy cells also connect
with the GABA-ergic basket cells surrounding the granule cells. Thus, these connections
create an interesting feedback loop, which contains a feed-forward excitatory pathway
and a bisynaptic feed-forward inhibitory pathway (Frotscher & Zimmer, 1983; Seress &
Ribak, 1984).

2.5 The CA3 Field
The CA3 field is one of the three fields of the hippocampus proper, all of which
are typical allocortex containing three basic layers, including a single prominent layer of
pyramidal cells arranged densely with a width of 3-7 cells. The dense arrangement of the
main cell type, the pyramidal cell, in the stratum pyramidale of CA3 and CAl is easily
seen on the transverse section of the hippocampus shown in figure 2. Although the vast
majority of the cells within this layer are pyramidal cells, there are several local circuit
cells, namely basket cells, intermingled with the pyramidal cells. In a recent study of the
local intemeurons, Freund and Buszaki (1996) have described at least nine type of
intemeurons within the CA3 field: chandelier cells, basket type 1 cells, basket type 2
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cells, 0-LM cells, bistratified cells, radial trilaminar cells, spiny CR cells, IS-1 cells and
IS-2 cells. For a complete review of hippocampal intemeurons see Freund and Buszaki
(1996). The tight grouping of pyramidal neurons within cell layers facilitates multi-unit
recordings from the allocortical regions of the hippocampal function. The other two
layers of the allocortex are plexiform layers that lie on either side of the pyramidal cell
layer and contain the dendritic fields of the pyramidal cells, whose basal dendrites extend
into the stratum oriens and whose apical dendritic tree extends through the
suprapyramidal regions of the stratum lucidum, stratum radiatum and arborizes into the
stratum lacunosum-moleculare. In addition to the dendritic trees of the pyramidal cells,
these two plexiform layers also contain the many fibers that terminate within the
dendritic tree of the pyramidal cells, and many different types of non-pyramidal cells
which are not well studied, but are believed to be local circuit cells (Amaral & Witter,
1995) that are largely GABA-ergic, but also co-localize other neuroactive substances
such as neuropeptides or calcium binding proteins (Ribak et al., 1978; Sloviter, 1989;
Toth & Freund, 1992). These local circuit neurons are likely to directly inhibit CAI
pyramidal cells (Schwartzkroin et al., 1990).
2.5.1 Intrinsic inputs of CA3
The major intrinsic Input to CAS is the glutamatergic mossy fiber projection from
the granule cells of the dentate gyrus to the proximal dendrites of CA3 pyramidal cells in
stratum radiatum. This pathway has unique synaptic complexes within the CA3
pyramidal cells that merit some special attention. First, some of the largest dendritic
spines in the brain are the large thorny excrescences, which are the synaptic contacts of
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the DG mossy fibers onto the proximal dendrites of CA3. The remainder of the CAS
dendritic tree possesses more standard "cortical-like" spines on which excitatory and
inhibitory synapses fi-om other areas are formed. Second, it has been estimated that each
mossy fiber will make up to 37 contacts with a single CA3 pyramidal cell, giving a
mossy fiber powerful input to CAS pyramidal cells (Chicurel & Harris, 1992). In
addition to the powerful contacts, it has been shown that each mossy fiber will contact
only a small fraction of the CA3 pyramidal cells (approximately 20). This kind of
specific, powerful connectivity is rarely found in any intrinsic or extrinsic pathways.
Furthermore, each CA3 cell will receive input from only ~50 granule cells. Thus, the
mossy fiber pathway is unique in that each granule cell of the DG projects powerful input
to a very small number of CAS pyramidal cells. In addition, although the mossy fibers
project throughout the extent of CAS, the termination point of mossy fibers is relatively
lamellar. Unlike most other intrinsic projections of the hippocampus, the synaptic
terminals of mossy fibers tend to stay within septo-temporal levels close to that of their
origin (Claiborne et al., 1986; Swanson et al., 1978). The mossy fibers do, however,
make an abrupt turn near the CA3/CA2 border and travel 1mm or more towards the
temporal pole before terminating within CAS. The other intrinsic input to CAS is the
much sparser projection from the entorhinal cortex whose fibers from the perforant path
end on the distal dendrites of CAS pyramidal cells, within the stratum lacunosummoleculare.
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2.5J Extrinsic input to CA3
Other than the projection from entorhinal cortex, CAB does not receive any
cortical input. The CA3 field does, however, have other subcortical extrinsic inputs. The
CA3 field receives a large cholinergic projection from the septal nucleus, mainly from the
medial septal nucleus and the nucleus of the diagonal band of Broca whose axons
terminate in the stratum oriens and to a lesser extent in stratum radiatum (Gaykema et al.,
1990; Nyakas et al., 1987). In addition to the septal input, CA3 also receives
monoaminergic input, including a noradrenergic projection from the locus coeruleus that
ends in the stratum lucidum and superficial stratum lacunosum-moleculare. Serotonergic
fibers are sparsely distributed in CA3 and there is some evidence for dopaminergic
connections, although this point is still debated.
2.53 Outputs from CA3
The axons of CA3 pyramidal cells are highly collateralized, giving off branches
that distribute fibers to all fields of the hippocampus (CA3, CA2, and CAl) in both
hemispheres as well as projections to subcortical areas. The two major intrinsic
projections from CA3 are the associational connections and the Schaffer collaterals. The
CA3 field of the hippocampus has an extensive associational projection, the likes of
which is not observed anywhere else in the rat brain. These associational connections are
important in memory models because this type of recurrent input structure is
hypothesized to be capable of rapidly storing information (e.g. McNaughton & Morris,
1987). In general, the CA3-to-CA3 associational connections are widely distributed
along the septo-temporal axis of the hippocampus. There is some topography in the
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associational connections, however, with cells located proximally in CA3 (near the DG)
projecting to the proximal portion of CA3 in the same or adjacent septo-temporal level,
while associational fibers from the mid and distal portions of CA3 project to much of the
transverse axis and travel more distally along the septo-temporal axis as well. In
addition, the CA3-to-CA3 associational fibers tend to shift proximally (towards DG) in
levels more temporal than their origin and shift distally at levels septal to their origin.
Much like the associational fibers, the projection to CAl via the Schaffer
collaterals is diversely distributed in both hemispheres. In fact, Tamamaki et al. (1988)
have demonstrated that the axon from a single CA3 pyramidal cell may contact as much
as 75% of the septo-temporal extent of the ipsilateral and contralateral CAl field. Thus,
contrary to the original notion of lamellar processing in the hippocampus, the anatomy of
the hippocampus suggests a more distributed processing function. The topographical
organization of the Schaffer collaterals creates a network in which CA3 cells of a certain
region are more likely to contact a subset of CAl neurons. Although the Schaffer
collateral projection distributes in both directions along the septo-temporal axis, cells that
are more proximal in CA3 (closer to DG) project more heavily to CAl neurons located
septal to their position, whereas CA3 pyramidal cells located more distally (closer to
CAl) project more heavily to CAl cells located temporal to their position. Also, the
dendritic location of the axon termination, in nearby septo-temporal levels, is altered by
the location of the CA3 cell of origin. More distal CA3 cells have projections that
terminate in the deeper portions of stratum radiatum and stratum oriens of CAl and more
proximally located CA3 neurons project to more superficial stratum radiatum. In
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addition the projections from CA3 pyramidal that contact CAl within the nearby septotemporal regions have a topography such that cells located more proximally (near the
DG) tend to project to the neurons of distal CAl (near subicular border) and the CA3
neurons located distally (near CAl) project more heavily to the nearby or proximal
portions of CA1. Finally, irrespective to the septo-temporal or the transverse region of
origin, within CA3, of a given Schaffer collateral fiber, the highest density of termination
within the CAl dendritic field shifts to deeper parts of stratum radiatum and stratum
oriens at levels septal to the neuron of origin and move out of the stratum oriens and
more superficial in stratum radiatum at levels temporal to the CA3 pyramidal cell of
origin.
Other intrinsic outputs from CA3 include the commissural projection, which
connects to the contralateral hippocampal fields CA3 and CAl in a maimer similar to the
topography just described and a smaller projection that returns to the dentate gyrus and
terminates on the mossy cells of the polymorphic layer, which in turn connect back to the
granule cells. The only sizable output from CA3 that leaves the hippocampal formation
projects to the lateral septal nucleus (Swanson & Cowan, 1977). This connection is
bilateral and is organized in such a way that septal CA3 projects dorsally in the lateral
septal nucleus and temporal CA3 projects ventrally in the lateral septal nucleus
(Gaykema et al., 1991; Siegel et al., 1974, 1975).

2.6 The CAl Field
Histologically and cytoarchitecturally CAl is very similar to CA3, with the
characteristic stratum pyramidale of tightly packed pyramidal cells. Just as in CA3, the

apical dendrites of CAl travel through stratum lucidum, stratum radiatum, and end in
stratum lacunosum-moleculare and basal dendrites arborize within the stratum oriens.
The local circuit cells in CAl are also similar to CA3, with basket cells located close to
the pyramidal cells and a variety of largely GABA-ergic cells scattered throughout the
plexiform regions. In their recent investigation of hippocampal local circuit cells, Freund
and Buzsaki (1996) have described eleven type of intemeurons within the CAl field:
chandelier cells, basket type 1 cells, basket type 2 cells, O-LM cells, bistratified cells,
horizontal trilaminar cells, radial trilaminar cells, back-projection cells, spiny CR cells,
lS-1 cells, IS-2 cells and IS-3 cells (see Freund & Buzs^i, 1996 for a complete review).
The major criterion used to discriminate between the CAl field and the CA3 field of the
hippocampus is their functional connectivity. Whereas the CA3 field receives extensive
input fi'om the DG via the mossy fibers, CAl does not receive input from the mossy
fibers of the DG.
2.6.1 Intrinsic and extrinsic inputs to CAl
The two major inputs into CAl from within the hippocampal formation have
already been discussed in previous sections. These projections include the massive input
from CAS via the Schaffer collaterals, which terminate in the stratum radiatum and
stratum oriens in a manner that varies with the septo-temporal travel of the Schaffer
collateral axon. In addition, the CAl field receives a projection from the pyramidal cells
of layer III in the entorhinal cortex, which terminates in the lacunosom moleculare region
of CAl dendrites. CAl also receives several projections from outside the hippocampal
formation. First, in addition to the entorhinal projection, CAl also receives direct cortical
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input from the perirhinal and retrosplenial cortical areas. Subcortical inputs to CAl
include input from the septal formation, which terminates in stratum oriens (Nyakas et
al, 1987), similar to that of CA3, although much sparser. Other subcortical inputs to
CAl include a projection from the basolateral nucleus of the amygdala, which terminates
within the stratum lacunosum-moleculare and is restricted to the temporal third of the
CAl field. In addition, a significant projection from the thalamus was recently
documented by Wouterlood and colleagues (Dolleman-Van der Weel & Witter, 1992;
Wouterlood et al., 1990). In particular the nucleus reuniens gives rise to a rather
prominent projection that terminates in the stratum lacunosum-moleculare. This
projection from the nucleus reuniens reaches CAl via the fimbria/fornix, innervates all
septo-temporal levels of CAl, and is distributed topographically such that the dorsal
portion of the nucleus reuniens projects to septal CAl and the ventral portion of nucleus
reuniens connects to temporal CAl. Finally, CAl receives a rather sparse distribution of
noradrenergic and serotonergic inputs.
2.6.2 Intrinsic outputs of CAl
Unlike CAS, the CAl region does not give rise to an extensive associational
projection, but instead projects rather weak associational and commissural connections
within CAl (Van Groen & Wyss, 1990a). In addition to the associational and
commissural connections, the most prominent output of the CAl field is a projection to
the subiculum. The axons of CAl pyramidal cells travel out the stratum oriens, through
the alveus, and bend sharply toward the subiculum where they ramify in the pyramidal
cell layer (Amaral et al., 1991). This projection is highly organized, generally splitting
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the subiculum into thirds, with axons from proximally located CAl cells (near CA2)
terminating in the distal subiculum, axons from distal CAI projecting just across the
border to proximal subiculum and the mid portion of CAl projecting to the mid portion
of the subiculum (Amaral et al., 1991). In fact, Tamamaki et al. (1988) have shown that a
single CAl cell distributes to about one-third of the subiculum, further supporting the
division of the CAl-to-subiculum projection into thirds. In addition to the projection to
the subiculum, the CAI field is the first intrahippocampal region to project back to the
entorhinal cortex. This projection from CAI to EC terminates in layer V of the EC.
Although this projection originates from the full septo-temporal extent of CAI, it appears
to mainly terminate in the medial entorhinal area (MEA) with only a small connection to
the LEA.
2.63 Extrinsic outputs of CAl
CAl sends out a much greater array of extrinsic connections versus CA3 and CA2
that is often organized by the septo-temporal level of origin (Van Groen & Wyss, 1990b).
First, CAl sends out a subcortical projection to the lateral septal area that is similar to the
projection from CA3; however, unlike CA3, CAl sends out projections to other cortical
and subcortical areas depending on the septo-temporal region of origin. Axons from
septal CAl connect to retrosplenial and perirhinal cortices, the nucleus of the diagonal
band of Broca and the lateral septal nucleus. These connections are strictly unilateral.
Mid septo-temporal levels of CAl project to the medial frontal cortex, especially the area
infraradiata of the prelimbic region. Finally, the temporal portion of CAl projects to the
area infraradiata as well, in addition to projections to the anterior olfactory nucleus, the
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olfactory bulb, the nucleus accumbens, the basal nucleus of the amygdala and to
hypothalamic areas.

2.7 The Subiculum
The subiculum is marked by an abrupt border between the distal edge of CAl and
the subiculum where a marked widening of the pyramidal cell layer occurs.
Cytoarchitectonically, however, the subiculum is fairly similar to the previous three
allocortical regions in that it possesses the typical 3-layered structure. As in the
bippocampal subfields, the main neurons of the subiculum are the pyramidal cells, which
are densely packed in the principal cell layer, and are surrounded by smaller local circuit
cells (Swanson et al., 1987). There are, however, some differences in the
cytoarchitecture of the subiculum versus CAl and CA3. First, the stratum radiatum is no
longer present in the subiculum, where it is replaced by the widening of the pyramidal
cell layer. In addition, the stratum oriens region of CAl is replaced by the molecular
layer of the subiculum, which houses the apical dendrites of the subicular pyramidal
cells. This molecular layer is subdivided into a deeper portion that is roughly continuous
with the stratum radiatum of CAl and a more superficial portion that is continuous with
the molecular layer of the presubiculum (Haug, 1976; Swanson et al., 1987).
2.7.1 Intrinsic inputs to the subiculum
The subiculum does not connect to the dentate gyrus or to the CA3 field of the
hippocampus and only receives meager connections from cortical sources; it's major
sources of input come from the CAI field and from the entorhinal cortex. From within
the bippocampal formation, the subiculum also receives weak input from the

58

presubiculum and the parasubiculum. As mentioned in the previous section, the input
from CAl is split roughly into 3rds with distal CAI projecting just across the
CAl/subiculum border to proximal subiculum, mid CAl to mid subiculum and proximal
CAl to more distal regions of the subiculum. The connection from EC was covered in
the section on entorhinal cortex; briefly, the lateral component of the perforant pathway
ends in proximal subiculum and the medial component terminates in more distal
subiculum with all terminations from the perforant path ending in the outer 2/3rds of the
molecular layer of the subiculum.
2.7.2 Extrinsic inputs to the subiculum
The subiculum does receive numerous robust cormections from subcortical
regions (Lopes da Silve et al., 1990; Swanson et al., 1987). The septal complex sends
fibers from the medial septal nucleus and the nucleus of the diagonal band of Broca,
which terminate in both the pyramidal cell layer and the molecular layer (Chandler &
Crutcher, 1983; Swanson & Cowan, 1977). Proximal portions of the subiculum receive
input from the basal nucleus of the amygdala as well as other adjacent amygdalohippocampal areas, which project to the molecular layer (Krettek & Price, 1977). The
thalamic inputs to the subiculum are similar to those in CAl, although these two
hippocampal structures receive input from different but intermingled groups of thalamic
neurons. The nucleus reuniens and the paraventricular nucleus are the major source of
thalamic inputs to the subiculum and these axons terminate in the molecular layer where
they intermingle with the EC fibers (Herkenham, 1978; Wouterlood et al., 1990). The
thalamic input to the subiculum does not cover the entire subiculum as the temporal and

septal poles of the subiculum appear to be devoid of input from the nucleus reuniens. In
addition, the supramammillary region of the hypothalamus sends a substantial projection
to the subiculum, especially to the more temporal region (Haglund et al., 1984) of the
subiculum. Monoaminergic ascending pathways also provide modulatory input to the
subiculum. Noradrenergic axons from the locus coeruleus, the dopaminergic fibers from
the ventral tegmental area, and serotonergic input from the median and dorsal raphe
nuclei all project sparsely to the subiculum.
2.7J Extrinsic outputs of the subiculum
The subiculum is the major output region of the hippocampal formation and thus
projects to a wide variety of cortical and subcortical areas in addition to the more minor
intrinsic (intrahippocampal) outputs. Prominent projections from the subiculum reach the
medial prefrontal and retrosplenial cortices with the later originating mainly from the
septal two-thirds of the subiculum and terminating in layers 11 and III of the retrosplenial
cortex. The subiculum also gives rise to a strong input to the perirhinal cortex, which
terminates in both the deep and superficial cellular layers of perirhinal cortex (Deacon et
al., 1983; Swanson & Cowan, 1977). In addition, smaller projections reach the prelimbic
and infralimbic cortices (Witter et al., 1989a, 1989b), the anterior olfactory nucleus (Jay
et al., 1989) and the anterior cingulate cortex (White et al., 1990).
The subcortical outputs of the subiculum are also quite numerous with the most
prominent of these projections terminating in the lateral septal nuclei, within the septal
complex (Gaykema et al., 1991), and in the mammillary nuclei of the hypothalamus. The
strong hypothalamic projection is bilateral and is split such that the septal two-thirds of
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the subiculum target the medial nuclei in a topographic manner and the smaller
connection from the temporal one-third of the subiculimi targets the ventromedial
hypothalamic nucleus (Canteras & Swanson, 1992; Donovan & Wyss, 1983). Closely
associated with the septal projection is a strong connection from the subiculum to the
nucleus accumbens and adjacent portions of the olfactory tubercle. The projection to the
nucleus accumbens is topographically organized with the septo-temporal axis of the
subiculum corresponding with the caudomedial to rostrolateral axis of the nucleus
accumbens. Other subcortical projections include a sparse connection to the lateral
hypothalamus, a projection from the temporal one-third of the subiculum to the basal
nucleus of the amygdala (Price et al., 1987), and a substantial bilateral projection to the
thalamus that ends in the nucleus reuniens as well as the paraventricular nucleus and the
nucleus interanteromedialis.
2.7.4 Intrinsic outputs of tiie subiculum
The intrinsic outputs of the subiculum include a sparse associational projection
that favors destinations located temporally from its origin and a connection to both the
presubiculum and parasubicuium that terminates mostly in layer I of the presubiculum
and ends in Layers 1 and II of the parasubicuium. Both of these projections are organized
such that septal or dorsal subiculum tends to project to dorsal and caudal portions of
pre/parasubiculum and temporal or ventral subiculum projects more to ventral and rostral
areas of the pre/parasubiculum. The most substantial intrinsic output of the subiculum,
however, is sent to the entorhinal cortex (EC). Output from the subiculum reaches all
areas of the EC, is organized with projections from proximal subiculum destined for
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lateral portions of EC and vice versa and terminates almost exclusively in the deep layers
of EC with only a minor component reaching the superficial layers of EC. This
projection is strictly ipsilateral in the rat, which is not the case in other mammals such as
cats or primates (Kdhler, 1985; Swanson et al., 1987).

2.8 The Presubiculum/Parasubiculum
Although the presubiculum (pre-s) and the parasubiculum (para-s) are often
grouped together with the subiculum and other nearby regions as the "subicular
complex", the pre-s and para-s are very different from the 3-layered allocortex of the
hippocampus proper and the similarly structured subiculum. The pre-s and para-s
comprise an intermediary or "periallocortical" region that marks a transitional region
between the EC and the CAl/subiculum. Both the pre-s and the para-s are split into two
main lamina, an external and internal lamina that are divided by a cell free lamina
dissecans. The external principal lamina consists of a molecular layer and the more
cellular layer II and III. The internal lamina contains a layer that is continuous with the
pyramidal cell layer and layers that are more continuous with layers V and VI of the EC.
2.8.1 Inputs to the presubiculum/parasubiculum
The pre-s and para-s are discussed together in this section because their
connections are similar. The pre-s and para-s are strongly interconnected within layers I
and II and unlike the subiculum, these structures appear to be input structures because
they receive relatively large amounts of cortical input. The most prominent of these
cortical inputs comes from layer V of the retrosplenial cortex and projects to layers I and
III of pre-s and para-s (Swanson & Cowan, 1977; Witter et al., 1989). Other cortical
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inputs include a projection from layer V of the visual area 18b (Vogt & Miller, 1983) that
is mainly distributed to the dorsal half of pre-s and inputs from prelimbic cortex and the
dorsal areas of medial prefrontal cortex. The subcortical inputs are also very extensive,
so much so that the large amount of subcortical input most uniquely distinguishes the pres and para-s from the rest of the hippocampal formation. As in many other hippocampal
regions, one of the most prominent subcortical inputs is a strong cholinergic projection
from the medial septal nucleus and the vertical limb of the diagonal band of Broca that
terminates in Layer 11. Other subcortical inputs include intercoimections with the
thalamus, primarily the anteroventral and anterodorsal nuclei of the anterior thalamus.
These thalamic regions have been identified with "head direction" cells, which have a
role in navigation and spatial orientation (Taube, 199Sa). The thalamus also sends inputs
from the nucleus reuniens and the lateral dorsal nucleus, in which head direction cells
have also been discovered (Mizumori & Williams, 1993). These head direction cells
were originally discovered in the postsubiculum and the presubiculum (Ranck, 1984;
Taube et al., 1990a, 1990b, 1996) and likely serve as the "internal compass". The head
direction cells will be discussed in more detail in chapter 4. The strong input from the
thalamus to the pre-s and para-s is quite unique within the hippocampal formation,
suggesting that this connection is a major route by which the thalamus influences the
hippocampal formation. The hypothalamus also sends a projection from the
mammillary nucleus area and various brain stem structures send scattered connections
including serotonergic input from dorsal and median raphe nuclei (Kdhler et al., 1981)
and a substantial plexus of noradrenergic fibers originating from the locus coeruleus
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(Swanson et al., 1987). One difference between the pre-s and the para-s is found in their
inputs from the amygdala. The pre-s receives a light input from the amygdala, but the
para-s receives a much larger input from the amygdala that terminates in layers I and II.
2.8.2 Outputs of the presubiculum/parasubiculuiii
Besides the strong interconnections between the pre-s and para-s, the most
prominent intrinsic connection from the pre-s and the para-s is their respective
projections to the EC, although the two pathways are somewhat different. The pre-s
projection to EC is restricted to the medial aspect of EC and is topographic, with the
proximodistal origin in pre-s determining the mediolateral termination within medial EC
and the fibers that originate in the dorsoventral portion of pre-s terminating in the
dorsoventral region of the medial EC as well (Caballero-Bleda & Witter, 1993a). The
para-s projection terminates in layer II of the entire EC (lateral and medial) with a
topography similar to that of the pre-s projection. In addition, the para-s has a rather
strong projection to the dentate gyrus that terminates in the outer two-thirds of the
molecular layer and both regions have other intrinsic outputs, including weak projections
to all other hippocampal subfields. Both the pre-s and the para-s also have associational
and commissural fibers as well, which interconnect all levels of the dorsoventral axis.
These associational fibers have an opposite topography in the two structures with axons
originating in the pre-s tending to connect to cells more dorsal than their origin and
associational fibers of the para-s tending towards neurons more ventral than their site of
origin. Finally, the commissural fibers of pre-s and para-s terminate in layers I and III of
the corresponding structure (Kohler et al, 1984, Van Groen & Wyss, 1990c).
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2.9 Hippocampal Architecture and Associative Memory Storage
In Chapter 1, the early theories of Donald Hebb (1949) and David Marr (1971)
regarding hippocampal memory functions were discussed. Marr proposed that the
hippocampus is able to rapidly store associations and thus plays the role of a temporary
cache of information. The information stored within the hippocampus could be used to
consolidate the memories within extra-hippocampal locations during an off-line memory
consolidation process. In order to perform this function, the hippocampal formation
would require the ability to rapidly and associatively memorize conjunctions between
previously unrelated patterns of input, as well as the ability to recall these patterns either
spontaneously or through cued recall. Artificial neural networks, using Hebbian learning
rules and designed according to hippocampal anatomy support the ability of the
hippocampus to perform these functions (e.g. Hopfield, 1982). For an in depth study of
how a Hebb-Marr network modeled after the CA3 layer of the hippocampus can
implement these fimctions see McNaughton & Morris (1987).
Another necessary function of a structure or set of structures serving the memory
functions described by Marr would be the ability to recognize stored memories and
determine novel patterns. It has been suggested that the dentate gyrus may perform an
orthogonalizing function, which would help to fulfill this requirement (Levy, 1989;
McNaughton & Morris, 1987; McNaughton & Nadel, 1990; Rolls, 1989, 1996; Treves
and Rolls, 1994) by making similar, but different, input patterns more unrelated. Also, in
order for a network to rapidly memorize information, it is helpful for that network to be
presented with a consistent form of information. Given the vast array of multimodal and

associational cortices that provide input to the hippocampal structure, it may be necessary
for these inputs to be pre-processed. The architecture of the entorhinal cortex is
consistent with this theoretical requirement for a "standardized" input In fact,
McClelland et al. (1995) have suggested that the EC functions as an "encoder" network
that forms a more compact representation for the vast array of cortical activity patterns it
receives. In order for the EC to perform such a fiinction, it would need to also have a
decoder flmction and to possess plastic synapses projecting back to neocortical areas.
Recent electrophysiological smdies have confirmed the existence of LTP in entorhinalneocortical pathways. The LTP found between neocortical structures has some
similarities and some differences from that of LTP described within hippocampal
connections (e.g. perforant path and Schaffer collaterals), which may reflect the EC's
different role in memory processes (Ivanco & Racine, 2000; Ziakopoulos et al., 1999).
Thus, the overall anatomical architecture of the hippocampal formation and the functional
connectivity of the regions within the hippocampal formation support an important
memory function of the hippocampus. Several general principles of the hippocampal
formation are clear from the anatomical data reviewed above:
(1) A vast array of highly processed cortical information reaches the
hippocampus via the perirhinal and entorhinal cortices. Thus, it is unlikely that the
hippocampus encodes all of the various aspects of any given memory, but rather it
receives a convergence of the outputs from networks representing the various aspects of
memory. This would allow the hippocampus to form an association or index representing
all of the various cortical networks that encode the specific attributes of a memory.
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(2) Information appears to flow in a largely unidirectional manner through the
hippocampal formation and is returned to neocortical areas, perhaps in a transformed or
more hi^Iy processed form. It is important to note that unidirectional flow of
information is not equivalent to serially interconnected regions, as was originally
proposed. Rather than the classic notion of the tri-synaptic loop, more recent anatomical
data suggest that the intrinsic circuitry of the hippocampal formation has both parallel
and serial connections, with broadly distributed connections along the septo-temporal and
transverse axes that form three-dimensional networks of complicated topographical
connections (Amaral, 1993; Amaral & Witter; 1995; Ishizuka, 1990; Li et al., 1994). In
particular, the entorhinal cortex projects to several fields of the hippocampus and the
topography of these projections is different across the various fields of termination
(Dolorfo & Amaral, 1998a, 1998b).
(3) The extrinsic connections display a degree of topographical segregation along
the septo-temporal axis. This topography suggests that different types of information
may be processed at various points along the septo-temporal axis of the hippocampal
formation (Swanson & Cowan, 1977; Witter and Groeneweger, 1990; Witter et al., 1989;
Lopes da Silva, 1990). Furthermore, some reports have suggested that the ventral and
dorsal portions of the hippocampus may play a slightly different role in similar operations
or may even have different qualitative functions (Moser et al., 1993; Jung et al., 1994).
(4) There are associational pathways in several regions of the hippocampal
formation, the most crucial of which is the huge associational network of CA3, which
may function as the core of a hippocampal memory network and is likely to play the role
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of an autoassociator. Other associational pathways can be found in the entorhinal cortex
and the dentate gyrus. These associational pathways suggest that each region of the
hippocampus may be capable of sustaining independent activity. In addition, the autoassociational system in CA3 is at the heart of the hippocampal memory system able to
rapidly form memories and later recall memory traces when only a portion of the memory
is presented (McNaughton & Morris, 1987).
(5) In addition to the auto-associative and possible pattern completion function of
the CA3 layer (McNaughton & Morris, 1987), the hippocampal formation contains the
necessary surrounding architecture to carry out the functions required for a rapid
associator of the vast amount of processed cortical information that it receives. To aid
this rapid association, the EC may function as a link between hippocampal formation and
the neocortex, which standardizes the input to the hippocampus and decodes the output
from the hippocampus. In addition, the dentate gyrus has the connectivity characteristics
necessary for an orthogonalization fimction, which may help to separate similar but
different groups of cortical inputs into widely divergent patterns within the hippocampal
formation (Levy, 1989; McNaughton & Nadel, 1990; Rolls, 1989, 1996; Treves & Rolls,
1994).
(6) The flow of information (EC -> Dentate -> CA3 -> CAl) is "monitored" by
subcortical input/output pathways which may provide the hippocampus with information
regarding the internal state(s) of the animal and the importance of the input. In general,
the subcortical inputs to the hippocampal formation are believed to be modulatory. In
addition, the hippocampus projects back to many of the subcortical regions and thus these
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modulatory systems receive information about the ongoing activity within the
hippocampus.
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CHAPTER 3: MEMORY AND MEMORY SYSTEMS, THE
MEDIAL TEMPORAL LOBE, AND THE ROLE OF THE
HIPPOCAMPUS
3.1 Introduction
Memory has been defined as a "record of the operations of cognitive processes"
(Johnson & Chalfonte, 1994) or as "the capacity of an organism to retain information
about itself and the environment in which it lives" (Fuster, 199S). In it's broadest sense,
memory can be applied to many systems and functions outside of the central nervous
system. For example, the presence of antibodies for a specific antigen is a form of
memory found within the immune system. Neuronal memory, however, refers to
information stored within the vast networks of interconnected neurons that make up the
central nervous system. This type of memory is different in the sense that the organism is
not only able to obtain information, but to integrate and classify new information with
respect to prior experience. Additional qualifications of neuronal memory are its ability
to be recalled and its flexibility in applications outside of the circumstances surrounding
its original acquisition.
Underneath these abstract notions of memory must be some cellular basis for
memory and its many functions. At a basic or "wetware" level, memory can be
considered as a network or series of networks, including the connections within and
between these cell groups, which are coherently active. In this perspective, all memory is
in some sense associative. Although this concept of memory has been around for over a
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century, it was first articulated to a wide audience by Hebb (1949), who presented the
idea that memory is reflected in the electrical activity of an interconnected neuron
assembly. It is hypothesized that an experience can activate neurons, leading to the
creation of a network, which can then correspond to the memory for that experience.
This concept lead to Hebb's best known neurophysiological principle, Hebb's Postulate:
"When an axon of cell A is near enough to excite a cell B and repeatedly or persistently
takes part in firing it, some growth process or metabolic change takes place in one or both
cells such that A's efficiency, as one of the cells firing B, is increased" (Hebb, 1949,
p.62). Hebb's concept, although correct in the general sense of associative memory, is
not sufficient alone to explain associative memory. The fundamental mechanism of
synchronous convergence, that associations between cells are formed by simultaneous
input would be fiilly developed by Marr (1969) and Stent (1973). Thus, memory would
consist of a group or groups of neurons that become associated with each other via their
simultaneous activity during a given event. With time this network will reflect the
encoded event, the memory will be able to be recalled subsequent to the event, and the
episode may become integrated with other memories into a general knowledge store.
Such associated networks are likely to be widely distributed throughout the cortical and
subcortical areas that process and store the many different aspects of information entering
the central nervous system.
A particularly interesting example of the distributed nature of memory comes
fi-om research in humans with syndromes such as prosopagnosia. Prosopagnosia, or
facial agnosia is a selective deficit in the recognition of faces, even the familiar faces of
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people that are well known to the patient. This syndrome, although rare, can occur when
cortex in the occipital-temporal region, an associational area between visual pathways
and the medial temporal lobe, are damaged (Damasio et al., 1982, 1990). Although their
vision is not impaired and they are capable of describing a face presented to them,
patients with prosopagnosia are unable to recognize even highly familiar faces. In this
syndrome, the patient is unable to access the knowledge or the memory store they have
associated with this object, namely the familiar person in question, via the normal visual
information pathways that convey information about the face. Once the familiar person
speaks or even walks, however, the prosopagnosic patient is immediately able to
recognize who the person is and then has fiill recall access to all the information about
that person stored throughout the various memory networks. Certain aspects of visual
memory involved with facial recognition are lost in these patients, who are then no longer
able to use the visual information from the familiar face to activate the networks
associated with that face and person. It is important to note that the actual memories
encoding the information regarding the familiar person are intact and can be recalled
readily once they are activated via another pathway.

3.2 LTP: A Model of Memory at the Synapse
In the introductory portion of this chapter, the associative and distributed property
of memory was presented. Although there have been doctrines built on the idea of
"single neuron coding", where a single cell encodes behavioral or memory correlates and
other necessary information (Barlow, 1972), the concepts presented in the introduction
and the remaining portions of this dissertation are based on the more accepted view of
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"population encoding". This viewpoint is based on the concept that memory involves
groups of neurons in networks or systems on the cellular level. Before beginning a
presentation of the various classifications of memory and memory systems that have been
suggested in the literature, it is important to return to Hebb's Postulate for a moment.
Regardless of the different categorizations and proposed systems of memory, they all
share a common flmdamental principal; that being the storage of memory within
associative networks of neurons. If memories are formed by changes in the connections
between neurons that is brought about by coactivity or "when an axon of cell A is near
enough to excite a cell B and repeatedly or persistently takes part in firing it," as Hebb
postulated (1949), then some mechanism must exist within neurons to; (1) detect the
coactivity of the pre-synaptic neuron (cell A) and the neuron itself (Cell B) and (2)
activate some process that strengthens the connection from cell A to cell B, but not from
cell B to cell A. Because neurons communicate with each other at the synapse, it is likely
that these mechanisms and changes occur at the synapse.
Hebb's ideas on associative memory and the developing concepts of memory in
the cortex and archicortex (Marr, 1969, 1971) during the early 1970's, found
experimental verification with the discovery of what is now termed long-term
potentiation (LTP). This phenomenon of persistent change in synaptic efficacy, resulting
from a brief impulse across a large group of synapses, was first described in the
hippocampus of the rabbit by Bliss and Lomo (1973) and Bliss and Gardner-Med win
(1973). Bliss and Lemo delivered a brief tetanic stimulation to the large connection
between the EC and the dentate gyrus, the perforant path, and observed an increase in the
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strength of these connections' ability to stimulate granule cells following the tetanic
stimulation. The increased ability of perforant path stimulation to illicit a response in the
dentate gyrus lasted for up to several hours. This discovery uncovered a synaptic
phenomenon of increased post-synaptic efRcacy measured as an increase in the slope or
amplitude of the evoked post-synaptic potential (or EPSP) to a brief but constant afferent
volley resulting from tetanic stimulation of the input fibers. LTP was quickly recognized
as a potential mechanism for the synaptic changes required for memory formation.
Although LTP was first discovered using in vivo studies of the rabbit hippocampus (Bliss
& Lomo, 1073; Bliss & Gardner-Medwin, 1973), the presence of LTP in the perforant
path of intact rats was quickly established (Douglas & Goddard, 1975). In addition, LTP
has been associated with spatial memory in rats. Using permanent indwelling electrodes,
Barnes (1979) showed that the persistence of LTP correlates with the ability of rats to
perform a spatial task. Furthermore, the behavioral forgetting rates in young and old
animals are similar to their respective decay rates for LTP (Barnes & McNaughton, 1980;
1985), with aged animals exhibiting a faster LTP and quicker forgetting. More recently,
LTP has been reported in various brain areas outside of the hippocampus, including many
areas of cortex (Bear & Kirkwood, 1993) and the amygdala (Watanabe et al., 1995). A
complete review of the literature in this field is well beyond the scope of this dissertation;
however, a brief review of the important characteristics of LTP is appropriate.
LTP has been shown to possess all of the properties required to function as the
biophysical representation of Hebb's rule. Foremost among these requirements are
associativity (pre- and post- synaptic coincidence) and cooperativity (pre- and post-
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synaptic convergence). Evidence for these two properties has been shown in both in vivo
and in vitro studies. McNaughton and colleagues (1978) showed that LTP in the
perforant path connections to the dentate gyrus is a cooperative process; later studies
confirmed this observation (Levy & Steward, 1979; Barrionuevo & Brown, 1983). Ten
years after the original report of LTP, the coincidence detector for LTP was discovered.
Collingridge and colleagues (1983) found that the voltage-dependent NMDA glutamate
receptor was crucial for the induction of LTP (Collingridge et al., 1983). The NMDA
glutamate receptor fulfilled the coincidence detector role, because this receptor requires
that two conditions be met. First, the receptor must be bound by glutamate, a
neurotransmitter released by the pre-synaptic cell, which indicates that the pre-synaptic
cell is active. In addition, the pore of this transmembrane receptor is blocked by a
magnesium ion at the resting potential of neurons and this ion is only removed from the
channel pore if the neuron is depolarized, which occurs when the neuron is active or in
the presence of excitatory input. This second condition allows the NMDA receptor to
function as the coincidence detector. The role of the NMDA receptor was solidified by
an experiment that applied exogenous NMDA to hippocampal slices in vitro alone,
without pre-synaptic activity. This exogenous NMDA application induced only a shortterm potentiation of CAl pyramidal cells. Thus, this receptor requires that the pre
synaptic cell fires an action potential at the same time that the post-synaptic cell is
depolarized, a good receptor for detecting coincidence (Harris et al., 1984; Kauer,
Malenka & Nicoll, 1988; Wigstrom & Gustafsson, 1985; 1986). In addition, the NMDA
receptor provides a pore for the entry of calcium ions into the neuron. Lynch and
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colleagues (1983) found that LTP was blocked when standard LTP-inducing stimulation
was given in the presence of EGTA, a calcium chelator, suggesting that intracellular
calcium was required for LTP to occur.
Although the discovery of the NMDA receptor's major role in LTP established a
primarily post-synaptic mechanism of LTP, both pre-synaptic and post-synaptic
mechanisms have been proposed (Bliss et al., 1990; Kullmann & Nicoll, 1992; Larkman
et al., 1992; Malinow & Tsien, 1990; McNaughton, 1982). The mechanisms cited
include an increase in quantal size, an increase in AMPA and/or NMDA sensitivity, and
an increase in the pre-synaptic release probability. The exact intracellular pathways,
ionic conductances, and possible changes in the properties of neurotransmitter release and
binding are also currently under debate. In addition, many types of LTP have now been
documented that are separate from the classical NMDA-dependent LTP. For example, a
shorter lasting potentiation can be produced by stimulation of L-type calcium channels
(Kullmann et al., 1992), a slower developing opiod receptor dependent LTP has been
shown in the lateral perforant pathway and the mossy fiber pathway (Bramham, 1991a;
Derrick et al., 1991; Martinez et al., 1989; Martin, 1983), a role for metabotrophic
glutamate receptors in LTP has been shown (Bashir et al., 1993a; 1993b; Cormier, 1993)
and neurotropbins such as BDNF can modulation LTP (Figurov et al., 1996; Kang &
Schuman, 1995a; 1995b). In addition to the importance of calcium influx and
intracellular calcium concentrations, several second messenger systems and retrograde
messengers have been implicated in LTP, including protein kinase C (Abeliovich et al.,
1993; Akers et al., 1986), protein kinase A (Frey et al., 1993), tyrosine kinases (Grant et
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al., 1992; O'Dell et al., 1991; 1992), calmodulin kinase (Malenka et al., 1989), CaM
kinase II (Silva et al., 1992), nitric oxide (Bohme et al., 1991; Haley et al., 1992;
McNaughton et al., 1994; O'Dell et al., 1991; Schuman & Madison, 1994) and aracidonic
acid (Lynch et al., 1991; Lynch & Voss, 1994; O'Dell et al. 1991; Williams et al., 1989).
In addition to the various molecules and pathways involved in LTP, the
capabilities of synaptic plasticity go well beyond the classical view of long-term
potentiation. Many different forms of synaptic potentiation and depression have been
shown to exist in several brain structures, including long-term depression (LTD) and
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depotentiation of previously potentiated connections (Christie & Abraham, 1992; Dudek
& Bear, 1992; Fujii et al., 1991; Mulkey et al., 1993; Staubli & Lynch, 1990). This has
led many authors to propose a theory of metaplasticity (see Figure 5), in which the
various inputs and particularly there relative amplitudes and temporal structure can
invoke several different forms of synaptic plasticity ranging from LTP to LTD (Abraham
& Bear; 1996; Abraham et al., 2001; Christie & Abraham, 1992; Malenka & NicoII,
1993).
More recently, the role of protein synthesis in LTP has been investigated. Worley
and colleagues (1993) showed that the thresholds for activating transcription factors were
similar to the threshold required for inducing LTP. Brakeman et al. (1997) later reported
a new dendritic protein. Homer, which is regulated by immediate early genes (lEG), is
dynamically responsive to synaptic activity and binds the carboxy terminus of
phosphoinositide linked metabotropic glutamate receptors, which may allow for
modulation of LTP. The lEG Arc has also been shown to be produced in response to
stimulation, or even cellular activity and to localize in selectively active dendrites
(Steward et al., 1998; Guzowski et al., 1999,2000). Finally, the specific roles that
protein synthesis may play in determining the long-term stability of synaptic changes was
recently reviewed (e.g., Kandel, 2001).
Regardless of the multitude of exact mechanisms, pathways and molecules that
may play a role in synaptic plasticity, including LTP, the central issue is to establish
whether LTP is a mechanism used for information storage in the living organism.
Although no one has yet been able to specifically measure LTP within a functional
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synapse of a behaving animal, the time-course of LTP and its widespread distribution in
many brain regions make it an attractive and viable candidate. Furthermore, examples of
LTP and behavior correlates exist. The first such examples of LTP properties correlating
with behavior (Barnes, 1979; Barnes & McNaughton, 1980) showed that the accuracy of
performance on a spatial memory task was paralleled by different LTP decay rates in
young and old rats. Other studies duplicated the correlation of age-related changes in LTP
with age-related deficits in spatial memory (Bach et al., 1999; de Toledo-Morrell &
Morrell, 1985; de Toledo-Morrell et al., 1988). In addition, several publications have
shown that LTP inducing stimulation and especially maximally electro-convulsive shock
impair spatial learning (Barnes et al., 1994; Castro et al., 1989; McNaughton et al. 1986;
Moser & Moser; 1999). Furthermore, Mitsuno et al. (1994) have reported incremental
changes in mossy fiber field EPSPs over the course of learning the radial arm maze and
pharmacological blockade of the NMDA receptor can produce spatial memory
impairments (Morris et al., 1986). Recently, Mehta et al. (1997) have shown that place
fields expand backwards, with respect to the animal's movement, when a rat runs
continuously around a track in one direction. This finding provided empirical evidence
for a phenomenon predicted by models of sequence learning in the presence of LTP. For
a complete review of place field expansion, see section 4.5.1. Briefly, the continuous
uni-directional track running produces an asymmetrical enhancement of the connections
between neurons with overlapping place fields. This creates the sequence (A—»B—•€)
such that cell A becomes better able to depolarize cell B and thus cell B will begin firing
earlier in the sequence. This place field expansion phenomenon is blocked by CPP, an
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NMDA antagonist (Ekstrom et al., 2001), suggesting that NMDA-receptor mediated LTP
is involved in the place field expansion process. One additional feature of LTP that
makes it an attractive mnemonic process is that LTP is strongly suppressed in the
hippocampal formation during slow-wave sleep (Bramham & Srebro, 1994; Leonard et
al., 1987), which would be necessary in many theories of hippocampal function in
memory consolidation. If the hippocampus replays memory traces during off-line states
as predicted by Marr (1971), then it would be necessary for LTP to be "off' during these
times to prevent interference or re-leaming. Interestingly, LTP within the hippocampus
returns during REM sleep (Bramham & Srebro, 1989; Bramham et al., 1994), suggesting
that hippocampal synapses can be updated during REM sleep.

33 Short-Term and Long-Term Memory
One of the traditional dichotomies in memory theory, especially in human
memory, is based on the temporal nature of memory and splits memory types into shortterm memory (STM) and long-term memory (LTM) (James, 1890; Waugh & Norman,
1965; Baddeley, 1988). These two categories of memory are differentiated by the length
of time that the memory is retained and retrievable, with STM typically lasting from
seconds to minutes, and LTM ranging from hours to many years. Another distinction
between these two types of memory is the memory capacity and stability of the two.
Whereas, STM memory is traditionally considered to be of limited capacity and more
easily interrupted by distraction or interference, LTM is considered to have an unlimited
capacity to store more stable and permanent information. In addition, the retrieval of
LTM is facilitated by specific cues while STM is not. More recent work suggests that
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STM and LTM may be separated by cellular mechanisms with STM supported by local
synaptic metabolic changes and LTM requiring protein synthesis (Kandel, 2001).
Empirical evidence for this classification has largely come from
neuropsychological work in humans, specifically amnesic patients with various brain
lesions. Patients with Korsakoff s disease have a severe impairment of LTM or an
inability to transfer memories from STM stores to LTM, but do not have any impairment
in their ability to acquire and use information in the short term. Conversely, amnesic
patients with medial temporal lobe (MTL) damage such as H.M. are greatly impaired in
their ability to acquire new memories, but appear to be able to recall some information
stored within LTM (Scoville& Milner, 1957; Corkin, 1984; Squire, 1987). Also
unimpaired is their ability to retain information in immediate or recent memory, but once
their attention is shifted, this short-term memory is lost. For example, each time H.M.'s
doctor entered the room, he had to reintroduce himself, even though he had treated H.M.
for years and had been in the room several minutes earlier.
This evidence has led to a traditional view of STM and LTM as two systems that
operate serially. STM is relatively fragile, with a low resistance to interference and
distraction, and of limited capacity (Murdock, 1982; Atkinson & Shiflfrin, 1968). There
are, however, several different kinds of STM, which have been proposed largely based on
their temporal or neuropsychological characteristics. The shortest of these is iconic
memory (Coltheart, 1983), which is the ability to retain attributes of a rapidly displayed
visual memory for a few seconds after presentation, which can be blocked by a strong
competing stimulus. Immediate memory, which lasts longer, up to several seconds, is

similar to what is commonly referred to as STM, the ability to hold and use information
for a short term task that is often not remembered long term. Another interesting STM
memory type is primary memory, which derives exclusively from neuropsychological
data. This concept was first introduced over a century ago, by William James (1890), as
the memory of the immediate past still held in consciousness. This primary memory can
be modified or its duration altered by selective attention, thinking, or rehearsal. Working
memory is a more operational, rather than temporal definition of STM that is derived
from cognitive psychology (Baddeley, 1983). This memory type is a temporary store of
information used to perform a task such as reading, problem solving, or delay tasks
(DNMS). Working memory may be best described in today's computer age as RAM;
that memory used by a computer to complete the task(s) currently being performed. This
memory fimction is often attributed to the prefrontal cortex (Fuster, 1989) in cooperation
with other cortical, subcortical, and perhaps limbic areas. All of these concepts about
STM suggest two separate but conjoined functions of STM, one is a gateway into LTM in
which the STM holds a memory until it can be transferred into LTM and the other is
more a functional process (working memory) that requires recall of what is more likely to
be described as LTM and/or the temporary use of incoming information to complete a
task at hand.
LTM, on the other hand, is believed to have a huge capacity to store new
information and is a permanent, stable storage of memory barring lesions of the central
nervous system. The role of LTM memory is likely to include, not only the permanent
storage of memories, but the formation of general classifications within past experiences
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that permit adaptive generalizations by the organism and appropriate responses to
contextually novel, but associable events (Qin et al., 1997). Thus LTM would be broadly
distributed over a large number of cortical and subcortical areas that may also include the
MTL areas although this is still a matter of debate. Within LTM a classification structure
and general knowledge base could be buih from an accrual of experiences or episodic
information.
Although the classifications of STM and LTM are operationally valid, this
classification is questionable from neural substrate and neural processing viewpoints.
Craik (1983) points out that LTM is highly dependent on initial encoding and rehearsal
and argues that memory is more a function of the depth of encoding and practice than
time. In addition, Fuster (1995) argues that all new experiences must occur within the
context of memories previously stored in the neural networks. Thus, the storage of STM
is inextricable from the reactivation of stored long-term memories that all new
experiences will evoke. In addition, STM, at least in the sense of working memory has
the same cortical (and perhaps subcortical) substrate as LTM and the main distinction is
recall or acquisition. Any activated system of neurons may represent new information
and old information simultaneously as new experiences are added to the overall
knowledge store of the organism. Therefore, although amnesic studies and animal
models of human amnesia syndromes suggested the traditional model of two serially
connected systems; STM and LTM may be more a function of parallel systems and may
better represent the purely temporal and/or operational aspects of memory.
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3.4 Declarative versus Non-Declarative Memory
Another, more recently formulated, dichotomy in memory is the concept of
declarative or explicit versus non-declarative or implicit memory. Unlike the STM
versus LTM classification, this division is hypothesized to have separate brain systems
underlying each of the two general categories. Although the terminology and descriptive
concepts have multiple origins and usages among different authors, there seems to be
considerable agreement on the essential component involved in this classification of
memory. Many of the memory types and their classification in this dichotomy are based
on the intact abilities and impairments observed in human amnesic patients over several
decades and some of the specific studies that describe these distinctions will be covered
in more detail in section 3.5. One entity of this dichotomy is what is referred to as
declarative memory and the other is procedural memory (Cohen and Squire, 1980;
Cohen, 1984; Squire, 1986; Cohen and Eichenbaum, 1993) or nondeclarative memory
(Zola-Morgan and Squire, 1993).
The first of these two general classes of memory is declarative (or explicit)
memory, which is the memory of events, facts or episodes and is thought to be dependent
on the medial temporal lobe (MTL) structures. Declarative memory can be formed
rapidly, but is not completely reliable; for instance retrieval faikve and forgetting can
often occur. In addition, declarative memory is considered to be more flexible in the
sense that it is accessible to multiple systems for use in many different response
strategies. This class of memory is what is commonly considered "personal memory",
the memory that an animal or human builds up over the many experiences of a natural
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lifespan. One subclass of declarative memory has been called episodic memory (Tulving,
1983; 1987), which encompasses the "episodes" or temporally and spatially encoded
events of a person's life. Episodic memory in particular has been assigned to the
hippocampus and surrounding structures, largely because brain damage to these
structures often leads to a loss of this type of autobiographical information. The
recollection of personal experiences or incidents that have occurred in a specific time and
place (episodic memory) is often contrasted with the other subclass of declarative
memory called semantic memory (Tulving, 1987). Semantic memory includes what is
commonly referred to as the general knowledge store of facts about the world and life in
general. This type of memory is distinguished from episodic memory because these facts
are no longer necessarily associated with any particular episode or event. In addition to
facts, semantic memory is considered to contain categories, concepts, and abstractions,
which are capable of classifying information without necessarily remembering when or
where this information was acquired. As an example of the episodic versus semantic
distinction, knowing that London is the capital of England would be considered semantic
memory, part of one's general knowledge; whereas, remembering a trip to London and
the specific events that occurred during that visit would be categorized as episodic
memory. The distinction between these two segments of declarative memory is
functionally appealing, but it suggests two separate memory systems and the empirical
evidence for two separate anatomical memory systems involved with episodic versus
semantic memory is scarce. It appears that the acquisition of both of these subclasses of
declarative memory is dependent to some extent on the MTL and often the neural basis

for episodic and semantic memory storage may overlap. Given the associative and
widely distributed nature of memory, it is not unreasonable to assume that the same
cortical areas are utilized in the storage of both types of declarative memory. Another
view of these two subclasses is that they may derive from or blend into each other
without a sharp transition, suggesting that the presence of a temporal or spatial tag on
information and the categorization of this information may not be entirely separate. In
other words, spatially or temporally tagged information can also contribute to the general
knowledge store so it is quite likely that the two subclasses of declarative memory
maintain a dynamic interaction. Both of these subclasses can be considered different
levels of categorization of information within the same or related memory stores.
On the other side of the dichotomy is nondeclarative or implicit memory, which is
somewhat more vague than declarative memory. Nondeclarative memory encompasses a
wide variety of skills, habits, and mental operations that describe the memory functions
often found intact in amnesic patients (See Figure 6), despite their inability to form new
permanent declarative memory (Squire, 1987; Zola-Morgan & Squire, 1993). In general,
nondeclarative memory is a group of mental ftinctions whose operations are considered to
be separate from the MTL. In contrast to declarative memory, this type of memory is
slower, more reliable and less flexible than declarative memory. The well studied case of
H.M., who's bilateral temporal lobectomy has already been discussed, provides a good
example of the non-declarative functions that are left intact despite massive declarative
memory impairments. H.M.'s surgery removed much of the MTL, including most of the
hippocampus, the parahippocampal gyrus, and the amygdala (Scoville and Milner, 19S7;
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Corkin, 1984). Despite the fact that H.M. has difficulty remembering new episodic
events that have happened to him since the operation, he is able to obtain some new
information for a short period of time and is able to learn new motor tasks, even though
his unable to remember the circumstances in which he learned the task (Corkin, 2002).
LONG-TERM MEMORY

NONOECU^TIVE(IMPUCIT)

DECLARATIVE(EXPUCIT)

FACTS

PROCEDURAL
(SIOLLS
AND
HABITS)

PRIMINQ

SIMPLE
CLASSICAL
CONOmONING
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LEARNING

EVENTS
EMOTIONAL
SKELETAL
RESPONSES MUSCULATURE

MEDIAL TEMPORAL LOBE
DIENCEPHALON

STRIATUM

NEOCORTEX AMVGOALA

CEREBEUUM

REFLEX
PATHWAYS

Figure 6: A general scheme of long-term memory. The general dichotomy of declarative (explicit)
and nondeclarative (implicit) memory as propos^ by Squire, Zola-IVIorgan and colleagues.
Although much debate on the validity of this proposed classification of memory continues, especially
in the specific neural underpinnings listed in the bottom of the figure, this classification has proven
useful in the study of memory and memory types and in the design of memory experiments. Figure
from Milner et al., 1998.

Other amnesic patients, with devastating deficits for episodic memory were able to learn
similar tasks as H.M. (Cermak & Butters, 1973; Brooks and Baddeley, 1976). This led
Cohen and Squire (1980) to postulate a new class of memory that they called procedural
memory. The classification of procedural memory was eventually incorporated into
nondeclarative memory by Zola-Morgan and Squire (1993), without limiting
nondeclarative memory to procedural memory. This new nomenclature allowed
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nondeclarative memory to include other types of memories that are largely intact among
amnesic patients, especially those with MTL lesions (see Figure 6). One notable intact
mnemonic ability of amnesic patients was first described by Tulving and colleagues
(1991) and is referred to as priming. Priming is the ability to facilitate recognition
memory, most often for visual images, by previous exposure to another stimulus (priming
stimulus), which has some association with the stimulus to be recognized (Squire, 1987;
Tulving and Schacter, 1990). This process can be intact, even though the subject is
unable to remember the "priming stimulus" or its association with the stimulus tested for
recognition. Because priming improves a perceptual skill or task, it is included in
procedural memory by Squire (1987) although some authors placed priming outside of
the procedural versus semantic debate at the time. The creation of the nondeclarative
class of memory incorporates priming without making it part of procedural memory
(Squire and Zola-Morgan, 1988).
Although the declarative versus nondeclarative dichotomy is functionally useful
in theoretical and experimental design, the perfect double dissociation of brain structures
uniquely required for declarative versus non-declarative memory has not yet been found,
and may not exist. For this dissertation, the focus will be on spatial memory, a part of
episodic memory that requires the hippocampus for the rapid acquisition of new
memories. One glaring example of the difficulty in neatly splitting memory functions
into declarative versus nondeclarative is the recent finding that eye blink trace
conditioning, a task classically considered to be nondeclarative is dependent on the
hippocampus when a long delay between the CS and US is imposed (Kim et al., 1995;

88

Weiss et al., 1999). In addition to the STM - LTM and the declarative - nondeclarative
dichotomies, other classification structures for memory have been proposed (Fuster,
1995). Over the years, several studies of amnesic patients as well as attempts to produce
animal models by lesion and other methodologies have been conducted in an attempt to
support, contradict or refine this general dichotomy of memory and its underlying neural
systems. Although a comprehensive review of this data is beyond the scope of this work,
a brief review of selected data follows in the next section.

3.5 Amnesia Syndromes and Animal Models of Memory Function
Any review on the study of memory functions in the literature begins with a brief
review of the classic amnesic patient H.M., whose extensive damage to the hippocampus
and surrounding temporal lobe structures was presented in the previous section. One
important fact about H.M.'s deficit that has not yet been mentioned is that in addition to
his inability to acquire new declarative (especially episodic) memories, H.M. also lost
episodic memories formed prior to the operation. Extensive neuropsychological testing
of H.M. over the years suggests that he has a complete loss of memories dating back from
the operation up to 18 months prior to the operation and what has been described as a
more graded loss of episodic memories for events further removed from the operation
such that the more distant the memory was from the operation, the more likely it was
intact. This observation of a temporally graded retrograde amnesia was consistent with
previous reports on amnesic patients whose long-term episodic memory was left
relatively intact. The tendency for memories that are more temporally distant from the
time of insult to be left intact versus the loss of memories that are proximal to the time of

89

insult is known as the Ribot gradient (Ribot, 1881; Marslen-Wilson and Teuber, 197S).
Therefore, H.M.'s amnesia was not only anterograde, accounting for H.M.'s inability to
form new episodic memories, but was also retrograde to some degree in that he had lost
memories formed prior to the operation. Thus, the study of H.M. established the classical
amnesic syndrome of MTL damage, which includes anterograde amnesia for episodic
memory associated with a temporally graded retrograde amnesia.
This classical form of amnesia often noted in human patients was not always
reported. There are several reports of extended and ungraded retrograde amnesia in
human patients as well (Hodges, 1994; Sanders & Warrington, 1971; Squire and Alvarez,
199S). Over the last decade, there has been a good deal of progress in understanding the
graded or ungraded nature of retrograde amnesia by focusing on the anatomical structures
and connections that are damaged in particular cases. Although all amnesic cases
involving MTL lesions produce moderate to severe anterograde amnesia, the retrograde
amnesia can vary. An analysis of large groups of amnesic patients suggests that the
locus, and more importantly the extent of damage within the MTL and neighboring
cortex, determine the extent of the retrograde amnesia with damage limited to the
hippocampus producing a limited retrograde amnesia and widespread damage to the
MTL and surrounding cortex producing an extensive and ungraded retrograde amnesia.
Patients R.B. and G.D. were reported more recently, when detailed
neuropathological estimation of the damaged area and neuropsychological information
could be obtained. The lesions in these two patients have been shown to be limited to the
CAl area of the hippocampus, an injury that results from a temporary loss of blood flow

to the brain. The CAl area is often referred to as Sommer's Sector due to its extreme
sensitivity' to decrease blood flow. R.B. and G.D. were found to have a limited retrograde
amnesia that lasted several months in addition to anterograde memory loss (RempelClower et al., 1996; Zola-Morgan et al., 1986). More extensive damage to fields other
than CAl (subiculum, dentate gyrus, CAl and EC), but still limited to the hippocampal
formation, was reported in patients L.M and W.H. These two patients, in addition to
other patients with extensive MTL damage, have a much more extensive retrograde
amnesia that is temporally graded going back 15-25 years prior to the lesion (Beatty et
al., 1987; Salmon et al., 1988; Rempel-Clower et al., 1996). Two other patients, A.B.
and L.J., whose damage is believed to be limited to the hippocampal formation show
similar deficits with a much more extreme and graded retrograde amnesia than R.B. and
G.D. (Reed and Squire, 1998). Thus, extensive damage to the hippocampal formation
alone can produce severe anterograde amnesia and temporally graded amnesia dating
back decades.
More recent patients with damage that extends beyond the hippocampal formation
into other MTL regions, much like the damage found in H.M., show an extreme
anterograde amnesia and an extensive retrograde amnesia that is often reported to be
temporally graded. One such patient is E.P. who has been reported to have retrograde
amnesia that dates back 40-50 years. E.P.'s brain lesion has been shown to include much
of the MTL and to extend laterally to include anterior fusiform gyrus. Despite the
extensive retrograde amnesia E.P. is capable of recalling autobiographical information
fi-om his early life just as well as age-matched controls (Stefanacci et al., 2000). In
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addition, Teng and Squire (1999) have suggested that E.P. shows intact spatial memory
for a neighborhood he resided in when he was yoimg, long before the brain lesion. E.P.
was able to perform as well as controls on navigation along a familiar and a novel path,
as well as alternate route choosing within his neighborhood. This finding suggests that
even spatial memory, an episodic memory function that is attributed to the hippocampus
can be eventually consolidated into memory networks outside of the hippocampus.
Patients with extensive temporal lobe damage that extends well into the
neocortical areas surrounding the MTL often show a retrograde amnesia that is not
temporally graded, but is more complete. A postencephalitic patient, G.T. whose lesion
extended laterally to involve much of temporal lobes bilaterally is one of the most
severely impaired patients and is unable to produce any episodic or autobiographical
memories of his lifetime. Another patient reported by Squire and Alvarez (I99S), whose
brain damage extends outside the MTL into temporal cortex, also shows an ungraded
retrograde amnesia. Although many of the patients listed so far have been studied and
reported by Squire and colleagues, other authors have also reported similar findings.
Kapur (1993) reported a patient with extensive temporal lobe damage whose retrograde
amnesia was not temporally graded. Viktor and Agamanolis (1990) have reported a
patient who was found to have bilateral lesions of the dentate gyrus after a series of
generalized seizures. Much like the other patients with brain damage limited to the
hippocampal formation, this patient showed a temporally graded retrograde amnesia
going back several years prior to the lesion. For a more complete review of the literature
on human amnesia following bilateral damage to the MTL see Spiers et al. (2001).
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It must be mentioned, however, that not all of the cases of human amnesic
patients are in agreement with this general notion of a more extensive retrograde amnesia
for both episodic and semantic memory being associated with more extensive MTL
damage only. Some authors have suggested that the MTL and the hippocampus maintain
a more permanent role in episodic memory (Nadel & Moscovitch, 1997; Moscovitch &
Nadel, 1998; 1999; Sanders & Warrington, 1971). In fact, a recent study of a large group
of patients with unilateral temporal lobe epilepsy found that their personal episodic
memory was impaired relative to controls, even though their semantic memory was intact
(Viskontas et al., 2000). Thus, periodic MTL seizures, in the absence of an extensive
surgical or pathological lesion, can impair episodic, but not semantic memory.
Animal studies used to support the declarative versus non-declarative
classification of memory are much less clear than the human data and are often
complicated by various methodologies. The division of memories into declarative and
non-declarative is more difficult to describe in animals because it is not trivial to assess
exactly how the animal is solving a particular task. Several primate studies have been
conducted in an attempt to replicate human lesion data. In one of the earliest primate
works done specifically in an attempt to study the declarative versus non-declarative
classification, primates with surgical lesions of the hippocampus and amygdala
conducted to mimic the lesion of H.M. were "only mildly impaired" on a difficult pattern
discrimination task; whereas, monkeys with a more extensive lesion, damaging much of
the temporal stem matter were severely impaired on this same task (Zola-Morgan &
Squire, 1984). In addition, the monkeys with hippocampal-amygdala damage were still

able to learn two separate motor skill tasks. These data, although not clear-cut, suggest
separate memory systems in the primate, at least for motor skills versus pattern
discrimination. In addition, a number of experiments have been performed suggesting
that primates with MTL damage are impaired on the delayed non-match to sample
(DNMS) task and other tasks designed to mimic human amnesia following MTL lesions
(Zola-Morgan & Squire, 1985; 1986; Zola-Morgan et al., 1989), despite their intact
ability to learn motor skills. In the DNMS task, the monkey is shown one object briefly,
before the onset of a delay period. During the delay period an opaque screen is placed
between the monkey and the platform on which two objects are placed, a new object and
the same object presented prior to the delay. After the delay period, the monkey is
presented with the two objects and the new or "non-match" object is rewarded. Primates
with more extensive damage were also shown to have an extensive memory deficit in
tasks that have been shown to be impaired in human amnesics, including object retention,
and 8-pair concurrent discrimination (Zola-Morgan et al., 1989a; Zola-Morgan & Squire,
1990). Monkeys with temporary ischemia, designed to replicate a small stroke in a
human, showed significant loss of CAl and CA2 and, much like patient R.B., were found
to have significant and enduring memory impairments (Zola-Morgan et al., 1992).
The results from DNMS studies were not always consistent, however, and
contradictory results have been reported (for review see Murray, 1996). A review of the
early lesion studies showed that entorhinal and perirhinal cortex were fi'equently
damaged during aspiration lesions of the hippocampus and with newer lesion techniques,
such as ibotenic acid, more specific lesions were made. One current consensus is that
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damage to the perirhinal cortex, rather than the hippocampus itself, consistently impairs
performance of the DNMS task (Baxter and Murray, 2001b; Buffalo et al., 1999; Meunier
et al., 1993). There are, however, some studies that do not agree with this general
principle (Beason-Held et al., 1999; Murray & Miskin, 1998; Zola et al., 2000), and the
topic is still hotly debated (Baxter & Murray, 2001a, 2001c; Baxter & Murray, 2001b,
Zola & Squire, 2001). An interpretation that is consistent with the studies of lesions to
the hippocampus and surrounding structures has been offered by Barnes (personal
communication). Barnes noted that in both studies that observed a DNMS deficit
(Beason-Held et al., 1999; Zola et al., 2000), the animals had not been trained on the
DNMS task prior to surgery. In the study that found no DNMS deficit (Murray &
Miskin, 1998) the animals had received extensive training on the task before surgery.
Furthermore, the perirhinal cortex lesions caused a performance deficit in the DNMS task
whether or not the animals were pre-trained (Baxter & Murray, 2001b; Buffalo et al.,
1999; Meunier et al., 1993). Barnes suggested that the hippocampus is necessary for the
initial acquisition of the DNMS task, after which the hippocampal-perirhinal interactions
during training may modify the perirhinal cortex so that is able to perform the task alone.
In general, the various results fi'om the DNMS task appear to depend on the
degree of pre-training and may also be sensitive to variations in the paradigm and to
distractions (Nemanic et al., 1999) during the long delays used in this task. In the aging
literature presented in Chapter 5, there are also conflicting reports from various studies
using the DNMS task. Although the DNMS task is a mainstay in the primate literature
and has been prescribed as a test of episodic or declarative memory, the primate literature
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is ripe for a new task that is more easily related to other animal literature and human
results. Perhaps, virtual reality technology will allow future experiments to test spatial
learning and memory within the constraints, such as immobility, often required with
extracellular recording from primates.
In other species, such as rabbits, birds and rodents, it becomes increasingly more
difficult to split specific paradigms into declarative or non-declarative and increasingly
more difficult to verify the strategy employed by the animal to solve a particular task.
Spatial memory, however, is universally considered to be a salient form of episodic
memory (a subclass of declarative memory) in rodents. The specific role of the
hippocampus in spatial memory will be discussed in chapter four, but a large
experimental literature supports the role of MTL structures, particularly the hippocampus
in spatial memory. Lesion studies have supported the role of the hippocampus and
surrounding MTL structures in spatial memory (Anagnostaras et al., 1999; Becker et al.,
1981; Bingman et al., 1987; Bingman & Mench, 1990; Mumby et al., 1999; Nilsson et
al., 1987; Sahgal, 1984; Squire and Zola, 1996; see Jarrard, 1993 for a review) as have
pharmacological manipulations of the hippocampus (Alessandri et al., 1989; Butelman,
1989; Morris et al., 1986; White & Best, 1998; Ylinen et al., 1995) and experiments
including inactivation of the hippocampus via lidocaine or other blockades of excitatory
connections (Farr et al., 2000; Poucet et al., 1991; Riedel et al., 1999; Thinus-Blanc et al.,
1991). A more detailed description of a few of the reports on hippocampal ftmction in
spatial memory will be discussed in the next section. In addition, many publications can
be cited to document the ability of animals with MTL lesions to learn new motor skills or
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other "procedural" memory type tasks (Foster & Rawlins, 1992; Rawlins et al., 1993;
Shaw & Aggleton, 1993); although a more common grouping of memory in the rodent is
spatial working versus spatial reference memory. It is unclear whether or not both these
memory types fit neatly under the declarative memory classification. Based on the line
of reasoning that spatial memory, but not the acquisition of motor skills, is impaired by
damage or inactivation of the hippocampus and surrounding MTL structures, an
argument could be made that a large portion of the animal literature supports the
declarative versus non-declarative dichotomy at least to the extent that spatial memory, a
subclass of declarative memory, is definitely dependent on the MTL.

3.6 The Role of the Hippocampus in Memory
Although the distinction between the two subclasses of declarative memory
(episodic and semantic memory) can be blurry and the existence of completely separate
neural systems is still debated, the acquisition of episodic memory has been specifically
assigned to the hippocampus. In particular, the ability to encode the temporal and spatial
context associated with particular experiences requires the hippocampus. The anatomical
damage and the immediate loss of episodic memory shown in H.M. and the other human
amnesic patients described above have established a critical role for the MTL, especially
the hippocampus, in the initial acquisition of episodic and perhaps other types of
declarative memory. The question most often asked today is not whether or not the
hippocampus is crucial for memory functions, but for what types of memory and for how
long? Over the last 30 years, several models of hippocampal function in declarative or
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other types of memory have been proposed based on findings from animal studies in
addition to the human lesion data akeady presented.
Probably the most prominent view of hippocampal function is the idea of the
cognitive map, first presented by O'Keefe and Nadel (1978). hi their seminal publication
"The hippocampus as a cognitive map", O'Keefe and Nadel suggested that the
hippocampus provides the basis of a locale system of spatial memory, whose primary
function is to encode and store spatial information about the present environment. They
suggested that the hippocampus is able to store a "cognitive map" of the salient cues in
the current environment and thus provide for the flexible use of a neural representation of
this cognitive map in spatial memory and navigation. Although the hippocampus of
higher order species such as humans appears to be involved in more generalized
"declarative" memory functions, the cognitive map theory remains one of the most
influential concepts of hippocampal function, and will be presented in more detail in
chapter four. In addition to the immense amount of data in the non-human literature
supporting the idea that the hippocampus is critical for spatial memory, some evidence
from the study of human lesions also supports this idea. Pigot and Milner (1993)
performed an extensive study of 65 patients with unilateral temporal or frontal lobe
excisions compared with 1S normal subjects in several tasks involving complex visual
scenes. Patients with right anterior temporal lesions, irrespective of hippocampal
damage, were impaired on figurative detail and the spatial composition of scenes. Only
patients with extensive hippocampal damage, however, were impaired in detecting
changes in the spatial relationships of specific objects.
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Other theories of hippocampal function include the theory presented by Hirsh
(1974), who suggested that the hippocampus was necessary for contextual memory. In
Hirsh's concept, the hippocampus provides the CNS with the ability to use context in the
retrieval of cues and then associations. This model of hippocampal function was based
on deficits following hippocampal damage in making the appropriate turns on a T-maze,
which were dictated by an imposed motivational context (either hunger or thirst). This
concept was supported by Philips and LeDoux (1992), who conducted standard fear
conditioning in normal animals and animals with hippocampal lesions. In this classical
fear-conditioning paradigm, the animals are placed into a chamber and a foot shock (the
unconditioned stimulus or UCS) was paired with a tone (the conditioned stimulus or CS).
In this particular experiment, the animals were conditioned to both the tone and the
context of the experimental chamber. Phillip and LeDoux found that the animals with
hippocampal damage were able to be conditioned to the tone, that is when the tone came
on, the animals displayed a significant amount of freezing, but could not be conditioned
to the context of the particular chamber used for the foot shock treatment. While many
authors will agree that the hippocampus plays some role in contextual memory, this
concept can be difficult to define (although see Nadel et al., 1985), and in many
experiments difficult to separate from spatial memory. For instance, in the experiment
presented above, the chamber could, theoretically, be encoded as a cognitive map in
normal animals and not in damaged animals and thus the "context" in this case is
difficult, if not impossible, to separate from spatial information. Another theory,
presented by David Olton, is that the hippocampus plays a critical role in working
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memory. Olton and Fuesle (1981) trained rats to on a radial 8-arm maze task in which
each of the eight arms possessed a distinctive set of visual and tactile cues. The animals
had to remember which arms they had previously visited and avoid repeated visits to
arms (working memory) such that a perfect trial would include one trip down each arm to
retrieve the food reward at the end of each arm. Between sessions, the arms of the maze
were rotated, while maintaining their relative topological relationship. This procedure
encouraged a non-spatial solution to the task. The rats were tested both before and after
an operation that left half of the rats with a lesion of the fimbria/fornix pathway. While
the normal rats were able to perform this task quite well, the lesioned animals performed
at chance levels and never showed any evidence of releaming the task. The results from
this experiment suggested a working memory correlate of hippocampal memory fiinction.
Other experiments of working memory, however, have shown that the hippocampus is
not necessary for non-spatial working memory tasks (Cowey & Green, 1996; Foster &
Rawlins, 1992; McNaughton et al., 1986; Rasmussen et al., 1989; Steele & Rawlins,
1993; Wan et al., 1994). In addition, results from electrophysiological studies have found
no evidence of cue related delay activity among hippocampal cells, a phenomenon that is
often seen in cortical regions of the brain. Finally, the largely feedforward flow of
information within the hippocampal complex does not support the existence of strong
reverberatory circuits between hippocampal networks (e.g. DG and CA3), which are
often considered essential for working memory.
Sutherland and Rudy (1989) presented a configural association theory of
hippocampal ftinction. They suggested that the hippocampus is essential in the
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acquisition, storage and retrieval of configural associations within and between events
(Sutherland et al., 1989). This ftinction was contrasted with that of simple Pavlovian
learning or conditioning when one event (CS) can become associated with a reward or
negative response by pairing the CS with a UCS or event that always predicts the reward
or negative reinforcement. Unlike Pavlovian conditioning, "Configural learning"
requires the hippocampus for storage of the neural representation of the unique
configuration of stimuli or events. Evidence for this theory was presented in the form of
a negative pattern discrimination task. Rats were trained to press a lever for reward
whenever a light was presented or a tone was presented, but if the two events were
presented together, the animals was not to respond with a lever press. Thus, in order to
properly solve the task, the animals would have to learn to respond differently to
compounds of stimuli. In this experiment, control animals were very good at learning
this task, but animals with hippocampal lesions could not learn the negative patterning
problem. Sutherland and Rudy (1989) attempted to generalize this theory across
hippocampal function. For example, they suggested that place learning, such as that
required for solving the Morris Swim Task could be solved by learning a configural
association, namely the spatial arrangement of distal cues to guide their navigation. This
configural association theory, however, has not found support in electrophysiological
experiments. Attempts to locate hippocampal cells that encode stimulus combinations
have been quite limited (Wiener et al., 1989). More importantly, lesion experiments,
some of which were done by the original authors, do not support the configural
association theory (Alvardo & Rudy, 1995; Rudy & Sutherland, 1995; McDonald et al..
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1997; Whisbaw & Tomie, 1991). Given the rather strong evidence against the role of the
hippocampus for learning and storing configural associations as proposed by Rudy and
Sutherland (1989), it is possible that neural representation of compound stimuli are stored
outside of the hippocampus in neocortical circuits. This led to proposal that contextual
conjunctions are acquired by two neural systems, the hippocampus and the neocortex,
and that the impairments produced by damage to the hippocampus result from the loss of
this conjunctive contribution (Rudy & O'Reilly, 1999).
Studies using models of the hippocampus and neocortex have suggested that the
hippocampus and cortex provide two systems with different learning rates and different
"biases of learning" (McClelland et al., 1995). From the viewpoint of multiple learning
systems, the hippocampal system rapidly and automatically acquires the stimulus
conjunctions, whereas the neocortical systems learn more slowly and deliberately and
thus will only learn stimulus conjimctions when driven by the task. Therefore, Rudy and
colleagues proposed that a good test of the configural property of the hippocampus would
include a task with stimulus conjunctions that are not forced by task demands (i.e.,
incidental conjunctive learning tasks). This idea has been supported by several studies
that show impairment on such tasks following a hippocampal lesion (Good & Honey,
1991; Kim & Fanselow, 1992).
Other theories on the role of the hippocampus in memory have presented a more
general function for the hippocampus. The theory of Squire and colleagues has already
been presented (Squire, 1992) in the discussion of declarative versus non-declarative
memory. In this theory, spatial memory is considered a special case of the declarative or
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episodic memory function of the hippocampus. The hippocampus is the core of this
declarative system, which was designed to account for memory loss observed in human
amnesic patients. The major roadblock faced by this theory is that it relies mainly on
human lesion data and these lesions more often than not extend beyond the hippocampus.
In a somewhat similar theory, Eichenbaum and colleagues have proposed that the
hippocampus subserves declarative type memory. More specifically, Eichenbaum has
suggested that the hippocampus is necessary for representing relationships among
perceptually independent cues (relational representation), which allows for inferential use
of previously stored memories in novel situations (Eichenbaum, 1994; Eichenbaum et al.,
1992). In this theory, hippocampal dependent memories are based on these relational
representations that can then be used to compare and contrast different information.
Much like the view of Squire and colleagues, Eichenbaum proposes that spatial memory
is a special case of the more general hippocampal flmction (learning the relationship
between spatial cues). This theory of hippocampal function is different from the
configural theory of Sutiierland and Rudy (1989) in that the relational theory of
Eichenbaum ascribes a function of relating cues within an experience, whereas the
configural theory suggest that the hippocampus is necessary for associations within and
across events. Eichenbaum and colleagues have conducted several experiments
suggesting that the hippocampus is necessary for odor discrimination learning and other
"non-spatial" tasks. In the odor discrimination tasks, odor cues predicting a food reward
that is not related to a particular spatial location were presented to the rat (Eichenbaum et
al., 1987; 1988; 1989; Otto & Eichenbaum, 1992). It must be noted, however, that even
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in electrophysiological recordings during the tasks designed by Eichenbaum and
colleagues the large majority of hippocampal cells encode for spatial location (Wood et
al., 2000). In addition, Dudchenko and colleagues (2000) have reported little to no deficit
in odor recognition memory, but significant deficits in spatial memory following a
neurotoxic lesion of the hippocampus.
Annals of data in the animal literature support the role of the hippocampus in
spatial memory, and human lesion evidence suggests that the hippocampus has a more
general role in episodic memory. One key aspect regarding the role of the hippocampus
in memory has not been covered as yet. In the human lesion data, the amnesic patients
showed a retrograde amnesia in addition to their inability to form new episodic memory.
Whether or not this retrograde amnesia is temporally graded is still debated, but the fact
that retrograde amnesia exists suggests that the hippocampus plays an important role in at
least temporarily storing certain types of memory, in addition to the acquisition of these
memories. Several other theories of the hippocampus, designed to address hippocampal
functions in memory consolidation have been proposed. In order to avoid redundancy,
these theories will be covered in a later chapter devoted to memory consolidation
(Chapter 6).

3.7 Summary
In this chapter, the important aspects of the cognitive, lesion and
neuropsychological data relevant to memory and memory systems were outlined. Two of
the major memory dichotomies, STM versus LTM and declarative versus non-declarative
memory types were presented. Although the STM-LTM division is functionally
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appealing, it has proven difficult to assign separate brain structures or memory systems to
this division. Unlike the STM-LTM dichotomy, the declarative versus non-declarative
classification involves separate neural underpinnings, with the hippocampus and
surrounding MTL structures considered to be crucial for declarative types of memory.
This classification of memory was based on the neuropsychological and lesion data
accumulated from human amnesic patients similar to the famous case of H.M., and has
proven to be quite useful in designing animal models for testing memory functions.
From the human lesion studies and from the various studies of animals including lesion,
pharmacological and electrophysiological studies it is clear that the hippocampus plays a
critical role in memory processing. Although the exact type(s) of memory processing
subserved by the hippocampus have not been unequivocally established, the
hippocampus appears to be critical for spatial memory in rodents and birds and for the
more general category of episodic memory in humans, which may include spatial
memory. Several proposals regarding the role of the hippocampus in memory type(s) and
systems were proposed and briefly reviewed. The list in this chapter is incomplete,
however, because the hippocampus likely possesses a role in memory consolidation in
addition to its function in particular memory type(s) or memory system(s). These
additional theories of hippocampal function will be visited in chapter six, along with a
review of the evidence for memory consolidation and the role of the hippocampus in this
process. Of the several theories presented in this chapter, the most influential theory of
hippocampal function, especially in non-human mammals such as rodents, is the
cognitive map theory presented by O'Keefe and Nadel (1978). Furthermore, the role of
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the hippocampus in the spatial memory of rodents is of particular significance to the work
contained in this dissertation. Thus, the cognitive map theory and spatial memory in
rodents will be covered more thoroughly in the next chapter.
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CHAPTER 4: THE NEUROPHYSIOLOGY OF THE RAT
HIPPOCAMPUS: SPATIAL AND MNEMONIC FIRING
CORRELATES
4.1 Introduction
It is a common neuroscientific principle that the fundamental physiological
processes in the creation, storage, and recall of memory within neural networks occur at
the synapse. Over 50 years ago, Hebb (1949) presented his postulate, that if a cell
participates repeatedly in causing another cell to fire, then the connection between these
neurons should be unilaterally changed (only in the connection from A to B and not from
B to A). This postulate was supported by the discovery of long-term potentiation (LTP)
within the hippocampus (Bliss & Lemo, 1973; Bliss & Gardner-Medwin, 1973), which
also supported Marr's theory on the hippocampus as an autoassociative memory store
(Marr, 1971). This mechanism for increasing the strength of specific synapses was
particularly attractive because it fulfilled the role of coincidence detector and provided a
mechanism for initiating state changes in the "plastic" synapse (voltage dependent
calcium influx). In addition, the study of human amnesic patients and animal models of
memory functions has established a critical role of the hippocampus in memory (see
Chapter 3). Thus, by the late 1960's, it was of great interest for hippocampal
physiologists to study the firing properties and correlates of hippocampal neurons. In
1971,0'Keefe and Dostrovsky published the first report of a particularly remarkable
firing characteristic of hippocampal neurons; their firing rate changed drastically
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depending on the spatial location of the animal, increasing from a very low background
firing rate that is often less than 1 Hz, up to 10-20 Hz when the animal enters a specific
position in space. This remarkable characteristic of hippocampal physiology led O'Keefe
to coin the term "place cell" to describe hippocampal pyramidal cells (O'Keefe, 1976).

4.2 Cognitive Map Theory and tiie Place Ceil
Largely based on the "place cell" discovery (O'Keefe & Dostrovsky, 1971),
O'Keefe and Nadel published "The hippocampus as a cognitive map" in 1978. This
theory proposed that the hippocampus was the basis of a locale system that is able to
encode and store spatial information about the environment. This proposal advocated the
specific role of the hippocampus and cognitive maps in various kinds of spatial learning
and memory. For example, the cognitive map theory asserts that the hippocampus is
required for spatial memory processing such as spatial navigation as well as the
acquisition and recall of spatial tasks. By contrast, "taxon" behavioral systems that
underlie a more orient-and-strike approach to navigation are not dependent on the
hippocampus. In the 24 years since the presentation of the cognitive map theory, many
experiments have been conducted on the behavioral and electrophysiological correlates of
hippocampal function that have supported its role in spatial learning and memory.
Studies involving hippocampal lesions have also supported the cognitive map theory (see
Jarrard, 1993 for review).
Although the authors themselves did not completely exclude the possibility of
other functions within the hippocampus, this theory is most often criticized for limiting
the function of the hippocampus to spatial learning and memory. Squire and colleagues.

for example, consider cognitive mapping to be a special case of the more general
declarative memory processing function of the hippocampus. In addition, Eichenbaum
and colleagues have also suggested that the hippocampus of the rodent performs nonspatial functions in addition to spatial learning and memory. The role of the
hippocampus in spatial learning and memory, however, is no longer debated and the
cognitive map theory remains arguably the most influential theory of hippocampal
function today. Although "place cells" per se have not been discovered in humans, some
electrophysiological studies conducted in human epileptic patients have suggested spatial
correlates in neurons of the human hippocampus and temporal cortex (Halgren et al.,
1978, 1991; Kreiman et al., 2000). In the human hippocampus, Kreiman et al. (2000)
have suggested that the proportion of hippocampal units responding to "spatial layouts" is
higher than the number of neurons responding to other categories, such as faces, wordpairs and other visual images. In contrast to the human data, studies in primates have
reported direct spatial firing correlates of pyramidal cells in the primate hippocampus
(Ono et al., 1993a; 1993b; Ono & Nishijo, 1999; Rolls et al., 1998). DiflFerent authors
have reported both "view cells", hippocampal pyramidal cells that fire differentially
based on the location of the animals gaze (Rolls et al., 1998), and place-related neurons
(Matsumura et al., 1999; Ono & Nishijo, 1999; Ono et al., 1993) that may be similar to
the rodent place cell. In addition, recent technological advances in neuroimaging have
been used to support the idea that the hippocampus is engaged during spatial memory
processing in humans (Aguirre et al., 1998; de Toledo-Morrell et al., 2000; Maguire et
al., 1998; 1999; Peterson et al., 2000). The right hippocampus is particularly engaged
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during route recall and spatial navigation of virtual environments (see Maguire, Burgess
and O'Keefe, 1999 for review). Similarly, primate studies have also suggested a spatial
memory function of the hippocampus (Mumby et al., 1999; Murray & Miskin, 1998,
Murray etal., 1989).
When recording extracellularly from the hippocampus of a freely behaving rat, it
is relatively easy to locate the main cell layers in the hippocampus and to record from
groups of pyramidal cells. Early studies using this extracellular recording technique
quickly established that the activity patterns of hippocampal pyramidal neurons are
dependent on the global state of the hippocampus, which is determined to a large extent
by the behavioral state of the animal. During slow-wave sleep, quiet alert states and
consummatory behaviors, large irregular activity (LIA) is observed in the
electroencephalographic (EEG) recordings. A large proportion of the pyramidal neurons
in CAl and CA3 fire complex spike bursts (repetitive spikes lasting 4-6 msec with
decrementing amplitude) during LIA, and their action potentials are typically associated
with sharp wave-ripple complexes (Vanderwolf, 1969; Vanderwolf et al., 1975; Ranck;
1973). The sharp wave-ripple complex is an interesting phenomenon that will be
discussed further in Chapter 6. During these LIA periods, the average firing rates of
pyramidal cells is quite low, usually ~ .5-1 Hz. Pyramidal cell firing during active
behavior or REM sleep, on the other hand, is modulated by the theta rhythm, a very
regular 6-10 Hz oscillation that is driven by an interaction of cholinergic inputs,
GABAergic inputs and the intrinsic connectivity of the hippocampus. During active
behaviors, the average firing rate of hippocampal pyramidal cells is also low (usually
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under 1 Hz), but the firing rates of these pyramidal cells increases significantly (10-20
Hz) in one or more specific locations within the environment known as "place fields"
(O'Keefe & Dostrovsky, 1971; Best & Ranck, 1975; O'Keefe, 1976; Hill, 1978; Olton et
al., 1978). In addition to the pyramidal cells of CAl and CA3, granule cells in the
dentate gyrus, entorhinal neurons and pyramidal cells of the subicular complex also
display varying degrees of spatial selectivity (Barnes et al., 1990; Quirk et al., 1992; Jung
& McNaughton, 1993; Sharp & Green, 1994; Taube, 1995b).
The term "place cell" is used herein to indicate a CAl or CA3 pyramidal neuron
with location-specific firing fields (place fields) in a given environment and is often used
interchangeably with "complex spike cell" or "pyramidal cell". This nomenclature is not
meant to indicate that the neurons of the hippocampus encode the abstract or absolute
location in space as will be explored, but rather that the firing rate of the cell is correlated
with some aspect of space. Place cells have been studied using methods that can isolate
either single or multiple single neurons, and a large body of information has been
compiled on hippocampal place cells and the hippocampal "maps" they might form if one
were to imagine recording from all possible place cells within an environment. Before
beginning a review of place cell attributes, however, it must be noted that most of the
experiments reported in this chapter have come from the dorsal portion of the
hippocampus. This is true because the dorsal portion of the hippocampus is the most
superficial and therefore most accessible region of the hippocampus, and the dorsal
portion of the hippocampus is beUeved to be particularly critical for spatial learning
(Moser et al., 1993, 1995; Moser & Moser, 1998). Although place fields have been
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recorded in the ventral hippocampus (Poucet et al., 1994), the proportion of cells with
robust place fields in a given environment is smaller compared to the dorsal hippocampus
and the place fields tend to be larger in the ventral hippocampus (Jung et al., 1994). In
addition, evidence from neuroanatomical, neurochemical and behavioral studies is
consistent with the notion that the ventral and dorsal hippocampus may process slightly
different information (Amaral & Witter, 1995; Moser et al., 1993c; Seress & Pokomy,
1981; Van Groen & Wyss, 1990a). Thus, the term "place cell" most often refers to a
CAl or CA3 pyramidal cell in the dorsal portion of the hippocampus.
Although many of the specific characteristics of place cells, such as sensory cue
control, idiothetic cue control, and non-spatial correlates will be covered in subsequent
sections, there are some general attributes of place cells that are not necessarily related to
the any one specific sensory input. More than 20 years ago, O' Keefe (1979) presented a
good definition of the place cell in his review of the work published in the years
following the discovery of the place cell. In this early review, O'Keefe suggested that
"the place cell is a cell which constructs the notion of place in an environment by
connecting together several multisensory inputs each of which can be perceived when the
animal is in a particular part of an environment." As we will see in the next several
sections, this statement is quite accurate as many different sensory cues can affect place
cell firing and the removal of salient cues does not necessarily abolish or alter place cell
firing. This definition would need to be slightly altered today, however, because it has
been shown that place cell firing can change within a given environment if the context of
the task at hand changes (Markus et al., 1995). In addition, place cell firing does not
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appear to be dependent on goal-related activity or the animal's motivation (O'Keefe,
1979), but rather place cells fire as long as the animal is behaving actively. Robust place
cell activity has been observed in tasks that do not impose any navigational demands such
as simple track ruiming (Muller et al., 1987; Wilson & McNaughton, 1993; Gothard et
al., 1996b; and personal observations). Even in these "non-spatial" tasks, the
hippocampal cells show place-specific firing. In fact, experiments recording from several

Figure 7: The spatial firing distributions of 80 simultaneously recorded pyramidal and inhibitory
neurons in tiie hippocampal formation of a rat during exploration of a rectangular environment
Each of the panels on the following page represents the spatial distribution of the firing rate for one
neuron. Maximal rates for cells are shown in progressively warmer colors, yellow and then red; no
firing or low firing is indicated by blue. The hippocampal pyramidal cells with place fields will show
an area of red within the larger blue background. The six panels that are covered entirely with
warm cokirs (yelkiw and red) represent the activity of interneurons, which fire at a fairly high rate
whenever the rat is moving. Those panels that are entirely blue represent hippocampal pyramidal
cells that do not have any place field in this rectangular environment. In this figure, 38-40% of the
pyramidal cells recorded from exhibit a place field in the rectangular environment When recording
from this large number of pyramidal cells simultaneously, one can see how the firing of many place
fields taken at any given moment can provide information about the kication of the rat Figure from
Wilson and McNaughton (1993).
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pyramidal cells have shown that the rat's position in space can be predicted accurately by
sampling the firing rates of several simultaneously recorded place cells (Brown et al.,
1998; Wilson & McNaughton, 1993; Zhang et al., 1998). For example, Wilson and
McNaughton (1993) were able to accurately predict the rat's location from the activity of
many (73-148) simultaneously recorded neurons. Finally, although spatial location
appears to be the first-order correlate of pyramidal cell activity, place cells are also
sensitive to other information such as the animal's speed, direction, and turning angle
(McNaughton et al., 1983; Wiener etal., 1989).
Multiple cell recording techniques have shown that place cell activity is sparse
within the networks of the hippocampus just as suggested by Marr (1971) to be optimal
for an online rapid autoassociator. Not all pyramidal cells recorded within a given
environment will have a place field, but rather a percentage of cells (30-45%) are active
in any given environment. Early reports estimated this percentage to be ~20%
(Thompson and Best, 1989) but more recent work suggests that this percentage is closer
to 40% (Guzowski et al., 1999; Redish et al., 2001; Wilson & McNaughton, 1993).
Furthermore, a single pyramidal cell may have more than one place field in a given
environment (O'Keefe & Conway, 1978; O'Keefe and Speakman, 1987; McNaughton et
al., 19%). In general, the number of neurons with place fields and the number of cells
with more than one field appear to be determined largely by the size of an environment
(Gerrard et al., 2001). In addition, to sparse encoding, there does not appear to be any
systematic or topographical relationship between place field location within an
environment and anatomical location within the hippocampus. Although some authors
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have suggested such a relationship (Eichenbaum et al., 1989; Hampson et al., 1999) a
detailed analysis of activity recorded from over 3000 pyramidal cells during several
different tasks has shown that the spatial distribution of the place field and the anatomical
location of the pyramidal cell are not systematically related at all (Redish et al., 2001).
This electrophysiological conclusion has been supported by activity-dependent, cellspecific anatomical markers such as the immediate-early gene Arc, which is dynamically
regulated by neural activity (Lyford et al., 1995; Guzowski et al., 1999). confirm both of
the above suggestions. The proportion of pyramidal cells displaying Arc following a
spatial experience is about 40% of the dorsal CAl (Guzowski et al., 1999). These Arcpositive cells did not show any signs of clustering as would be expected if an intrinsic
topography of the distribution of firing correlates occurred in the hippocampus (Redish et
al., 2001). Finally, multiple single cell recording studies have shown that although the
probability of a single cell having a place field in the given environment is relatively
small, when many neurons are recorded simultaneously they cover most (see Figure 7) of
the area of the given environment (Wilson & McNaughton, 1993). These facts are
important in regard to the proposed memory functions of the hippocampus because both
sparse encoding and a non-systematic grouping of connections are optimal for the
maximal storage of rapidly encoded, online memory traces.

43 Spatial Firing Correlates of Hippocampal Pyramidal Ceils
In O'Keefe's (1979) review of the place cell, the definition given suggested that
place ceil activity is not dependent on any single sensory input. This statement was based
on experiments showing that removal of any one stimulus in a constellation of cues often
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does not affect place cell firing (O'Keefe & Conway, 1978). In this study, rats were
trained to go to one arm of a T-maze based on the relationship of four salient extra-maze
cues on the four walls of the environment. The arms of the maze were interchanged and
the start arm was varied in an attempt to force the animal to use this constellation of cues
to solve the task (see Figure 8). They found that removal of one or two of the four salient
cues did not affect the place fields of some cells, but the removal of all of the cues
completely changed the firing of the place cells. Later experiments also found that the
firing of place cells can remain stable following the removal of landmarks, as long as
some information remained (Muller & Kubie, 1987; O'Keefe & Speakman, 1987; Pico et
al., 1985). Although place cells are not dependent on any one sensory stimulus, they can
be affected by sensory input.
43.1 Control of place cells by visual input
Visual input in the form of distal cues or salient landmarks can exert significant
control over place field activity in certain situations. When distal (visual) landmarks are
moved, place fields often move proportionately (Muller & Kubie, 1987; O'Keefe and
Speakman, 1987; McNaughton et al., 1994; Knierim et al., 1995; Cressant et al., 1997).
For example, Muller and colleagues (Muller et al., 1987; Muller & Kubie, 1987) placed
rats in a cylindrical environment with gray walls and a single white cue card that covered
about 90-100 degrees of the cylinder wall. Within this cylinder, rats simply foraged for
randomly dispersed food on the floor of the environment (see Figure 8). Rotation of the
salient cue card in this simple environment induced an equal rotation of the place fields.
When the environment was enlarged, however, by about two times, the place fields of
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Figure 8: Experimental environments. (A) The experimental apparatus and environment used by
O'Keefe and Conway (1978) is shown. This seminal experiment was the first to test the relationship
between place related firing of hippocampai pyramidal cells and visual cues. Rats were trained to go
to one arm of the T-maze based on its relationship with the four cues shown. The cues always
maintained the same spatial relationship to each other and to the goal arm, but were rotated across
trials with respect to the overall environment. O'Keefe and Conway (1978) found that the removal of
individual cues did not affect the spatial firing of place cells. Removal of all four of the cues,
however, led to a disruption of several place fields. (B) The Muller-Kubie-Ranck or MKR cylinder.
This cylindrical apparatus, with one salient cue card covering ~90° was used to establish that fact
that visual cues are capable of controlling the place field firing of hippocampai pyramidal cells.
Figure adapted from O'Keefe & Conway (1987) and Muiler & Kubie (1987).

approximately one-third of the cells rotated along with the salient cue card, but the
remaining cells changed their firing fields or completely stopped firing within the
environment. This phenomenon is known as remapping. The ability of a salient cue card
to control place fields has been replicated several times (see Figure 9) (O'Keefe &
Speakman, 1987; Knierim et al., 1995).
The ability of sensory cues to control place cell activity, in addition to the
directionality of place fields on thin tracks (McNaughton et al., 1983a; see Section 4.3.4)
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led to the suggestion that cells, rather than responding to an animal's absolute location,
responded to a particular array of sensory cues available to the rat (McNaughton et al.,
1983a, 1989, 1991). This idea has been called the 'local-view' hypothesis, which has led
to some incorrect citations of its content (e.g., Muller, 1996), although the authors stated
that cues are not limited to the visual modality (McNaughton et al., 1983a, 1991). In fact,
several studies have shown that visual input is not required for the development or
maintenance of place fields, as place cells are active in the dark and in blind rats (Hill &
Best, 1981; Jones-Leonard etal., 1985; McNaughton et al., 1989; O'Keefe, 1976;
O'Keefe & Speakman, 1987; Quirk et al., 1990; Save et al., 1998). The exact locationspecific firing of place cells in the dark will drift when visual input is removed. This
suggests that some error in the place code can occur in the darkness. In addition, if the
Cell 1
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Figure 9: Control of place specific firing by visual cue. The firing rates of two simultaneously
recorded place cells are plotted while the rat forages for randomly dispersed food in the cylindrical
arena (MKR cylinder). Whenever the salient cue card is rotated, the place field of both neurons
rotates with the cue card. Thus, the cue card can have strong control over the place specific firing of
hippocampal pyramidal cells. Figure from Knierim et aL (1995).
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animal is placed into a familiar environment in the dark and the lights are then switched
on after some period of time, the place cells will shift or revert back to their original
location (Knierim et al., 1995; Quirk et al., 1990), established from previous experience
in the lit environment. Both of these results suggest that visual input can update the
information in the place cell map, although visual input is not required. In addition, if
cues are removed from an environment once a rat is placed within the environment, place
cells continue to exhibit normal place fields (although the position may rotate within a
cylindrical arena; Muller & Kubie, 1987; O'Keefe & Speakman, 1987).
Sharp and colleagues (1990), provided additional evidence for non-visual
influences on place cell firing in a study of rats foraging within a cylindrical arena
containing a cue card covering 90° of the environment. The rats were always brought
into the cylindrical arena from the northwest edge. First, it was found that the place
fields remained largely the same following the addition of a second salient cue card
placed directly opposite the original cue, rather than producing a duplication of place
fields as would be predicted if visual information were the only influence on place-cell
firing. In addition, with the second cue card in place, the animals were brought into the
arena from the opposite edge (southeast) from previous experiences. In this case, the
place fields again did not double, but rather, the place fields rotated by 180° around the
arena as if the second cue card was the first cue card. Thus, the point of entry served as a
directional cue to the rats and the results suggest that place cell firing is controlled by
more than just visual information. Finally, place field activity can be controlled by non-
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visual local cues such as the tactile or odor cues in an environment (Shapiro et al., 1997)
or task demands (Markus et al., 199S; Oler & Markus, 2000).
43.2 Control of place celb by non-visual sensory cues
The fact that visual cues are sufficient, but not necessary for place field activity
was elegantly displayed in a complex study by Shapiro et al. (1997). In this experiment,
rats were trained to traverse a four-arm radial maze (similar to the classic eight-arm radial
maze, but four of the arms have been removed) that contained intra-maze tactile and
olfactory cues and was surrounded by curtains holding distal (visual) cues. Systematic
manipulations of the individual cues such as exchanging the arms of the maze or rotating
the maze and/or distal cues were performed. The place cells recorded in this experiment
responded in different and often complex manners. Most important among the findings
in this experiment was that a double rotation, which included opposite 90° rotations of
the maze and the distal cues, led to a completely new hippocampal representation of the
maze or a remapping. In addition, rotating the distal cues only caused a significant
fraction of the place cells to rotate their place fields and a shift of intra-maze cues also
caused about half of the cells to shift when the distal cues were scrambled. Finally, when
the intra-maze cues were scrambled, some cells shut off and others began responding to
the distal cues. In addition, the results of Poucet and colleagues (2000), suggest that nonvisual cues, most often tactile or odor cues, may influence place field stability.
The pattern of responses shown in the Shapiro et al. (1997) experiment as well as
the ability of non-visual cues to control place cell activity in certain situations, which
often include unreliable visual cues, suggests that the hippocampal ensemble responds to
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more than just visual or any one sensory input and that the map of the environment
encodes more than "space" (i.e. x-y coordinate on a 2D plane). It also shows that an
obvious mismatch between the expected configuration of cues and the actual arrangement
of cues can induce drastic changes in the hippocampal map.
4J3 Self-motion cues and the head direction system
The presence of place cell activity in the dark and the ability of non-visual
information to influence place fields suggest that self-motion or path integration
information can influence place cell firing. In fact, although animals use visual cues to
guide behavior, they can take a direct route back to a starting point after a circuitous route
away from this starting point, even with a complete absence of landmarks (Etienne, 1992;
Mittelstaedt & Mittelstaedt, 1980). In addition. Hill and Best (1981) conducted an
experiment using the radial maze, in which the rats were disoriented by spinning them
before placing them on the radial maze. In this experiment, the disorientation of the rat
was enough to cause significant changes in the locations of place fields. In addition,
Foster et al. (1989) noted that the spatially selective firing properties of pyramidal cells
was abolished when the rat was restrained and moved passively through an environment
without the possibility of locomotion. These results suggest that an important influence
on place cells is self-motion or idiothetic information. In fact, several investigators have
hypothesized that path integration or self-motion information is the principal metric for
coding spatial relationships within an environment (cognitive map) (Knierim et al., 1995;
McNaughton et al., 1989, 1996; Muller et al., 1991; Redish & Touretzky, 1997a;
Samsonovich & McNaughton, 1997; Touretzky & Redish, 1996; Wan et al., 1994c).
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The evidence for self-motion control of place cell activity is substantial. The
seminal path integration work of Mittelstaedt & Mittelstaedt (1980) has been replicated
(Etienne, 1992; Gallistel, 1990) and vestibular damage or disorientation can disrupt place
cell activity (Knierim et al. 1995; Stackman & Taube, 1996). Gothard et al. (1996)
conducted an experiment that elegantly reveals the effect of path integration on place cell
activity. In this experiment, the rat ran back and forth along a track between a stable
reward site and a movable reward site. The movable reward site was inside a box that
could slide along the track, thus lengthening or shortening the distance between the end
of the track and the box. On the initial portion of the journey outward from the movable
site, cells fired at a fixed distance from the box regardless of its overall position on the
track. Thus, the rat's concept opposition" was determined by its distance from a
landmark behind the animal, suggesting that this representation was updated by path
integration. In the terminal parts of this journey, however, the cells fired at fixed
distances from the end of the track, suggesting an influence of outside landmarks.
Interestingly, when the journey was shortened, the representation appeared to jump or
shift quickly from an alignment relative to distance from the movable reward site to an
alignment with the external cues and the fixed reward site. This transition in place cell
determinants from an initial path integration determinant to influences from external
stimuli has been confirmed in another study (Redish et al., 2000). In all of the studies of
path integration, the animal is able to maintain a representation of its position by tracking
its movements from a known starting position through vestibular (direction of travel) and
proprioceptive (motor plan) information. In addition to these internal cues, the animal
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can also use external information such as optic flow to track its position and in the case of
visual information, to correct any errors in the path integration process. This mechanism
requires that the animal is able to establish and maintain an accurate "sense of direction",
and that some system, which is likely to be connected with the hippocampus, is able to
encode direction. Neurons with this property were first discovered in the presubiculum
(Ranck, 1984) and the postsubiculum (Taube etal., 1990a, 1990b, 1996) and were called
"head direction" cells. These cells are similar to place cells in that they possessed a low
background firing rate and drastically increase their firing rate when the rat's head faces a
particular direction in the horizontal or yaw axis. Postsubicular cells are not sensitive to
changes in the pitch or roll axes. Similar head direction cells have since been discovered
in a number of locations including the anterior thalamus (Taube, 199Sa), the lateral dorsal
nucleus of the thalamus (Mizumori & Williams, 1993), the retrosplenial cortex (Chen et
al., 1994a, 1994b), the striatum (Wiener, 1993) and the lateral mammillary nuclei
(Leonhard et al., 1996). These results suggest that the head direction system has multiple
components, which are likely to integrate different types of information. The actual locus
of the path integrator in the brain has not yet been determined, although it has been
shown that the hippocampus is not likely to perform this function (Alyan & McNaughton,
1999).
Head direction cells respond to a variety of idiothetic and visual inputs much like
place cells. Salient visual landmarks can control head direction cells, in that a rotation of
a cue card in a cylindrical arena causes a proportional rotation of the preferred direction
of the "head direction" neuron (Knierim et al., 1995; 1998; Muller & Kubie, 1987; Taube
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Figure 10: 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 and one thalamic head direction cell were recorded simultaneously as the rat
foraged In the cylindrical environment In Session 2, the head direction cell rotated away from the
cue card and there was a concurrent change In the firing properties of the hippocampal cells, a
remapping. All three place cells and the head direction cell all reverted back to their original
properties in Session 3 and subsequently followed the rotation of the cue card. This figure shows the
tight coupling between the head direction cell and the place cells, which can both be controlled by a
stable visual cue. Figure from Knierim et aL (1995).

et al., 1990b). Just as was the case for place cells, visual input is not required for head
direction cells as these cells can maintain their tuning direction for several minutes in the
dark as long as the animal was oriented before the lights were turned off (Chen et al.,
1994a; Mizumori & Williams, 1993; Taube et al., 1990b). Head direction cells are also
influenced by the motor plan of the animal because they will cease firing or significantly
reduce their firing rate when the animal is restrained (Foster et al., 1989; Knierim et al..
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1995; Taube, 1995a). Just like place cells, head direction cells lose their directionally
selective firing properties with inactivation of the vestibular system (Stackman & Taube,
1997).
Three experiments in which both head direction and place cells were recorded
simultaneously are particularly illustrative of the function of this system. Knierim and
colleagues, (1995) trained rats to forage for food pellets in gray cylinder with a single
salient white cue card covering 90° of the wall. While one group of rats was disoriented
before and after each session, the control group was not interfered with. This experiment
showed (a) if the cue card has control of the two systems, the bead direction cells and
place cells will always rotate together with the cue card (see Figure 11 & 12) and that (b)
in the disoriented group, the visual landmark exerted much weaker control over the place
cells and the head direction cells (see Figure 12), which suggests a weakened association
between the visual cue and the place/direction cells in the disoriented rats. In fact, in the
disoriented group, rotations of the cue card led to a new set of place fields (remapping,
see section 4.6). Another recent study of Knierim et al. (1998) further investigated the
interaction between idiothetic information and external landmarks. In this experiment,
the directional information fi'om visual landmarks was placed in direct conflict with the
directional information from idiothetic cues. This conflict was created by (a) rotating the
rat and the cylindrical environment by varying degrees (between 45° and 180°) in a rapid
(above vestibular threshold) manner or (b) allowing the tuning curves of the head
direction cells to drift and thus accumulate error in the dark. This experiment created
various amounts of mismatch between the vestibular or self-motion cues and the visual
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Figure 11: Effects of disorientation. The figure on the following page shows the firing rates for two
simultaneously recorded place cells while the rat is foraging within the cylindrical environment. In
part (A), the animals are simply placed into the cylinder for each session and the cue card exerts
strong control over the place fields, which rotate with the cue card. In part (B), the animals were
disoriented before each session in the cylinder occurred and therefore, the vestibular system was
never reliable to the animal. In (B), the place fields are not strongly controlled by the visual cue card
and do not consistently rotate when the cue card is rotated. Figure from Knierim et al. (1995).

landmark (cue-card). When the mismatch between these two was small, the visual
landmarks had strong control and both place cells and head direction cells rotated. When
the mismatch was large, however, the firing of both place cells and head direction cells
were radically altered, suggesting a remap of the hippocampal representation for the
environment.
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In a similar experiment, Jeffrey and O'Keefe (1999) recorded place cell activity
while the animal was within a square environment that rotated slowly, below vestibular
threshold or appeared to rotate by slowly moving the cue card. They allowed the rats in
this study to remain oriented during transport to the square recording arena. A mismatch
between vestibular and visual cues was then produced by the slow rotation of the arena.
The rats in this experiment were placed into three groups: one group was never covered,
they were allowed to watch the rotation of the cue, the second group was covered for 3
minutes while the cue card was moved and never witnessed the cue card being moved,
and a third group was covered for only 30 seconds while the cue card was moved. These
group differences during training were not used during the testing phase. The results in
the three groups varied. In the group that was permitted to watch the cue card move, the
place cells initially followed the cue card, but after just one or two trials, began to follow
vestibular information in favor of the unstable cue card. In the second group that were
covered for 3 minutes, the place fields always followed the cue card, but in the group that
was covered for 30 seconds while the cue card was moved was split, with the place cells
from two rats ignoring the cue card and the place cells from the other two rats in the
group following the cue card. Although the results in the group that were covered for
three minutes seems in contrast to the results of Knierim et al. (1995), the authors suggest
that the idiothetic signal may have been ignored when the rat was uncovered because the
comers of the square were out of alignment with the arena; therefore, the critical
difference may have been the shape of the environment. Nonetheless, this experiment
shows the critical interaction between idiothetic information and external stimuli such as
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visual landmarks. These results support models of the place cell system proposing that
intrinsic connections enable idiothetic cues to serve as the primary drive on place cells
and bead direction cells and that external stimuli are able to control the map via
associations formed between the intrinsic map and the external stimuli. Thus, in the case
of disorientation (Knierim et al., 1995) the external stimuli are unstable and therefore no
consistent association is formed between the map and the stimuli.
4J.4 Directionality of place ceils
It may be expected from the tight coupling between the place cell and head
direction cell systems (Knierim et al., 199S) that place cells would possess a directional
component. In fact, even in the first report of place cells, O'Keefe and Dostrovsky
(1971) stated 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).
More than a decade later, McNaughton and colleagues (1983) conducted the first
systematic study of place field directionality, just prior to the discovery of head direction
cells (Ranck, 1984). They found that all place cells with fields on an arm of the radial
maze, only fired when the rat was running either towards the end of the arm or towards
the center of the maze. This result, which was confirmed by other authors (Muller et al.,
1994), was counter to all of the experiments conducted in an open arena, such as the
cylindrical environment, which had always shown non-directional place cells. Thus, it
does not appear to be the head direction system that imparts a directional component to
place cells, but instead, this appears to be a function of the environment or the task.
Markus et al. (1995) compared tasks directly in the same experiment and found that place
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fields were always more spatially and directionally selective on the radial maze than
dtjring foraging in the cylindrical environment. A second and more crucial finding was a
shift in the location of place cells (or remapping) and an increase in the directionality of
the place cells when the task within the cylindrical environment was switched fi'om
random foraging to retrieval of food at specific locations inside the same environment
(Figure 12). This indicated that both the place field map and the directionality of place
cells are dependent on the task demands and trajectories of the animal in the task.
MWDOn SEARCH

DIMCTBD SEAKH

Shift of Place Field

Additional Place Field

Figure 12: Tiie place fields of two hippocampal pyramidal cells within the cylindrical environment
shifts when the task for the animal changed from random foraging to running more direct paths to
four reward zones. The warm colors represent a high firing rate, with red the highest rat and the
dark cotors represent a kiw firing rate. Figure from IVfarkus et al. (1995).
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4J.5 Place fields in novel environments
With older recording methods, Hill (1978) observed that place cells are
discemable from the first pass through a new environment. In this study, rats were
trained in one environment and then the firing of pyramidal cells was monitored when the
rat was moved to a novel T-maze and explored the maze. Hill (1978) noted that pattern
of place fields remained relatively stable throughout the session. This observation was
confirmed in a multiple single cell recording experiment published by Wilson &
McNaughton (1993). In this experiment rats were trained to forage for randomly
scattered food pellets in a rectangular box, which was actually half of a larger box
separated by an opaque barrier. In this study, the firing rates of the multiple hippocampal
neurons were used to reconstruct the animal's position in the box. When the barrier was
removed, allowing the rats to enter the novel half of the environment, the dynamic of the
place cell system was altered. Although the accuracy of position reconstruction was
initially reduced when the animal entered the novel portion of the box, the authors
reported that the reconstruction accuracy improved over a course of 5-10 minutes,
suggesting that place fields develop relatively quickly in a new environment.
As first mentioned at the end of section 4.3.3, it is quite likely that an association
is formed between the path integrator system (PI) and the local view (LV) to stabilize or
bind the current hippocampal map to the current environment. When this association is
not present, the environment is considered to be novel and a new place cell map is
formed within the hippocampus. Experiments have shown that this PI x LV association
is flexible in the sense that every time a cue is shifted, the environment is not considered

130

novel or it would be likely that every single change in the room would cause the animal
to consider the environment novel. At some point, however, when the LV and PI are
sufficiently inconsistent, the environment is considered novel and a new map is formed
(Kubie & Ranck, 1983; Muller & Kubie, 1987, 1991; Thompson & Best, 1989). Where
is this match or lack there of determined? Many authors have suggested the dentate
gyrus is well positioned and connected within the hippocampal system to perform just
such a separation or orthogonalization Action (Levy, 1989; McClelland et al., 1995;
McNaughton & Morris, 1987; McNaughton & Nadel, 1989; O'Reilly & McClelland,
1994; Rolls, 1996; Treves & Rolls, 1994).

4.4 Non-Spatial Correlates of Pyramidal Cell Activity
Task demands can change the firing of place fields within a stable environment
(Markus et al., 1995; Oler & Markus, 2000) and the particular aspects of a maze or task
can cause place cells to be directional (see 4.3.4). In addition, McNaughton et al. (1983)
have shown that other factors of the animals' behavior such as running speed, direction
and turning angle can affect place field firing. Other authors have suggested that
pyramidal cell firing is correlated with a particular behavior such as approaching a
reward site (Ranck, 1973; Young et al. 1994). Gothard et al. (1996a) created a task
similar to previous behavioral work (Collet et al., 1986), while conducting multi-neuron
recordings, bi this task, the rat left from a start box that varied in its position and went
out to locate a goal site that was also variable, but was always marked by two salient
landmarks. They found multiple types of place cell activity. Some cells fired in a
consistent relationship to the static distal cues around the environment, some cells fired in
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the vicinity of the start box regardless of its actual location within the environment and
were often strongly directional and some cells fired in close proximity to the goal, even
though this particular location varied within the arena. The place cells that fired near the
goal were consistently active, regardless or whether the animal received food reward or
not. Thus, hippocampal place cells show firing correlates that are relative to multiple
fi-ames of reference.
As mentioned in section 4.2, one of the most fi-equently debated issues in the
rodent literature is whether the flmction of the rat hippocampus is purely spatial, as the
cognitive map theory suggests. In fact, it may be debated as to whether or not the
original authors (O'Keefe & Nadel, 1978) insisted that the rodent hippocampus must be
purely spatial. The vast majority of data from human amnesic patients has clearly shown
that the hippocampus has a more general memory function in humans, although it appears
to have a role in spatial learning as well (see Maguire et al., 1999 for review). In
particular, Eichenbaum and colleagues have published several reports of non-spatial
correlates of hippocampal pyramidal cell activity in the rat. The general design of these
experiments is such that the animal performs the same behavior repeatedly in different
times and locations or with some combination between a behavior and a non-spatial cue.
Eichenbaum et al. (1987) reported that pyramidal cells responded to goal approach and
odor cues. Otto and Eichenbaum (1992) described "response-related cue sampling" cells
that fired in an odor cued non-match to sample task, whenever a locomotor response was
made, regardless of the trial type (match or non-match). They also reported cells that fire
throughout an odor sampling period. All of these types of cells, however, could be
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argued to be primarily spatial in nature or at least to have a spatial component. In another
experiment Wood et al. (1999) trained rats to perform a continuous non-match to sample
task in which the odor cues were presented pseudorandomly at eight locations. In this
study, they suggested that hippocampal pyramidal cells responded to the cue-odors and/or
trial type regardless of the spatial position. It must be noted, however, that even in this
task, the large majority of pyramidal cells had a spatial correlate in their responses. Thus,
although certain non-spatial cues or task properties can influence pyramidal cell firing,
the most robust observation in extracellular recordings is that in any task that involves
locomotion, location-specific firing is the main correlate of pyramidal cell activity.

4.5 Mnemonic correlates of hippocampal pyramidal cell firing
Given the importance of the hippocampal formation in memory, some indications
of underlying memory functions would be expected in the firing of place cells. If plastic
changes occur at the synapse during active behavior, then associations would be formed
within the active hippocampal cells and between the neurons of the hippocampal map and
the salient input such as landmarks within an environment (the previously mentioned
association between PI and LV). In fact, several experiments have suggested a
mnemonic component in place cell firing. Some experiments have found that removing
one or more cues fi-om the environment did not change the activity of place fields
(O'Keefe & Conway, 1978; O'Keefe, 1979; Muller & Kubie, 1987). In addition, when
the rat is allowed to enter a familiar environment while lit, place cells maintain their
location specificity in the dark (Quirk et al., 1990). This experiment also showed that a
novel set of place fields was formed if the rat was placed into the environment in the
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dark, and that when the lights were turned on place cell activity reverted back to the
familiar pattern (or map). Furthermore, several studies have shown that the distribution
of place fields is stable when the animal is removed from the environment for a period of
time and then replaced into the environment (Muller et al., 1987; Bames et al., 1997;
Thompson & Best, 1989). This stability of the hippocampal map representing a given
environment can remain stable when the rat is exposed to several novel and highly
stimulating environments in between sessions in the testing environment (Bruce
McNaughton, personal communication). Thompson and Best (1989) presented a
particularly impressive example of place cell stability. Although it can be extremely
difficult to record from the same neuron for several days, Thompson and Best (1989)
were able to show that a place cell could maintain its location-specific firing for months!
Although several studies suggest a link between the behavioral data and the firing
of place cells (Bames et al., 1997; Markus et al., 1994; Miller & Best, 1980; Mizumori et
al., 1989; Shen et al., 1997; Tanila et al., 1997; Wilson & Tonegawa, 1997), only a few
studies have been able to show a specific link, on a per trial basis of place field activity
and behavior. O'Keefe and Speakman (1987) showed that place field activity can
correlate strongly with the spatial behavior of a rat, in an experiment in which rats were
trained to find reward at the goal arm of a 4-armed (plus) maze. The actual arms and the
starting point were varied in order to encourage the animal to use the distal cues for
solving this task. Once the animal had learned the environment and location of the goal
arm, the cues were removed and the animal was allowed to choose what it thought was
the goal arm. During these trials, the previously stable place field of a pyramidal cell
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appeared to rotate randomly around the maze; for example, from the center of one arm to
the center of another arm. However, when the data were re-aligned according to the rat's
choice of a goal arm, a reflection of where the rat "thought he was", the place fields of
the neurons returned to the same location, relative to the goal arm, that it had in trials
with the cues present. Thus, the place fields were always in the correct location relative
to the position that the animal "thought he was" according to his behavior.

MEMORY

PERCEPTUAL n-:£

CONTROL wperifiwnter igoal

n • ii

n ^ 17

CONTROL fof'i goal

n•H

Figure 13: Correlation of place fields with spatial behavior. The data in this figure are from one
place cell during the plus maze task. The contour lines indicate increasing firing rates in steps of 1.5
Hz. The number of trials used to generate the plot is indicated by "n" at the top of each box. (A)
Normal trials conducted with all of the cues present. (B) Trials conducted after the distal cues were
removed in the rat's presence. Note that the place field of this cell remains stable. (C) Trials
conducted after the distal cues were removed in the rat's absence. Note the drastic change in the
place field. (D) The same data in C is shown, but the data were aligned according to the rat's choice
of a goal arm. When the data were re-aligned by the rat's choice, the place field appears identical to
that of A and B. This effect was observed in eight other neurons as well Figure from O'Keefe and
Speakman (1987).
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4.5.1 Place field expansion
Levy (1989) and Abbott and Blum (Abbott & Blum 1996; Blum & Abbott, 1996)
predicted that, in a widely interconnected network with Hebbian synaptic plasticity, such
as LTP (see Chapter 3), place fields would expand with repeated experiences in a given
environment. These theories of sequence learning predicted that if Hebbian learning
played a role in the storage of routes within the hippocampus, this should lead to an
asymmetric strengthening of synapses between cells with overlapping place fields along
the route (Abott & Blum, 1996; Blum & Abott, 1995; Levy, 1989; Tsodyks et al., 1996).
For example, imagine two neurons, A and B that are connected by weak excitatory
synapses, and that have overlapping place fields along a track. If neuron A repeatedly
fires immediately before neuron B and thus helps to excite neuron B, then after several
laps around the track the specific connection from neuron A to neuron B would be
enhanced. The reverse connection, from neuron A to neuron B would not be
associatively enhanced, thus producing an asymmetrical connectivity between the
neurons. After this enhancement, less input from neuron A is required to cause neuron B
to fire, so that neuron B will begin to fire earlier along the repeated path. That is, after
several trips along this path the place field of neuron B will expand backwards as the
connection from neuron A to neuron B is enhanced (see Figure 14). Mehta et al. (1997)
recently reported that such a phenomenon does, indeed, exist. In this experiment, they
recorded from ensembles of CAl pyramidal cells while the rat repeatedly traversed a
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simple track for food reward. They found that with experience, the location of the place
fields shifted backwards and the place cells fired more spikes, causing an overall
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Figure 14: Place field expansion. (A) A schematic diagram of three interconnected cells. After
repeated activation of the three cells in the sequence A-B^, the connections from A to 8 and from B
to C are strengthened (thick red arrows). (B) As a result of the increased connections shown in (A),
the phce fields of cells B and C expand backwards and increase in size. Figure adapted from
Rosenzweig, 2002.

increase in the place field size. This process of backward expansion of place provides
empirical support for the hypothesis that asymmetric strengthening of occurs in the
hippocampus. In addition, this process is blocked by administration of an NMDA
receptor antagonist capable of blocking LTP (Ekstrom et al., 2001). Furthermore,
memory impaired, LTP-deficient, aged rats fail to exhibit the place field expansion
phenomenon during uni-directional track running (Shen et al., 1997).

4.6 Theta rhythm and place cell firing
Although the theta rhythm or rhythmic slow activity (RSA) is on of the most
prominent observable EEG patterns in the rat brain (Green & Arduini, 1954), its
generating mechanisms and functional significance are not completely understood.
Despite the prominence of the theta rhythm in the rat brain, evidence for theta rhythm in
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primates and humans was fairly limited (Stewart & Fox, 1991; Watanabe & Niki, 1985)
until recently (Caplan et al., 2001; Kahana et al., 2001; Raghavachari et al., 2001). In the
rat, the presence of the S-12 Hz theta rhythm within the hippocampus is strongly
correlated with awake behaviors called type I behaviors by Vanderwolf et al. (197S),
which includes locomotion, orienting, exploratory sniffing, chewing, licking, rearing,
swimming, digging and postural movements of the head or limbs. Recently, the theta
rhythm has also been detected in humans during maze learning in a virtual enviroimient
(Caplan et al. 2001). Interestingly, a strong theta rhythm is also present in the
hippocampus during REM sleep (Winson, 1972), which will be covered in more detail in
Giapter 6. In fact, when a rat starts to engage in type I behaviors from a quiet state, the
electrical pattern in the hippocampus changes radically from the irregularly occurring
large amplitude sharp wave (LIA) to the dominant slow theta rhythm.
The laterodorsal tegmental nucleus of the brainstem, a structure in the cholinergic
reticular activating system, plays an important role in the brain circuitry that results in the
theta rhythm. This structure projects to the supramammillary nucleus of the thalamus,
which is likely to be the pacemaker of the theta rhythm. The supramammillary nucleus
projects in turn to the medial septum and the vertical limb of the diagonal band of Broca,
and these structures project cholinergic input to many brain regions, including the
hippocampal formation (Chapter 2). In addition, the supramammillary nucleus also
projects directly to the dentate gyrus. Experiments have suggested that the cholinergic
input to the hippocampus helps to regulate the overall level of excitability (Cole and
Nicoll, 1983). In addition to the cholinergic system, GABAergic cells play a major role
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in the theta rhythm (Allen & Crawford, 1984; Alvareq-Leefinans & Gardner-Medwin,
1975; Freund & Antal, 1988; Kdhler et al., 1984; Wainer et al., 1985), especially within
the local circuit intemeurons of the hippocampus.
Synaptic currents within the hippocampal formation in both CAl (Green et al.,
1960; Green & Petsche, 1961) and the dentate gyrus (Bland et al., 1975; Winson, 1974)
have been suggested to generate the theta rhythm separately, as two distinct theta
amplitude maxima have been recorded that are not in phase with each other (Winson,
1974). Skaggs (1995) pointed out, however, that a single potential generator in the brain
always acts as a dipole and must therefore give rise to a field potential having two offset
maxima. In addition, the geometry of the hippocampus leads to theta phase and
amplitude differences as a function of depth within the structure such that the
contributions from CAl and DG add up near the hippocampal fissure and nearly cancel at
the hilus. Finally, the amplitude and frequency of the theta rhythm during REM sleep
does not differ between young adult and aged rats, although a slight change in the
frequency during active behavior has been reported (Shen et al., 1997).
In 1993,0'Keefe and Recce reported an interesting relationship between the theta
rhythm and place specific firing of hippocampal pyramidal cells. They found that the
phase of the theta cycle at which a pyramidal cell fires an action potential in a place field
advances gradually as the rat pass through the place field. This phenomenon of phase
precession, in addition to reports of LTP modulation by the theta rhythm (Barr et al.,
1995; Christie et al., 1995; Greenstein et al., 1988; Orr et al., 2001; Pavlides et al., 1988)
has given rise to a new computational role of the theta rhythm. In general, upon entry
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into a place field, most pyramidal cells begin maximal firing approximately 90° -120°
after the phase corresponding to maximal CAl pyramidal cell population activity and the
firing precesses by approximately 360° over the width of the place field (Skaggs et al.,
1996). This process of phase precession does not appear to depend on NMDA receptormediated LTP as blockage of NMDA receptors did not prevent phase precession
(Ekstrom et al., 2001). Although the exact physiological mechanisms responsible for
phase precession remain unclear, several flmctional possibilities have been proposed. In
their original publication, O'Keefe and Recce (1993) noted that phase precession
represents an increase in spatial information beyond that of the simple Gaussian place
field. In fact, Jensen and Lisman demonstrated that position reconstruction such as first
shown by Wilson and McNaughton (1993) can be improved by ~43% when using phase
information. Burgess et al. (1994) developed a computational model of the hippocampus
in navigation, which depends on the phase shift to encode geometric structure in an
environment. In this model, phase precession serves to link the rat's location with a
position or goal in front or behind it. Similarly, Skaggs et al. (1996) have shown that
phase precession can compress a temporal sequence by a factor of 10 such that active
place fields would actually be replayed once every theta cycle. Hence, the traversal of
the overlapping place fields A-B-C-D-E might cause activity more like the following: ...|
AB I ABC| BCD | BCD| CDE | CDE j DEF |... with the vertical bars representing ends of
the theta cycle (adapted from Skaggs et al., 1996). This temporal compression may be
important in the place field expansion phenomenon described previously and may be
critical for organizing place cell firing such that synaptic modification is maximized and
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the sequence encoded. An examination of phase precession in aged rats has reported and
there is no differences in the total phase change over the place fields, taking into
consideration the differences in place field sizes (Shen, 1996; Shen et al., 1997).

4.7 Hippocampal maps and the remapping of place cells
Hippocampal place cells have many interesting properties that suggest they are
active in a cognitive mapping function (O'Keefe & Nadel, 1978). The hippocampal map
appears to have some underlying memory functions and is likely to provide spatial and/or
contextual information necessary to bind together the various aspects of an experience in
a given environment. In addition, several experiments have reported remapping of the
hippocampal place field distribution when cues are altered or the animal is disoriented
(Bostock et al., 1991; Knierim et al., 1998; Muller, 1996; Muller & Kubie, 1987;
O'Keefe & Nadel, 1978; Shapiro et a., 1997). Several descriptions of the cognitive map
and its properties, including remapping, suggest that the hippocampal map fiinctions as a
two-dimensional attractor network (Samsonovich & McNaughton, 1997; Redish, 1997;
Zhang, 1996). The head direction system has also been modeled as a one-dimensional
attractor network (Redish, 1999; Skaggs et al., 1995; Touretzky & Redish, 1996).
Therefore, it is useful to briefly review the concept of attractor networks.
In the simplest or one-dimensional case, an attractor network can be visualized as
a ring of cells in which nearby neighbors are more strongly interconnected than cells that
are more distant. The second critical component of the attractor model is that the whole
network is subject to global inhibition. These two essential components of the attractor
network create an environment in which any noisy input to the system will eventually
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result in a stable "bump" or activity hill within the network. For example, in the case of
the head direction system, if each cell has a preferred direction, cells with nearby
preferred directions are more strongly interconnected and there is global inhibition, then
this attractor system will tend to have a stable hill of activation within the network around
a particular preferred direction. The activity hill can be moved by external input that
excites a different region of the attractor network, but will remain stable in the absence of
any external input (for a more in depth review of attractor networks see McNaughton et
al., 1996; Redish, 1999, appendix A; Samsonovich & McNaughton, 1997). It needs to
be noted that in these attractor networks, the connection of nearby neighbors is a
connection between cells with similar properties such as nearby place cells or nearby
preferred directions in the head direction system, but this connectivity does not have any
implications on the actual anatomical locations of these cells within the network. For
example, place cells that encode neighboring regions of an environment can be visualized
as being neighbors in the attractor network, but are not necessarily close to each other in
the hippocampus (see section 4.2).
According to a model proposed by Samsonovich and McNaughton (1997)
cognitive maps are stored within the synaptic matrix of the hippocampus as sets of
continuous two-dimensional dynamical attractors. A hippocampal map or chart is
defined as a 2-D configuration of place cells in which nearest neighbors have a
statistically higher connectivity as described above for the 1-D example of the head
direction system. A radical rearrangement of place fields (remapping) is proposed to
reflect a state transition from one dynamic attractor or configuration to another. Other
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authors with similar models have labeled this remap as a chart transition (Zhang, 1996;
Redish & Touretzky, 1997). As the rat moves around an environment, the focus or hill of
activity will move around the attractor network in an isomorphic fashion, due to the input
from self-motion and local view information. One weakness in the original theory of
Samsonovich and McNaughton (1997) was the suggestion that hippocampal maps for
different environments should be orthogonal or uncorrected. Skaggs and McNaughton
(1998b) recently studied this question by recording from large ensembles (10-39) of
neurons. In this experiment, rats were foraging for food in an environment consisting of
two nearly identical boxes connected by a corridor. They found that a higher than chance
fraction of the place cells had place fields that were in the same location in both
environments while other cells had completely different place fields in the two
environments. This experiment demonstrated an unambiguous partial remapping.
Skaggs and McNaughton (1998b) have suggested that charts could be non-orthogonal
and may be selected in a non-random way, such that environments that are very similar
predispose the system to allocate similar charts. If this is the case, then the intrinsic
connections that make up different charts must be modifiable by experience, a
phenomenon that has been supported experimentally (Mehta et al., 1997, 2000).
Overall, it appears that the hippocampal map can be viewed as a set of default
connections (an attractor), which can then be modified associatively to represent the
given environment. The crucial memory function of the cognitive map and perhaps the
hippocampus, is in the ability to rapidly modify the connections within the selected map.
For example, if one assumes for a moment that the hippocampal map represents an
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"index" of the various highly processed cortical and subcortical inputs arriving at the
hippocampus as a result of the current environment and task (e.g., Teyler & DiScenna,
1986), then some ability to associatively update or "bind" the map to this environment is
required for the hippocampus to store the representation of this overall experience and
recall this map in the future.
This concept begs the question of how the hippocampus determines when an
environment is familiar and recalls the appropriate map versus the realization that the
environment is novel, thus leading to the formation of a new map. Although no one is
sure of the process involved in selecting a new map for a novel environment versus
recalling a previously stored map, the process for both is probably similar. When the
animal enters a known environment, the association of self-motion and local view
information is aligned and promotes the recall of the familiar map that has been "bound"
to this environment associatively through experience. Conversely, when the self-motion
and local view information do not recall a map, a new map is formed. New maps can be
formed by entering a novel environment, or in the case of experimental manipulations,
when the cues are deliberately mismatched (Knierim et al., 1998; O'Keefe & Speakman,
1987; Shapiro et al., 1997).
Although aging changes in the hippocampus are discussed in the next chapter
there are two important aging results that highlight the attractor function of hippocampal
maps and the requirement for associative synaptic updates to the hippocampal map in
memory functions. First, aged rats can remap when entering a familiar environment after
being removed from it, even if the aged rat does not leave the experiment room (Barnes
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et al., 1997). Also, aged rats are much less sensitive to changes in the cues around an
environment than are young rats and often will not exhibit remapping in cue mismatches
that always induce remapping in young rats (Tanilla et al., 1997). The well established
memory deficits in aged animals suggests that the inappropriate remapping or lack of
remapping is the result of aged rats inability to "bind" the features of the environment to
the cognitive map. These results strengthen the evidence that the associative processing
of the default attractor, or cognitive map, during experience is crucial for memory
processes. This concept is supported by the data to be presented in this dissertation and
we will return to it in the discussion.
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CHAPTER 5: THE AGING HIPPOCAMPUS
5.1 Introduction
In the last 10-20 years, the amount of information collected on the details of brain
changes with aging has expanded considerably. The bulk of the recent aging data has
changed the dogma on the aged brain, dispelling the notion that catastrophic destruction
occurs within the central nervous system with aging. Rather, it appears that aging is a
gradual process, and often leaves structural anatomy and functionality intact within the
CNS. Although age-related changes in the brain do not appear to be devastating, there
are definitely specific alterations in brain function associated with aging.
There are a few important aspects of aging studies that need to be highlighted
before beginning a review of the studies on the aging brain. First is the concept of
individual variability; in many aging studies, a good deal of variability is seen across the
aged subjects. In fact, aged subjects are often divided into at least two groups, one that
performs significantly poorer than the young group and one that performs similar to the
young group. The variability often described in old age groups demonstrates the
necessity for studies on neurobiological markers of age-related memory loss to examine
learning behaviors within the group of aged subjects. Second is the difRculty in
separating normal aging from pathological processes. As the differences between the
older and the more recent aging literature show, it is important to screen aged subjects for
pathological conditions that could be inadvertently included in studies of "normal aging".
Finally, it will be shown that the aged CNS is quite adaptable. The aged brain, including
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the hippocampus exhibits compensatory mechanisms that may correct for some of the
observed region specific aging changes in the brain.

5.2 Age-Related Changes in Brain Structure and Function
On the gross scale, many early studies on brain mass reported a decrease in brain
weight and volume with age (Kemper, 1984 for review). It is possible, however, that the
increase in average body weight of the population and to some degree, the general trend
of increased body mass with age until the 7''' or S*** decade distorted these results. Miller
and colleagues (1980) adjusted for cohort trends in brain and body sizes and reported no
change in the volume of the cerebral hemispheres between the ages of 20 and SO. They
did report a 2% decrease in the volume of the cerebral hemispheres, however, in each
decade following age 50. A key finding in this report, was that the decrease in the
cerebral hemisphere volume was accompanied by an increased ratio of gray to white
matter, suggesting that the predominant loss was of white matter and not of the cell
bodies themselves in the gray matter. This finding has been confirmed by MRI studies
showing no significant change in the total amount of gray matter, but a significant decline
in white matter with age (Albert, 1993; Zatz et al., 1982). A more consistent result
regarding the gross aspects of the brain is a significant change in the volume of the lateral
ventricles. Morel & Wildi (1952) first reported an increase in the lateral ventricle volume
in a study of423 brains from patients that were determined to have no mental illness.
These authors noted a progressive increase of the lateral ventricle volume in both sexes
until about age 80-85. In a smaller study reviewed by Kemper (1984), Knudsen (1958)
noted a similar increase in lateral ventricle size until the V"* decade of life. This
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observation of increased lateral ventricle size with age was confirmed by imaging
techniques including computerized tomography (CT) and MRI studies (Barron et al.,
1976; Coffey et al., 1992; Murphy et al., 1992; Phefferbaum et al., 1990). Although
increased lateral ventricle size is often associated with pathological processes (Albert et
al., 1984; Findlay & Cummins, 1981; Moriguchi et al., 1981), a study of alcoholic
patients found no correlation between lateral ventricle expansion and intellectual
impairment (Bergman et al., 1980), a result which cautions against the tendency to
automatically associate the increased ventricular size of aged individuals with cognitive
decline. Furthermore, recent imaging studies have demonstrated an age-related increase
in CSF spaces outside of the lateral ventricles such as the subarachnoid space that
becomes significant in the 7''' decade (Stafford et al., 1988; Zatz et al., 1982). Thus, on
the gross level it appears that CSF spaces, most prominently the lateral ventricles are
increased with age and that this alteration in CSF volume is accompanied by a decrease
in the amount of white matter within the brain.
On a more microscopic level and probably the most controversial of topics in the
aging literature is whether or not there is a change in the number of neurons in the
cortical areas of the brain, including the allocortex of the hippocampus. Most of the early
studies on cell number reported a significant loss of neurons with age that varied from
region to region (Ball, 1977; Shefer, 1977). In more regionally specific reports, Sam
(1979) reported a loss of 19-25% of neurons in all fields of the hippocampus and
Devaney and Johnson (1980) reported a significant decrease in the number of neurons in
the human visual cortex. Using a cell dispersion technique, Devaney and Johnson (1980)
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reported a loss from 45 million neurons per gram of tissue in the young group to 20-24
million neurons per gram of tissue in the aged group; suggesting a loss of almost half of
the neurons in the visual cortex.
In the late eighties and early nineties, however, investigators began to question
these early results as many more recent studies reported a much less severe loss of
neurons or no change in the number of cortical neurons in aged subjects (Haug, 1984;
Leuba&Garey, 1989; Terry etal., 1987). Terry and colleagues (1987) methodically
counted neurons in selected cerebral areas and noted that the total cell count was not
different between age groups. What they did find was a significant decrease in large
neurons in the aged subjects, which was compensated for by an increased number of
smaller neurons. Thus, they noted a change in the size, but not the number of neurons
with age. These authors suggested that early studies might have inadvertently included
brains from subjects with Alzheimer's disease or other dementias known to cause neuron
loss. Another possible explanation for the earlier results is a difference in cell counting
techniques. In fact, it has been shown that the older studies used cell counting techniques
that were affected by cell size. Therefore, if neurons were smaller in aged subjects, the
counts may have been biased. Recently, West and colleagues have developed a new
stereological approach for counting neurons that is not biased towards cell size or shape
(West, 1993a). Using this new technique, neurons were counted in the hippocampal
formation of 32 males aged 13-85. Selective neuronal loss was found in the subiculum
and the hilus of DG, but no neuronal loss was reported in the granule cells of DO or in
the CA fields of the hippocampus (West, 1993b). In addition, more recent studies, using
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these newer cell counting techniques, did not find any age-related loss of cortical neurons
in the brains of behaviorally impaired, aged primates (O'Donnell et al., 1999; Peters et
al., 1996). In addition, no age-related neuronal loss was found in the entorhinal cortex
(ER) of 10 normal healthy individuals aged 60-90 years (Morris et al., 1996) or in ER
layer II of aged macaque monkeys (Gazzaley et al., 1997). In fact, most of the more
recent literature suggests that neuronal loss in aged subjects is much less than previously
reported and that the actual number of neurons remains relatively constant throughout the
lifespan of humans, non-human primates and rats (Mani et al., 1986; Peters et al., 1996;
Rapp, 1995; Rapp & Gallagher, 1996; Rasmussen et al., 1996; West, 1993b).
In contrast to the relatively stable cell counts within the aging brain, consistent
changes in the functional connectivity of the aged brain have been reported. Gross
examination and imaging studies of aged brains have suggested that the majority of
volume changes in the brain were due to loss of white matter, the connections between
neurons (Albert, 1993; Jemigan et al., 2001; Miller et al., 1980). At a more detailed
level, Scheibel (1979) described a pattern of progressive degenerative changes in the
dendritic trees of many brain regions, including the hippocampus and adjacent cortex, in
brains of aged subjects. In addition, Geinisman and Bondareff (1976) noted a significant
age-related decrease in the number of synaptic connections made in the dendrites of the
dentate gyrus. A later study, also found evidence for apathy in the dendritic processes of
the dentate gyrus in rats (Geinisman et al., 1978). On the other hand, Buell and Coleman
(1979) noted an increase in the extent of apical and basal dendrites of parahippocampal
pyramidal cells in aged humans, suggesting a growth of dendrites with age. Although the
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data regarding the degeneration or growth of dendritic processes with aging is variable,
the presence of amyloid plaques and neurofibrillary tangles are two well-documented
age-related changes among the cotmections of neurons (Bouras et al., 1993 1994;
Dickson et al., 1992; Price et al., 1991). Amyloid plagues and neurofibrillary tangles in
the MTL and hippocampus are found to a much greater extent in the pathology of
Alzheimer's disease versus normal aging (Bouras et al., 1993, 1994; Price et al., 1991).
For example, in autopsies of 100 geriatric patients, Tomonago (1981) found that 8% of
subjects in their 1^ decade had some degree of vascular amyloid and that this percentage
increased to 58% in the 9"" decade.
Much like the older versus more recent literatures on age-related neuronal loss,
the general consensus regarding age-related electrophysiological alterations has also been
modified over the last few decades. Early studies on the global electrophysiology of the
aged brain suggested a general slowing of the EEG during aging (Busse & Orbist, 1965).
This slowing trend was reflected by decreases in the alpha frequency and amplitude
coupled with an increase in the amounts of delta and theta slow activity. More recent
work using subjects carefully screened to rule out pathology, however, suggest that there
is no consistent pattern of EEG slowing with age. Katz and Horowitz (1982) found that
the mean alpha frequency of the aged group in their study was similar to that of the
young group and Duffy et al. (1984) found no correlation between age and alpha
frequency or alpha amplitude. In addition, Duffy and colleagues reported that delta and
theta slow waves decreased rather than increased with age. Finally, Giaquinto and Nolfe
(1986) found no age differences in their spectral analysis of EEG taken from scalp
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electrodes. In general, it appears that the global EEG, as recorded from scalp electrodes,
is very dynamic throughout the lifespan in both males and females (Duffy et al., 1993)
and does not suggest any clear age-related changes.

5J Age-Related Changes in Hippocampal Morphology
The general preservation of hippocampal neurons in the aging process was
previously mentioned. Although the number of principal cells within the hippocampus
remains constant throughout the life span of rats, non-human primates, and humans
(Peters et al., 1996; Rapp, 1995; Rapp & Gallagher, 1996; Rasmussen et al., 1996; West,
1993), the functional connectivity of the rat hippocampus is altered in a region-specific
manner (see Barnes, 1994 for review). In addition, compensatory mechanisms are
sometimes observed in the age-related connectivity changes in the hippocampus. The
region specific variations in functional connectivity and adaptive mechanisms observed
in aged animals is presented below, and the consequences of these age-related changes
will be covered later in the chapter (sections 5.6 and 5.7).
Many imaging studies in humans have shown that the volume of the hippocampus
decreases with age (Anderson et al., 1983; Convit et al., 1995; Lim et al., 1990; Mani et
al., 1986; Mu et al., 1999; Smith et al., 1999), although not all investigations have found
such a decrease (Sullivan et al., 1995). Interestingly, several authors have been able to
correlate memory deficits in aged subjects with such decreases in the volume of the
hippocampus (de Leon et al., 1996; Soininen et al., 1994). The decrease in hippocampal
volume associated with the normal aging process, however, is relatively small compared
to the decrease of hippocampal volume observed in the pathology of Alzheimer's disease.
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Furthermore, some investigators have been able to correlate the increasing memory
deficits of Alzheimer's disease with the continued decreasing volume of the hippocampus
(de Leon et al., 1996; de Toledo-Morrell et al., 2000; Jack et al., 1999).
Although the volume of the hippocampus seems to decrease with age, the number
of neurons within the hippocampus appears to be relatively preserved in rats, non-human
primates and humans (Mani et al., 1986; Peters et al., 1996; Rapp, 1995; Rapp &
Gallagher, 1996; Rasmussen et al., 1996; West, 1993b). Given the age-related decrease
in hippocampal volume and relative preservation in the number of hippocampal neurons,
the implications are that either the intact neurons shrink in size or the neuropil of the
hippocampus is reduced in volume. These two implications are not mutually exclusive
and in fact, several studies have suggested that region specific changes in the dendritic
fields of the hippocampus may account for the loss of hippocampal volume.
Despite the stability in principal cell number, regionally specific alterations in the
functional connectivity within the hippocampus have been widely reported. In the
dentate gyrus, Geinisman and BondarefT (1976) first reported a loss of connectivity
within the middle one-third of the molecular layer (termination site of the medial
perforant path input) of the aged rat. Around that same time, another study reported
changes in the extracellular matrix of the DG in aged rats (BondarefT & Lin-liu, 1977)
that suggested a loss of the connective elements of neurons. More recent results have
confirmed both a physical loss of perforated synapses (Geinisman et al., 1986; Geinisman
et al., 1992) and a loss of functional connections (see Barnes, 1999 for review) in the
dentate gyrus. A good illustration of the connectivity changes within the DG was
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recently reported by Rapp and colleagues (1999). In a detailed study of the connectivity
changes in the dentate gyrus they not only confirmed a loss of lateral perforant path
connections within the middle one-third of the molecular layer, but also were also able to
correlate the behavioral deficits of aged rodents with this loss of connectivity. In addition
to histological studies, electrophysiological studies have also supported the loss of actual
and/or functional synapses in the DG. Although the stimulus threshold required to fire an
action potential in entorhinal afferent fibers is unchanged, the presynaptic fiber potential
is smaller in old rats than young rats at stimulus intensities above threshold (Barnes &
McNaughton, 1980; Foster et al., 1991). Additionally, the excitatory post-synaptic
potentials (EPSPs) in the DG are larger in young rats than in old rats for a given stimulus
of the perforant path (Barnes, 1979; Barnes & McNaughton, 1980; Foster et al., 1991).
Both of these results support the synaptic loss observed by Geinisman et al., 1992).
The adaptability of the CNS is shown in the compensatory effects of aging noted
in the ratio of EPSP size to pre-synaptic fiber potential. This ratio actually increases in
the aged rats (Barnes & McNaughton, 1980; Foster et al., 1991). In addition, minimal
stimulation protocols designed to examine the 'unitary EPSP' or the response to a small
number of stimulated axons (McNaughton et al., 1981) suggest that the remaining
perforant path to granule cell synapses in aged rats are stronger than the normal perforant
path to granule cell synapses in young adult rats. Using this minimal stimulation
technique, Foster et al. (1991) showed that one mechanism for the stronger synapses in
aged DG is an increase in quanta! size. Furthermore, a histological study by BertoniFreddari et al. (1993) observed an age-related increase in the synaptic area of DG using
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computer-assisted morphometric techniques. All of these results demonstrate that the
perforant path to DG pathway in the aged hippocampus has fewer, stronger synaptic
connections
Another aging difference in the connectivity of the dentate gyrus has been
reported on the particular receptors located within the synapses of the OG. Namely, the
stimulus-response or EPSP of the two main types of ionotropic glutamate receptors found
in the hippocampus were tested separately in both young adult and aged animals. In this
study, it was found that the AMPA-receptor mediated EPSP at a given synapse was
increased in the aged hippocampus (Rao et al., 1994) relative to the synapses in young
adult animals. In contrast, the NMDA-receptor mediated EPSP decreased in strength
with age (Rao et al., 1994). Furthermore, it appears that the threshold for LTP induction
in aged rats (Barnes et al., 2000a) is greater than that of young rats, due to the decreased
NMDA response. If the elevated AMPA response does not compensate for the shifted
threshold, a deficit in the induction of synaptic plasticity could be the result.
In addition Barnes et al. (1987) noted that principal cells in the DG, as well as
CAl and CA3, establish more extensive gap junctions or electrotonic junctions between
principal neurons. This change in direct coupling may be an adaptive mechanism that is
responsible for the increased excitability observed in aged granule cells following
perforant path stimulation. In fact, it appears that the changes in excitability and synaptic
strength in aged animals may keep the probability of cell output relatively constant
throughout the lifespan in spite of the fairly extensive deafferentation of the perforant
pathway from entorhinal cortex.
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The increase in electrotonic coupling between principal cells as well as the
preservation of principal cell numbers have both been confirmed in CAl as well as the
dentate gyrus (Barnes et al., 1987; Peters et al., 1996b; Rapp & Gallagher, 1996; West,
1993). The loss of actual and/or flmctional synapses has also been documented in CAl
(Geinisman & Bondareff, 1976; Geinsiman et al., 1992; Barnes, 1999). Thus, as was the
case for the DG, functional connectivity in CAl is altered with age. The results of
electrophysiological and pharmacological studies on the synapses of the Schaffer
collateral pathway from CA3 onto CAl pyramidal cells, however, are different from
those in the dentate gyrus. First, for any given supra-threshold intensity, there is a
reduction in the field EPSP response of the Schaffer collateral—»CA1 pathway in aged
rats (Barnes et al., 1992; Landfield et al., 1986; Deupree et al., 1993), suggesting a loss of
synaptic coimectivity. Also, there is no change with age in the presynaptic fiber potential
as reported in the DG (Barnes et al., 1992; Kerr et al., 1991), no age difference in the
intracellularly recorded unitary synaptic response to "minimal stimulation", and no agerelated changes in quantal parameters (Barnes et al., 1992) within the CAl field. In
addition, Barnes and colleagues (1997) have shown that the NMDA receptor-mediated
and non-NMDA receptor mediated EPSPs in CA1 for a given fiber potential amplitude
are decreased in slices taken from aged animals. Thus, the pattern of age-related changes
in the Schaffer collateral to CAl pathway of aged rats is very different than the
alterations observed in the perforant path to DG pathway.
Although much less data exists on the functional connectivity changes in the CA3
field of the hippocampus, CA3 exhibits an increase in the amount of electrotonic
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coupling between principal neurons similar to IX} and CAI. In addition, the
intracellular^ recorded cholinergic slow EPSP is reduced in the CA3 field of aged rats as
well as in the DG and in CAl (Shen & Barnes, 1996).
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Figure IS: Aging ciianges in functional connectivity. This figure is a summary of the region specific
changes in electrophysiology (left) and connectivity (right) with age. The data are consistent with a
loss of axons connecting from the EC to the DG and a compensatory strengthening of the AMPAmediated response at the remaining synapses. In the CAl region, there is no loss of axons, but there
is a loss of functional connections and no compensatory change in the strength of the remaining
synapses. Figure from Rosenzweig (2002) and updated from Barnes (1994).

The changes outlined in the synaptic transmission pathways of the hippocampus display
the regionally specific age-related alterations of functional connectivity within the
hippocampus. Thus, although the number of neurons within the majority of the
hippocampus remains constant, changes in connectivity are likely to play a role in the
learning and memory deficits commonly observed in aged subjects.
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5.4 Age-Related Changes in the Neurotransmission of the Hippocampus
5.4.1 Giutamatergic synaptic transmission
Glutamate is the major excitatory neurotransmitter within the hippocampal
formation and there are multiple types of glutamate receptors in the hippocampus. The
two main types of ionotropic glutamate receptors are the AMPA receptor, which is the
main component of fast synaptic transmission, and the NMDA receptor, which plays in
important role in synaptic plasticity mechanisms (see Chapter 3 and later sections in this
chapter). Although AMPA receptor binding dynamics appear to be intact in the aged
hippocampus (Magnusson & Cotman, 1993), the NMDA receptor may be more
susceptible to the aging process. The binding density at both the glutamate recognition
site and the glycine (another molecule that binds the NMDA receptor) recognition site
appears to decrease in the aged hippocampus (Pelleymounter et al., 1990), even though
the affinity for these molecules does not differ between age groups (Tamaru et al., 1991).
In addition to the decline in receptor density, some reports have shown a change in the
function of the NMDA receptor as well (Gonzales et al., 1991; Pittaluga et al., 1993).
Finally, Davis and colleagues (1993) found a correlation between the NMDA receptors in
the aged hippocampus and the acquisition of a spatial task.
5.4.2 Cholinergic synaptic transmission
As reported in Chapter 2, most of the cholinergic input to the hippocampus is
projected from the basal forebrain via the fimbria/fornix. Studies of this region in
humans have either failed to report any cell loss with aging (Whitehouse et al., 1983) or
have reported a loss of the larger cells in these regions (McGeer et al., 1984; Mann et al..
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1984), which can be accounted for by a shrinkage of cell size in these regions
(Homberger et al., 1985). In animal studies, contradicting results have been published
suggesting a small decrease or no decrease with age in the number of neurons positive for
acetylcholinesterase (Biegon et al., 1986; Homberger et al., 1985; Luine et al., 1986).
Both acetylcholinesterase (AChE) and choline acteyltransferase (ChAT) activity and
presence are often used to measure cholinergic activity in brain structures. As in the
studies of the basal forebrain regions, animal and human studies of AChE and ChAT
activity in the hippocampus indicate either a decrease in the aged hippocampus or no
change with aging (see Decker, 1987 for review). In stark contrast to the slight decrease
or no change in AChE and ChAT activity in the hippocampus and medial forebrain
structures of aged subjects, a dramatic reduction in AChE and ChAT activity has been
reported in Alzheimer's disease (Davies & Maloney, 1976; Hammond & Brimijoin,
1988; Henke & Lang, 1983). Thus, although some authors have indicated a small
decrease in cholinergic activity, the small amount of change in normal aging relative to
Alzheimer's disease suggests that the cholinergic innervation of the hippocampus may be
largely intact in normal aged subjects. Support for the preservation of cholinergic input
to the hippocampus can also be found in studies of the basal release of ACh in both the
cortex and hippocampus, where most studies have reported no change in basal ACh
release with age (Consolo et al., 1986; Decker, 1987).
Age related effects have been reported, however, on the postsynaptic action of
acetylcholine (ACh) in the hippocampus. Using in vivo recording techniques, Lippa and
colleagues (1980) found an age by current interaction affecting the spike number of
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pyramidal cells following iontophoretic application of ACh but not glutamate. This
group went on to show that this age affect included a reduced tendency to fire in bursts
following the application of ACh in aged animals (Lippa et al., 1985). Additional studies
have confirmed the decreased responsiveness to ACh application within the hippocampus
of aged animals (Haigler et al., 1986; Segal, 1982) as well as a decrease in the release of
ACh within the hippocampus of aged animals (Takei et al., 1989). Furthermore, an age
effect on cholinergic synaptic transmission in the hippocampus has been reported in
studies recording the cholinergic slow EPSP in in vitro slice preparations (Potier et al.,
1992; Shen & Barnes, 1996). Both groups report an age-related decline in the amplitude
of the cholinergic slow EPSP in CAl of the aged hippocampus. Although a decrease in
the number of receptors is the most obvious explanation for all of these findings, the
literature is rather unsettled on this point (see Decker, 1987 for review). It does not
appear that the results from receptor binding site studies can completely explain the aging
changes observed in cholinergic transmission. Thus, although the "static" properties of
cholinergic transmission (AChE or ChAT) are relatively unaffected by age, functional
aspects of cholinergic synaptic activity such as release and postsynaptic response are
decreased with age. The specific mechanisms underlying these age-related changes
remain to be shown. Also lacking is data describing any relationship between age-related
alterations in cholinergic transmission and age-related declines in learning and memory.
In fact, lesions of the cholinergic system do not affect spatial memory in either young or
old rats (Baxter & Gallagher, 1996).
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5.43 GABAergic synaptic transmission
An age-related effect on GABAergic transmission was suggested in early
pharmacological studies that reported increased and longer lasting CNS effects of
benzodiazepines in aged human and animal subjects (Greenblatt et al., 1989; Nikaido et
al., 1990). Furthermore, the inhibition of pyramidal cell firing by in vivo
microiontophoretic application of GABA was increased in aged rats relative to young rats
(Lippa et al., 1981). Several studies of the exact mechanisms involved in this process
have indicated that the fast IPSP, modulated by the GABA-A receptor, remains intact in
aged subjects (Billard et al., 1995; Potier et al., 1992; Ruano et al., 1991). Although
GABA application enhances benzodiazepine binding, no age-related changes have been
reported in the total GABA-A receptor binding sites or agonist affmity in the aged
hippocampus (Ruano et al., 1991; 1995). In the later study (Ruano et al., 1995), it was
suggested that this effect is most likely caused by an increase in the density of type 1
benzodiazepine alpha-subunit, which would result in an age-associated increase in
GABA binding sites.
In contrast to the preservation of the fast, GABA-A mediated IPSP, several
investigations have reported an age-related decrease in the amplitude and duration of the
slow, GABA-B mediated IPSP (Billard et al., 1995; Potier et al., 1992). The response of
hippocampal CAI pyramidal cells to baclofen, a GABA-B agonist, however, was not
changed with age, suggesting a decrease in the presynaptic release of GABA rather than a
postsynaptic loss of receptors or changes in receptor affinity. This scenario could also fit
with the previous results, as the increased responsiveness of GABA-A receptors to
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GABA would offset the decreased release of GABA. Compensatory mechanisms of this
nature have also been observed in lesions of the GABAergic striatonigral pathway
(Ruano et al., 1991). Finally, cell labeling studies and electrophysiological studies in the
hippocampus have suggested that different types of intemeurons within various regions
of the hippocampus are specifically affected by the aging process (Miettinen et al., 1993;
Mizumori et al., 1992; Potier et al., 1994). Although the loss of GABAergic intemeurons
within the hippocampus remains one of the pressing issues in the aged hippocampus, it
could have an impact on information processing within hippocampal networks.
5.4.4 Noradrenergic synaptic transmission
Although the early human literature on cell counts in the locus coeruleus
suggested a severe age-related neuron loss (Brody et al., 1976), later studies using nonbiased cell counting techniques have suggested a preservation of pigmented cell number
and size in the locus coeruleus of nondemented aged subjects (Mouton et al., 1994). A
study of the locus coeruleus in rats (Goldman & Coleman, 1981) also found a
preservation of neurons in this region of aged animals. Although the majority of the
neurochemical studies have suggested a general sparing of noradrenergic indices in the
hippocampus, a recent study has detailed a regionally-selective loss of noradrenergic
connections to the dentate gyrus (Ishida et al., 2000) and an increase in axonal branching
following this loss of connectivity. Support for the preservation of noradrenergic input to
the aged hippocampus can be found in the literature regarding the amount of monoamines
detected in the hippocampus. The concentrations of norepinephrine and dopamine, as
well as their byproducts are not significantly altered with age (Gottfries, 1983; Santiago
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et al., 1988). At least one study, however, has suggested a decrease in the response to
monoamines in the hippocampus of aged animals (Bickford-Wimer et al., 1988), which
suggests possible post-synaptic changes in the noradrenergic pathway. No specific post
synaptic changes have been suggested; hence, no consistent age-related change has been
established in the noradrenergic transmission to the aged hippocampus and no correlation
with behavioral deficits has been reported.
5.4.5 Serotonergic synaptic transmission
An age-related reduction in the number of neurons in the dorsal and medial raphe
nuclei that almost exclusively supply the serotonergic innervation of the hippocampus,
has been reported (Lolova & Davidoff, 1992), although these studies most often used
biased cell counting techniques. Unlike cell counting studies in other regions, more
recent studies using immunocytohistological techniques have confirmed a loss of
serotonergic fibers in the dentate gyrus (Nishimura et al., 1995; Ueda et al., 1998). In
addition to the reported loss of connections from the raphe nuclei, the response of
hippocampal cells to S-HT has repeatedly been shown to decrease with age (Baskys et al.,
1987; Bickford-Wimer etal., 1988; Segal, 1982). Consistent with this notion, Marcusson
et al. (1984a; 1984b) have reported a significant decrease in the number of 5-HT
receptors in the old hippocampus compared to the hippocampus of young aduhs. In
addition, several authors have reported an increase in the amount of 5-HT and its
metabolic byproduct 5-HIAA in the hippocampus of aged animals (Brennan et al., 1981;
Godefroy et al., 1989; Venero et al., 1993), although this finding has not been universal
(Simpkins et al., 1977). Unlike the paucity of data on the possible behavioral effects of

163
noradrenergic transmission changes, several authors have suggested behavioral and
neuroanatomical effects of the age-related changes in the serotonergic system (Borer et
al., 1988; Brennan et al., 1981; Gould, 1999; Richter-Levin & Segal, 1993; 1996)
including hypoactivity in obese rodents, age-related cognitive deficits including spatial
learning deficits, and the lack of novelty detection in aged rodents.

5.5 Age-Related Changes in the Biophysical Properties of Hippocampal
Principal Cells
The basic biophysical properties of hippocampal principal cells have been
thoroughly examined using the in vitro hippocampal slice preparation. The
overwhelming majority of research on the basic biophysical properties of hippocampal
neurons has shown no significant age-related changes. The bulk of available data from
several laboratories suggest that the resting membrane potential of principle cells in the
DG (Barnes, 1979; Barnes et al., 1987; Niesen et al., 1988), CA3 (Barnes et al., 1987),
and CAl (Barnes et al., 1987; 1992; Kerr et al., 1989; Landfield & Pitler, 1984; Potier et
al., 1992; 1993; Segal, 1982; Turner & Deupree, 1991) remains unchanged with age. The
input resistance and sodium action potential are also unchanged with aging (Barnes &
McNaughton, 1980; Barnes etal., 1987; Disterhoft et al., 1993; Landfield & Pitler, 1984;
Kerr et al., 1989; Niesen et al., 1988; Pitler & Landfield, 1990; Potier et al., 1992; 1993).
Additionally, the EPSP rise time, EPSP half width, membrane time constant, calcium
action potential amplitude and rheobase are not changed within the dentate gyrus or CAl
(Barnes & McNaughton, 1980; Pitler & Landfield, 1990; Potier et al., 1992; 1993; see
Barnes, 1994 for review).

One basic biophysical property of aged hippocampal neurons that is consistently
reported to change with age is the calcium-dependent ailer-hyperpolarization (AHP) that
occurs following a spike burst (Kerr et al., 1989; Landfield & Pitler, 1984; Moyer et al.,
1992). Disterhoft and colleagues have correlated the increase calcium-dependent AHP
with learning of trace eye blink conditioning in young and old rabbits (Disterhoft et al.,
1996). In a related alteration, results from the same laboratories have shown an increase
in the intracellular calcium concentration of CAl pyramidal cells (Biessels & Gispen,
1996; Landfield, 1996; Thibault & Landfield, 1996). Both of these age-related changes
are likely to result from the observed increase in the number of L-type voltage-gated
calcium channels (VGCCs), in the membrane of aged CAl pyramidal cells. This
increase in the number of VGCCs is likely to lead to increased calcium current during
depolarization (Landfield, 1996; Thibault & Landfield, 1996). In fact, although the
amplitude of the calcium action potential does not change with age, the duration of the
calcium action potential increases significantly in aged rats (Pitler & Landfield, 1990;
Potier et al. 1992). Interestingly, the increase in the density of L-type calcium channels
observed in aged rats has been negatively correlated with the rat's performance on the
Morris swim task. Recently, an age-related change in CAl pyramidal burst firing
characteristics during sleep or quiet restflilness, which is also likely to be at least partially
related to the increase in calcium influx, has been reported by Smith et al. (2000). The
results from this study show an increase in short inter-spike intervals (3-7 msec) of aged
pyramidal cells, despite no change in the mean firing rate. These results suggest that
either the average interspike interval (ISI) during a complex spike burst is shorter in the
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aged pyramidal cells, or the spikes of aged pyramidal cells are more concentrated within
complex spike bursts. In contrast to these findings in CAl, Reynolds and Carlen (1989)
have reported a decrease in the slowly inactivating, voltage-dependent L-type calcium
current in granule cells of the hippocampus. As with the increase of the L-type calcium
current in CAl, this age-related decrease could be a result of an accumulation of calcium
within the aged granule cells. In the same study the age-related depression in L-type
calcium current was reversed by an intracellular injection of the calcium chelator EGTA.
All of these results have led to the "calcium hypothesis of aging", which hypothesizes
that the persistent challenges induced by the increased calcium influx could result in a
gradual deterioration of the structure and function of hippocampal principle cells
(Khachaturian, 1987; Landfield & Pitler, 1984; Landfield et al., 1989; Thibault et al.,
2001).

5.6 Age-Related Changes in Synaptic Plasticity
Different parameters of electrical stimulation can produce either short-lasting
(Lamo, 1971) or longer-lasting (Bliss & Gardner-Medwin, 1973) changes in synaptic
responsiveness. Some of the short-term changes in synaptic efficacy following electrical
stimulation are intact in the aged hippocampus. For example, the GAB A-mediated
recurrent inhibition of the population spike is intact in both the DG and CAl of aged rats
(Barnes, 1979; Deupree et al., 1993; Green et al., 1993; Landfield & Lynch, 1977). In
addition, the population spike facilitation that occurs when afferents are stimulated twice
rapidly using interstimulus intervals of 50ms - 200ms is also intact in both the DG and
CAl of aged rats (Barnes, 1979; Deupree et al., 1993; Green et al., 1993; Landfield &
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Lynch, 1977; Landfield et al., 1978). Other short-term changes are clearly altered in aged
animals; such as frequency potentiation, post-tetanic potentiation and synaptic exhaustion
induced by long lasting stimulation trains (Applegate & Landfield, 1988; Kerr et al.,
1991; Landfield, 1980; Landfield & Lynch, 1977; Landfield & Morgan, 1984; Landfield
etal., 1978; 1986; Tielen et al., 1983).
Landfield and Lynch (1977) were the first to publish a study on the age-related
changes in plasticity. In this report, an age-related alteration in frequency potentiation of
the Schaffer collateral-CAl synapse was found in the hippocampal slice preparation.
They went on to replicate this study using the in vivo anesthetized preparation (Landfield
et al., 1978). Although long-term changes in synaptic plasticity can be induced using a
number of different stimulation parameters (Deupree et al., 1993; Gustafsson et al., 1987;
McNaughton et al., 1978; Rose and Dunwiddie, 1986), the studies conducted by
Landfield and his colleagues used strong LTP-inducing high frequency stimulation, and
they found no age difference in the induction of LTP. Barnes (1979) published a seminal
study on LTP within the perforant pathway —* granule cell synapse in aged rats, using
chronically implanted electrodes. This study also used high frequency stimulation to
induce LTP and also found no age difference in the induction of LTP. An increased LTP
decay rate, however, was found in the study by Barnes (1979). Furthermore, the decay of
synaptic enhancement in the two age groups was found to correlate with spatial memory
performance on the Barnes circular platform in both age groups (Barnes & McNaughton,
1980). Another link between plasticity and behavioral changes in age rats was shown in
a study of hippocampal kindling. It was found that kindling of the hippocampus via
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stimulation of the perforant pathway is significantly slower in old rats than young rats (de
Toledo-Morrell et al., 1981), and that the number of trials required to reach kindling
criterion was correlated with radial-8-arm maze performance in both age groups.
Most of the initial experiments showed no age-related impairment in LTP
induction in the Schaffer collateral —*• CAl synapse (Landfield & Lynch, 1977; Landfleld
et al., 1978) and the perforant path —*• granule cell synapse (Barnes, 1979; Barnes &
McNaughton, 1980; de Toledo-Morrell & Morrell, 1985). Many studies have confirmed
these results (see Barnes, 2001 for review). Other authors found more varied results
when LTP was measured with the dentate gyrus using in vitro and the in vivo
anesthetized technique (Diana et al., 1994a; Diana et al., 1994b; Lynch & Voss, 1994;
McGahon et al., 1997; Murray & Lynch, 1998; Tielen et al., 1983), although the majority
of experiments suggest that there is no-age related deficit in LTP induction when suprathreshold stimulation parameters are used. It has been suggested, however, that a
submaximal stimulation pattern using fewer pulses might provide a more accurate
description of the normal LTP inducing stimuli (Deupree et al., 1993; Moore et al.,
1993). Using these submaximal stimulation patterns, aged rats exhibit LTP induction
deficits in the Schaffer collateral

CAl synapse (Deupree et al., 1991; 1993; Moore et

al., 1993; Rosenzweigetal., 1997).
The difference in LTP induction in aged animals following maximal stimulation
versus peri-threshold stimulation raises an interesting question. Is the induction of LTP
actually impaired in the aged animals and if so what is the mechanism? There are at least
two possible explanations for the age-difference in LTP induction observed with

submaximal stimulation. First, a shift in the threshold for inducing LTP via the NMDA
receptor, possibly due to aging changes in the NMDA receptor itself. Second, the
NMDA receptor and cascade could be intact in aged animals, but the well-documented
loss of synaptic contacts (see section 5.3) may impair the ability of afferent stimulation to
sufficiently activate the NMDA receptor. Barnes et al. (1996) conducted an elegant test
of the first possibility. In this in vitro experiment, LTP was induced by directly
depolarizing the postsynaptic cell and pairing this depolarization with a weak burst of
afferent stimulation (Wigstrom & GustafTson, 1986). By directly depolarizing the
postsynaptic cell, Barnes and colleagues were able eliminate the possibility of differential
post-synaptic activation between age groups and were able to directly study the threshold
of activating the NMDA receptor in both age groups. In this procedure, the magnitude of
LTP did not differ between the age groups and the threshold for NMDA receptor
activation was similar across the age groups, clearly demonstrating that any LTP
induction deficit was not due to changes in the NMDA receptor. Rather, this experiment
suggested that the age-related LTP induction deficit observed in submaximal stimulation
procedures is likely due to a lack of synaptic convergence in CAl resulting from changes
in the frinctional connectivity of the aged hippocampus. Indeed, it has been shown that a
given, constant stimulus intensity is less able to depolarize the postsynaptic cells in aged
animals (Rosenzweig et al., 1997) due to a loss in temporal summation in the CAl field.
Conversely, Barnes et al. (2000) have used the same technique of post-synaptic
depolarization to show that there is, indeed, a change in the LTP induction threshold at
the perforant path —> granule cell connection of aged rats.
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In addition to the loss of functional synapses and temporal summation (Barnes et
al., 1999; Rosenzweig et al., 1997), several other mechanisms have been proposed in the
age-related deficits of LTP including protein synthesis (Mullany & Lynch, 1997),
arachidonic acid content of cell membranes (Lynch & Voss, 1994; McGahon et al.,
1997), changes in the number and content of receptors and ion chaimels (Barnes et al.,
1997; Ito et al., 1996; Shankar et al., 1998), changes in cytokines (Murray & Lynch,
1998), and caloric intake (Eckles-Smith et al., 2000). See Lynch (1998) for a further
review.
Recent reports have described an age-related change in long-term depression
(LTD) as well. LTD was originally discovered in the cerebellum (Ito, 1984) and also
requires the activation of NMDA receptors although the stimulation is at a much lower
frequency than that of LTP (Dudek & Bear, 1992). The concept of LTD is that a low
frequency stimulus, inducing an uncorrelated pattern of activity between the pre- and
post-synaptic cells will produce a decrease in synaptic efficacy. In many ways, this
process is the opposite of LTP in which coactivity induced by high frequency stimulation
results in an increase in synaptic efficacy. In fact, several studies have reported an ability
of low frequency stimulation to reverse the synaptic efficacy created by LTP inducing
high frequency stimulation (Fujii et al., 1991; Mulkey et al., 1993; Staubli & Lynch,
1990). Norris and colleagues (1996) have shown that LTD is easier to elicit with low
frequency stimulation in the CAl region of hippocampal slices prepared from old rats
relative to hippocampal slices from young rats. In addition, when maximal high
frequency stimulation was used to induce the same magnitude of LTP in young and old
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animals, aged synapses required fewer episodes of low frequency stimulation to reverse
the LTP than young synapse.

5.7 Age-Related Changes in Memory Function
Although not as dramatic as the effects of hippocampal lesions discussed in
Chapter 3, learning and memory deficits have been well documented in intact aged
human, non-human primates, and rodents (Barnes, 1979; Gallagher & Rapp, 1997; Lai et
al., 1995; Markowska et al., 1989; Rapp et al., 1987; 1997; Uttl & Graf, 1993; Walker et
al., 1988). As mentioned in the introductory section of this chapter, the memory deficits
observed in aged humans are usually associated with explicit memory tasks (Rapp &
Heindel, 1994) such as delayed recall of information or working memory tasks (Albert et
al., 1987; Craik et al., 1987; Nebes et al., 2000; Rabinowitz & Craik, 1986). Normal
aged humans have shown decreased accuracy on delayed recall (Albert et al., 1987;
Poitrenaud et al., 1989), on recognition tasks using word lists (Harker & Reige, 1985;
Minamato et al., 2001 Park & Puglisi, 1985) and other classical neuropsychological tests
such as the Wisconsin Card Sorting task and Raven's progressive matrices (Esposito et
al., 1999; Petersen et al., 1992; 20(X); see Grady & Craik, 2000 for review). Experiments
specifically designed to test semantic memory, however, often do not report any age
differences (Bowles & Poon, 1985), suggesting that memory differences are not related to
a loss of semantic information. Of particular interest relative to the animal literature and
the memory types measured in this dissertation, age-related changes in spatial learning
and memory have been documented in humans (Bums, 1999; Kirasic, 1991; Kirasic et
al., 1992; Newman & Kaszniak, 2000; Wtlkniss et al., 1997). A particularly interesting
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study using young adult and aged subjects trained to navigate through a virtual
environment showed that aged humans are impaired, relative to young adults, in finding a
goal location within the virtual environment (Moffat et al., 2001).
Although the literature on aging in the non-human primate is less than extensive,
there is evidence for memory function changes in the aged primate. In the 1970's, Bartus
and colleagues began studying age-related changes in visual discrimination and shortterm memory of primates. They found that aged primates were impaired, relative to
young adult primates, in visual discrimination tasks required short term memory (Bartus
et al., 1978) and an age-related increased sensitivity to interference during a visual
memory task (Bartus & Dean, 1979). Later, in the 1980's, a handful of investigator's
began studying changes in the recognition memory of aged rhesus monkeys using the
delayed non-match to sample (DNMS) task that is found so often in primate literature.
The general consensus fi'om these early studies was that aged primates took longer to
acquire the DNMS task, but once the aged monkeys learned the task, age-related
impairments were fairly small and were only found when the list of objects was
lengthened and the time delay was lengthened (5-lOmin) as no age difference was
typically recorded at short delays (Moss et al., 1988; Presty et al., 1987; Rapp & Amaral,
1989). In addition, Rapp and Amaral (1989) found that when the DNMS task was
complicated by requiring that a temporal order of the objects be recognized for reward,
the aged animals were significantly impaired. They also tested both age groups on a
delayed response test of visuospatial memory and found the aged group to be impaired at
delays of 10 seconds. Rapp and Amaral (1991) went on to test young and old age groups
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on the DNMS paradigm classically used in lesion studies. In this study, all animals were
training on the DNMS task extensively, until 90% criterion was reached at a 10 second
delay. They then began increasing the difficulty of the test by increasing the list of
objects and increasing the delay out to 10 minutes. In this experiment, they found a
distinct variability in the aged group, similar to variation in aged subjects often reported
in other aging studies. Three of the aged monkeys performed as well as the young group,
but the rest of the aged group were impaired at the longer delays (2 minutes and 10
minutes), much like lesioned monkeys.
Rapp and colleagues (1997) designed an open field task similar to the radial-8arm maze in that there were eight reward locations evenly distributed around an
environment marked by distinctive extramaze cues (see Figure 16). In the first task, the
monkeys were trained to visit each reward site without repeat visits to any reward site,
similar to the working memory task in rats on the radial-8-arm maze. Although both age
groups were able to learn this task, Rapp and colleagues were able to show that the aged
group visited neighboring reward sites 70% of the time, whereas the young group did so
only 40% of the time. This result suggested that the age groups used different strategies
to solve the task, with young monkeys using more of a spatial strategy and old monkeys
using a sequential strategy. To further test this possibility they then changed the task.
The monkeys were allowed to visit four of the eight reward sites and then they were
removed from the testing environment. After a delay (30 minutes or 2 hours), the
monkeys were returned to the testing environment and were to visit only the four reward
sites not previously visited. They found a significant age-related impairment in this
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delayed task. Furthermore, on 10 probe trials, the extramaze cues were scrambled while
the monkey was out of the environment. This manipulation significantly disrupted the
performance of the young group, but the aged group actually showed a small but reliable
increase in their performance during these probe trials. These results confirm that the
young group was using more of a spatial strategy to solve the task. In addition to the
open field task, the authors also tested both age groups using the DNMS task.

Figure 16: Open Field behavioral task of Rapp et al. (1997). Monkeys were tethered to the center of
the maze to prevent eiploration beyond the perimeter of the maze. The maze had eight reward
kications in an attempt to mimic the radial eight-arm maze used in the rodent literature. This maze
was surrounded by curtains on which there were visual cues that could be used for navigating the
maze. Note that the figure is not to scale; the curtains were between 4 and 10 feet away from the
edge of the platform. Figure from Rapp et al. (1997).

Interestingly, they found no age difTerence in the DNMS task with delays extending to 10
minutes, even in the aged group that had been shown to have deficits in the open field
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task. This lack of an age difference on the DNMS task was in direct conflict with
previous reports from other studies, some of which were conducted in the same
laboratory. At the very least, this experiment showed that aged monkeys with an
impairment in a spatial task can perform as well as young primates on the DNMS task,
questioning the exact brain structures required for the DNMS task.
Several aging studies have examined spatial memory, visual habit formation,
visuospatial orientation, visually guided reaching, motor skill learning, and reaction time.
These tasks include a spatial delayed response task (DRST), a colored DSRT, pattern
discrimination, object discrimination tasks, spatial orientation of attention, spatial and
object reversal tasks and delayed match to sample (DMS). The spatial orientation of
attention (Baxter & Voytko, 1996), the ability to perform the color DRST task (delayed
response to new color) (Hemdon et al., 1997), the object reversal task (Lai et al., 1995)
and an object discrimination task (Rapp et al., 1996) were all found intact in aged
primates. In contrast, all of the authors consistently reported a significant age-related
deficit in "spatial" tasks such as the spatial DRST task and the spatial object reversal task
(Bachevalier et al., 1991; Lacreuse et al., 1999; Laietal., 1995; Rappetal., 1997;
Hemdon et al., 1997). It is also generally agreed that the aged primates show significant
impairments when non-spatial tests are made more difficult (Bachevalier et al., 1991;
Hemdon et al., 1997) and that these tasks reveal an impairment that increases continually
with aging (Hemdon et al., 1997).
Relative to the human and non-human primate literature, the rodent literature on
age-related changes in memory function is much more extensive and covers much more
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than can be presented here. The work in this dissertation will focus on spatial memory
and spatial functions, so the age-related changes in spatial memory of rodents will be
briefly discussed. First and foremost, when tested in the most universal spatial task, the
Morris water-maze (Morris, 1984), aged rodents routinely display both acquisition and
memory deflcits (Gage et al., 1984; Rappetal. 1987; 1999; Rasmussen et al., 1996;
Smith et al., 2000; see Barnes et al., 1997 for a review), although variation is observed
both across animals and across days (Barnes et al., 1997). Several studies have also
shown an age-related deficit on the radial 8-arm maze, a spatial task used to assess spatial
working or cued reference memory (Barnes et al., 1980; 1987; Muzimori et al., 1992; de
Toledo-Morrell and Morrell, 1985; de Toledo-Morrell et al., 1988; Ward et al., 1999).
Aged rodents have also been shown to have deficits on other spatial or contextual tasks
such as the Barnes circular platform (Barnes, 1979; Barnes & McNaughton, 1980; Barnes
et al., 1985; Markowska et al., 1989) and contextual fear conditioning (Oler & Markus,
1998; Wardetal., 1999).
Thus, age-related deficits in spatial and contextual memory have been
documented in rodents, non-human primates and humans, as reviewed in the previous
paragraphs. In addition, spatial and contextual memory (episodic memory) has
specifically been associated with the function of the hippocampus. This makes spatial
memory a particularly useful measure of cognitive changes with aging and the functions
of the hippocampus. For these reasons, the work in this dissertation will focus on spatial
representations in the hippocampus of young and old rats, a subject covered presented in
the next section.
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5.8 Age-Related Changes in the Hippocampal Map
A somewhat limited number of studies have addressed the possible changes in
place fields with age. In the earliest study, Barnes et al. (1983) recorded from young
adult and J^ed rats performing a forced-choice version of the radial 8-arm maze (i.e. no
spatial information was required). This study found that the mean and maximal firing
rates and the inter-spike interval distributions were the same in both age groups. They
also found that the basic characteristics of place cell firing, such as spike amplitude and
spike width did not differ across age groups. Other studies have confirmed that the
general statistics in place cell firing are similar in aged rats versus young adult rats
(Markus et al., 1994; Mizumori et al., 1996; Barnes et al., 1997; Shen et al., 1997; Oler &
Markus, 2000).
Two other important findings in the early study by Barnes and colleagues (1983)
were that the place fields in aged rats were less place-specific or broader and less reliable
(didn't always fire) compared to place fields in young rats. At the time, these results
seemed to correlate with the spatial learning deficits known to exist in aged rats. Since
that time, however, other studies have found different results regarding the size and
spatial specificity of place fields in aged rats. Markus et al. (1994) found no age-group
differences in spatial information content measured in bits of spatial information per
spike. They also reported no age difference in the directionality, selectivity, reliability or
effects of darkness on place fields. Mizumori and colleagues (1996) conducted an
experiment in which young and old rats performed both a forced choice 8-arm maze task
and a spatial memory procedure in the same and different environments. They found no
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age-group difTerences in the selectivity of place cells on the forced choice task, but found
that CAl place fields were more selective and DG place fields less selective in aged rats
during the spatial memory task. In addition, Shen et al. (1997) found no age-difference in
the number of fields per cell and the size of place fields on the initial entry into a familiar
environment, but found that place fields in aged rats were smaller that those of young rats
after several laps aroimd a familiar track. Furthermore, Tanilla and colleagues (1997)
found no age differences in place field size, directionality, selectivity, reliability, or
number of fields per cell and Oler and Markus (2000) found no age differences in spatial
information content, selectivity or reliability.
A probable explanation for the broader place cells found in the aged animals by
Barnes et al. (1983) is the likelihood that the old rats remapped in this study, this
phenomenon has been shown to occur in more recent reports (Barnes et al., 1997).
Barnes and colleagues (1997) made the observation that when aged rats are brought into a
familiar environment the relationship between place fields in the familiar environment
was not always maintained across different visits to the same environment. This concept
of a "remap" was first presented in Chapter 4 and in young rats, remapping can occur
when changes are made in the environment or task requirements (Knierim et al., 1995;
1998; Markus et al., 1995; O'Keef & Speakman, 1987; Shapiro et al., 1997). Aged
animals, however, remap even when the environment and task are familiar environment,
suggesting an instability in the hippocampal map of aged rats. In the first experiment
conducted by Barnes and colleagues (1983) the rats were removed from the radial 8-arm
maze periodically to remove twists that built up in the cable connecting the headstage to
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the recording system. The data in this dissertation will show that even the brief removal
from the maze, without leaving the recording room, may have allowed the aged rats to re
map in this experiment (Gerrard et al., 2001).
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Figure 17: Remapping in tiie aged rat Althougii old rats typically maintain a stable hippocampal
map for a given environment, they sometimes (~30% of the time) re-map when they return to a
familiar environment. In contrast, young rats always maintain a consistent hippocampal
representation for a familiar environment when hippocampal cell activity is recorded during
repeated sessions on the same track. In both age groups, the given hippocampal map induced during
a visit to the familiar environment remains stable for the duration of that session in the familiar
environment. Left: An example of a re-mapped pair of sessions. The colored dots represent spikes
assigned to a given place cell. Note the changes in most flekis across the two sessions. Right: (A)
Distribution of the mean rate cross-correlations between the two recording sessions in the old rats.
This distribution is bimodal; ~70% of the days had mean firing rate correlations centered near 0.70
and ~30% of the days had a mean firing rate correlation centered near 0.10 (indicating a remap). (B)
The same distribution for the adult rats. This distribution is unimodal, with all of the mean
correlations but one centered on 0.70. (C) and (D) The within-session mean rate correlations for the
old (C) and young (D) animals, in both age groups, this correlation is always high, representing the
stability of the hippocampal map within a session in both age groups. Figure adapted from Barnes et
al. (1997).
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The remaining studies have shown that place fields in aged rats are either the same size
(Tanila et al., 1997) or smaller (Shen et al., 1997) than place fields in young rats. There
are two possibilities for the different findings in these two studies. One possible
explanation is that the difference in that task and apparatus. Shen et al. (1997) used a
rectangular track that was narrower (6cm) than the plus maze used by Tanila et al.
(1997), which was (10cm) across. In addition, Shen et al. (1997) rewarded the animals
with food reward and Tanila et al. (1997) used lateral hypothalamic stimulation. Second,
outside of the task differences, the two labs used different methods for determining place
fields. Shen et al. (1997) linearized their data before defining a place field as a
contiguous set of pixels exceeding a preset firing rate threshold. It must be noted that
their age-group differences were found for firing rate thresholds of O.S, 1.0 and 2.0 Hz
and were thus quite robust. Tanila et al. (1997) did not linearize their data, and defined a
place field as an area of "at least three adjacent pixels" with a firing rate at least three
times the mean firing rate for all cells. Another important difference between the two
studies is that Tanila et al. (1997) introduced a variety of cue manipulations that changed
the behavior of the rat and the firing characteristics of the place cells. As we will see in
the following discussion, this may have led to the lack of an age difference in this
experiment.
In addition to the place field analysis in young and old animals, Tanila et al.
(1997) analyzed the changes in hippocampal maps caused by cue manipulations during
the experiment. They rotated the intra-maze cues (textile and visual cues on the arms of
the maze) and extra-maze cues (distal visual cues outside the maze) in various ways
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during the experiment, which induced changes in the place fields of the pyramidal cells
recorded from. They found aged, memory impaired rats were less likely than the young
rats to re-map in response to the changes in the cues. A recent study by Oler and Markus
(2000) extended this finding to changes in behavior demands of the task. They trained
young and old rats to run on a figure eight maze, which was converted to a 'plus' maze
by removing the curved portions of the figure eight maze. When the rats were familiar
with the figure eight maze, the arcs were removed and the rats ran on the remaining
'plus' maze. They found that old rats were again less likely to re-map in response to this
change in the task than young rats. Although at first glance, the "more stable"
hippocampal representations in these tasks might appear to be in conflict with that of an
increased tendency of aged rats to re-map in a familiar environment (Barnes et al., 1997),
the results from all three of these experiments are complimentary. They suggest that old
rats are less able to associate a given hippocampal map with the current context or
environment. Thus, aged animals are more likely to re-map inappropriately upon
entering a familiar environment (Barnes et al., 1997) and are less likely to re-map when
appropriate, during obvious changes in the environment or the context of the task (Oler &
Markus, 2000; Tanila et al., 1997).
There is obvious connection that one can make between the re-mapping
tendencies of aged rats and the well-documented cormectivity changes and LTP deficits
in aged animals. Given that LTP is the most viable cellular mechanism for memory
encoding, it is not unreasonable to assume that the "binding" of a given hippocampal map
to the given environment and task context is accomplished via this synaptic plasticity
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mechanism. Thus, it follows logically that the LTP deficits in aged animals would lead
to instabilities in the hippocampal map representing a given environment. In fact, several
experiments have correlated behavioral deficits with plasticity deficits (Barnes, 1979;
Barnes & McNaughton, 1980; Barnes et al., 1994; BodnofTet al., 1995; Castro et al.,
1989; Dawson et al., 1999; de Toledo-Morrell & Morrell, 1985; de Toledo-Morrell et al.,
1988; Diana et al., 1995; Murphy et al., 2000; Nalbantoglu et al., 1997) in the aged rat.
Furthermore, Barnes et al. (1997) showed that the tendency of old animals to re-map in
familiar environments may be one reason for age-related deficits seen in spatial learning
and memory tasks such as the Morris water maze. They analyzed the behavior from 98
young adult and 93 old rats in the Morris water maze and found that, even on the fourth
day of training, old rats displayed a bimodality in their behavior. In other words,
sometimes it appeared that they knew where the platform was and on other trials, they
seemed lost, a result that would be expected if old rats occasionally used the wrong
hippocampal map. If LTP is required for a hippocampal map to be reliably associated
with a given environment and context, then it might be predicted that blocking NMDA
receptors in young animals would produce unstable hippocampal maps. This hypothesis
was test recently by Kentros et al. (1998) and they found that when young adult rats were
trained in a novel environment while under NMDA-receptor blockade, their hippocampal
maps were stable within a given session, but were unstable across sessions. Thus, when a
pharmacological LTP deficit was induced in young adult rats, their hippocampal maps
resembled those of aged rats.

182
If we consider a set of hippocampal cells that are active in a given environment to
be an attractor (see Chapter 4.6), or hippocampal map, that represents the given
environment and context, then it may be expected that the synaptic matrix within this
attractor might change with experience. At this point, it is necessary to note that the
terms map or index will be used somewhat interchangeably. Namely, an index is used as
a general term to describe a collection of active hippocampal cells representing the
collective cortical input and the hippocampal map represents one specific type of index,
providing information on the spatial aspects of a given environment. In the remainder of
this dissertation, the hippocampal or cognitive map witnessed in the physiological
correlates of rodent hippocampal neurons is considered one form of a general indexing
function of the hippocampus. This general indexing function binds together the various
aspects of a spatial experience or episodic memory. Thus, if changes in the synaptic
matrix of the map or attractor were to be detected, these changes could represent the
associative process of binding this map (a form of an index) to the various cues,
landmarks and other contextual items present. If several CAl pyramidal cells are
recorded from simultaneously, the distribution of location-specific firing reflects a
hippocampal map for that environment. The storage of information within the
hippocampal map via synaptic enhancements is evidenced in the place field expansion
phenomenon (Mehta et al., 1997; Mehta, 2000; see Section 4.5.1). Further implicating a
role for LTP in this process, an NMDA antagonist, CPP, which has been shown to block
LTP (Kentros et al., 1998), also blocks place field expansion (Ekstrom et al., 2001).
Furthermore, Shen et al. (1997) have shown that old spatially-impaired rats fail to exhibit
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place field expansion during uni-directional track running. Thus, it is possible that the
hippocampal map (or index), representing a given experience, is less reliable in aged
animals as a resuh of synaptic plasticity deficits.

5.9 Summary
Although the number of neurons in the hippocampus and the basic
electrophysiological properties of the principles cells appear to be unchanged in the aging
process, regionally-specific connectivity changes and an increase in electrotonic coupling
between principle cells does occur. In addition, there are age-related deficits in LTP, the
premier cellular model for synaptic plasticity. These age-related LTP deficits may be
related to a loss of temporal summation (connectivity loss) and to changes in the
induction threshold of LTP in the perforant path-DG connection. Age-related changes in
the functional connectivity of the hippocampus have been documented in rodents, nonhuman primates, and humans and in some cases, these changes have been correlated with
behavioral deficits. More pertinent to hippocampal function and the data in this
dissertation, spatial learning and memory deficits have been reported as well. In the
rodent literature, age-related deficits in spatial tasks are especially well-documented and
have been correlated with deficits in synaptic plasticity and hippocampal function.
Recently, multiple single unit recordings have revealed some very important aspects
about the hippocampal map or index. Although general place field characteristics do not
appear to be affected by age, place fields have been found to be smaller in aged rats and
the hippocampal map of aged rats less reliable compared to young adult animals. Both of
these findings are probably a result of synaptic plasticity deficits in aged animals. This
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interpretation is further supported by the place field expansion phenomenon, which is
disrupted with aging and in the presence of an NMDA antagonist.
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CHAPTER 6: MEMORY CONSOLIDATION,
HIPPOCAMPAL STATES, AND MEMORY TRACE
REACTIVATION
6.1 Introduction
Having discussed, the functional anatomy, neurophysiology and memory
functions of the hippocampus, as well as age-related changes in the hippocampus, it is
now appropriate to turn the focus to memory consolidation, the core topic of this
dissertation. In the late 19*^ century, a handful of authors studying head trauma found
that recall in patients with head trauma was quite poor for events immediately
surrounding the traumatic event. Ribot (1881), suggested that memories become more
stable with time, and presented the now famous "Ribot gradient" of temporally-graded
retrograde amnesia. The formal concept of memory consolidation, however, is often
attributed to Muller who, in 1900, proposed memory consolidation to account for the
retroactive interference observed in human subjects. This phenomenon involved
presenting subjects with material to learn and remember, and then later presenting them
with different, but similar material. Muller and Pilzecker (1900) found that within a
certain time period of the original learning, new material interfered with the ability to
accurately recall the original information. The memory consolidation hypothesis found
immediate support in studies on transient amnesic conditions such as closed head injury
or electroconvulsive shock therapy (ECS). In studies of these temporary forms of
amnesia, patients were unable to remember events that occurred while the subjects were
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amnesic and often were also unable to recall events during the time immediately
preceding the amnesic period (Bumham, 1903; Glickman, 1961; McGaugh, 1966;
McGaugh & Herz, 1972). In their particularly large study that included 1000 patients of
closed head injury, Russell and Nathan (1946), demonstrated that the degree of
anterograde and retrograde amnesia were strongly correlated.
Beginning with the case of H.M. (Corkin, 1984; Freed & Corkin, 1988; Gabrieli
et al., 1988; Keane et al., 1995; Scoville & Milner, 1957; Smith, 1988), several case
studies of human amnesics led Zola-Morgan, Squire and colleagues to propose what is
now referred to as classical or standard consolidation theory (for review, see Squire &
Alvarez, 1995). This theory came from two general observations in the studies of human
amnesic patients. First, all of the human amnesic patients were largely impaired in their
ability to form specific types of new memories. Squire and colleagues have labeled the
kinds of memory lost in these patients as "declarative" memory (see Chapter 3), which
encompasses semantic and episodic forms of memory. The main hypothesis in classical
consolidation theory is that the MTL structures, especially the hippocampus, are
necessary for the initial storage and retrieval of declarative memories and that these
memories become independent of the hippocampus with time. In fact, human amnesic
patients often displayed a retrograde amnesia that has been described as a temporally
graded retrograde amnesia with varying degrees of severity and temporal extent that may
be related to the anatomical location and size of the individual lesion (see Squire et al.,
2001 for a review). Much of the evidence regarding retrograde amnesia was presented in
Chapter 3, in describing the role of the MTL and the hippocampus in memory and
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memory systems. Because the hippocampus has been hypothesized to play an important
role in both memory consolidation and declarative memory types, studies of these two
concepts will often coincide. In this chapter, although several of the studies reviewed
will be based on the declarative (explicit) versus non-declarative (implicit) dichotomy of
memory systems presented in chapter 3, the focus will be on retrograde amnesia and the
evidence for memory consolidation. In addition, the implications for memory processes
suggested by memory consolidation theories will be discussed and the specific role the
hippocampus plays in this process will be outlined.

6.2 Memory Consolidation and Memory Consolidation Tiieory
6.2.1 Classical memory consolidation theory
As outlined in the introduction, the basic tenent of classical consolidation is that
recently acquired memories are labile, are most strongly encoded within the hippocampus
and are dependent on the hippocampus for recall. Later, during consolidation, the
memory becomes more stable within the neocortex, at which time the hippocampus is no
longer required for recall (Alvarez & Squire, 1994; Alvarez-Royo et al., 1992; McGaugh
& Herz, 1972; Squire, 1992; Treves and Rolls, 1994; for review see Squire & Alvarez,
199S). This hypothesis explains a substantial amount of the retrograde amnesia data
observed in human amnesic patients (for review of human data see Squire et al., 2001).
The data from several human amnesic patients, presented largely from Zola-Morgan,
Squire and colleagues, suggest that the retrograde amnesia experienced by individual
subjects is dependent on the focus and extent of the their particular brain lesion (Squire et
al., 2001) such that a lesion limited to the CAl layer of the hippocampus (R.B. and G.D.;
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Rempel-CIower et al., 19%; Squire et al., 2001; Zola-Morgan et al., 1986) produces a
temporally limited retrograde amnesia spans one or two years and a large lesion including
much of the MTL structures and surround temporal cortex induces a severe retrograde
amnesia that may data back several decades (E.P. and G.T.; Reed & Squire, 1998;
Stefanacci et al., 2000; Teng & Squire, 1999).
Studies of temporary amnesia have also been used to support the concept of
memory consolidation. These include observations that disruption of memory within
some time period after encoding impairs recall of the encoded memories (Glickman,
1961; McGaugh, 1972; Muller & Pilzecker, 1900; Russell & Nathan, 1946). The idea of
some time period during which memory is labile, and subject to disruption is fundamental
to the all theories of memory consolidation. There are, of course, complications in the
interpretation of human amnesia and indicating anatomical correlates for different types
of memory. The number of well-studied patients with amnesia is quite small and even
with newer MRI technology, it is quite difficult to establish empirically the extent of
damage to the MTL and other brain structures. Furthermore, bilateral MTL damage is
rare, and the actual damage and memory deficits documented in each case of human
amnesia are variable. In addition, epileptic seizures themselves have deleterious effects
on memory (Blake et al., 2000; Viskontas et al., 2000), and most temporal lobectomies
are performed because the patient has intractable epilepsy. These confounds have led to
the creation of animal models of retrograde amnesia, which can be very usefiil in testing
theories of memory consolidation under controlled conditions.
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Over the last 30-40 years a considerable amount of data using animal models has
supported the classical consolidation theory. Many experiments have shown that memory
for a learned task or conditioning event is disrupted by different amnesic manipulations.
These experiments have been carried out in non-himian primates, cats, rabbits, rats, and
mice and have included many different types of memory tasks, including contextual fear
conditioning, trace eye blink conditioning, object discrimination learning, and spatial
learning in the water maze (Anagnostaras et al., 1995; 1999; Bolhius et al., 1994; Cho et
al., 1993; Kim & Fanselow, 1992; Mumby et al., 1999a; 1999b; Popik et al., 1994; Ridley
et al., 1995; Spanis & Squire, 1987; Squire & Spanis, 1984; Vardaris & Schwartz, 1971;
Wiig et al., 1996; Winocur, 1990). In their well-known study using fear conditioning,
Kim and Fanselow (1992) conditioned rats to a tone and to the context in which that tone
was conditioned. The rats were placed within a foot shock chamber and then an aversive
foot shock (unconditioned stimulus CS) was administered, overlapping with the tone
(conditioned stimulus CS). Lesions to the hippocampus were made 1, 7, 14, or 28 days
after the US-CS association training. The contextual fear (freezing behavior upon
entering the training box) was abolished in rats receiving hippocampal lesions 1 day after
training, but rats receiving hippocampal lesions after a longer delay (7-28 days) exhibited
significant contextual fear conditioning. All of the rats tested, regardless of the delay
between training and the lesion, exhibited significant fear to the tone (CS). The
interpretations from this important study are that the hippocampus is required for
contextual fear conditioning for at least 24 hours, but not after one week. Furthermore,
the hippocampus is not required for fear conditioning to the tone at any time. Thus, the

I
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hippocampus is temporarily required for contextual information, but is not required at all
for the association between the tone and the foot shock (but see Land et al., 2000).
Zola-Morgan and Squire (1990) studied the role of the hippocampus in an object
recognition task. They trained monkeys on 100 object pairs prior to removal of the
hippocampus. This training was conducted incrementally before surgery such that the
monkeys learned 20 object pair associations at five different intervals prior to surgery
(16, 12, 8,4,2 weeks). In this experiment the control or sham operation group exhibited
normal forgetting; that is they were better able to remember object pairs that were
recently learned versus object pairs learned long (12-16 weeks) ago. In contrast,
monkeys with hippocampal damage were able to recall object pairs learned long before
the surgery just as well as the control group, but were significantly impaired on the recall
of recently learned object pairs.
Animal studies using non-lesion methods for disrupting the memory process have
also reported retrograde amnesia. Brun et al. (2001) showed that high frequency
stimulation, similar to that used to induce LTP in the perforant pathway, immediately
following training on the Morris water maze disrupted retention of the spatial task; a
result that had been previously reported (Castro et al., 1989). Brun et al. (2001) went on
to show that when NMDA receptors were blocked by administering the NMDA
antagonist CPP before the high frequency stimulation, retention for the water maze task
was unimpaired. Thus, the high frequency stimulation of the hippocampal input pathway
disrupts an NMDA-dependent spatial memory. Cahill et al. (2000) have shown that
blockage of adrenergic synaptic communication immediately following training in the
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Morris water maze has a negative impact on "good" learners, but did not affect "bad"
learners in the task. In this study, no information on the temporal nature of the amnesia
was given and the variable results suggest a modulatory rather than a primary role of
noradrenergic function. Finally, blockade or intracellular pathways such as protein
kinase C and protein synthesis blockers can have an amnesic affect (Goelet, et al., 1986;
Jerusalinsky et al., 1994; Nader et al., 2000a) when administered prior to or immediately
following training.
Squire and colleagues (2001) conducted a review of 13 recent studies of
retrograde amnesia in animal models and reported that 11 of the 13 studies found a
temporally graded retrograde amnesia, in which older memories are better preserved than
younger memories. One of the studies included in the review by Squire was a study by
Winocur (1990), who trained rats on a socially transferred food preference task both
before and after hippocampal lesions were conducted. Rats with hippocampal lesions
before training exhibited rapid forgetting of the preferred food, reminiscent of the
anterograde amnesia described in human patients with hippocampal lesions. Rats who
were trained prior to the hippocampal damage showed a severe deficit for food
preference learned just prior to the surgery, but exhibited some recall of food preferences
learned 14 days before surgery. Interestingly, the same hippocampal rats showed a
complete retrograde amnesia for a spatial task learned prior to surgery. Other authors
have also noted that the retrograde amnesia induced by hippocampal lesions does not
always exhibit the neat temporal gradient suggested by classical consolidation theory,
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especially on spatial tasks (Bobbot et al., 1996; Bolhius et al., 1994; Nadel &
Moscovitch, 1997; Olton & Wolf, 1981; Salmon et al., 1986)
6.2J Multiple memory trace theory
In the late 1990's the number of studies that reported retrograde amnesia that was
not temporally graded began to mount in both human and animal data (Bolhius et al.,
1994; Cermak & O'Connor, 1983; Kapur, 1993; Tulving et al., 1988; Victor &
Agamanolis, 1990; see Nadel & Moscovitch, 1997 for review). Specifically, Nadel and
Moscovitch (1997) pointed out the lack of a temporal limit to the retrograde amnesia for
the types of memory known to depend mainly on the hippocampus (e.g. personal episodic
memory in humans and spatial memory in rodents). Furthermore, they noted a relative
preservation of semantic memory acquired during periods of time during which
autobiographical information is lost. For example, the patient K.C. who suffered a
closed-head injury in a motorcycle accident does not remember "a single personal event
or happening from any time of his life" (Tulving et al., 1988). Despite this complete loss
of episodic memory, K.C.'s semantic memory is relatively intact. Although FCC.'s brain
damage is fairly widespread, the dichotomy between episodic and semantic memory
remains. These discrepancies in the retrograde amnesia literature led Nadel and
Moscovitch (1997) to propose an alternative to the classic or standard model of memory
consolidation called Multiple Memory Trace Theory (MMT). Several specific claims are
made by the multiple memory trace theory (Moscovitch & Nadel, 1998; Nadel &
Moscovitch, 1997, 1998; Nadel & Land, 2000). First, the hippocampus is important for
episodic (autobiographical) and spatial memory regardless of the age of the memory.
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They challenge the notion the memory is "transferred" out of the hippocampus (and
MTL) and into the neocortex and insist that the hippocampus "is involved in permanent
memory storage" of episodic memories, whereas semantic memory does eventually
become independent of the hippocampus. The main feature of this theory is their
proposal that over time "related memory traces are formed in the hippocampal complex,
dispersed over wider areas of this [MTL] system". Thus, because many traces exist for
an older memory, more extensive damage to the MTL is required to delete remote
memories versus more recent memories. It is important to point out that, consistent with
the classical theory, the MMT theory proposes that "long-term interactions between the
hippocampal complex and the neocortex can influence the stabilization of semantic
memories within neocortex".
More recently, Nadel, Moscovitch and colleagues have advanced a connectionist
computational model that suggests a possible correlation between memory loss and lesion
size. Furthermore, in the model presented, as the lesion was expanded to cover most of
the hippocampus, the retrograde amnesia becomes less temporally graded and becomes
more similar to that observed in human amnesic patients with extensive MTL damage
(Nadel et al., 2000). In support of the MMT theory, Nadel et al. (2000) have also
conducted a neuroimaging study (Ryan et al. 2001), in which normal subjects were asked
to retrieve remote memories of various types and ages. For example, the subjects were
asked to the describe the details of 10 recent events, which occurred in the two years
preceding the test such as a holiday or family dinner and 10 events that are at least 20
years aged such as "learning to drive". Two different baseline conditions were used in
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this study. First, after recalling an event, the subjects were shown the word "relax" and
instructed to "stop thinking about the event or focus their mind on relaxing". In addition,
the subjects were periodically shown sets of four sentences with the last word missing.
They found that the activation of the hippocampus was significantly greater, bilaterally in
S/7 subjects and unilaterally in 2/7 subjects, during recollection than during relaxing or
sentence completion controls. More importantly, they found that the activation of the
hippocampus did not differ depending on the age of the memory recalled. They suggest
that this hippocampal activation is evidence for long-term storage of the autobiographical
memory within the hippocampus. In addition, an fMRI study performed by Maguire et
al. (2000) also found no difference in hippocampal activation relevant to the age of a
memory recalled. Unfortunately, these imaging studies cannot distinguish between a
"necessary" activation and a "sufficient" activation, a point discussed later in this chapter.
Although MMT provides one of the few alternatives to standard consolidation
theory, MMT also has some weaknesses. The main tenet of this theory is that multiple
traces are formed for any given memory within the hippocampus and other brain
structures. The actual mechanisms of the network and cellular processes required for
such memory trace replication are never adequately addressed. For example, why would
a new hippocampal map be formed for each visit to a familiar environment? This process
would not be congruent with what is known about hippocampal connectivity and
functions such as the proposed pattern separation and pattern completion role of the
dentate gyrus (Levy, 1989; Rolls, 1996; Treves & Rolls, 1994) and CA3 (McNaughton &
Morris, 1987). In fact, it has been shown that, in young animals at least, the same
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hippocampal map is recalled during multiple visits to a familiar environment (Barnes et
al., 1997; Kudrimoti, 1999). In addition, although MMT was in part designed to explain
portions of the literature not consistent with classical consolidation theory, there is a
portion of the literature that MMT cannot account for itself. There are examples in the
animal literature of reports using spatial or contextual tasks that report a temporally
graded retrograde amnesia (Anagnostaras et al., 1999; Kim & Fanselow, 1992; Ramos,
1998; Wiig et al., 1996). Although some of the inconsistencies in the animal literature
may be explained by task and procedural differences, results from their own studies
indicate that K.C., who has extensive MTL damage, is able to navigate in his old
neighborhood quite well (Nadel et al., 2000; Rosenbaum et al., 2000) despite his
extended retrograde amnesia for autobiographical events (Westmacott & Moscovitch,
2000). This result suggests that the hippocampus may not be necessary for spatial
navigation in an area well known prior to the amnesic event. Other studies of human
amnesic patients with preserved geographical memory for their neighborhood prior to the
amnesic event have been reported (Beatty et al., 1988; Teng & Squire, 1999). In
addition, a recent review of H.M. suggests that as early as 1966, he could make accurate
floorplan drawings of the house he moved into years after bis operation, in 1958. In
addition, in 1977, three years after moving into another new house, he was still able to
produce an accurate floorplan (Corkin, 2002). The ability to draw a floorplan, however,
may not represent the way in which space is normally learned. It is quite possible that
years of learning trials are capable of creating memories for a floor plan from thousands
of executed motor plans. In fact, Corkin (2002) points out that H.M. is badly impaired on
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other spatial memory tasks (Coridn, 1965; Milner, 1965), although the exact "spatial"
nature of these tasks can be debated. The &ct that patients of K.C. and E.P. have intact

/

Figure 18: Evidence of post-morbid acquisition of semantic icnowiedge. This figure shows floor plan
drawings by H.IVI. of a house that he lived in for several years, but did not live in until after his
operation. (A) H.M.'s 1966 drawing of the floor plan of the house where he lived from 1958 (five
years after the operation) until 1974. H.M had lived in this house for a few years prior to this
drawing. (B) HJVI.'s drawing in 1977 of the same house. Note that this later drawing includes
windows and doors and the environment outside of the house. (C) The current fioor plan of the
house. The wall between the kitchen and dining room was taken down by a recent owner to make an
eat-in kitchen. Abbreviations: B or BR, bathroom; C, chair; D, dining room; HM, II.M.*s room; K,
kitchen; L or LR, living room; MB or Mom & Dads B.R., Mom and Dad*s bedroom; TV, television;
FR, furnace room. Figure from Coridn (2002).

spatial memory (Rosenbaum, 2(X)0; Teng & Squire, 1999) is troublesome for MMT's
assertion that the hippocampus is permanently involved in the storage of spatial and
autobiographical memory. In addition, Bontempi et al. (1999) presented a study of
animals using 2-deoxyglucose imaging that showed variation in brain activity during
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recall depending on the age of the memory. When memory retention was tested shortly
after learning, brain activation reflecting response accuracy centered on the hippocampus,
but when retention was tested some 25 days after initial learning, brain activation
reflecting response accuracy centered on the neocortex. A critical fact, observed in the
behavioral data from this same study, is that performance after 25 days was not the same
as performance after just a few days. The shift in activation from hippocampus to cortex
could well reflect a shift in the pathways used to recall the underlying memory and has
been cited to support the standard consolidation theory.
6.2J Reconsolidation, another challenge to standard consolidation theory
In the last couple of years, the memory consolidation debate has been heightened
by new support for what is now called "reconsolidation". Because of the overwhelming
support for the standard consolidation theory during the 60's, 70's and 80's, the
observation that old memories could be disrupted under certain conditions was largely
overlooked. In 1968, Misanin and colleagues tested the age of memory versus its activity
state in an experiment using electroconvulsive shock (ECS). They trained rats on a
conditioned emotional response (CER) in a classic fear-conditioning paradigm pairing a
tone with foot shock. When ECS was delivered to the rats shortly after learning the USCS pairing, memory for the US-CS association was disrupted. The US-CS memory was
not disrupted, however, if the ECS was not delivered until the following day. This
fundamental result has been repeatedly shown in numerous studies (Kim & Fanselow,
1992; Squire et al., 2001 for review) and supports the "labile" native of recently
established memories in much the same way that standard consolidation theory does. If,
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however, rats trained on the US-CS pairing, with an established CER were exposed to the
CS (tone) only prior to ECS, their memory for the presumably consolidated US-CS
pairing was disrupted. The authors concluded that the activity state of the memory, rather
than its absolute age, is the important variable in the stability of a given memory. New
studies have replicated the essential finding of Misanin and colleagues (1968) using both
hippocampal lesions and protein synthesis blockade (Land et al., 2000; Nader et al. 2000;
Saraetal., 1999).
Before reviewing these new studies, it is necessary to point out a potentially
confusing convention in the different literatures reviewed in this chapter. In the recent
reports on reconsolidation, just as in the Misanin et al. (1968) report, the protocol
involves a reminder of a previously learned association. Unfortunately, the reminder
portion of the experimental protocol is most often referred to as a "reactivation" of the
memory. Although no electrophysiological evidence is reported to support a claim that
the same ensemble of neurons is "reactivated", it is assumed that this reminder activates
the same memory trace that was formed during previous learning. In the later part of this
chapter, the "reactivation" of hippocampal memory traces is discussed. This more
appropriate usage of the term "reactivation" is used to represent electrophysiological
evidence for the replay of previously formed memory traces. In order to distinguish
between these two usages of the term 'reactivation' I will attempt to describe the different
phenomena as either "reminders" or "replay" whenever possible.
In the extensive and recent reviews of this reconsolidation phenomenon (Miller et
al., 2000; Millin et al., 2001; Nadel & Land, 2000; Nader et al., 2000; Sara, 2000) the
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Nader et al. (2000) study is most frequently cited to support the reconsolidation theory.
In this experiment, it was first shown that blocking protein synthesis in the lateral basal
amygdala (BLA) immediately following a classical fear conditioning treatment
(tone+foot shock), effectively blocks the behavioral expression of memory (drastic
decrease in freezing behavior within the test versus control animals). Injections of
anisomycin (protein synthesis inhibitor) 24 hours after the fear conditioning had no
effect, much like the several other experiments using ECS or lesion protocols. Nader et
al. (2000) went on to test the fear conditioned response after 14 days of consolidation.
Following this consolidation period, the rats were exposed to a reminder test in which
only the CS (tone) was given. Rats then received one of three treatments: anisomycin
injection into the amygdala immediately following the reminder, anisomycin injection six
hours after the reminder, or no protein synthesis blockade. The rats that were given
anisomycin immediately following the reminder showed a memory impairment similar to
the rats in the first experiment that received anisomycin immediately after the first
training session. Although rats that received anisomycin 6 hours after the reminder were
slightly impaired, Nader et al. (2000) report no significant difference in their levels of
freezing versus the control animals. Thus, it appears that the reminder rendered the
previously consolidated memory labile for a period of time (4-6 hours).
In addition, Land et al. (2000) showed that hippocampal lesions following a
reminder episode disrupted a previously consolidated memory. In this task, a Y-maze
was used in a conditioned signal avoidance task. After allowing the rats to become
familiarized with the Y-maze, the rats were trained to run to a light in one of the two
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unoccupied arms within a limited amount of time. Following the illumination of the light
in an unoccupied arm, current was delivered to the floor of the maze, excluding the end
of the arm marked by the light. After 20 seconds in the safe arm, that light was
extinguished and the next trial began as the light in one of the two unoccupied arms was
turned on. The rats were split into six groups: a control group, a lesion group (HC lesion
within 3 hours of training), a 30 day lesion group (HC lesion 30 days after training), a
sham group (sham operation), a remind group, who were reminded of the task by placing
them on the Y-maze and turning a cue light on and off twice without the other task
related contingencies, and a remind-Iesion group that received HC lesions immediately
following the reminder. They found that all groups performed well, except for the
immediate lesion group and the remind-Iesion group, suggesting the HC lesion was just
as disruptive when the consolidated memory was recalled as it was immediately
following training. Land et al. (2000) went on to conduct other experiments supporting
the notion of reconsolidation and also observed that a reminder (this time using a noncontingent foot shock in a separate environment) was able to enhance the performance of
rats that received HC lesions immediately following the training such that their
performance was not different from controls.
The observation that cues or reminders are able to enhance the performance of
amnesic subjects had been previously reported (Mactutus et al., 1980; Miller & Springer,
1972; Riccio et al., 1984, for review) in experiments involving temporary forms of
amnesia. Although these data seem to be in conflict with the standard consolidation
theory, Cahill et al. (2001) suggest that the "reconsolidation" findings are not reliable
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across laboratories, despite the recently reported findings. Cahill et al. (2001) also submit
that the "spontaneous" retrieval of memory suggests that the memory was not truly lost.
In addition, there may be some problems in the experimental paradigm of Nader et al.
(2000) described above. First, the "reminder" or non-contingent foot shock took place in
a different context, not in the original chamber used for the training. Thus, it is possible
that the old memory was not truly "reactivated" but a new memory was formed between
the new context and the tone, and then disrupted. In their contribution to the recent
reviews of reconsolidation Nader et al. (2(X)0b) defend against this possibility by stating
that although a new memory could have been formed, "it cannot explain why the animals
do not remember the original conditioning session."
These new studies of "reconsolidation", in addition to the variable human and
animal literature on retrograde amnesia (Nadel & Moscovitch, 1997), have challenged the
classical consolidation theory, bi addition, the "reconsolidation" results are not entirely
consistent with the MMT theory of memory consolidation, either. Despite the increasing
amount of evidence suggesting a need to revisit the classical consolidation theory, few
alternatives have been presented and none of the proposed alternatives have accounted
for the wide variety of results.

6J The Replay or Off-Line Reactivation of Hippocampal Memory
Traces
In the different theoretical proposals, the one aspect of memory consolidation that
is not disputed is the role of the hippocampus in initial encoding and consolidation of at
least certain types of memory. The importance of the hippocampus in episodic memory
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has already been extensively discussed and is almost universally supported. In addition,
the recent 'reconsolidation' study by Land et al. (2000) shows that hippocampal lesions
can also impair the consolidation of tasks that do not require the hippocampus at all.
Furthermore, the role of the hippocampus in spatial learning and memory within the rat is
probably the most universally supported role of the hippocampus and there is evidence
that this function is conserved across species (Maguire, 1997; Maguire et al., 1997, 1998;
O'Keefe et al., 1998; Ono et al., 1993a, !993b; Ono & Nishijo, 1999; Rolls et al., 1998).
This fact, combined with the presence of place cells and the recent advances allowing for
multi-unit recordings make the rat hippocampus an ideal structure for an
electrophysiological approach to the study of memory consolidation.
Although the exact nature of the hippocampal-neocortical interaction involved in
memory consolidation is not known, there are several overlapping theories on the
potential role of the hippocampus. As previously mentioned, Marr (1971) suggested that
the hippocampus acts as an auto-associator, and that the patterns stored in the
hippocampus are spontaneously reactivated during time periods when the brain is not
actively processing external inputs (e.g., sleep). This would allow the neocortex to form
new categories or event classes, or to strengthen old categorical structures in a process
that is much slower than the rapid synaptic changes within the hippocampus. In their
hippocampal indexing theory, Teyler and DiScenna (1986) expressed a similar idea in
which the hippocampus provides an index for more global memories. The role of the
hippocampal "index codes" in memory consolidation per se, however, was not
specifically considered. Squire (1992) specifically suggested that the hippocampus
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provides input to the neocortex that brings together the various components of episodic
memory traces. Rolls (1996) has suggested a similar theory in which the hippocampus is
able to orthogonalize its input via the dentate gyrus and store, via CA3, associations from
the various cortical areas, thus "binding together" the various portions of a memory
(Rolls, 1989; Treves & Rolls, 1994). As discussed in the previous sections. Squire and
colleagues (Alvarez & Squire, 1995; Squire, 1992 Squire et al., 2001) suggest that the
hippocampus is eventually able to bring together all the cortical networks such that it is
no longer required to access the entire memory. McClelland et al. (1995) have developed
a computational model of this process. They have proposed that the hippocampus is the
source of repeated and interleaved "virtual" events or training trials, enabling functional
gradient-descent learning within neocortical circuits. The ability of the hippocampus to
form rapid associations, allows it to train the cortex at a later time over many virtual
trials. The central premise of all of these theories is that the hippocampus is able to
replay memory traces, which were rapidly formed within the hippocampus during "on
line" states, at a later time, during "off-line" states. The reactivation of these memory
traces during "off-line" periods such as sleep or quiet wakefulness may orchestrate
memory processing and consolidation within the hippocampal and neocortical circuits
(Marr, 1971; McNaughton, 1983a; Buzsaki, 1989; Chrobak and Buzsaki, 1994, 1996;
McClelland et al., 1995; McNaughton, 1998) by providing a contextual code or index that
serves to bind together diverse cortical and subcortical components of the experience
(Nadel et al., 1985; Teyler and Discenna, 1986; McNaughton et al., 1996). In the rodent
hippocampus, the relationships formed between pyramidal cells due to their spatial
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selectivity, should therefore be replayed or reactivated during periods of sleep and quiet
wakefulness.
In the hippocampus, reactivation appears to be necessary not only from a memory
consolidation point of view, but seems mandatory from a computational perspective. As
we have covered during Chapters 2 and 3, the hippocampal architecture supports a rapid
storage of memories, but is prone to interference, i.e., the storage of a new memory may
lead to the drastic corruption of other memories stored earlier in the network (McClosky
& Cohen, 1989). In an experiment in which rats ran around a familiar track, and then
were placed within six consecutive novel environments for an hour apiece, the
hippocampal map for a subsequent track-running epoch was not disrupted (B.
McNaughton; personal communication). This result suggests that the storage capacity of
the hippocampus may be larger than once thought. The theoretical consideration of a
limited storage capacity, suggests that if hippocampal memories are used to modify
existing, but weaker memory circuits elsewhere in the brain, they need to be replayed or
reactivated prior to decay or overwrite. The specific effects and timing of the suggested
decay and interference functions, however, have not been empirically proven.
The first evidence that activity patterns within the hippocampus during awake
behavior can affect hippocampal activity during subsequent off-line periods was provided
by Pavlides and Winson (1989). In this single-cell experiment, Pavlides and Winson
(1989) recorded unit activity from pairs of pyramidal cells with non-overlapping place
fields during periods of quiet wakefulness and sleep both before and after an awake
activity epoch. During the awake activity the rat was restricted to a small area that
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corresponded to the place field of one of the two cells. Thus, one cell fired at a high rate
while the other hardly fired at all. They found that the firing rate of cells that were
induced to fire at a consistently high rate, due to the area the rat was restrained in, also
maintained a significantly higher firing rate than the cells without a place field in the
restricted area, during the sleep period following the active behavior. This difference in
firing rates between the two groups of cells was not present during the sleep period prior
to the awake activity, suggesting that the firing activity of the neuron during behavior had
an effect on the neuron's activity during subsequent sleep periods.
Wilson and McNaughton (1994) provided strong evidence for memory trace
replay in the hippocampus on a network level. They recorded fi-om up to 130
hippocampal pyramidal cells simultaneously also using a REST-BEHAVIOR-REST
experimental paradigm and thus were able to measure correlations between the activity of
hippocampal cell pairs throughout the experiment. Wilson and McNaughton found that
firing correlations that were formed between pairs of cells during track running were also
maintained during the REST period following the track rutming behavior epoch. In
addition, they were able to show that the increased correlation formed during track
nmning and maintained during post-behavior REST was not present in the REST epoch
prior to track running. Therefore, it was the correlations formed as a result of the track
ruiming activity that were replayed or maintained during the post-behavior REST.
Skaggs and McNaughton (1996) added a critical component to the evidence of memory
trace replay in the hippocampus. If the hippocampal map is the neural representation of
the various contexmal inputs and is associative in nature, as suggested by the place field
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expansion phenomenon, then the sequential order of pyramidal cell activity reflected in
the asymmetric expansion of place cells should be preserved during off-line memory
trace replay. Skaggs and McNaughton (1996) measured the temporal firing order of ceil
pairs and found that the temporal order established during track running was maintained
during the subsequent sleep and was not particularly related to the temporal activity of
the neurons in pre-behavior REST. In order to establish this fact, they shifted the spike
train from one of the cell pairs both forward and backward in time and created a crosscorrelation histogram for each cell pair. The ratio between the area underneath the curve
on either side of the zero correlation (-200ms to 2(X)ms) was taken as the "bias" in that
cell pair and the overall bias for seven datasets were reported. The mean bias correlation
from the seven datasets between the overall bias during track running and post-behavior
REST was significantly higher than the correlation of the overall bias between track
running and pre-behavior REST. Nadasdy et al. (1999) have also reported that sequences
within the hippocampus are repeated during slow-wave sleep using a template matching
analysis. Furthermore, Qin et al. (1997) observed that correlation patterns between the
activity of hippocampal and neocortical neurons during track running were also preserved
in the ensuing REST period. This result supports the idea that the hippocampus may be
orchestrating the memory consolidation process, not only within the hippocampus, but
also in networks outside of the hippocampus in the neocortex. Using new analytical
techniques that focus more on the firing pattern of the entire neuronal population,
Kudrimoti et al. (1999) confirmed the reinstatement of experience-dependent neural
firing correlation patterns in the hippocampus during post-behavior sleep. In addition.
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Maquet et al. (2000) have recently reported a PET imaging study that supports the
concept of memory processing during sleep in humans.
fCudrimoti et al. (1999) also reported on other aspects of memory trace replay
during off-line states. First, although the amount of REM sleep was limited in their
experiment, they did not find any evidence for memory trace replay during REM sleep
using the same techniques they had applied to slow-wave sleep. More recently, Louie
and Wilson (2001) have reported evidence for the replay during REM of sequences from
behavior lasting tens of seconds to minutes by matching the activity patterns of various
time segments from behavior onto the activity patterns during REM sleep. The analysis
method of Louie and Wilson (2001) was different from that of Wilson and McNaughton
(1994) and Kudrimoti et al. (1999); rather than measuring the correlation of activity
patterns during separate epochs after binning the data into small time segments (100ms)
they matched activity patterns consisting of seconds to minutes. They also attempted to
match the awake activity patterns in real time and warped time segments during REM
sleep. Thus, if reactivation does occur during REM sleep, it occurs on a different time
scale during REM sleep than during slow wave sleep.
Three additional findings from Kudrimoti et al. (1999) are important regarding the
replay of memory traces within the hippocampus. First, Kudrimoti et al. (1999) reported
the possibility of a novelty affect on the off-line replay of hippocampal memories. They
exposed rats to both novel and familiar portions of a track and found that the activity
patterns from the familiar track were reactivated more strongly than the activity patterns
from the novel track. This important point will be revisited in chapter 10. Second, they
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reported that sleep itself is not necessary for hippocampal memory trace replay.
Although memory trace replay certainly occurs during slow-wave sleep (SWS), they
found that the LIA state and not sleep itself is necessary for memory trace replay in the
hippocampus. Finally, they found that memory trace replay or reactivation within the
hippocampus is concentrated into the sharp-wave-ripple phenomenon. Despite a similar
value in the mean correlation of the overall population, the amount of variance within the
network activity during off-line periods that was explained by activity patterns during
behavior was much higher during sharp wave-ripple events than during inter-ripple
intervals. This finding supports the proposal that the sharp wave-ripple event plays an
important role in the memory consolidation fiinction of the hippocampus.

6.4 Hippocampal States, Sleep and Memory
6.4.1 Hippocampal sharp wave-ripple events
What is the sharp wave-ripple event and why would hippocampal memory trace
be strongest during these events as reported by Kudrimoti et al. (1999)? The sharp wave
(SPW) is a subpopulation burst that occurs predominately during slow-wave sleep (SWS)
in addition to other quiet wakeful states (LIA; Buzsaki et al., 1983) and produces the
most synchronous network pattern in the limbic system (O'Keefe & Nadel, 1978;
Vanderwolf, 1969). During generally off-line states such as quiet wakefulness, including
immobility, drinking, eating (named type 2 behaviors by Vanderwolf) and during slowwave sleep (SWS), SPWs occur frequently and irregularly during what are commonly
called LIA periods, in reference to the "large irregular activity" observed in the
hippocampal EEG. In addition, an increased population synchrony is observed during
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SPWs (S-8 fold increase) relative to the neuronal activity during exploratory behavior.
The synchronized bursting of a large number of neurons within the CA3 field of the
hippocampus projects forward onto CAl with a large amount of excitatory input to both
inhibitory intemeurons and pyramidal cells of CAl. This massive input to both
excitatory and inhibitory neurons produces a high frequency oscillation (ripple) within
the CAl network (Buzsaki et al., 1983, 1986, 1989; Chrobak & Buzsaki, 1994, 1996;
McNaughton, 1983; Suzuki & Smith, 1987; Wilson & McNaughton, 1994; Ylinen et al.,
1995). As a result, when extracellular recordings are taken from CAl neurons both the
sharp wave and the high frequency oscillation (ripple) are observed in the field potential.
The recordings in Kudrimoti et al. (1999) and the electrophysiology reported in this
dissertation were both conducted primarily within the CAl layer of the hippocampus and
thus the term sharp wave-ripple event will be used in addition to sharp wave or ripple by
themselves. Because the sharp wave and the ripple occur simultaneously and are a result
of the same phenomenon these terms are used somewhat interchangeably, but the
abbreviation SWR (sharp wave-ripple) will be used when referring to the overall event.
Buzsaki and colleagues have systematically studied the SWR (Buzsaki et al.,
1983; Buzsaki, 1986, 1989; Chrobak & Buzsaki, 1994, 1996; Ylinen et al., 1995). In one
of the earlier studies (Buzsaki et al., 1983) hippocampal EEG and single unit activity
were monitored using tungsten microelectrodes, stereotaxically implanted into rats,
during various behaviors such as drinking or sitting quietly. The microelectrodes in this
experiment were movable, which allowed for EEG monitoring at various depths. Several
aspects of the SPW were observed in this study. First, it was found that the amplitude
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and polarity of a SPW varies with the location of the electrode, and can be as large as
S.SmV. By recording from various depths, they were able to show that the SPW reverses
its polarity just below the pyramidal cell layer of CAl, while the maximal negativity was
seen in the middle portion of the stratum radiatum (see Figure 19). The polarity of SPWs
in the stratum oriens and the stratum pyramidale is positive and the largest positive SPWs
were recorded in the pyramidal layer of the subiculum. Although SPWs may be absent in
the cell layer of CA3, large negative SPWs are present in the stratum lucidum of CA3
(Buzsaki, 1986) and negative SPWs are observed in the inner third of the molecular layer
of the dentate gyrus and the molecular layer of the subiculum (Buzs^, 1986). In fact,
the reversals of SPW potentials around the cell body layers is so reliable that it is often
stratum oriens

stratunfi
pyramidale
100 ms

Stratum
radiatum

Figure 19: Polarity reversal of sharp waves near the pyramidal ceil layer. In this figure, the sharp
waves and the concurrent ripple oscillations are shown at various electrode depths in the rat
hippocampus, in the stratum oriens, the sharp wave is barely discemable, but as the electrode is
advanced, the sharp wave increases in amplitude and the ripple oscillation becomes clearly visible.
The sharp wave reverses polarity at or just below the stratum pyramidale and increases in amplitude
as the electrode moves away from the cell layer and towards the stratum radiatum. Figure adapted
from Buzsiki etal., 1983.
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used as a physiological marker of electrode location including the recording reported in
this experiment. The SPWs in different regions of the ipsilateral hippocampus are
correlated, occur almost synchronously in both hippocampi, and always correlated with
increases in cellular activity in both pyramidal cells and intemeurons (Buzsaki et al.,
1983; 1992). Thus, the sharp wave-ripple event is widespread and synchronized
throughout the hippocampus. Given the increased firing of both pyramidal neurons and
intemeurons during SPWs and the low level of activity in both of these cell types during
inter-SPW intervals, the relative lack of pyramidal cell firing during these inter-SPW
intervals camiot be explained by GABAergic intemeuron activity (Buzsaki, 1986).
Administration of the GABA agonist diazepam, however, reduces the occurrence
frequency of SPWs and the blockade of GABA synapses via picrotoxin increases the
incidence and amplitude of SPWs (Buzsaki, 1989) suggesting that GABAergic
intemeurons are important in blocking the continuous recmitment of pyramidal cells
during the SPW and thereby terminating the activity burst. In addition, a calciummediated potassium current also appears to play a role in terminating the SPW related
burst (Alger & Nicoll, 1980; Nicoll & Alger, 1981). These two mechanisms prevent the
networks within the hippocampus from bursting continuously and inducing general
seizures such as those seen in epilepsy. Buzsaki et al. (1983) also examined the effect of
disconnecting the hippocampus from neocortex and lesions to the fimbria-fornix inputs
from subcortical regions. Together, both of these lesions failed to abolish the SPW and
commissural paths were not essential for the hippocampal SPW either, suggestion that
the SPW is a phenomenon intrinsic to the hippocampal formation and is modulated by
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cortical and subcortical input. In addition, lesions to the fimbria-fornix and the
overlaying cortex removed the distinct correlation between behavior and the occurrence
of SPWs, which then began to occur without regard for the behavioral state.
Furthermore, eserine (a muscarinic agonist) was capable of suppressing SPWs in both
normal and lesioned animals, whereas, atropine (a muscarinic antagonist) suppressed the
theta rhythm observed during active behavior.
Later, Buzsaki (1989) investigated the origin and pathways of the SPW by
delivering single volley stimuli to the perforant path during SPW bursts. He noted that
this stimulus occasionally evoked a double or triple response in cycles that required 202Sms to complete. He also noted that if a single cell responded to the first cycle, the
probability of it responding to the second cycle was increased. Furthermore, the spatial
distribution of the amplitude in the CAl field potential responses in two subsequent
cycles was virtually identical. Buzsaki suggested that, despite the various anatomical
pathways, neuronal information is kept separated at successive stages of hippocampal
circuitry and is returned "as is" to the cells of origin in the entorhinal cortex. In addition,
Chrobak and Buzsaki (1994) have demonstrated that neurons in the deep layers of
entorhinal cortex (output pathway from hippocampus) increased their firing rates during
SWRs and they found that the high frequency oscillation (ripple) observed in CAl was
also present in the deep layers of EC and the subiculum. Interestingly, the input layers of
EC (layers II-III) do not show any response to the hippocampal SPW (Chrobak &
Buzsaki, 1994), suggesting that the SWR is indeed a hippocampal output mechanism.
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In a recent current-source density analysis of the high frequency (ripple)
oscillation, Ylinen et al. (1995) discovered a large inward sink near the middle third of
the stratum radiatum, a smaller sink in the stratum oriens, and a current source near the
pyramidal cell layer in CAl. These results confirmed previous suggestions that the ripple
oscillation in the CAl region reflects the activation of both the apical and basal dendrites
via synchronous activity in the Schaffer collaterals from CAS (Buzsaki et al., 1983). In
the dentate gyrus, SPWs appear to reflect synchronous excitation of the proximal
dendrites of granule cells by associational and commissural pathways, which in turn
activate the hilar mossy cells. Ylinen et al. (1995) also studied the discharge probabilities
of pyramidal neurons during ripple oscillations. They foimd that the probabilities of
separate cells flring during a SWR were not equal and that the pyramidal cells that did
fire during a given ripple oscillation tended to Are during the negative peaks of the ripple
oscillation recorded in the pyramidal cell layer. In contrast, some intemeurons fired on
almost every single fast oscillatory wave and at the peaks of the cross-correlograms
lagged -2-2.5 msec (0° to 180° of the ripple cycle) behind the peaks of the pyramidal cell
cross-correlogram. They also suggested that the oscillatory event (ripple) was initiated
by the summated IPSPs in pyramidal cells due to inhibitory intemeurons. They also
found that although ripples most often occurred with SPWs, some SPWs were recorded
without obvious depolarization and that that the frequency of the ripple oscillation was
phase locked to the extra-cellular ripple event and was independent of the membrane
potential. This is in contrast to the ripple amplitude and phase, which appear to be
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affected by the membrane potential. These results suggest that the two field events,
although usually simultaneous, can be generated independently.
Intracellular recordings fi'om CAl pyramidal cells show a 1-1.5 mV
depolarization of the membrane potential during ripple oscillations (Ylinen et al., 199S).
Thus, the increased activity of inhibitory neurons affects the firing properties of the
pyramidal cells. The chloride currents themselves, however, are very small, and it may
be more likely that the ripple oscillation is driven by the firing activity of pyramidal cells
rather than the IPSPs induced by inhibitory activity.
6.4.2 Possible nuiemonic role of sharp waves and sleep
Based on the fact that a very large fi-action of hippocampal neurons is active
during SPWs, Buzsaki (1989) proposed that the apparently random firing may serve
some "housekeeping" function such as resetting networks to maintain synaptic viability
for encoding new memories in the next awake cycle. If this hypothesis were true, then
synaptic changes during behavior would not persist and memory trace replay would not
be observed during SPWs. In contrast, Kudrimoti et al. (1999) have found the most
robust replay of hippocampal memory traces occurs during the SWR, suggesting a more
regulated activity pattern during SWRs and supporting the role of the hippocampus in
off-line memory consolidation.
More recent evidence from the lab of Buzsaki has indeed provided evidence that
the discharge patterns during SWRs is orderly. Nadasdy et al. (1999) observed that
repeated spike sequences of 3-8 neurons occurred in CAl pyramidal cells during SWS
and REM sleep. In addition, they found that cells were part of more than one pattern, and
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fired at various rates, a result that was inconsistent with their previous hypothesis that the
function of sleep is to equalize synaptic connections. It now appears more likely that the
structured discharge of neurons observed during SWRs is due to the connectivity of the
hippocampus (McNaughton et al., 1996) or may even reflect changes in the hippocampal
networks as a result of learning (Buzsaki, 1989; McNaughton, 1983). Several lines of
evidence support the notion that the SWR may be the mechanism by which memories
stored within the hippocampus during behavior are spontaneously recalled and then
broadcast back through the output pathways of the hippocampus to the various
neocortical and subcortical networks. First, the orderly nature of discharge activity
provides a robust endogenous mechanism for modifying synaptic connections by
supporting neural activity within the normal range of LTP inducing stimuli. Recent
studies in the neocortex have shown that the timing of action potentials determines
whether synaptic weights are increased or decrease (Markram et al., 1997). Secondly,
Kudrimoti et al. (1999) have already reported the essential role of the SWR in the off-line
replay of hippocampal memory traces. Furthermore, if the SWR is the recall/output
mechanism by which the hippocampus orchestrates memory consolidation, it would be
important to dampen the robust synaptic plasticity mechanisms within the hippocampus
during these time periods. Indeed, two separate studies have reported a significant
decrease in LTP following tetanic stimulation during slow-wave sleep. The tetanic
stimulation pattern used in both experiments normally produces LTP in awake animals or
during REM sleep (Leonard et al., 1987; Bramham & Srebro, 1989). In addition, a recent
study by Battaglia et al. (2001) suggests that hippocampal SWRs are able to affect
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neuronal firing patterns throughout several cortical structures. There are also high
frequency (~200 Hz) ripple oscillations in the hippocampus and temporal lobe of humans
(Bragin et al., 1999; Draguhn et al., 2000), reminiscent of those observed in the rat.
6.4J Sleep and memory reactivation
If the SWR is truly involved in the replay of hippocampal memory traces, which
coordinates the activity of the numerous cortical and subcortical networks encoding a
memory, then slow-wave sleep should play a significant role in memory. Marr (1971)
was the first to suggest that the hippocampus stored memories during behavior and then
played back the memories stored therein to the neocortex during off-line periods such as
sleep. Buzs^i (1989, 1998) pointed out that the normal unidirectional flow of
information from neocortex to the hippocampus via the EC is reversed during off-line
periods and that the hippocampal SPW induces an oscillation in the output pathways of
the hippocampal formation (Chrobak & Buzsaki, 1994). McNaughton (1983) first
recognized that the different activity patterns observed in the hippocampus during sleep
and behavior was consistent with Marr's theory. Buzsaki (1991) proposed a two-stage
model of memory formation, in which memory traces are first formed in CA3 during
exploration (theta). During subsequent off-line periods, the potentiated connections in
CA3 initiate SPWs that then reactivate the memory trace. In fact, some theories on sleep
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, 1997, 1998). Kavanau (1994, 1997) suggests that sleep has evolved in
organisms with complicated brains because a simple rest period is no longer capable of
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maintaining all of the infrequently used memory traces within the brain and sleep is
therefore required in order to provide a longer period of reduced input, which allows for
the spontaneous activation of these numerous circuits. Interestingly, this theory would
predict that the global state of the hippocampus during quiet rest and sleep are similar,
which is indeed the case, at least for SWS.
Although the results reported in the literature are variable, both animal and human
studies support a relationship between sleep states and learning. Jenkins and Dallenbach
(1924) were the first to demonstrate that sleep "protects" memory traces, by studying
subjects who either learned a list of nonsense syllables in the morning or in the evening
and then tested their retention eight hours later. They found a clear superiority in
retention of the lists learned in the evening, prior to sleeping versus those lists learned in
the morning. Later, Benson & Feinberg (1975) extended this finding by testing retention
after a 24-hour delay for subjects learning the list in the morning versus the eight-hour
delay. They found that the subjects performed better following the 24-hour delay versus
the 8-hour delay, again suggesting a beneficial effect of sleep on learning. Although
many of the earlier investigations reported the beneficial effect of sleep on memory
(Benson & Feinberg, 1975; Idzikowski, 1984; Lovatt& Warr, 1968; Tilley& Empson,
1978; see Cipolli, 1995 for review), more recent studies of sleep and memory have
attempted to separate the differences between slow-wave sleep and REM sleep.
During the course of normal sleep periods, there is a periodic alternation between
two qualitatively different sleep states known as REM and non-REM or slow wave sleep
(SWS), which are easily distinguished on the basis of EEG criteria and the presence or
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Figure 20: EEG traces and concurrent liippocanipai single unit activity during two-second periods
of REM (A) and SWS (B). In each plot, the topmost traces are the raw EEG waveforms acquired
during an experiment. The second trace in each plot was digitally band-pass filtered between 6-10
Hz, to show the frequency power in the range of theta. The third trace was digitally band-pass
filtered between 100-300 lb to show the frequency power in the range of the ripple oscillation seen
during sharp wave-ripple events of LIA. Below the three EEG traces in each plot, the spikes of
several simultaneousfy recorded CAl pyramidal cells are shown, with each color representing a
different neuron. (A) REM sleep. The top plot shows the prominent theta rhythm during REM
sleep, which is readily visible in the raw EEG trace. This prominent oscillation is also noted during
active awake behaviors. Note the strong power in the theta frequency range seen in the second trace
and the lack of ripple oscillations in the third trace. In addition, the firing of pyramidal cells, while
modulated by the theta rhythm, is not grouped into specific time periods. (B) SWS. In contrast to
the pk>t in A, tiiere is no evidence of the theta rhythm in any trace. Furthermore, the sharp waves
and the ripples can be seen in the raw trace. The ripple oscillation is obvious in the third trace,
filtered between 100-300 Hz. Notice that the firing of CAl pyramidal neurons is grouped within the
sharp wave ripple events during SWS. This synchronous bursting may play a role in memory
consolidation during off-line LIA states such as SWS.
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absence of rapid, conjugate eye movements. The major synchronized neocortical EEC
waves of non-REM or slow-wave sleep early stages are delta waves, spindle oscillations
and the slow sleep oscillation, which progresses into lower frequency (1-4 Hz), high
voltage thalamocortical delta waves with a reduction in spindles in later stages of SWS.
This periodic alternation between SWS and REM occurs more quickly as the sleep period
proceeds such that early portions of sleep periods are dominated by slow-wave sleep and
later portions of sleep contain more REM sleep. This natural change in sleep
characteristics has been used to separate the roles of slow-wave sleep and REM sleep.
Several recent reports have emphasized the role of SWS, but not REM sleep in
the enhancement of declarative or spatial memory in humans (Plihal & Bom, 1999; Plihal
et al., 1999). In one study, Plihal et al. (1999) showed that early sleep (slow-wave sleep)
but not late sleep (REM) increased performance on a paired association task. In contrast,
they found that late sleep, but not early sleep increased performance on a mirror-tracing
task. In addition, they found that the benefit on the declarative task provided by slowwave sleep was blocked when they administered glucocorticoids to the subjects prior to
sleep. Thus, slow-wave sleep appears to be important in the consolidation of a paired
associative task, a task that is likely to involve the hippocampus and slow-wave sleep is
not cmcial for motor skill tasks. In addition glucocorticoids may play a role in
modulating slow-wave sleep activities. In a second study, Plihal and Bom (1999)
compared the effects of early and late sleep on a spatial mental rotation task and a "nondeclarative" task (wordstem priming). They found that early sleep, but not late sleep,
provided a significant enhancement in the subjects' performance of the spatial task.
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Interrupting late sleep had no effect on retention of the spatial task but did decrease
performance of the wordstem priming task. A general agreement that slow wave sleep
plays in important role in the consolidation of declarative memories has recently emerged
in the sleep literature as more experiments have studied the separate effects of REM and
SWS separately (Gais et al., 2000; Philal & Bom, 1997; Stickgold et al., 2000). In a
recent review (Sejnowski & Destexhe, 2000) the slow wave complexes and periodic high
frequency oscillations of slow wave sleep are suggested to represent "a recall of
information acquired previously during wakefulness, which are subsequently stored by
highly synchronized events that appear as slow waves in the EEC." In this review,
Sejnowski & Destexhe (2000) present a biologically-based model of sleep, which
supports the reactivation of memory traces within the temporal lobe during SWS that
governs memory consolidation.
As previously stated, the periodic alternation of sleep states changes in favor of
REM sleep as the sleep period progresses. During REM sleep, whose onset is heralded
by the classic ponto-geniculo-occiptal (PGO) spikes (Hobson, 1989; McCarley, 1994),
neocortical EEG becomes desynchronized and is replace by complex EEG rhythms that
are lacking in the low frequency components that distinguish slow wave sleep. In
addition to the desynchronization of neocortical EEG, experiments in animals have
shown that all marsupial and subprimate terrestrial placental mammals display evidence
for a highly synchronized, almost sinusoidal, (6-10 Hz) high voltage hippocampal EEG
oscillation called the theta rhythm. In the present experiments, REM sleep in rats was
easily identified by the presence of the theta rhythm during sleep. Although there is a
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vast amount of research on the potential roles of REM sleep, there is no generally
accepted function for REM sleep. Dreams were initially reported to occur during REM
sleep and human subjects awakened during REM sleep often report dreaming (Cartwright
& Monroe, 1968; Thomas, 1967). Early experiments also suggested that REM sleep was
necessary for memory retention (Empson & Clarke, 1970; Fishbein & Gutwein, 1977;
Lewin & Glaubman, 1975; McGrath & Cohen, 1978; Pearlman, 1972; Van Hulzen &
Coenen, 1982). REM sleep was found to increase performance in two way shuttle box
avoidance learning, a shock avoidance task, in rats and in word list retention in humans.
It has also been suggested that REM sleep increases in both animals and humans during
sleep just after learning a new task (De IConinck & Prevost, 1991; Hennevin et al., 199S;
Mandai et al., 1989; Smith, I99S). Many of these early studies, however, had two main
weaknesses. First, the task designs were not based on the implicit versus explicit or any
other memory category, and thus it is difficult to predict any brain regions likely to be
involved. Second, the sleep deprivation studies did not have sufficient controls, leading
to the potential for confounding variables in the reported "impairments". For example,
many REM sleep studies have attempted to induce REM only sleep deprivation, but it is
likely that some effects are due to overall sleep deprivation because slow wave sleep
invariable occurs prior to REM sleep. Therefore, once the subject is awakened, the
normal cycle back into SWS, which accounts for a larger percentage of sleep than REM,
is interrupted as well. In addition, the sleep deprivation treatments may have also caused
an increased stress level. This can lead to excess glucocorticoid release and a decrease in
arousal or motivation. More recent experiments in which more vigorous controls have
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been included, such as those of Plihal, Born and colleagues (Plihal & Bom, 1997, 1999;
Plihal et al., 1999) as well as results from other laboratories (Gais et al., 2000; Stickgold
et al., 2000) do not supported a specific role for REM sleep in declarative memory
processing. Although the findings from Plihal, Bom and colleagues have suggested a
distinct separation between declarative memory relying on SWS and implicit memory
relying on REM sleep, this general scheme is probably oversimplified because it appears
that maximal leaming likely requires normal amounts of both SWS and REM. Gais and
colleagues (2000) trained subjects on a visual discrimination task just prior to sleep and
then allowed the subjects to get 3 hours of early sleep (mainly SWS), 3 hours of late sleep
(largely REM), or a normal sleep period including both SWS and REM sleep. In
addition, they also included several appropriate controls. They found that early or SWS
but not REM or late sleep alone produced an improvement in performance. Maximal
performance on the task, however, required both early and late sleep, suggesting an
importance for both SWS and REM sleep. Stickgold et al. (2000) trained subjects on a
visual discrimination task and then subjects were either allowed to sleep normally or
were not allowed to sleep for at least 24-30 hours. Both groups were then allowed a
normal sleep period on the second and third night before re-testing was conducted 72
hours after training. They found that despite the two nights of recovery and the lack of
the normal effects of sleep deprivation often seen in subjects tested immediately after
sleep deprivation, the group that slept normally on the first night following training
performed significantly better than the subjects that did not sleep on the first night. These
results, along with earlier findings that REM sleep is (Empson & Clarke, 1970; Fishbein
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& Gutwein, 1977; Hennevin et al., 1995; Lewin & Blaubman, 1975; Mandai et al., 1989;
Smith, 1995) or is not (Ekstrand et al., 1971; Fowler et al., 1973; Lewin & Glaubman,
1975; McDonald et al., 1975; Rideout, 1979) crucial for memory consolidation have left
the role of REM sleep somewhat unclear, although both SWS and REM appear to be
necessary for the maximal benefit of sleep in memory consolidation.
Two important points regarding sleep and awake states have not been completely
addressed. First, there are two general states (although see Jarosiewicz et al., 2002) in
wakefulness and in sleep. One state (LIA) exhibits "large irregular activity" that is large
in amplitude and synchronous EEG activity in the cortex. The hippocampal activity of
the LIA state is marked by the sharp wave and the high frequency ripple oscillation in
both sleep and quiet wakeflihiess. In fact, Kudrimoti et al. (1999) have shown the sleep
per se is not required for hippocampal memory trace replay, but the LIA state is required.
In contrast, active behavior and REM sleep are both marked by a significant
desynchronization of cortical activity, a decrease in low fi'equency waves and the
presence of the regular theta rhythm in the hippocampus. Second, the major flow of
information is reversed between LIA and theta states of the brain. During awake
behavior, theta states, information comes into the nervous system from the outside world
and flows from cortical and subcortical regions into the temporal lobe and then through
the EC to the hippocampus. In addition, synaptic plasticity mechanisms in the
hippocampus are at their peak during theta states and are even modulated by the theta
rhythm (Huerta & Lisman, 1995). During LIA states, this flow of information appears to
be reversed such that memory traces in the hippocampus are spontaneously recalled

225
during SPWs and broadcast back out of the MTL to the cortical and subcortical regions.
As would be expected during the replay states in the hippocampus, synaptic plasticity
mechanisms are suppressed (Leonard et al., 1987). REM sleep is a theta phase, and the
cortical activity resembles that of awake states; therefore, one possible function of REM
sleep is that REM sleep reflects the cortical response in the hippocampal-neocortical
dialogue of memory consolidation. That is, the cortex may activate the associations
recently formed or updated in the cortex during SWS and, in turn, update synaptic
strengths within the hippocampus. Louie and Wilson (2001) have reported a form of
activity pattern replay during REM sleep, although this replay is on a different timescale
than the hippocampal memory trace reactivation observed during LIA. The brain activity
during REM sleep may also instruct the hippocampus in regards to which indexes or
memory "abstractions" within the hippocampus are important according to the neocortex
and subcortical regions.

6.5 Summary
The existence of a period of memory consolidation, during which newly formed
memories or recently active memories are subject to disruption, has been consistently
reported since the late 19"' century. Until the last few years, classical or standard
memory consolidation theory dominated the literature on memory consolidation. In the
standard consolidation theory, the hippocampus is essential for the immediate storage of
memories that later become independent of the hippocampus as they are transferred to the
neocortex for permanent storage. More recently, classical consolidation has been
challenged by variability in the human literature, new evidence for the 'reconsolidation'
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phenomenon, and the MMT theory of memory consolidation. Central to all of the
concepts in memory consolidation is the ability of the hippocampus to orchestrate the
replay of memory traces, formed during a previous awake (or theta) state, in a subsequent
off-line (or LIA) period. This process would then be able to update the connections
within, but more importantly, across the various networks participating in a given
memory. The off-line replay of memory traces within the hippocampus has been
observed in young animals (Pavlides & Winson, 1989; Wilson & McNaughton, 1994;
Kudrimoti et al., 1999; Nadasdy et al., 1999) and the sharp wave-ripple event is proposed
as the mechanism by which the hippocampus directs memory consolidation (Buzs^i,
1986,1989, 1996, 1998; McNaughton, 1983b, Sejnowski & Destexhe, 2000). Neither of
these two phenomena, however, has ever been studied in an aging brain.
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CHAPTER 7: RATIONALE FOR EXPERIMENTS
In the preceding ch£q)ters, the essential role of the hippocampus and other MTL
structures in the formation and consolidation of certain forms of memory was presented
(Alvarez & Squire, 1995; Squire, 1992; see Squire et al., 2001 for review). The
functional anatomy of the hippocampus is consistent with a role for this structure in the
rapid formation of an index or abstract representation of the vast array of contextual
information provided to the hippocampus via multiple neocortical association areas (e.g.
Teyler & Discenna, 1986). A hypothesis concerning the existence of different memory
systems was discussed in the context of which forms of memory may depend on the
function of the hippocampus (Alvarez & Squire, 1995, Squire, 1992; Zola-Morgan &
Squire, 1990). Most of the experiments using human subjects suggest that the
hippocampus is crucial for the formation and consolidation of new episodic memories
(Nadel & Moscovitch, 1997,1998; Squire et al., 2001). In rodents, spatial learning and
memory are the most obvious and well-studied functions of the hippocampus. The most
striking hippocampal pyramidal firing correlate in rodents is the location-specific "place
cell" (O'Keefe, 1979).
In addition to the spatial correlates of hippocampal pyramidal cell activity,
synaptic plasticity mechanisms likely to underlie memory functions, such as LTP, have
been widely studied in the rodent hippocampus (Bliss & Lynch, 1988; Bliss &
Collingridge, 1993). Age-related changes in the functional connectivity and synaptic
plasticity of the hippocampus are also well documented and have been correlated with
spatial memory deficits commonly observed in aged rats (see Barnes, 1994,2001 for
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review).

Finally, the multi-stability of the aged hippocampal map (Barnes et al., 1997;

Tanilla et al., 1997) and the lack of place field expansion during track running (Shen et
al., 1997) suggest that the age-related synaptic plasticity deficits have an affect the
hippocampal m^ of aged rats.
In addition to the essential fimction of the hippocampus for certain types of new
memories, the role of the hippocampus in orchestrating memory consolidation during off
line states, as proposed by Marr (1971), has been supported by several recent
observations that pyramidal cell activity patterns from active behavior are replayed in the
hippocampus during off-line (LIA) states (Gerrard et al., 2001; Kudrimoti et al., 1999;
Pavlides & Winson, 1989; Qin et al., 1997; Skaggs & McNaughton, 1996; Wilson &
McNaughton, 1994). This reactivation process appears to involve the spontaneous recall
of activity patterns within the CA3 region of the hippocampus during the sharp wave
burst The sharp wave event produces a high frequency oscillation (ripple) in CAI and
other downstream networks that may play a role in synchronizing cellular activity (e.g.,
Buzsaki, 1989; Sejnowski & Destexhe, 2000). Despite the known plasticity and memory
deficits in aged animals and humans, reports on hippocampal memory trace replay and
the sharp wave-ripple event in the aged brain are lacking.
The experiments conducted for this dissertation were designed to study the replay
of hippocampal activity patterns during off-line (LIA) states in aged rats. The initial and
most obvious question is whether hippocampal activity pattern replay occurs in the aged
rodent. Given the synaptic plasticity and memory deficits observed in aged rats, the a
priori hypothesis was that an age-related impairment in the reactivation of hippocampal
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activity patterns would exist in the aged animals. In addition, Kudrimoti et al. (1999)
have suggested the possibility that multiple experiences and/or the relative familiarity of
an experience may have an impact on memory trace reactivation. Their experiments
were unable to differentiate a possible effect of novelty in young animals versus the
effects of multiple experiences. The possible effects of both multiple experiences and an
entirely novel experience were tested in both young and aged animals in the experiments
in this dissertation.
During active behavior, the place-specific firing of hippocampal pyramidal cells
can form a map of the given environment (e.g., Wilson & McNaughton, 1993). Within
this hippocampal map, some neurons will have neighboring place fields and will,
therefore, have correlated activity during behavior. The temporal correlation of these
cells, coincident action potentials within a small time window, make it possible that
connections between neurons with neighboring place fields are modified during behavior
via an LTP-like mechanism (i.e., Abbott & Blum, 1996; Blum & Abbot, 1996). Evidence
for synaptic strengthening during behavior is provided by the place field expansion
phenomenon (Mehta et al., 1997,2000). Thus, during track running behavior, synaptic
enhancement may occur in the connections between neurons with overlapping place
fields, but should not occiu* in the connections between neurons whose place fields are
distant fi'om each other. For example, in the figure on the following page (Figure 21)
Neuron 1 (blue) and Neuron 2 (red) have overlapping place fields and will therefore fire
coincidently during behavior. Due to their coactivity, these two cells will be positively
correlated during behavior and the enhancement of the connections between these two
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cells is possible. If off-line reactivation occurs in the hippocampus, then this pair of cells
should tend to remain coactive and the increased correlation between these two cells
should be maintained during the post-behavior REST period. In contrast, the activity of
two cells with distant place fields will not be correlated, and, therefore, no enhancement
in the connection between these two cells would be expected. For example, neuron 1
Neuroni

Nairon2

Neuron3

r

Figure 21: Overiapping place fields on track. During track running, the firing of some neurons is
correlated, whereas others are uncorrelated. This correlation pattern within the network is largely
due to the place field characteristic of the pyramidal cells. Neuron 1 (blue) and Neuron 2 (red) have
overlapping place fields on the rectangular track. These two neurons will, therefore, fire
coincidentally during track running, maidng these two cells highly correlated. Neuron I and Neuron
3 (green) do not have place fields near each other. Therefore, they will not be positively correlated
during this particular behavior. Figure adapted from Gerrard et al., 2001.

(blue) and neuron 3 (green) do not fire coincidently during behavior, and thus no positive
correlation is formed between this pair of cells. The large group of such uncorrelated cell
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pairs would not be expected to exhibit any increased correlated activity during postbehavior sleep.
In addition, any off-line memory trace replay mechanism would be expected to
preserve the temporal sequence information from the behavioral activity patterns. That
is, in the above figure (Figure 21), if the rat were always to traverse the rectangle in a
clock-wise direction, then only the synaptic connection from Neuron 1 onto Neuron 2
should be strengthened and not vice versa. It is important, therefore, to test whether the
temporal associations formed during behavior are preserved in the memory reactivation
process of both young and aged animals. Finally, a previous study in young animals has
suggested that memory reactivation of hippocampal activity patterns is concentrated into
spontaneous population bursts in the CA3 field (the sharp wave, Buzs^, 1986), which
gives rise to a high frequency oscillation (ripple) that is synchronized throughout the
entire CAl field (Kudrimoti et al., 1999). Memory trace reactivation was studied during
sharp wave-ripple events and the sharp wave-ripple event was compared across age
groups.
The reasonable, although unproven, assumption that the biological mechanism(s)
in memory consolidation include the reactivation of activity patterns from a previous
experience, presents a considerable problem in the detection and quantification of
memory reactivation. It is presimied that the internal representation of an experience is
based on a unique distribution of neural spiking activity within the CNS. Consequently,
the consolidated memory for this experience results from some spontaneous
reinstatement of the previously formed firing patterns. Thus, the analyses in this
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dissertation were designed to quantify the similarities that may exist between the activity
patterns of behavior and a subsequent ofif-line period. In this quantification, it is
important to note that the expected mean correlation between large groups of neurons is
zero. That is, in a large network of inter-connected neurons, where no intrinsic
topography exists between the anatomical location of the neuron and the spatiallyselective firing of that neuron (Redish et aL, 2001), the overall correlation between all
pairs of cells is expected to be zero (e.g. McNaughton, 1998). In the previous example of
the rectangle track, for every pair of cells that are correlated due to their overlapping
place fields, each of those cells is not correlated with the large number of neurons
covering other portions of the track. In fact, previous work on cell-pair correlations has
shown that a correlation of 0.100 during track running, a low correlation by many
standards, is indicative of two neurons with overlapping place fields (Wilson &
McNaughton, 1994).
In addition, the process of memory consolidation is likely to include many
different memories at any given time, and memory processes themselves are inherently
imperfect. Therefore, the memory for any one experience would not be expected to
represent a large fraction of the total activity within a brain structure. Thus, the detection
of memory reactivation involves the persistence of positive, but relatively small,
correlations from one of several experiences. For these reasons, the correlation values
derived from the included analyses are expected to be small, but any overall value
deviating from zero is meaningful in the effort to quantify off-line memory trace
reactivation. Thus, although the correlation values referred to as "high correlations" or
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"significant" correlations in the following chapters are small, relative to the correlation
values routinely observed in other fields of study, they are important in the study of
memory trace reactivation.
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CHAPTER 8: GENERAL METHODS
8.1 Introduction
Two general methods have been applied to study hippocampal neuronal activity:
in vitro methods, using the hippocampus slice preparation, and in vivo methods involving
either acute or chronic use of extracellular recording electrodes. The experiments
conducted in this dissertation all utilized an in vivo extracellular tetrode recording
technique in awake, freely behaving rats. The ability to simultaneously record the
activity of many neurons (10 - 60) is a major technical advance in neuroscience that
helps to bring the field closer to understanding brain networks. The goal of the
experiments reported in this dissertation is to use this method to help bridge the gap
between brain function and behavior in order to better understand how hippocampal
ensemble activity reflects encoding and replay of an experience. In pursuit of this goal,
the activity of several hippocampal pyramidal cells was recorded in animals diuing
epochs of active behavior and during periods of quiet restfiilness and sleep, both before
and after the behavior session. All three experimental paradigms used in this dissertation
had the general scheme of a pre-behavior, baseline rest epoch (RESTl), the active
behavior session (RUN) and a post-behavior rest period (REST2). Each of these
experiments have several major components that are covered separately; behavioral
training and testing of the animals, chronic implantation of the hyperdrive electrode
array, maximizing neuronal activity and EEG during training, experimental procedures,
data acquisition, and off-line data analysis.
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8.2 Experimental Animals
Twenty-two adult, male retired breeder Fischer 344 rats (Charles River
Laboratories, Wilmington, MA and the National Institute on Aging's colony at HarlanSprague Dawley, Indianapolis, IN) were divided into two groups based on age. The total
number of animals in the three experiments included eleven young adult (10-13 months;
mean age 12 months during experiment) and eleven aged (25-32 months; mean age 28.5
months during experiment) rats. The rats were housed individually in plexiglass guinea
pig tubs and maintained on a reversed 12-hour light-dark cycle. The rats had free access
to food until the spatial testing was completed (Morris water maze) and the training
period began. From that time forward, the animals were maintained at 80% of their ad
libitum weights. The animals were weighed and handled daily, including frequent health
checks, and had free access to water whenever they were in their home cage. Animal
care, surgical procedures and euthanasia were carried out according to National Institutes
of Health guidelines for the use of vertebrate animals in research.

8.3 Training protocol and behavioral testing
8.3.1 Spatial testing - Morris swim task
Before beginning the recording experiment, the spatial learning and memory
abilities of each animal were assessed in the Morris swim task, which is one of the most
widely accepted methods for studying hippocampal-dependent spatial learning and
memory (see Morris, 1984 for details). In addition, age-related learning and memory
deficits in solving the Morris swim task have been well documented in rats (Barnes et al.,
1997; Gage et al., 1984; Gallagher et al., 1993; Rapp et al., 1987). This task, therefore.

236
was used to verify the expected differences in spatial learning between the young and old
rats used in the present experiments. These results could also be compared with those
from the electrophysiological studies of the hippocampus in the two age groups.
The procedure used for testing in the Morris swim task took place over five days.
On each of the first four days the animals completed six spatial trials, in which the rat
was released into a pool of opaque water from one of the eight possible starting points
(major compass points) along the edge of the pool. The rat was allowed to swim until he
found an escape platform hidden beneath the water's sur&ce or until 60 seconds had
expired. In the event that 60 seconds passed without the rat locating the platform, which
occurred often in the initial trials, the rat was lifted out of the water and placed onto the
platform. Whether the rat found the platform on his own or was placed onto the platform,
the rat was allowed to remain on the platform for a short time, during which the location
of the platform in the room could be learned. During each trial, the swim path of the
animal was recorded both on videotape and digitally by tracking software on a Pentium 1
PC. The duration of each trial, from the start until the animal located the platform was
also recorded. A duration of 60 sec was entered if the 60 seconds expired before the
platform was located. On day four, in addition to the spatial trials, the rats were given a
"probe trial" (with the hidden platform removed) that tested whether the rat had learned
the location of the hidden platform. After the probe trial, the rats were given at least a
two-hour rest period and then six visual trials were completed. The visual discrimination
trials were conducted in the same manner as the spatial trials, except that the platform
was visibly marked by a cue above the water's surface. On the fifth day, six additional

visual trials were conducted. The cued, visual discrimination version of the swim task
was included to screen young and old rats for any visual or motor problems.
8J.2 Pre-training
Following spatial learning and memory testing in the Morris swim task, the rats
were pre-trained to run for food reward on an elevated track before surgical implantation
of the hyperdrive array. Each rat was trained daily to run back and forth along a linear
track for food-reward. Initially, the rats are allowed to forage for food along the entire
length of the track, but eventually food reward was only available at the track ends. In
addition to track running, the animals were also familiarized with the general RESTRUN-REST procedure. During the pre-training days, the rats were brought into the
training room and allowed to sleep or rest quietly in a "nesf' pot or box for about 30 min
both before (RESTl) and after (REST2) track running. This pre-training occurred for
two weeks, after which each rat was implanted with the hyperdrive electrode array and
placed into the specific protocol of one of the three experiments conducted as detailed
later.

8.4 Electrode and Microdrive (Hyperdrive) Construction
In order to acquire extracellular spike signals from multiple single cells, a multielectrode microdrive assembly (the hyperdrive) consisting of 14 independently movable
"tetrodes" (McNaughton et al., 1983b; O'Keefe & Recce, 1993) was constructed and then
surgically implanted unilaterally above the right hippocampus of each rat. The
hyperdrive array has evolved over the course of the experiments in this dissertation and
the description given here is for the most recent design. The changes that occurred did
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not alter the recording techniques; they only simplified the process of hyperdrive
construction.
The tetrodes were made by twisting together four strands of fine (13 ^m dia.)
polyimide-coated nichrome wire (H.P. Reid Co., Neptune, New Jersey) while under
tension, and then fusing the strands together by softening the insulation for 2-4 seconds
with a heat gun. The tips of the four wires were then cut flat at the same level and an
input impedance of300-600

at IkHz was achieved by electrochemically plating the

tips of each of the four tetrode wires with gold from a gold salt solution (Sifco,
Cleveland, OH). Each tetrode was then inserted into the hyperdrive array and glued into
place. Once properly inserted and attached, each tetrode was connected to a drive nut
that enabled individual manipulation of each tetrode.

Figure 22: The Hyperdrive. Schematic drawings of the hyperdrive multiple tetrode array that was
used in all of the experiments presented in this dissertation. Picture provided by Bruce McNaughton.

The hyperdrive apparatus, which is shown in the schematic drawing above and
the figure on the following page, consisted of a conical plastic core containing fourteen
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pre-drilled inclined guide holes. A threaded post and a smaller support post were
embedded into the plastic core parallel to each of the fourteen guide holes (Figure 23). A
bundle of fourteen 30-gauge steel cannulae, which were held tightly together at one end
using an 11-gauge cannula and shrink tubing, was introduced into the conical core such
that each of the 30-gauge guide cannulae were inserted into one of the 14 guide holes.
The guide holes in the plastic core were inclined such that each of the 30-gauge cannulae
fanned out from a tight lattice at the bottom of the drive in a 30° angle to the long axis of

Figure 23: Hyperdrive top view. The top view of an unloaded hyperdrive array is shown. Note how
the fourteen guide cannulae that are spread around the outside portion of plastic core are angled at
30° such that they come together in a small bundle at the bottom of the hyperdrive. The threaded
screws and guideposts for each drive nut are also shown. Each tetrode was attached to a drive nut
such that turning the drive nut up and down along the threaded post also moved the tetrode up and
down.
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the hyperdrive (see Figure 23). Once this bundle of 30-gauge cannulae was installed into
the plastic core, then drive nuts, containing 23-gauge cannulae, were fitted over the 30gauge bundle cannulae and onto the support post as the drive nut was screwed onto the
threaded post (stainless steel 0-80, 350
polyimide tubes (78

and 110

per turn, see Figure 23). Two nested

in diameter; Hudson International, Trenton, GA)

were then loaded into each of the 23-gauge drive cannulae and the 30-gauge guide
cannulae, and then glued into place. Finally, a tetrode was inserted into each of the
nested polyimide tubes and glued into place such that when the drive nut was turned, the
attached 23-gauge drive cannula, the polyimide tubes and tetrode were all advanced
through the fixed 30-gauge guide cannula. The tetrodes were able to extend to a distance
of 5-7 mm beyond the bottom of the 30-gauge guide cannulae. At the bottom of the
hyperdrive, the tightly bound bundle of 30-gauge cannulae produced a parallel hexagonal
lattice with an area less then 2 mm^. Once installed into the hyperdrive, the four wires at
the top end of the twelve single-unit recording tetrodes were connected to a circuit board
attached to the plastic core. Two of the tetrodes were used as single channel reference
electrodes; therefore, the four wires within these two tetrodes were cormected as a single
channel to the circuit board of the hyperdrive.

8.5 Surgery
Under pentobarbital sodium anesthesia (Nembutal 40 mg/kg i.p., Abbott, IL), the
rats were placed on a stereotaxic fiame (Kopf, Tujunga, CA) and prepared for the
surgical implantation of the hyperdrive array. Following a midline incision, the skull was
exposed and several small holes were drilled to affix stainless steel screws, one of which
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served as the electrical ground. A circular craniotomy was then performed unilaterally,
above the right hippocampus, centered at 3.8 nun posterior and 2.S mm lateral to bregma
(Paxinos & Watson, 1982). The dura was incised and retracted before placing the apex
of the hyperdrive on the brain surface at the stereotaxic coordinates above. This
positioning places the array of tetrodes directly above the dorsal CAl region of the
hippocampus and approximately 2.0 nun above the CAI cell layer. Once the hyperdrive
was lowered into place, the craniotomy was filled with melted bone wax to protect the
guide cannulae bundle of the hyperdrive and to seal the craniotomy, which aids in the
prevention of infection. Next, the hyperdrive was anchored with dental acrylic to the
support screws affixed to the skull. Any separate electrodes (i.e. stimulating electrodes)
were then implanted and cemented into place. Finally, the ground wires were connected
to a screw in the skull and any separate electrodes were connected to the hyperdrive
circuit board.
During the surgical procedure, anesthesia was supplemented with methoxyflurane
(Metofane, Pitman-Moore, IL) inhalation when necessary and the animals were
periodically aspirated, using a fine plastic tube attached to a syringe, to prevent tracheo
bronchial obstruction. Following surgery, 30,000 units of penicillin (Bicillin, Wyeth, PA,
i.m.) were administered in each hindlimb as a prophylactic antibiotic and the rat
recovered fi'om anesthesia in an incubator. The animals were placed into an incubator
during recovery in order to control the temperature and humidity of the post-operative
environment. Once the rat was awake enough to swallow, 25mg of acetaminophen
(Children's Tylenol Elixir, McNeil, PA) was administered orally for analgesia. When the
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rat had recovered from anesthesia, it was placed into a new plexiglass tub and received
2.67 mg/ml acetaminophen in their drinking water for three days following the surgery.

8.6 Electronics and recording
8.6.1 Single unit action potential recording
Twelve of the 14 tetrodes were used for recording unit activity and
electroencephalography (EEC) and the two remaining probes served as reference or EEG
electrodes. One of the reference electrodes was placed into an acellular zone of the
corpus callosum and was used as the reference for differential recordings. The other
electrode was placed near the hippocampal fissive to optimize recording of the theta
rhythm in the hippocampal EEG. Each of the four chaimels within a tetrode was
connected to a unity-gain field effect transistor preamplifier for impedance reduction
(Multichannel Concepts Inc., Gaithersburg, MD or Neuralynx Corp., Tucson, AZ).
Signals from the headstage were carried, by a multiwire cable that was attached to a 64channel conunutator (Beila Idea Development, Anaheim, CA), to a set of eight-channel,
software-controlled amplifiers (Neuralynx Corp., Tucson, AZ). For single unit data, the
signals were amplified (X 10000), band-pass filtered (600 Hz to 6 kHz) and fed into
analog-to-digital converter cards housed in either six 80486 PCs equipped with
progranunable 10 kHz time-stamp clocks, or one Sun Ultra 1 workstation (Sun
Microsystems, Palo Alto, CA). Much like the hyperdrive, the recording system also
evolved with time. The fimdamental properties of the system, however, did not change
substantially and both acquisition systems provided a spike-time resolution of 100^s.
The signals from each tetrode were sampled at 32 kHz using Advanced Discovery data-
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acquisition software (DataWave Inc., Longmont, CO) or Cheetah data-acquisition
software (Neuralynx, Tucson, AZ). Whenever the amplitude of a tetrode channel signal
exceeded a pre-set voltage threshold, the signal from that tetrode was acquired for one
msec, beginning .25 msec before threshold crossing. Each spike was time-stamped and
stored on disk. The signals were also fed into an audio monitor (Model AM 8C, Grass
bistruments, Quincy, MA) in parallel, so that subjective auditory recognition of CAl
complex spike units within the cell body layer was possible. The principle of tetrode
recording (McNaughton et al., 1983b) is an extension of the stereotrode recording method
and has been described in detail previously (Gothard et al., 1996; Gray et al., 1995;
McNaughton et al., 1983b; O'Keefe & Recce, 1993; Wilson & McNaughton, 1993). The
tips of the four microwires within a tetrode were so closely spaced that most neurons near
the end of the tetrode were recorded simultaneously by two or more of the four channels,
although the amplitude varied on the four channels due to the variable distance between
each wire tip and each neuron recorded. Therefore, several individual units were isolated
during off-line processing using the different characteristics of the waveforms on the four
separate channels, to discriminate one cell from another.
8.6.2 Continuous EEG recording
The most significant difference between the two recording systems used in the
experiments of this dissertation was in the sampling frequency available for continuous
EEG recording. In the Discovery system, EEG data were taken from one channel on
seven of the tetrodes and the hippocampal fissure electrode using one 80486 PC. These
signals were amplified (X 2000), band-pass filtered between 1 and 100 Hz and sampled
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at 250 Hz to be stored on disc. Additional EEC data were recorded from four of the
tetrodes within the CAl layer. These signals were amplified (X 2000), band-passed
filtered between IHz and 3kHz and were sampled at IkHz and stored on another
computer. Thus, the Discovery system consisted of eight linked 80486 computers, six
used for the acquisition of single unit data and two computers used for EEC and position
data acquisition. The time stamps of all eight computers used with the Discovery system
were synchronized by a master clock signal emitted by one of the eight microcomputers,
which served as the master system. The EEG data sampled at 250 Hz were used to
record the theta rhythm (5-12 Hz) during locomotion behavior (Vanderwolf et al., 1975),
and sharp waves during rest or slow-wave sleep states (Buzsdki, 1986). The EEG data
sampled at 1 kHz were used to identify 100-300 Hz "ripples" in the EEG during rest or
slow-wave sleep (O'Keefe, 1976; Buzsaki et al., 1992; Ylinen et al., 1995). This channel
was undersampled due to a hardware constraint; however, the minor aliasing that would
have resulted did not significantly affect ripple detection or analysis.
In the new Cheetah system, computer technological advances in processor speed
and disc storage allowed for 16 channels of EEG data to be recorded at an increased
sampling rate (2.4 kHz). Therefore, EEG data were taken from one channel in each of
the twelve tetrodes located in or near the CAI layer and from the theta reference
electrode placed near the hippocampal fissure. These signals were amplified (X 2000),
band-pass filtered from 1 Hz to 3 kHz and sampled at 2.4 kHz for storage onto hard disk.
The sampling rate for this system was much higher than that of the Discovery system (2.4
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kHz vs. I kHz) and alleviated the aliasing concerns regarding the detection and processing
of the 100-200 Hz ripple oscillations within CAl.
8.6J Position data sampling
Infrared light-emitting diodes were attached to the headstage for tracking the
movement of the rat. Diodes, used as maricers for location and head direction, were
placed at both ends of a 15 cm light-weight aluminum rod attached to the headstage used
in conjunction with the Discovery acquisition system and diodes were built into the
headstage used with the Cheetah acquisition system. Signals emitted from the diodes
were received by a video camera mounted on the ceiling above the recording apparatus.
A tracking device acquired the position data (Tracker SA-2; Dragon, Boulder, CO),
sampling the location of all diodes at 20 frames/sec (Discovery) with a resolution of ~2.3
cm/pixel or 60 frames/sec with a resolution of 0.7 cm/pixel (Cheetah). The rat's position
and behavior were also recorded on videotape and displayed on a TV monitor within the
computer and electronics room.

8.7 Experimental Recording Protocol
8.7.1 Identification of units
In each of the three experiments detailed below, the tetrodes and reference/EEG
electrodes were lowered into position after surgery over several days. The two
reference/EEG probes were lowered into place fairly quickly, over a few days, with one
placed in the corpus callosum, serving as a differential reference, and the other lowered
300-400 ^un below the CAl cell body layer, near the hippocampal fissure, for optimal
recording of the hippocampal theta rhythm in the hippocampal EEC. The remaining
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twelve tetrodes were lowered slowly over several days into the CAl layer of the
hippocampus. The presence of sharp wave-ripple complexes was used to indicate
proximity of a given tetrode to the CAl cell body layer. The CAl layer itself was
identified by the presence of multiple complex-spike cells (Fox & Ranck, 197S;
McNaughton et al., 1983; Ranck, 1973) and the polarity of sharp wave-ripple complexes
indicated the location of the tetrode relative to the CAl layer (Buzs^, 1986; Suzuki &
Smith, 1987). During the cell isolation and optimization period, the rat was trained on
the experimental protocol for one of the three experiments conducted.
8.7.2 Sleep scoring
During the two rest epochs of each experiment, the behavior state of the rat was
scored several times each minute by the experimenter. Behavior state scoring during the
rest epochs used a combination of behavioral and EEG criteria and was done by noting
the behavioral state of the rat as observed on a video monitor and the on-line EEG state.
Behavioral state scoring during the rest epochs included the following notations: LIA the most commonly recorded state, was signified by the presence of sharp wave-ripple
complexes during either quiet restfulness or sleep; S - the rat was still, but may not be
sleeping; SWS - the rat was still, sharp wave-ripple complexes were noted in the EEG
and the rat was likely asleep due to the period of time consisting of continuous LIA;
SPND - neocortical spindles observed in the global EEG, indicating that the rat was
entering the beginning stages of SWS; AW0 - the rat was obviously awake and moving
around and theta rhythm was recorded in the hippocampal EEG; G - the rat was
grooming; REM - the rat was in REM sleep as indicated by theta in the EEG while the
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rat was motionless and asleep. The rest periods in all of the experiments consisted
mainly of the LIA and SWS states. The slow-wave sleep state was often heralded by
neocortical spindle activity intervals as the rat drifted from the quiet wakeful state (LIA)
into sleep (SWS).
8.7J Experiment I: The rectangular track
The first experiment was designed to address the initial question presented in
Chapter 7: do old animals exhibit reactivation of hippocampal activity patterns from
behavior during a subsequent rest epoch? This phenomenon has been previously
documented in young rats running on simple elevated tracks (Kudrimoti et al., 1999;
Wilson & McNaughton, 1994. Ten of the 22 rats, five young adult (10-12 month) and
five old (25-32 months) rats, were used in Experiment I.
8.7J.1 Training
During cell isolation and optimization, the rat was familiarized with the
behavioral protocol of Experiment I and was trained to run continuously around a
rectangular track (94 cm X 40 cm) in the counterclockwise direction for food reward at
the two outer comers (see Figure 24). The rat was trained in this manner for 10-14 days
and, therefore, the rectangular track and the experimental environment were very familiar
to the animal when the experimental recordings began. In addition, the rectangular track
used during training and the recording experiments was actually one rectangle of a
figure-eight track (see Figure 24). The other portion of the figure-eight track was
obscured by a large wooden barrier placed next to the central arm of the figure-eight

I
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track and was, therefore, unavailable to the rat The rat was not exposed to the other side
of the wooden barrier until the "multiple-track" portion of this experiment.
8.7J.2 Experiment I protocol
At the beginning of each experiment, the rat was brought into the experimental
room and placed within the towel-lined nest pot. Any required adjustments to the
tetrodes or reference electrodes were made to optimize the cell count and EEG for that
day. Once the experiment began, baseline data were recorded for 20-60 minutes
(RESTl), while the rat sat quietly and/or slept within the nest pot. Following the baseline
recording period (RESTl), the rat was taken out of the nest pot and placed onto the
rectangular track, on which he ran counterclockwise for 20-30 minutes (RUN). After
running on the familiar rectangular track, the rat was placed back into the nest pot and
data were collected for an additional 30-180 minutes as the rat rested quietly and/or slept
(REST2).
After several (7-16) consecutive days of this familiar-rectangular track procedure,
a new behavioral protocol was introduced. In this multiple-track protocol, the baseline
data (RESTl) were recorded in the same manner. Following RESTl, the rat was placed
on the familiar rectangle and ran 15-25 laps in the counterclockwise direction just as
before. Next, while the rat was on the central arm of the figure-eight maze, the barrier
was lifted and placed on the other side of the central arm, which restricted the rat to the
novel half of the figure-eight track (which also included the common central arm). This
new rectangular track was identical in size to the familiar rectangle (see Figure 24). The
rat ran 20 to 30 laps on this novel rectangular track in the clockwise direction, while data
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Experimental Environment: Experiment I

Barrier

I
Familiar Track

Novel Track

Figure 24. Tlie tracic used for recording sessions in Experiment I. Tlie side laiieled "Familiar
Track" was used during training and during most of the recorded experiments. This familiar
rectangular track was also used in RUNl and RIJN3 in the multiple track portion of Experiment I.
During the familiar rectangular track recordings, the barrier, indicated by the brown stripe,
prevented the rat from being exposed to the novel half of the figure-eight maze until the multiple
track recordings. During the multiple track recordings, the rat was placed on the familiar
rectangular track, where he ran ~20 laps. After the rat had completed ~20 laps on the familiar
rectangle, the barrier was moved to the opposite side of the middle arm and the rat ran several laps
on the novel portion of the track (RUN2), which is labeled "Novel Track". After RUN2, the barrier
was moved back to its original position, as shown, and the rat again ran on the familiar rectangle
(RIJN3). The rat ran around the rectangular tracks, counterclockwise on the familiar rectangle, as
shown, and clockwise on the novel rectangle. Food reward was received at the outer comers of the
track. Cues were placed around the recording room to provide distal landmarks and context for the
task and environment.

were recorded (RUN2). After 20-30 laps were completed on the novel rectangle, the
barrier was again lifted and placed back into its original location and the rat traversed the
familiar rectangular track in the counter-clockwise direction (RUN3) for an additional
15-25 laps. There were no pauses between the three track running sessions and the rat
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was not removed from the figure eight maze at any time during this procedure. Finally,
the rat was returned to the nest pot and data were recorded for an additional 30-180
minutes (REST2). This multiple track procedure was repeated on the following day. The
purposes of the multiple track protocol was 1) to confirm that there were no significant
changes in the place field configuration during the two traversals of the familiar
rectangle, thus establishing that the same cells were recorded during the entire trackrunning behavioral epoch 2) to determine how the temporally-separated spatial
representations of the different behavioral sessions were reactivated concurrently in sleep
following this experience, and 3) to investigate whether reactivation was qualitatively
and/or quantitatively different following experiences that included the novel portion of
track.
To determine if the hippocampal cellular activity patterns in the two halves of the
figure-eight maze were different, smoothed firing rate maps (Skaggs et al., 1993) of the
pyramidal cells with place fields on the two halves were constructed by binning the two
rectangular environments (bin size, 1.7 cm x 1.7 cm). Correlations were then computed
between the firing rate maps from RUNl, RUN2, and RUN3 to assess the similarities in
spatial representation for all three track-running experiences. In addition, the similarities
of the cell-pair firing rate correlation distributions during the three conditions (RUNl,
RUN2, RUN3) were computed by calculating the correlation of the cell-pair firing rate
correlations from the separate RUN sessions. That is, the correlation of the cell-pair
correlations was tested. In two of the ten rats (one young and one old) used in the

251

familiar track experiments, the data recorded during the multiple track protocol were
unusable due to technical difficulties during the recording experiment.
8.7.4 Experiment II: The T-maze
Although the multiple track protocol in Experiment I included a novel portion of
track, the overall environment and the majority of the figure-eight track were highly
familiar to the rats. Therefore, the multiple track protocol of Experiment I could assess
the replay of activity patterns from multiple experiences, but could not completely
address any possible effects of a completely novel experience. For this and other reasons,
Experiments II and III were conducted. Six rats, three young adult (10-13 months) and
three aged (25-31 months) rats, were used in this experiment.
8.7.4.1 Training
Following surgery, during the tetrode optimization days, the animals in
Experiment II were trained on track nmning using the figure-eight maze described in
Experiment I. In order to familiarize the rats with track running and to get them
accustomed to making left turn versus right turn decisions, the rats ran the full figureeight track; making an alternating left turn or right turn at the end of the middle arm of
the figure-eight track. For example, if the rat shown in figure 24 were to make a left turn
at the end of the middle arm he is traversing, then the appropriate response would be to
make a right turn the next time he approached the end of that same middle length of
track. The barrier used in Experiment I (and shown in figure 24) was not present during
this training protocol. If the appropriate turn (alternating left/right) was made at the end
of the middle arm, the rats received food reward at two of the outside comers of the
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figure-eight maze. After several days of optimization and training, the experimental
recording began.
8.7.4.2 Experiment II protocol: The T-maze
The general design of this experiment was similar to Experiment I, with two
additional recording epochs. The procedure for this experiment consisted of five epochs,
with two behavioral sessions between three rest periods as follows; RESTl, RUN I,
REST2, RUN2 and REST3. Although the rest epochs in Experiment 11 were similar to
the rest epochs of Experiment I and the behavioral state scoring during rest periods was
the same (see section 8.7.2), Experiment Q had two important differences fi'om
Experiment I. First, the rats in this experiment traversed a T-Maze during the RUN
epochs, rather than the rectangular track (see Figure 25). Second, the rats had never
before experienced the T-maze or the experimental environment before the recording
experiments began. Therefore, in the initial days of the recording experiments, the track
and surrounding environment were entirely novel to the animals.
Following the initial baseline recording period (RESTl), the rat was placed at the
end of the base arm of the T-maze to begin the first behavioral epoch (RUN 1). Once the
rat was placed on the base arm of the T-maze, he ran 25 laps from the base arm to one of
the end arms and back. During the track running sessions, the two end arms of the Tmaze were baited with difiTerent probabilities (80% vs. 20%) and the home arm was
always baited with a 50% probability. It was possible, therefore, for the rat to have
learned which end arm of the T-maze was more likely to possess a food reward. During
twenty of the 25 laps, however, the rat had no choice on the turn made from the base arm
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Figure 25: The T-maze tracic used for Experiment II is slwwn in this figure. The base arm of the
tracic, bottom of the figure, was always baited with a 50% probability. The two arms of the Tmaze were baited with different probabilities, one arm was baited 80% of the time and the other
arm was baited only 20% of the time. A movable barrier was placed on the maze to force the rat
to go to one of the arms of the T-maze for most of the triab during the RUN epoch. Five probe
trials were conducted during the RUN epoch, when the barrier was not placed on the T-maze and
the rat was allowed to choose between the two arms of the T-maze. Figure adapted from Cowen,
2000.

because a barrier was placed at the junction, only allowing the rat to turn in one of the
two possible directions (See Figure 25). This procedure ensured equal sampling of the
track, which is required for establishing pyramidal cell firing characteristics during
behavior. The other five laps were probe trials, which were used to test whether or not
the rat had learned the reward probabilities of the two end arms (i.e., tended to go to the
arm with 80?/o reward probability. During these probe trials, no barrier was placed at the
junction of the T-maze and the rat was allowed to choose between the two arms.
Following the first RUN epoch (RUNl), the rat was placed back into the nest pot and
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allowed to sleep or rest quietly for 30-60 minutes (REST2). Unlike Experiment I, the
protocol in Experiment II consisted of five epochs rather than three. Consequently, the
rat was placed back onto a T-maze and ran an additional 25 laps (RUN2) after REST2.
Following the second behavioral session on the T-maze, the rat was placed back into the
nest pot for a final REST epoch (REST3). This experiment was conducted with other
investigators who were interested in additional questions; therefore, some of the protocol
characteristics for this experiment were designed to address questions that were not part
of this dissertation.
The data fi'om the first two days of Experiment II were used to examine memory
trace replay in the hippocampus following a novel experience in young adult and aged
animals. Only the data from the first three epochs RESTl - RUN I - REST2 were used
for analysis in this dissertation because the second RUN (RUN2) and third REST epoch
(REST3) did not have a proper baseline. That is, REST2 cannot serve as a proper
baseline for REST3 because the track running activity is likely to be reactivated in both
rest epochs. In addition, RESTl cannot serve as a proper baseline for REST3 because of
the intervening track running epoch (RUNl) between REST3 and the second track
running session (RUN2).
8.7.5 Experiment III: Circular siiuttle tasic
8.7.5.1 Training
The experimental protocol for the circular shuttle task was more complex than the
other two experiments and thus required additional training prior to experimental
recording. The fundamental procedural difference in this experiment was the
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implantation of a stimulating electrode into the medial forebrain bundle (MFB), to
motivate behavior. Stimulation of the MFB, by passing a small amount of current
through the stimulating electrodes, is a powerful reward (Olds and Milner, 1954;
Liebman and Cooper, 1989) and was used as the reward in this experiment for two main
reasons. First, a food reward would have marked the location of the pause/reward site
along the track. Second, the acquisition computer precisely controlled the delivery of the
MFB stimulation reward as it monitored the rat's position along the track. In addition to
the normal track running training, the efGcacy of the stimulating electrodes was tested by
placing each rat into a Skinner Box each day for one week. In the Skinner Box, the rats
received MFB stimulation each time they pressed a lever within the box. Each day,
multiple current intensities and polarities through each of the two stimulating electrodes
were tested in order to identify the stimulation parameters that produced the maximal
response from the rat. The most effective stimulation parameters were used during the
recording experiment.
8.7.5.2 Experiment III protocol: The shuttle task
Once training on the linear track running and optimization of the MFB stimulation
parameters in the Skinner Box were completed, the experimental recordings began. The
general design of this experiment was similar to that of Experiment II in that it also has
five epochs as follows: RESTl, RUNl, REST2, RUN2, REST3. As in the previous two
experiments, the protocol in Experiment III began with a baseline rest period as the rat sat
quietly or slept in a nest box (RESTl). The behavioral state scoring method during the
rest epochs of Experiment III was identical to that of the other two experiments (see
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Section 8.7.2). For the first several (15-32) days, the rats performed a linear shuttle task
during the RUN epochs, which was identical to the training task. To begin the RUN
epoch, the rat was placed into the start box at one end of the track (see Figure 26).
Linear Shuttle Task

180 cm

start
box

barrier

invisible
goal
zone

Figure 26: Tlie linear shuttle track used in the first several (15-32) experimental recordings in
Experiment III. The barrier and the invisible goal zone were stationary in the environment The
track and start box, however, were slid back and forth between each trial, changing the distance
from the start box to the goal zone and the barrier. Because the track and box moved between each
trial, the rat must learn to locate the goal zone for MFB stimulation based on the distal cues.

Once the doors of the start box were opened a trial began; the rat exited the box, ran to
the end of the track (barrier) and then returned to the box. If the rat ran to the end of the
track, before returning to the box, the doors were closed behind the rat, a food reward
was given to the rat and the box/track were moved to a new location for the next trial (see
Figure 26). In addition to this track running behavior, the MFB stimulation was delivered
whenever the rat entered the unmarked goal location and remained within this location
for a set period of time (marked black in Figure 26). During each outbound or inbound
journey (length from the box to barrier or vice versa) of each lap, the rat had the
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opportunity to receive MFB stimulation if he paused long enough in the proper location.
During the first few days, the delay time for MFB stimulation reward was set to 10 msec
so that the rat received MFB stimulation on each journey. Then, the delay time for
receiving the MFB stimulation reward was slowly raised each day until it reached a point
that the rats had to remain still in the goal zone for one second or more. Because the start
box and track were moved between each trial, the goal location for receiving MFB
stimulation was not stable relative to the track or start box, but was stable relative to the
distal cues outside of the track. The rats were allowed to run consecutive trials on the
linear shuttle task for 30 minutes before they were removed from the start box and placed
back into the nest box for a twenty-minute rest epoch (REST2). Following the second
rest epoch, the rats were placed back into the start box and another 30 minutes were
recorded in the linear shuttle task (RUN2) before a final twenty-minute rest epoch
(REST3).
After several consecutive days (17-32) on the linear shuttle task, the rats were
switched to a novel, circular shuttle track. On the first day of the circular shuttle task, the
curtains and cues within recording environment were replaced with a novel curtain
arrangement and new cues. In addition, the rats had never been exposed to this circular
track. Although the environment and track were novel, the procedure used in the circular
shuttle task was exactly the same as in the linear shuttle task. The only difference was
that the circular track and start box rotated, rather than sliding back and forth between
trials, to increase or decrease the distance from the start box to the goal zone and the
barrier.
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Circular Shuttle Task

bamcr

88 cm

Figure 27: The circular shuttle tracic
and task used in Experiment HI. To
begin each trial, the doors of the start
box were opened, the rat left the start
box and ran to the barrier. When the
rat reached the barrier, he turned
around and ran back to the start box,
completing one triaL During each leg
of the journey, the rat was given the
opportunity to pause in the invisible
goal location for MFB stimulation. In
between each trial, the track and
attached start box were rotated, thus
increasing or decreasing the distance
from the start box to the goal zone
and barrier that were stable in the
overall environment Thus, the rat
must use distal cues to determine the
location of the goal zone.

As with Experiment II, this experiment was conducted with other investigators
and many of the characteristics of the experiment were designed to address questions that
are not related to this dissertation. In addition, only the data from the first two recordings
in the circular shuttle task were used to address the replay of hippocampal memory traces
following a novel experience. Whenever possible, data from all three experiments were
combined to address the questions presented in Chapter 7.
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8.8 Data analysis
8.8.1 Off-line single unit isolation
Three multidimensional "cluster-cutting" techniques (XClust, M. Wilson; MClust,
A.D. Redish; and BBClust, P. Lipa) were used to isolate the spikes from each single unit
recorded on each tetrode. The spike sorting methods used the relative characteristics (e.g.
amplitude, peak-to-trough, principal components) of spike waveforms from each of the
cells recorded simultaneously on the four closely spaced electrodes within a tetrode to
assign a point in N-dimensional parameter space to each spike. The spikes from
individual neurons were then separated based on their tendency to cluster in parameter

Figure 28. An example of the waveforms recorded on one tetrode during a recording experiment.
Notice that the multiple waveforms recorded on the four channels of this tetrode create the plot to
the right where each cell forms a ''cluster" of points. Each point in the plot on the right corresponds
to the peak amplitude on each of the four channels for each waveform recorded. The four quadrants
of the plot on the right represent the peak amplitudes of each channel against the peak amplitude on
other channels of the tetrode. Using these data, an off-line interactive clustering software program
alh>ws the user to separate the multiple waveforms into the several neurons recorded.

260
space. A scatter plot of the relative peak amplitudes (one waveform characteristic) of
spikes in four of the six available combinations of the four tetrode channels is shown in
Figure 27. Two of the cluster-cutting techniques (XClust, M. Wilson; MClust, A.D.
Redish) utilized hand drawn boundaries around the visible clusters (see Figure 27)
produced by projecting the points onto 2-D subspaces. The third spike sorting technique
(BBClust, P. Lipa) automatically clustered spikes based on the characteristics of the
waveforms in N-dimensional space and the results were then checked and updated as
necessary by the user.
8.8.2 Unit classification
An isolated unit was classified as a pyramidal cell if 1) the inter-spike interval
histogram was characteristic of hippocampal pyramidal cells (Kubie & Ranck, 1983;
Markus et al., 1995; O'Keefe & Conway, 1987; Ranck, 1973); 2) it had been recorded on
the same tetrode with other complex spike cells in the CAl layer; 3) it had a spike width
of at least 300 ^s and 4) it had a mean firing rate < 3 Hz during track running. In
addition, only those pyramidal cells that were stable across all three epochs (RESTl,
RUN, REST2) were included in the analysis. Intemeurons (theta cells) possessed a
qualitatively different ISl histogram, had a spike width of less than 300 ^s, and had a
mean firing rate greater than 3 Hz during track running. The intemeurons were not
included in the present analysis. A putative pyramidal cell was considered to have
significant activity during behavior if it fired more than 90 spikes during the behavior
epoch. Although the location-specific firing of every cell was not quantified, the subset
of cells recorded fi'om one young animal, shown in figure 29, displays the well-
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established "place field" firing characteristic of hippocampal pyramidal cells during
active behavior. Pyramidal cells that fired less than 90 spikes during the behavioral
epoch (RUN) were classified as having no place field in that particular environment/task.

Figure 29: Eiamples of place fieds recorded from one rat as he ran around the rectangular track.
The progressively warmer colors (yellow - red) represent a high firing rate, while the cool colors
(blue) represent the low background firing rate. This eiample also shows bow several place cells
recorded simultaneously can form a **hippocampal map", this sample of 24 pyramidal neurons
covers most of the rectangular track.

8.8J LIA filter
The analyses presented in this dissertation attempted to quantify the similarities
that existed between hippocampal pyramidal cell activity patterns during behavior and
the activity patterns of the same pyramidal cells during off-line (LIA) states. Thus, the
goal of these experiments was to analyze or compare activity patterns during active
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behavior, when the theta riiythm was present in the hippocampus, with activity patterns
during LIA or off-line states such as quiet wakefulness and SWS. In the behavioral
epochs of Experiment II and Experiment III, the increased behavioral demand and the
novelty of the task and the environment led to a less active and stereotyped behavior than
that observed in Experiment I. Given that the animals were not always active during the
behavior epoch of Experiment 11 and Experiment III, some of the time during the
behavioral epoch was spent in LIA while on the track. Because the goal of this study was
to compare activity patterns during the active, theta state with patterns during the
subsequent off-line (LIA & SWS) states, it was necessary to remove the spikes that
occurred during LIA periods from the behavioral portion of the spike trains of each
neuron. The theta rhythm and the velocity of the rat were used in combination, to filter
out any spikes that occurred within the LIA state, during behavioral epochs.
This LIA filter removed the spikes that took place during a period of time in
which the rat was still and theta was not present in the hippocampal EEG. Detection of
the theta rhythm was accomplished by sliding a 500 msec window across the EEG from
the electrode placed near the hippocampal fissure and theta was detected whenever a
significant peak power spectral density of 7 Hz was detected. Additionally, the position
data from the rat was smoothed using a hamming window of seven frames (~150 msec),
from which the rat's instantaneous velocity was calculated. Whenever, the rat's velocity
fell below a set threshold (4.8 cm/s) the rat was considered to be "still". The data from
the behavioral epochs were then filtered for LIA by removing any spikes that occurred
when no theta was detected and the rat was determined to be still. For one of the 24
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datasets recorded from the novel experiments (Experiment II & Experiment III), the theta
EEG trace was of poor quality. In this dataset, the spike trains were filtered based on the
velocity data alone, and the rat was considered to be in LIA if he was still for a
continuous period of at least 500 msec.
8.8.4 Quantifying memory reactivation within the hippocampus
The analysis of memory reactivation assumes that the internal representation of an
instantaneous experience is based on the distribution of neural spiking activity within the
brain, or in this case, the hippocampus. Thus, the memory for an experience results from
the recurrence or close approximation of the original neural spiking pattern, in the
absence of the input induced by the experience. In order to quantify the reactivation of
memory, the unique distribution of neural activity that represents an instantaneous
experience is considered, mathematically, as a vector (the population vector).
Hippocampal memory trace reactivation is quantified by the similarity of spike rate or
population vectors during off-line rest periods with the population vectors that occurred
during the previous active behavior.
8.8.4.1 Selection of bin size
In order to analyze discrete time series, such as the neuronal spike trains used in
this dissertation, an "appropriate" finite time interval (AT), over which the spike activity
was integrated, had to be selected. It was important to be cognizant of the tradeoff
between sample size and the temporal resolution required for accurate statistical
inference. This is particularly true for systems that represent information with sparse
activity patterns such as the hippocampus (Marr, 1971; McNaughton & Morris, 1987).
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For example, if the fastest rate of change in the network is 5t msec, choosing a bin size
« 5t will require the use of a very large total time (T) to generate an adequate statistical
sample; whereas choosing a bin size » 5t will "blur" the data, losing the fine structure of
spike coincidence. Thus, it was important to choose an appropriate bin size for the given
data.
When choosing an appropriate time window, a good rule to follow is to choose a
bin size determined by the ^test rate at which the population activity changes. For the
experiments in this dissertation, the sharp wave-ripple phenomenon was the fastest
population event observed in the hippocampus. These events last, on average,
approximately 100 msec. In addition, one of the goals for the studies conducted in this
dissertation, was to replicate the previous reports of memory trace reactivation in young
rats. In all of these previous studies, a 100 msec time bin was used for computing
correlation values between spike trains (Kudrimoti et al, 1999; Wilson & McNaughton,
1994). Furthermore, previous studies of memory trace reactivation within the
hippocampus have reported a result consistent with the 100 msec time bins, using 50 or
250 msec time bins. Because a bin size of 100 msec was used in previous reports of
memory reactivation and appears to be appropriate for integrating the spike rate vectors
used in the present studies, the spike trains in the current experiments were binned at 100
msec for analyses of memory reactivation.
8.8.4.2 Pairwise cross-correlations
Pairwise correlations between spike trains were used in this dissertation to make
statistical inferences regarding the coincidence in the activity patterns of pairs of neurons
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within a given ensemble. Furthermore, the correlation distributions in different
behavioral epochs have been used to make statistical conclusions about the similarities in
the population vectors or state space occupancy distributions in these epochs. In order to
analyze spike trains from pyramidal cells, the raw data of interest in the present study was
a series of timestamps for each action potential recorded from each neuron. The
characteristics of each action potential and their variability led to their being described as
a stochastic point process occurring in one dimension, corresponding to the time axis. In
any such point process, in which all of the events are indistinguishable except for the time
of their occurrence, it is the elapsed times between occurrences (or spikes), the interspike intervals, which exhibit the properties of dependent variables. In the present
analyses, a Pearson's correlation coefficient was computed between each pair of neurons
(spike trains). When N spike trains were biimed into T intervals they produced sequences
of spike counts (/i[t]), and the normalized correlation (r) between each pair (ij) of spike

trains was computed using the equation; r. =

—

(T' • <T/

, where m and Oi

are the mean and standard deviation of /i[t] respectively. The zero lag correlation, which
is a measure of spike coincidence within the confines of the bin size, was used in the
statistical analyses.
In the case of the mean correlation analysis presented in Chapter 9, the cell pairs
were divided into a group of cells that were more strongly positively correlated (r >
0.100) during track running and a group of cells relatively uncorrelated during track
running (r < 0.100). This division of cell pair correlations was done in order to further
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characterize activity pattern replay (Wilson and McNaughton, 1994). It was expected
that cell pairs with a strong positive correlation during track miming (r > 0.1(X)) would
also have a positive correlation during the post-behavior rest epoch (REST2) if activity
patterns were recalled. In contrast, cell pairs that were not strongly correlated during
track ruiming (r < 0.100) would not be expected to show an increased correlation during
REST2, relative to RESTl. In addition, the partial regression of cell-pair correlations was
tested. If the correlations during REST2, reflect a change in the network induced by the
behavioral activity, then the variance in the cell-pair correlations during REST2 should
be more similar to the variance in cell-pair correlations during behavior (RUN) than the
variance of cell-pair correlations in RESTl. The partial regression was used in an
attempt to account for the effect of cell-pair relationships that existed in RESTl.
In general, although the spread of cell-pair correlation values will have a wide
range, the mean is expected to tend towards zero as the number of cells recorded
increases. Therefore, the correlation magnitudes per se are limited in their ability to
reflect accurately the reactivation of memory traces. The mean correlation and partial
regression analyses were used only in the early studies (Experiment I) of memory trace
reactivation in order to compare the results of the present aging smdy to previous reports
of memory reactivation (Kudrimoti et al., 1999; Wilson & McNaughton, 1994).
8.8.4.3 Spike trains and correlations of spike trains
In the current experiments, multiple tetrodes were utilized in order to maximize the
number of neurons recorded simultaneously. In each experiment, ensemble recording
from N neurons over T sampling intervals (100 ms in present analysis) generates an N x
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T matrix (Q). In the Q matrix, the rows of the matrix are spike rate sequences (binned
spike trains), which may be labeled temporal vectors, and the colimms are 'population
vectors' or 'state vectors' (McNaughton, 1998; Figure 30) that represent the distribution
of "instantaneous" firing rates within the ensemble of N cells. The temporal correlation
between two cells i and j (r^) can be interpreted as the cosine of the angle between two
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Figure 30: Tlie Q Matrix. Tlie raw spiite rate data consist of an N (cells) X T (time) matrix (Q)
containing N rows and T columns, where the rows represent the temporal vectors and the columns
represent the state vectors or ''population vectors". A) A diagram of a Q matrix that is divided into
epochs with SI-IVI-S2 corresponding to the rest'behavior-rest epochs and the C and H represent the
possibility of including spike trains from various brain structures, such as cortex and the
hippocampus. B) An example of a Q matrix from a behavioral epoch showing 54 simultaneously
recorded neurons. Each row displays the spike train from one of the 54 cells. If each column were
considered, it would represent thie "instantaneous" distribution of firing rates among this group of
cells (the population vector). Part A adapted from McNaughton (1998) and Part B adapted from
Cowen (2000).
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row vectors in Q, after subtracting their respective means. This resuh was a real number
between 1 and -1 and was a normalized measure of the tendency for the firing of both
cells to co-vary on the time scale in question (100 msec in the present analysis). When
the correlation (rij) was computed for all neuron pairs, a unique N x N matrix (R) of
pairwise correlations was generated. For N neurons, the number of possible pairwise
combinations is: "^rz = N • (N-1) / 2, and therefore increases with the square of the
sample size. In the present experiments, however, the correlations between cell pairs
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Figure 31. Tiie R Matrix. Tiie R matrix is an N (Cell) X N (Cell) matrix of all pairwise correlations
among spike trains (the rows in the Q matrix). A) A schematic of an R-matrix. In this schematic,
the possibility of subdividing the R matrix into different submatrices of within- and between-area
temporal correlations is shown. The C and H in this schematic represent spike rates from cortex and
hippocampus just as shown for the Q matrix in Figure 30. B) The R matrix for the group of 54
simultaneously recorded cells in the Q matrix of Figure 30. Each bin in this matrix represents the
cell-pair correlation for the cells listed on each axis. The red areas along the diagonal represent
correlations between cell-pairs recorded on the same tetrode, which were eliminated from the
analysis. Fart A adapted from McNaughton (1998) and Part B adapted from Cowen (2000).
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recorded on the same tetrode were excluded in order to eliminate any possible errors as a
result of incomplete isolation of the single units within a tetrode. Consequently, the
number of unique pairwise correlations within the temporal correlation matrix R,
generated from N neurons is:
N{N-l)
2

^ njitij -1)
-

2

where T is the total number of tetrodes and ni is the number of neurons recorded on
tetrode i.
8.8.4.5 The Explained Variance Analysis
The explained variance analysis (EV) was used in this dissertation to measure the
similarities of the R matrices from the different behavioral epochs. In the present
experiment, the zero lag correlation was used and thus the R matrix depends on the
relative magnitudes of the specific set of temporal correlations (between rows of the Qmatrix). In addition, the temporal order of data pairs does not enter into the formula for
the correlation (rij) and, therefore, scrambling the sequence of events has no effect on the
temporal correlation or explained variance analysis. In this analysis, it was assumed that
experiences are encoded within the hippocampus as population vectors within the N
dimensional space of pyramidal cell firing. Thus, the temporal correlation matrix (R)
depends largely on the relative amount of time spent in each population vector or region
of state space. Off-line memory reactivation would, therefore, entail the re-instantiation
of an earlier population vector that was formed during the behavior epoch, or some
approximation of it. In the EV analysis, the similarity between R matrices for two
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behavioral periods, therefore, was detected as the similarity of the two sets of temporal
correlations. On the other hand, the two R matrices will differ by the extent that the
state-space occupancy distributions differ between epochs. Although the temporal
correlations, and not the state correlations were used, it is possible to obtain inferences
about the state correlations from the temporal correlations. There are, however, a few
difSculties in using temporal correlations to compare the state-space occupancy
distribution between two epochs, such as RUN and REST2. One problem in comparing
the R matrices was that the temporal correlation method cannot distinguish between
reactivation that includes infrequent, noiseless recall of a mixture of population vectors,
only some of which occurred during the behavioral epoch of interest, and noisy recall of
only the population vectors from the preceding behavioral epoch. In addition,
modulatory influences can affect the firing probabilities of all cells within the network.
These effects could lead to nonstationarity or periodicity in the firing trains of the
recorded neurons, which could alter the length of population vectors and induce a general
increase in temporal correlations, which is not relevant to memory recall. Nevertheless, it
is possible to compare the two epochs that have been subjected to different modulatory
effects by comparing the similarities in their R matrices. The similarity between
temporal correlation matrices (R matrices) of different epochs was measured by the
coefficient of variation (r^) of their elements (temporal correlations), which is the basis of
the explained variance analysis.
This "explained variance" (EV) analysis (r^) attempts to quantify how much of the
variance within the elements of R (temporal vectors) during sleep (REST2) can be
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explained (statistically speaking) by their relative magnitudes during prior, waking
experience (RUN), after taking into account their relative magnitude in sleep prior to this
experience (RESTl). This allows for comparison across time and behavior of the effects
on the microstructure of the correlation pattern by prior experience. The explained
variance (EV) was computed by using the square of simple (for RESTl-RUN) or partial
correlation coefiGcients (for REST2-RUN|REST1) within a multiple correlation analysis
f
calculated as;

EV — r^RUN.REST2 iresti

TRUN, REST2 - TRUN, RESTl • TrESTT. RESTl

1 - r^RUN. RESTl )(1 — r^RESTZ RESTl
(Kleinbaum et al., 1988), with the lower diagonal elements of R entered as variables (r^),

REST2

RESTl

ruESTl/RUN

••RESTZrtlUN

EV -(ruESTZ/RUNIRESTl)"

Figure 32. Explained Variance Analysis. This figure shows the procedure for calculating the
explained variance measure of reactivation. First, the correlations between each pair of correlation
matrices (R) are calculated (shown by the purple double-headed arrows). Next, the explained
variance between the RUN and REST2 epochs is calculated by using the partial correlation
coefficient to eliminate the contribution of RESTl on the REST2-RUN correlation. This value is
squared to yield the explained variance between the REST2 and RUN running epochs. (Figure
adapted from Cowen, 2000)
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where r runjiest2|resti reflects the effects of the maze experience (RUN) on the activity
correlations in post-behavior rest (REST2), after controlling for any pre-existing
relationship that may have been present in pre-behavior rest (RESTl). The r^ value was
multiplied by 100 in order to convert the result into a percentage of total variance. For a
more detailed description of this analysis see Kudrimoti et al. (1999) and McNaughton
(1998).
8.8.5 Temporal bias analysis
As mentioned in the previous section, the explained variance (EV) analysis of the
similarities in the R matrices from different epochs (RUN & REST2), did not consider
the temporal sequence of spike rate activity. Shen and McNaughton (1996), in a model
of the CA3 network, showed that activity pattern reactivation following active behavior
could result from either associative changes in the network, or simply via an excitability
bias in recently active cell groups. If memory reactivation within the hippocampus
during off-line periods reflects recent associative changes in connectivity, this
reactivation would be expected to include information about the order of events. For
example, suppose two neurons A and B had overlapping place fields such that neuron A
always fired immediately prior to neuron B while the animal repeatedly traversed the
track (see Figures 14 & 24). Information about this track running behavior would then
contain both the temporally correlated activity of the two cells, and the temporal
sequence repeated during track running, as synaptic plasticity mechanisms would be
expected to strengthen only the connection from neuron A to neuron B (see Section 4.5.1;
Figure 14). Then during the subsequent rest epoch, replay of that memory trace should
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preserve the firing order established during the RUN epoch. In the above example, the
tendency for neuron A to fire just prior to neuron B during the RUN epoch was termed
the "temporal bias" between those two spike trains. In order to calculate the temporal
bias for each pair of cells active during the RUN epoch, the spike train of one neuron was
time shifted relative to the other by 10ms intervals from +500 ms to -500ms. The crosscorrelation between the two neurons was calculated and recorded at each interval (Skaggs
and McNaughton, 1996) producing the cross-correlation histogram from each cell pair
recorded from different tetrodes. The temporal asynmietry was measured as the number
of events in which a spike from cell j was followed within 200ms by a spike from cell i,

using the following calculation:

f200

(0

{t)dt - J

{t)dt, where Xij(t) is the cross-

correlation value between the cell pair i and j and At is the time shift (10 msec).
In addition to the difference in the integration of the cross-correlation histogram,
as computed by Skaggs and McNaughton (1996), the normalized "temporal bias"
between these two cells was also quantified as ((AUC0.200 - AUC.20(M)) / (AUCo-200 +
AUC.200-0)), where AUC represents the integration (or Area Under the Curve) shown
above. This normalized measure of the temporal bias is a real number that varies from -1
to +1, reflecting the tendency, if any, of the firing order within this cell pair. For
example, if the integration of the cross-correlation histogram from 0 to 200 is much
higher than the integration of the cross-correlation histogram from -200 to 0 for cells i
and j, then the difference between these two values (By) will be a large positive number
and, after normalization, the bias will be positive, reflecting a strong tendency for cell j to
fire just prior to cell i. Both the original measure and the normalized measure of
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temporal bias were computed for all three epochs RESTl, RUN and REST2 and the
correlation between the temporal bias of each cell pair during a rest epoch RESTl or
REST2 and the behavioral epoch (RUN) was then computed.
A third analysis of the temporal bias was conducted by calculating the "center of
mass" within each cell-pair cross-correlation histogram. The center of mass (COM) for
the cross-correlation histogram of the cell-pair i and j, was calculated as:

COM^ =

, where Xij(t) is the cross-correlation of the cell pair ij at the time
1

bin t and N is the number of time bins in the cross correlogram. The center of mass
(COM) for each cell-pair was computed for each of the three epochs (RESTl, RUN, and
REST2). The correlation of the temporal bias patterns from REST and RUN epochs, as
computed by each of the three methods, was taken to represent the preservation of
temporal order, or lack thereof, in the activity patterns of neurons across behavioral
epochs (i.e. RUN-REST1 and RUN-REST2). Finally, the partial correlation between the
temporal bias pattern in REST2 and RUN, accounting for the temporal bias pattern in
RESTl, was also computed.
8.8.6 EEC and sharp wave-ripple analysis
The EEG data recorded during these experiments served several purposes. First, it was
used on-line, during experimental recording sessions, to differentiate the behavioral and
sleep states during the REST epochs (see Section 8.7.2). For the off-line analyses, two
EEG traces were selected: the EEG data recorded by the electrode placed near the
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hippocampal fissure was used to identify the hippocampal theta liiythm, and the EEC
data fi^om one of the tetrodes in the CAl cell body layer was used for the detection of
sharp wave-ripple events. In the analysis of sharp wave-ripple events, the high fi'equency
ripple oscillations within the CAl layer were detected using an automatic algorithm.
The EEC data fi-om the CAl layer were digitally band-pass filtered fi-om 100- 300 Hz
and the ripple oscillation was detected whenever the amplitude of the filtered EEC

Figure 33: An example of the ripple oscillation in the CAl body layer and the ripplcHletector
program. The top trace is the raw EEG waveform from a tetrode in the CAl cell body layer, both
the sharp wave and the superimposed ripple oscillation can be seen. The lower trace is the CAl EEG
band-pass filtered between 100 Hz and 300 Hz. This trace shows the strong high frequency ripple
oscillations within CAl. The tick marks below the two traces indicate the start and end times for the
two ripples shown as computed by the ripple detection program, which detected the ripple oscillation
in the filtered waveform using a user-defined threshold. The threshold was set by the user for each
EEG trace because the quality of EEG and the ripple amplitude vary between datasets.
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crossed a set threshold for at least 25 ms. The start and end time stamps were generated
for each of the ripple oscillations detected and these time stamps were used to identify
sharp wave-ripple events (SWRs) for further analysis. In the explained variance (EV)
analysis of off-line memory reactivation, the start and end times for the SWRs were used
to compare the relative reactivation strengths of activity patterns during ripples (sharp
waves) and inter-ripple intervals. The SWR start and end time stamps were also used to
calculate the number of sharp wave-ripples that occurred in each dataset, the average
duration of SWRs for each animal and the percent of sleep composed of ripples. Finally,
the epochs of EEG data that fell within the start and stop time stamps for each ripple were
analyzed to calculate the peak amplitude, the energy of the ripple oscillation, and the
intrinsic frequency of the ripple oscillation in both age groups.
8.8.7 Statistical comparisons in an aging study
Although many early smdies on aging used the total number of observations in
each age group as the N for statistical computations, it is now commonly accepted that
statistical comparisons between age groups are done using the number of subjects as the
N in each age group (Barnes, 1994). The age group comparisons in this dissertation were
done on a per animal basis, as a per cell or per dataset basis can artificially inflate the
degrees of freedom. Each neuron recorded during these experiments was active within
the structure of a network of cells within each animal and was not necessarily an
independent unit. Thus, multiple measurements from a single animal were averaged in
order to accurately reflect each subject's contribution to the group.
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CHAPTER 9: REACTIVATION OF HIPPOCAMPAL
ENSEMBLE ACTIVITY PATTERNS IN THE AGING RAT
9.1 Introduction
Although studies of off-line memory reactivation within the hippocampus have
been previously reported in young rats (Kudrimoti et al., 1999; Pavlides & Winson, 1989;
Qin etal., 1997; Skaggs & McNaughton, 1996; Wilson & McNaughton, 1994), evidence
for the reactivation phenomenon in aged animals is lacking. Given the well-documented
aging deficits in synaptic plasticity, it was hypothesized that the altered plasticity could
lead to a disruption in the initial coding of memories within the hippocampus, which
might result in less robust or less accurate reactivation of activity patterns in aged
animals. The results from the familiar, rectangular track sessions of Experiment 1 were
used to test for off-line hippocampal memory trace reactivation within young and aged
animals. The magnitude of activity pattern reactivation, as measured by the explained
variance analysis, was compared between the age groups to investigate any age-related
differences in the off-line reactivation of activity patterns from the familiar rectangle
track. In addition, some sessions in Experiment I included a multiple track experience,
which was used to examine the ability of both age groups to replay multiple memory
traces within the same off-line period. In these sessions, the rats experienced three trackrunning episodes in succession, with a novel rectangular track interleaved between two
epochs on the familiar rectangular track (see Section 8.7.3.2 and Figure 24).
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In a previous study, Kudrimoti et al. (1999) found that hippocampal memory trace
reactivation in young animals was most robust during sharp waves-ripple (SWR) events,
which have been hypothesized to play a role in transmitting recalled hippocampal activity
patterns to other brain structures. In this experiment, the replay of activity patterns
during sharp wave-ripple (SWR) events was assessed in both age groups and the
magnitude of the explained variance during SWRs and inter-SWR periods was compared
between the young and old animals. The characteristics of SWRs were also investigated
in each age group, these results are presented in Chapter 12.

9.2 Morris Water Maze
Before presenting the electrophysiological results from the three experiments in
this dissertation, it is necessary to review the outcome of the Morris swim task. Repeated
measures analyses of variance were performed on the data from the spatial and visual
discrimination trials of the Morris swim task. In the spatial version of the swim task,
both age groups together showed an improvement over trials (F(l,23) = 4.467, p <
0.001); however, the old rats spent more time searching for the platform and swam less
direct routes. This age difference was evidenced by a significant difference in the
amount of time spent searching for the escape platform in the aged rats versus young rats
(F = 17.719, p < 0.01). Although data on the corrected integrated path length (CIPL;
Gallagher et al., 1993) were not available for all rats due to technical difficulties, these
data were available for the five aged and five young rats used in Experiment I. In
addition to an increased amount of time spent searching for the platform, the rats in the
old age group of Experiment I also showed longer path lengths to the platform (CIPL,
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F(1,24) = 6.01, p < 0.05 (mean CIPL, young = 233 ± 26 cm; old = 354.6 ± 24 cm). In the
visual discrimination version of the swim task, both young and old rats improved over
trials, F( 1,11) = 2.056 p < 0.05. There was no effect of age on performance, however, as
measured by the latency to the platform (p > 0.10, ANOVA), or by the corrected
integrated path length (CIPL, when available), F(l,8) = 0.96, p > 0.10 (mean CIPL young
= 214.4 ± 84.0 cm; old = 249.1 ± 75 cm). Finally, there was no trial by age interaction
(F(l, 11) = 0.222, p > 0.10) in the visual discrimination task. These results establish a
spatial learning and memory deficit within the group of aged rats that participated in the
experiments of this dissertation. Furthermore, the spatial memory deficits found are
consistent with previous reports of an aging effect on performance of the spatial version,
but not the visual discrimination version, of the Morris swim task (Barnes et al., 1997;
Gage et al., 1984; Gallagher et al., 1993). In addition, the lack of an age difference in the
visual discrimination version of the swim task suggests that the age-related impairment in
spatial navigation was not the result of visual or motor deficits.

9.3 Experiment I: Familiar Rectangular Track
For analysis of the data in these experiments, the rest period following the maze
behavior (REST2) was split into two, ten-minute periods labeled early and late. In order
to analyze consistent time periods of sleep and quiet-wakeflilness for RESTl and REST2,
only the last ten minutes of the RESTl period were used for the analysis. Therefore, the
entire experiment is broken down into four distinct time periods, RESTl, RUN, and the
two sections of REST2. The results in this section were compiled from 717 pyramidal
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cells recorded during 23 datasets in 10 rats, with 349 neurons in the old group and 368
neurons in the young group.
9.3.1 IVIean correlation analysis
In this experiment, three different methods were used to investigate the replay of
hippocampal memory traces in the aged and the young adult rat. In the first analysis, the
mean correlation of the CAI pyramidal cells recorded was used to search for evidence of
memory trace reactivation (Wilson & McNaughton, 1994). The mean correlation of all

Mean Correlation - All Ceil Pairs
OM
• Young

Early REST2

Late REST2

B
i .

«

Red - Old

a«

8 "5c -•*
f .

Blue = Young

Q.

REST1

RUN

REST2

Figure 34. The mean correlation analysis results from Experiment I. A) The mean (± SEIM) of all
cell-pair correlations during the post-behavior rest epoch (REST2). B) The cumulative sum of the
distribution of cell-pair correlations during RESTI, RUN and REST2. The results from the mean
correlation analysis were similar in both age groups. No age differences were found in the mean
correlation of all cell pairs or the distribution of cell-pair correlations (p >0.10, t-test).
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cell pairs during REST2 was higher than the overall mean correlation during RESTl.
The increased mean correlation during REST2 relative to RESTl was found in both age
groups during both early and late REST2, as shown in figure 34. No age difference in the
mean correlation or the distribution of cell-pair correlations was found (p > 0.05, MannWhitney). Although the increase in cell-pair correlations during the post-behavior rest
epoch (REST2), relative to the pre-behavior rest epoch (RESTl), may indicate changes in
the network, this mean correlation increase could also be achieved via non-associative
mechanisms such as a modulatory change within the entire network.
More importantly, when the cell-pair correlations were split into groups of highly
positively correlated cell pairs (r > 0.100) and groups of uncorrelated cell pairs (r <
0.100), based on their firing rate correlation during track-running, the cells strongly
correlated during track running remained strongly correlated during REST2, regardless of
the correlation strength during RESTl (see Figure 35). The correlation value ofO.lCX)
was used as a cut-off because previous experience has shown that cell-pairs with a
correlation of 0.100 or higher during track running are very likely to have overlapping
place fields. This result suggests that the increased cell-pair correlations formed during
the RUN period were maintained during REST2 and is different from the overall mean
correlation because only those cell-pair strongly correlated during track running were
exhibited an increased correlation during REST2. This result is consistent with those of
Wilson and McNaughton (1994) and Kudrimoti et al. (1999). Again no age difference
was found in the mean of the highly positively correlated cells or uncorrelated cells
during RESTl, RUN, or REST2.
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In both age groups, the increased correlation in the group of highly correlated
cells decayed gradually during REST2, such that the mean correlation of the "hicorr"
population reached the baseline level, as measured by RESTl, within 30-40 minutes. No
age difference was observed in the level of increase in the mean of cell-pair correlations
from RESTl to early REST2 as shown in Figure 36. In all of the mean correlation
analyses, both age groups exhibited strong evidence for hippocampal memory trace
replay in that the cell pairs that fired together during track running, continued to fire
together during the subsequent off-line period (REST2). These results are consistent with
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Figure 35: iVIean Correlation of Hicorr and Uncorr Cell Pairs. For each age group, the cell pairs
were split into groups of highly correlated cell pairs and uncorrelated cell pairs, based on their
activity relationship during track running. In RESTl, no difference was observed between the
highly correlated cell-pair group versus the uncorrelated cell-pair group. During track running,
there is a large difference between the highly correlated and uncorrelated group, which is expected
because this difference is used to separate the cell pairs. During REST2, however, the highly
correlated group maintains an increased mean correlation relative to the uncorrelated group and
relative to REST!, suggesting that the correlations that were formed during track running are
maintained during REST2. No age differences were found during any epoch or across highly
correlated and uncorrelated groups.
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all previous work on young animals (Wilson & McNaughton, 1994; Kudrimoti et al.,
1999). Furthermore, no age differences were found in any of the mean correlation
analyses, suggesting that the off-line reactivation of hippocampal activity patterns from a
previous behavioral experience occurs in both young and old rats.
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a OM

REST2-REST1
Correlatfons
Figure 36: Mean Correlation Increase. This figure shows the increase in the overall mean of cellpair correlations from RESTl to REST2 in the young adult and the old age groups. Both age groups
exhibit a significant increase in the mean correlation and there is no age difference in the increased
mean cell-pair correlation during REST2.

9.3.2 Partial regression analysis
The partial regression analysis was used in an attempt to control for the
correlations that existed between cell pairs in RESTl, prior to the RUN epoch. Unlike
the mean correlation analysis, the partial regression between the cell-pair correlations of
RUN and REST2, factoring out the cell-pair correlations in RESTl provides a
mathematical means of accounting for the pre-existing tendency of cell pairs to be coactive. The results from the partial regression analysis also showed a significant
reactivation effect during the post-behavior rest period (REST2) in both age groups.
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There was no statistically significant difference noted between the age groups for this
familiar, track running experiment (Figure 37) in either REST! or REST2. Although the
partial regression analysis is better at controlling for pre-existing relationships between
the cell pairs during RESTl, and adds to the evidence for off-line hippocampal
reactivation, both the regression and mean correlation analyses are directly dependent on
the absolute value of cell-pair correlations, and were, therefore, quite susceptible to
global modulatory changes in the overall mean correlation of the network, which would
not reflect any memory per se.
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Figure 37: Partial Regression Analysis. The partial regression analysis results on the data from the
familiar rectangle track running experiment shows a significant partial regression for RCST2 that
decays during late REST2. No age difference was observed, suggesting that both age groups exhibit
similar activity pattern reactivation.

9.3J Explained variance
As presented in the methods chapter (Chapter 8), the explained variance analysis
attempts to quantify how much of the variance within the elements of the cell by cell
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firing rate correlation matrix R during sleep (REST2) can be explained (statistically
speaking) by their relative magnitudes during prior, waking experience (RUN), after
taking into account their relative magnitude in sleep prior to this experience (RESTl).
The explained variance analysis is more powerful in the quantification of memory replay
because it does not rely on the absolute magnitude of cell-pair correlations; instead, the
explained variance analysis compares the relative magnitudes within the distribution of
cell-pair correlations. Thus, any global modulation that effects the overall correlation of
the network will, theoretically, not significantly affect the explained variance analysis.
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Figure 38. The Explained Variance Analysis. The mean (i: SEM) explained correlation variance
from young and old rats during both REST! and REST2 in the familiar rectangular track
experiment. There were no differences in the explained variance (EV) analysis between the age
groups during RESTl or REST2 (p > .20, Mann-Whitney), in addition, both age groups exhibited
significant reactivation during the REST2 periods (EV ~20%). Figure adapted from Gerrard et al.,
2001.
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within the activity patterns expressed during track running, after controlling for the
variance attributed to the pattern of correlations during RESTI, which was, in any case,
small. These results are consistent with previously reported data from memory
reactivation studies in young animals (Kudrimoti et al., 1999). The mean explained
variance (EV), during early REST2, from the five animals in the young adult group was
22.1 ± 1.55% and the mean EV from the five old animals was 23.4 ± 4.18%. During the
sleep epoch prior to track running (RESTI), the means from the EV analysis were much
lower than those of REST2; 8.4 ± 8.10% and 2.8 ± 1.70% for the young adult and old age
groups, respectively, and were not different from zero (p > 0.10, one sample t-test).
There were no significant differences between the age groups for the explained
correlation variance from RESTI or REST2 during the familiar, single-track task (see
Figure 38).
9.3.4 Power analysis
In order to determine the ability of the explained variance analysis on the data
from the familiar rectangular track experiments to detect a difference between the age
groups, a power analysis for two equal samples was conducted on the EV results. In this
experiment, a small, non-significant difference (-4-5%) was found between the means of
the explained variance (EV) analysis from the two age groups during the early portion of
REST2. With the characteristics of the sample distributions in this study (i.e., mean and
s.e.m.), a sample size of 60 animals in each age group would be required to determine
whether the small percent difference in the means is indeed a significant difference
between the age groups. In addition, the present data and sample size have 90% power to
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detect a 7% difference between the age groups. Therefore, it is highly probable that if an
undetected age difference does exist in the explained variance results of Experiment I, it
is less than 7%. If an undetected difference between the age groups of less than 7% does
indeed exist, it is unlikely to account for the 20-40% age differences routinely reported in
spatial memory tasks (Barnes, 1979; Barnes et al., 1997; de Toledo-Morrell & Morrell,
1985; Deupree et al., 1991; Gallagher et al., 1993).
9.3.5 Reactivation during sharp wave - ripple events
To measure the explained variance (EV) during sharp wave-ripples (SWRs)
versus the EV during inter-sharp wave-ripple intervals (ISW), the time periods of both
were equalized by cutting out a portion of the inter-ripple intervals that was similar in
length to the mean duration of all detected sharp wave-ripple events (SWRs) during the
REST epoch. This was accomplished by removing a portion of the inter-SWR interval
from each inter-SWR period that lasted longer than 250ms. Then the explained variance
was analyzed for both of the equal time periods during SWRs versus inter-sharp waveripple intervals (ISW) and the results were compared. Because the exact electrode
placement and quality of sharp wave-ripple events recorded varied, the detection
threshold used to identify SWR events had to be determined by the experimenter for each
dataset, individually. The detection threshold for each dataset was determined by running
the automated algorithm at a standard detection threshold, and then visually inspecting
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Figure 39: Memory reactivation during sharp wave-ripples. Reactivation during sharp wave-ripples
was compared to inter-sharp wave-ripple intervals during REST2. In both age groups, the explained
variance (EV) was significantly higher during sharp wave-ripple events than during the inter-sharp
wave-ripple intervals (*p < 0.05, Mann-Whitney). There was no significant dilTerence between the
age groups, however, in the explained correUtion variance during sharp wave-ripples or inter-sharp
wave-ripple intervals (p > 0.10, Mann-Whitney). Figure adapted from Gerrard et al., 2001.

the EEG data and adjusting the detection threshold until the majority of SWR events were
detected. This procedure also minimized the amount of noise crossing threshold. Both
age groups exhibited a significantly higher explained variance during sharp wave-ripple
activity (SWR) versus inter-sharp wave-ripple intervals (ISW) in REST2 of the familiar
track experiment (Young; SWR 18.04 ± 1.83 and ISW 4.15 ± 1.21; Old: SWR 26.16 ±
3.18 and ISW 5.85 ± 2.60; p < 0.01; Figure 39). In addition, there were no significant
differences between the age groups in the reactivation strength (EV) during sharp waves
or inter-sharp wave intervals in this experiment (Figure 39). These results are consistent
with Kudrimoti et al. (1999), and suggest that hippocampal memory trace reactivation is
most robust during sharp waves-ripple events in both age groups.
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9.4 Experiment I: The Multiple-Track Experiments
The results from the multiple-track experiments were based on 468 pyramidal
cells recorded during 13 datasets from eight animals (4 Young/ 4 Old), including 224
cells in the old group and 244 cells in the young group. The data from the fifth oldyoung animal pair were dropped from the multiple-track analysis due to technical
difficulties during the experimental recording session. During the analysis of the
multiple-track data, the experiment was again split into four epochs: RESTl, RUN, and
REST2 (early-first 10 minutes and late-next 10 minutes). The RUN epoch in the
multiple-track experience, however, consisted of three subepochs, RUN I (familiar
rectangle), RUN2 (novel rectangle) and RUN3 (familiar rectangle) as described in
Chapter 8 (see Section 8.7.3.2). That is, this multiple-track experience consisted of two
sessions on the familiar rectangular track, with a session on a previously unknown
rectangular track placed in between the two familiar sessions (see Figure 24, section
8.7.3.2).
In the analysis of off-line activity pattern replay during REST2, the explained
correlation variance was computed separately for the activity patterns from each of the
three track running subepochs (RUNl, RUN2 and RUN3) during the behavioral epoch of
the multiple-track experiments. A significant age difference was noted in the correlation
variance during REST2 (early) that was explained by the pattern of correlations recorded
during RUN 1, the first session on the familiar rectangle (Figure 40; EV RUN 1 (young)
34.37 ± 15.26 and (old) 5.92 ± 2.08; p < 0.05 Mann-Whitney). In this case, the EV was
much higher in the young group compared to the old age group. This age difference.
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although of comparable magnitude in the second 10 min period of the post-track rest
epoch (REST2), was not statistically significant. In contrast, no significant age
difference was apparent in the REST2 correlation variance explained by the cell-pair
correlation distribution noted during RUN2 (the novel track) or RUNS (the familiar
track), even in the early portion of REST2 (Figure 40B and C; EV RUN2 (young) 17.02
± 2.69 and (old) 30.56 ± 6.34; EV RUN3 (young) 42.10 ± 4.33 and (old) 29.51 ±
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Figure 40: Explained variance
analysis from the multiple track
experience. IMean (:^ SEM)
explained correlation variance
during all three RUN sessions in
the multiple track experience. (A)
Explained variance (EV) for RUN I,
the familiar rectangufair track
during RESTI and REST2. The
asterisk indicates a significant age
difference in the early portion of
REST2 for RUNt (p <0.05, MannWhitney). (B) Explained variance
(EV) for RUN2, the novel
rectangular track during RESTI
and REST2. Although there was a
tendency for the old age group to
be higher, no age differences were
found for the reactivation of this
novel portion of track. (C)
Expbiined variance (EV) for RUN3,
the second session on the familiar
rectangular track during RESTI
and REST2. No age diiferences
were found in the reactivation of
the activity patterns from RUN3.
In addition, there were no age
differences during RESTI for any
of the three track experiences.
Also, the explained correlation
variance (EV) is greater during
REST2 than for RESTI in both age
groups, showing that all of the RUN
sessions are reactivated in both age
groups. Figure adapted from
Gerrard et al., 2001
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6.21; p > 0.08 Mann-Whitney). Thus, while the old animals displayed reactivation of
memory traces from the novel rectangle track {RLfN2) and the second experience on the
familiar rectangle track (RUN3) that was not significantly different in strength from the
young animals (Figure 40B, C), on average, the old rats showed weaker reactivation of
the initial experience (RUN!) on the familiar track. In addition, the explained variance
(EV) in REST2, for the "novel" rectangular track experienced during RLrN2 (Figure 40B)
tended to be higher in the aged group. Although this higher value in the old group for the
mean EV between REST2 and RLrN2 (novel track) was not significant, it pointed out the
need to investigate memory reactivation following a single, novel experience, the results
of which are reported in Chapter 10.
In addition to the age comparison of the EV between REST2 and the three trackrunning sessions, the ability of each age group to simultaneously replay the activity
patterns of multiple experiences was also tested. In order to accomplish this, a KruskalWallis three-way analysis was used to compare the amount of correlation variance in
REST2 that was explained by the correlation variance in the three RUN experiences.
Figure 41 shows a comparison of the explained variance for each of the three RUN
sessions during the multiple-track experience in the young (Figure 41A) and old (Figure
41B) animals. In the young age group, there were no significant between-RUN
differences in reactivation strength (Fig. 41 A, EV: RUNl 31.87 ± 18.16, RIJN2 17.02 ±
2.69, RUN3 42.10 ± 4.33; p > 0.10 Kruskal-Wallis). Explicitly, although there is some
variance in the reactivation strength of the first track running epoch (RUNl) and a trend
for the amount of correlation variance explained by the correlation patterns from
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Figure 41: Within age group analysis of explained variance. Explained variance (EV) in reactivation
strength between RUN!, RIIN2, and RUN3 during early and late REST2. (A) Mean SEM) EV
from all three track running sessions during REST2 for the young rats. A Kruskal-Wallis three-way
analysis was performed, showing no difference between the reactivation strength of the three track
experiences (p > 0.10). (B) IVfean (± SEM) EV from all three track running sessions during REST2
for the old rats. Although the EV for RUNl was much lower than typically observed in the familiar
experience, the old rats reactivated all three track experiences significantly during REST2. A
Kruskal-Wallis three-way analysis of the EV during REST2 shows an effect of run session for the oM
rats, with significantly lower reactivation strength of RUNl versus RUN2 and RUN3 (*p < 0.05).
Figure adapted from Gerrard et al., 2001.

the novel track (RUN2) to be lower than the EV between the familiar track running
experiences and REST2, there were no significant differences in the reactivation
strengths of the three track experiences.
In contrast, the Kruskal-Wallis three-way comparison revealed a significant
between-RUN difference in the explained variance for the three different track sessions in
the old age group (Figure 41B). In the old group, the EV between REST2 and RUN I
was significantly weaker than the EV between REST2 and the other tuo track-running
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sessions (EV: RUNl 5.917 ± 2.079, RUN2 30.522 ± 6.340, RUN3 29.509 ± 6.207; p <
0.05 Kruskal-Wallis). Thus, while all three track running sessions were reactivated to a
similar degree in the young group, the reactivation of activity patterns from the first track
running session (RUN 1) in the old animals was much weaker than the reactivation of the
activity patterns from the other two track running sessions.
9.4.1 Multistability of aged hippocampal representations
The age-related difference in the EV for RUN 1 was surprising given that there
was no age difference in the explained variance analysis for the same rectangular track
during the familiar, single-track experiments. The significant difference in the EV for
RUNl versus RUN3 in the old group was also surprising because the animals
experienced the identical rectangular track and environment in these two epochs, and
hence one might expect the pyramidal cell activity patterns (place fields) in these two
epochs to be highly similar. One possible explanation for these results was investigated
further in the present study. Barnes et al. (1997), showed that old animals exhibit a
nonlinear pattern of hippocampal map retrieval on consecutive experiences within a
familiar environment (separated by a period of time in another environment). In about
2/3rds of the recording sessions in that study, the old rats expressed place field patterns
on the two visits that were highly correlated, as occurs routinely in young rats. In about
1/3 of the sessions, however, the old rats "remapped". Namely, upon re-entering the
familiar environment a second time, the old rats expressed a place field pattern that was
not strongly correlated with the place field pattern in the first visit. It is thus possible that
the reduced explained variance for RUN 1 observed in the old animals during the multiple
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track experience was related to occurrences of map retrieval failures in some of the old
rats in this study. This possibility was investigated as follows.
The correspondence between the pyramidal cell firing pattern measured during
RUN 1 and RUNS were quantified in two ways. First, the correlation between the firing
rate maps for the three RUN sessions was computed. Firing rate maps were generated
from the place field distribution of pyramidal cells active on at least one of the tracks.
The correlations between the firing rate maps constructed for each track running session
were then computed as one measure of the similarity between the activity patterns of the
three RUN sessions. In addition, the activity patterns for each of the three RUN sessions
were compared by computing the correlation of the cell-pair firing rate correlation
distributions from each of the RUN sessions (i.e., the correlation of the cell-pair
correlations). The results of these two methods for quantifying the similarities in the
place field distributions for the three track-running sessions of the multiple-track
experiments were consistently comparable.
In the young rats, there was a high degree of similarity between the place field
distributions of RUN 1 and RUNS in all cases (mean Firing Rate Maps: r = 0.796 ±0.021;
Correlation of cell-pair correlations: r = 0.773 ±0.038), regardless of the method used for
testing similarity. These correlations between place field distributions are consistent with
those reported for the young animals in previous studies (Barnes et al., 1997; Kudrimoti
et al., 1999). In addition, the place field distribution during RUN2 was not highly
correlated with the place field distribution in cither RUNl or RUN3 (mean RUN1-RUN2
r = 0.170 and mean RUN3-RUN2 r = 0.248), as would be expected. In the majority of
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datasets from the old rats, the RUN 1-RUNS activity pattern correlation was very high in
the old animals, just as in the young animals (mean Firing Rate Maps: r = 0.780 ±0.035;
Correlation of cell-pair correlations: r = 0.754 ± 0.073). On the other hand, for individual
old rats, activity patterns for RUNl and RUN3 were not always highly correlated, as
previously described (Barnes et al., 1997). Two of the six multiple track datasets from
the aged rats exhibited a correlation below 0.50 (suggesting a remap as defined by Barnes
et al., 1997) between the place field patterns of RUNl and RUN3 (Firing Rate Maps: r <
0.400; Correlation of cell-pair correlations: r < 0.500; see Section 5.8 & Figure 17). That
is, a different map was retrieved in the aged animals when they were returned to the
familiar track (RUN3) from the novel track (RUN2). Figure 42 clearly shows the
remapping phenomenon in an old rat that remapped during Day 1 of the multiple-track
experiment (Figure 42A), but maintained a consistent representation for the familiar
rectangle track on Day 2 of the multiple-track experiment (Figure 42B).
When the data from the two cases in which remapping occurred were removed,
there was no statistically significant difference in the reactivation strength of the three
RUN experiences in the aged animals (Kruskal-Wallis p > 0.100). This result is shown in
figure 43A. In this case, the three track experiences were reactivated to a similar degree
in the aged animals, much like the results reported for the young group (Figure 41 A).
This point is illustrated in figure 43B, which shows the EV between RUNl and REST2
for both age groups. In this case, however, the data from the old animals was split into
the sessions when the hippocampal representation was stable for both RUNl and RUN3
(Old-Stable) and those sessions when the aged animal remapped between RUNl and
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Figure 42: Remapping Phenomenon. Place field distributions from a subset of all the cells recorded
in two novel/multiple-maze datasets, on the familiar portion of the track, from one aged rat. Each
cohir represents a different CAl pyramidal cell, and the dots the location of the spikes that fired
during track running behavior. A) The aged animal showed a different distribution of place cell
firing between the first (RUN!) and last (RUN3) familiar track running sessions (i.e., this old rat
"remapped"). Some cells (dark blue) no longer fired on the track during RUN3, some cells (red) now
fire in a new location, and some cells (orange/brown) which had no place field during RIJNl, now
have a place field during RUN3. B) On the other multiple maze recording day, the same aged animal
maintains a consistent spatial representation for the familiar track (RUNl and RUN3) throughout
the experiment ({.e., the place fields are the same for RUNl and RUN3). None of the young animals
exhibited remapping. Figure adapted from Gerrard et aL, 2001.

RUN3 (Old-Remap). Unlike the overall results shown in figure 40A, depicting a
significant age effect on the EV between REST2 and RUN when all sessions were
included, there was no significant difference in the explained variance between RUNl
and REST2 found in the young group versus the Old-Stable data. In addition, figure 43B
shows the decreased explained variance that is observed in the aged animals when they
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Figure 43: The effect of remapping on reactivation. The effect of remapping on the mean (i: SEM)
explained variance (EV) for the RUN I activity patterns during REST2. A) Stable data from old rats
on the multiple maze experiment. This figure is similar to that in Figure 41B, however, the session in
which the old animal remapped (2 out of 6) were removed from the analysis in this figure. When the
"remap" data are removed, there is no difference in the reactivation strength of the three track
running sessions during REST2 in the old age group (Kruskal WalUs p > 0.20). These data indicate
that aged animals reactivated all three RUN sessions similarly, as long as the aged animal did not
remap during the multiple-maze experience. B) The reactivation strength for the first RUN session
(RUNl), during REST2 is shown for both young and old animals. The data from the old age group
were split into the data from stable (Old-Stable) sessions, when the aged animal maintained a stable
hippocampal representation for RUNl and RUNS (4/6) and the data from "remap" (Old-Remap)
sessions, when the aged animal remapped from RUNl to RUN3 (2/6). There was no significant
difference between the young data and the stable data in the old age group. In addition, the
explained variance (EV) for the Old-Remap data (4.9%) is lower than both the Old-Stable data
(19.109%) and the Young (26.15%) data and is not significantly different from zero (p > O.IO, one
sample t-test). The results in this figure suggest that the OM-Remap data accounted for the age
difference observed in the explained variance of RUNl onto REST2 in the multiple track experiment.
Figure adapted from Gerrard et al., 2001.
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remap relative to the Old-Stable sessions and the young group. Taken together, these
results suggest that the aged animals are able to reactivate at least two experiences
(RUN2 and RUNS), in much the same way as the young animals. In addition, a
significant effect on memory reactivation was observed only when the aged animals
remapped between the two familiar experiences. In these instances, the activity patterns
from the first familiar experience (RUN1) were not reactivated to the same extent as the
activity patterns from the other two track running sessions (RUN2 &, RUNS).
9.4.2 Reactivation during sharp wave-ripple events
The strength of reactivation, as measured by the EV analysis, during sharp waveripple (SWR) events was compared to the reactivation strength during inter-sharp wave
ripple intervals in the post-behavior rest (REST2) epoch following the multiple track
experience. To measure the explained variance (EV) during sharp wave-ripples and
during inter-sharp wave-ripple intervals (ISW), a segment of EEG data approximately the
same length as the mean SWR duration was taken from each inter-SWR period that was
longer than 250 msec. Then the explained variance was computed for sharp wave-ripples
(SWR) and inter-sharp wave-ripple intervals (ISW). The EV results for these two time
periods were compared. Because the actual position of the electrode and the quality of
sharp wave-ripples recorded varied from day to day, the ripple detection threshold was
set by the experimenter for each dataset, as described previously (section 9.S.4). Both
age groups exhibited a significantly higher explained variance during sharp wave-ripple
activity (SWR) versus inter-sharp wave-ripple intervals (ISW)in REST2 of the multiple
track experience (Young: SWR 19.824 ± S.580 and ISW 10.554 ± 2.681; Old: SWR
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Figure 44: Reactivation during sliarp wave-ripples. A comparison of the mean SEM) explained
variance (EV) magnitude during sharp wave-ripples versus inter-sharp wave-ripple intervals in
REST2 of the multiple track experience. The reactivation strength was higher during sharp waveripples than during intervals between sharp wave-ripples in both age groups (*p < 0.05, MannWhitney). There was no significant difTerence between the age groups for reactivation strength
during sharp wave-ripples or during the intervals between sharp waves. Figure adapted from
Gerrard et al., 2001.

22.731 ±4.010 and ISW 5.211 ± 1.169; p < 0.01; Fig. 43). Just as in the familiar
rectangular experience, there were no significant differences between the age groups in
the reactivation strength during SWRs or inter-SWR intervals in the multiple track
experience (Figure 44). These results suggest that memory trace reactivation is strongest
during sharp waves for both age groups in both types of experiments reported in this
chapter.
9.5 Behavioral States and Reactivation Decay
In order to establish the phenomenon of "off-line" memory trace reactivation, it is
necessary to quantify, as best as possible, the actual behavioral or brain state of the
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animals during the REST or off-line epochs. As mentioned in the methods chapter
(Chapter 8), the behavior state of each rat was recorded several times a minute during the
REST epochs (see Section 8.7.2 for behavior state scoring). The experiments reported in
this dissertation included over 17 hours of REST epochs. The large majority of these
REST epochs (85-90%) were composed of quiet awake states (LIA) and slow-wave sleep
(SWS). Both of these states were considered off-line states and activity pattern
reactivation has been previously shown to occur in both of these states (Kudrimoti et al.,
1999). The infrequent REM episodes accounted for less than 2% of the REST epoch
time in both age groups and removing these data had no effect on the results. In addition,
the awake theta (AWO) and grooming (G) states accounted for less than 8% of the total
REST time in both age groups. Moreover, there was no difference between the age
groups in the pattern of behavior observed during the REST epochs that may account for
the results. Furthermore, the amount of sharp wave-ripple time was similar in both age
groups for all experiment types (see Chapter 12 for details), and there were no
quantitative differences in the sharp wave-ripple number, duration, peak amplitude or
oscillation frequency between age groups or between experiment types (see Chapter 12).
Finally, the percent of the REST2 epochs composed of sharp wave-ripple events was not
different between the age groups (Young 7.47% ± 0.50; Old 6.95% ± 0.44).
The decay of reactivation magnitude, during REST2, as measured by the
explained variance analysis (EV), was also similar in both age groups. The time constant
for decay in the explained variance analysis was computed as the inverse of the slope
determined by the EV values throughout REST2. The mean time constant for the young
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groups was 52 minutes (±11.7 min) and the mean time constant for the old group was 51
minutes (±19.4min) (p > 0.50; Wilcox rank sum). There was a substantial amount of
variance in the decay rate between and within animals, but the mean and median decay
rates were very similar for both age groups. Because the EV analysis is the more robust
measure of memory trace replay in the three analysis reported here for the familiar
experiences, and the results of the mean correlation analyses and the partial regression
analysis are consistent with the EV analysis, only the EV analysis was conducted on the
remainder of the data in this dissertation (Experiments 11 and III).

9.5 Summary
During track-running behavior, the given distribution of place fields on the track
produces a particular set of activity patterns within the hippocampus. The off-line
reactivation of these hippocampal ensemble activity patterns during slow-wave sleep and
quiet waking, following a period of track running in a familiar environment, was
measured in both young and old rats. The results from the two age groups were
compared in order to test for any age-related effects on the memory reactivation
phenomenon. The mean correlation, partial regression and explained variance analyses
methods all suggest that off-line hippocampal memory trace replay occurs in both young
and old animals. These results revealed no age-related difference in the reactivation,
during REST2, of the ensemble activity patterns of the track-running behavior. In
addition, memory trace reactivation was most evident during sharp wave- ripple
complexes (compared to inter-sharp wave intervals) in both age groups, a result that is
consistent with previous work in young animals (Kudrimoti et al., 1999). In the multiple
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Table 1: Summary of Explained Variance Results

The mean and standard error of the percent explained variance in the familiar
rectangular track experience and the multiple track experience for young and old rats. In
the familiar track experiment, there were no significant differences in memory trace
reactivation between the age groups during either period, RESTl or REST2 (p > 0.10
Mann-Whitney). In the multiple-track experience, there was a significant age difference
in the reactivation strength of firing patterns from RUN 1 (bold) during the early portion
of the post-behavior (REST2) rest epoch (p < .05 Mann-Whitney). This age difference
was not evident in the late stage of REST2. There were no age differences, however, for
the reactivation of firing patterns from RUN2 or RUN3 during POST-REST. Although
surprising at first, the decreased replay strength of the activity patterns from the first
session on the familiar rectangle (RUN I) in REST2 appears to be the result of occasional
remapping in the old rats when they return to the familiar rectangular track (RUN3) after
running on the novel rectangular track (RUN2).

REST2
Explained
Variance

RESTl
Eariy

Late

Young

Old

Young

Old

Young

Old

Familiar

8.404
±8.075

2.753
±1.696

22.096
±1.547

23.366
±4.180

15.595
±1.671

18.825
±4.347

MultipleTrack
RUNl

0.319
±0.266

0.916
±0.504

34.368
±15.264

5.917
±2.079

18.732
±6.468

4.744
±2.991

MultipleTrack
RUN2

1.571
±0.882

1.011
±0.555

17.024
±2.687

30.522
±6.340

19.858
±4.880

28.994
±4.979

MultipleTrack
RUN3

2.018
±1.143

3.021
±0.508

42.103
±4.333

29.509
±6.207

39.662
±4.936

27.595
±7.723
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track sessions, the animals were allowed to revisit the familiar rectangular track a second
time, shortly after an experience on the novel rectangle of the figure-eight maze. In these
experiments, an age difference in reactivation was observed, but only for RUN 1 and only
when the aged animals failed to maintain a consistent pattern of hippocampal place cell
firing for the familiar rectangle track. During REST2 of the multiple-track sessions that
included remapping, the patterns expressed on the first session on the familiar track were
only weakly reactivated in aged rats. Furthermore, both age groups displayed a
significant level of "off-line" reactivation for the other two experiences (RUN2 and
RUN3) that occurred during the multiple track behavior session. In addition, the time
constant of reactivation decay was similar in both age groups. Taken together, the results
presented in this chapter are consistent with the interpretation that, within the conditions
of Experiment I and the explained variance analysis, aging does not affect the
reactivation of previous behavioral activity patterns. If an undetected age difference in
the reactivation process exists, it is less than a 7% difference. As previous mentioned, the
EV analysis is unable to differentiate between the possibilities of more frequent noisy
retrieval of the target memories and less frequent, but more accurate, retrieval of the
target memory. Finally, the results were not affected by changing the time window used
for binning the data (50 msec or 200 msec), a finding that is consistent with previous
studies of hippocampal memory reactivation (Kudrimoti et al., 1999; Wilson &
McNaughton, 1994).
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CHAPTER 10: REACTIVATION OF fflPPOCAMPAL
ENSEMBLE ACTIVITY PATTERNS FOLLOWING A
NOVEL EXPERIENCE
10.1 IntroductioD
Although the data from Experiment I addressed several questions about off-line
memory trace reactivation in aged animals, it raised another question: are activity
patterns from a novel experience reactivated during the post-behavior rest epoch? A
novel portion of track was experienced in the multiple-track sessions of Experiment 1, but
in these sessions, the overall environment and the other portions of track were highly
familiar to the animals. The data from Experiments 1! and III were combined in order to
examine the replay of hippocampal ensemble activity during an off-line period following
a behavioral epoch in which all aspects of the experience were novel. Experiments II and
III both included a behavioral epoch that consisted of track running on a novel track
within a novel experimental environment (new curtain arrangement and new high
contrast cues placed around the room).
There are a few difficulties with analyzing the behavior of rats during a novel
experience, which is why most electrophysiological experiments are conducted after the
animal has learned the task. These include the fact that rats and other animals will often
display neophobic behaviors when exposed to a novel environment (e.g. Eilam & Golani,
1988, 1989; Tchemichovski et al., 1998). Because of this neophobia, there can
sometimes be a problem with sufficient sampling required to establish place fields for
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hippocampal pyramidal cells on a novel track. The two experiments described in this
chapter both attempted to alleviate this problem by pre-training the rats to run on similar
tracks in different environments and by teaching them a similar behavioral paradigm
during this training. In the case of Experiment II (T-Maze), the animals were trained to
make alternative left-right turns on a figure-eight track (e.g.. Figure 24), which was
similar to the left-right turns made on the T-Maze. For Experiment III (Circular Shuttle
Task), the animals were first trained on a linear shuttle task so that they were familiar
with the behavioral paradigm of the shuttle task and were adapted to the brain stimulation
reward that motivated behavior. These methods helped to alleviate the anxiety that rats
often display when they are placed in a novel situation. Furthermore, the novelty did not
differentially affect the behavior of the young and old rats as measured by the number of
trials completed (Young 7.4 ± 2.1 and Old 6.8 ± 2.0).

10.2 Explained Variance Results
The explained variance (EV) analysis used in this section included 564
hippocampal pyramidal cells recorded from during 24 experiments on twelve rats, with
313 neurons in the six old rats and 251 neurons in the six young rats. In the postbehavior rest epochs of the novel experiments (REST2), both age groups exhibited a
significant amount of reactivation relative to pre-behavior sleep (p < 0.05, paired t-test).
The amount of explained variance within the ensemble activity measured between
REST2 and RUN for the novel experiments (Exp. II & Exp. Ill), however, was reduced
overall compared with the EV results of the familiar, rectangular track sessions of
Experiment 1. An analysis of variance comparison revealed on overall effect of novelty
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(ANOVA, p < 0.001, F = 23.634), showing that when considered together, the EV results
for both age groups tended to be higher for the familiar experience of Experiment I than
for the novel experience of Experiments H and HI. These results can not be explained by
differences in the frequency or qualities of the sharp wave-ripple events, as no effect of
novelty or age was found in this phenomenon (see Chapter 12).
When the EV results from each age group were compared in the novel track
experiments only, however, a significant age difference was revealed ( p < 0.05, MannWhitney), with the old aged group (EV = 14.73 ±2.17) exhibiting a significantly greater
amount of explained variance during REST2 than did the young adult group (EV = 6.48
±1.61) (see Figure 45). Thus, in contrast to the similar amounts of EV observed in the
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Figure 45: Explained Variance in the Novel Environment. The mean (± SEM) explained correlation
variance in the young adult and the aged group during the REST! and REST2 epochs in the novel
experiments. While no age difference was found in RESTI, prior to the maze experience, a
significant difference between the age groups was documented in REST2 (* p > 0.05, MannWhitney). While both age groups exhibited a significant amount of reactivation, the EV in old group
during REST2 was much higher than the EV of the young group.
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data from both age groups in the familiar rectangle experiments (Exp. I), there was more
explained variance between the correlation distributions from the track-running epoch
and during REST2 in the old age group versus the young age group in the novel track
experiments (Exp. H & III).
When the explained variance results from the familiar rectangular track running
experience (Experiment I) were compared with the explained variance results from the
two novel experiments (Experiment 11 and III), a significant effect of novelty was found
in the young group (Figure 46; p < 0.05, Mann-Whitney). Although the old group
displayed a slightly reduced amount of explained variance during REST2 in the novel
track-running experience compared with the familiar track-running experience, the
Explained Variance - Familiar versus Novel
Move
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Figure 46: Familiar versus Novel Explained Variance. The mean (± SEM) of explained correlation
variance during REST2 is shown for both age groups from both the familiar and the novel
experiments. A significant effect of novelty was found in the young group (p < O.OS, Mann-Whitney),
but not in the old group (p > 0.05, Mann-Whitney). It is likely that the significant effect of novelty in
the young group accounts for the age difference observed during REST2 of the novel experiments.
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difference was not significant (p > 0.05, Mann-Whitney). Thus, it appears that the
significant age difference observed in the explained variance during REST2 of the novel
experiments was likely due to a novelty effect in the young adult group and a lack of a
significant effect of novelty in the old group.
Although this result was somewhat surprising, the present study was not the first
to reveal an effect of novelty on hippocampal memory reactivation in young rats. A
previous report by Kudrimoti et al. (1999) showed that young animals display a
significantly decreased amount of explained variance for a novel rectangular track
relative to a highly familiar rectangular track. Kudrimoti et al. (1999) conducted an
experiment identical to the multiple track experience of Experiment I in a larger group of
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Figure 47:EfTect of the novel track on EV in young animals. The independent contributions of the
familiar rectangle (familiar half) and the novel rectangle (novel half) to the explained correlation
variance between the behavior and post-behavior rest epoch, after controlling for any correlation
between regions) during post-behavior rest (POST). This figure was adapted from Kudrimoti (1999)
with permission. The results in this figure show the effect that the novel rectangle had on the
explained variance during POST, which is equivalent to REST2 in the present experiments. The EV
for both rectangular tracks was significantly above chance and the EV for the familiar track was
significantly above that for the novel track (*p < O.OS, Mann-Whitney). The diagram to the right
shows the significant difference in EV during sharp wave-ripple events that Kudrimoti et aL (1999)
have previously reported (p < 0.05). Figure adapted from Kudrimoti, 1999.
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young rats. In this experiment the young rats experienced both a familiar and a novel
rectangular maze during the track running session. During REST2, the amount of
explained variance from the activity patterns of the familiar track was much higher than
the amount of explained variance (EV) from the activity patterns of the novel track. In
contrast to the current experiments, the results in the Kudrimoti et al. (1999) study were
confounded by the fact that the novel track was also more distant, temporally, from the
REST2 epoch and therefore, the correlation values may have simply decayed during the
return visit to the familiar track. The present results strengthen the conclusion that the
novelty of an experience affects the strength of reactivation in young animals. In
addition, returning to figure 40B (page 284), the old rats tended to show a higher EV
value for the novel track in the multiple-track experiments of this dissertation as well.
This difference in the age groups did not reach significance, however, with an N=4 in that
analysis.
An additional flnding reported by Kudrimoti et al. (1999), shown in figure 47,
was that young animals show a higher EV value for the familiar experience than for the
novel experience during sharp wave-ripple events as well. The explained correlation
variance during SWR events in REST2 of the novel experiments (Experiments II and III)
was evaluated and compared to the explained correlation variance during inter-SWR
intervals in both age groups. The EV results from the SWR analysis were similar to the
overall EV results shown in figures 45 and 46. Consistent with the results from
Experiment I, both age groups exhibited a significantly larger amount of explained
variance during SWRs versus the amount of EV during inter-SWR intervals (see Figure
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Explained Variance
Ripples vs. Inter-Ripple Periods
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Figure 48. Explained variance during sharp wave-ripple events. The explained variance was
computed for the SWRs and inter-SWR intervals during REST2 in the novel experiments. Both age
groups exhibited a higher EV value during SWRs than during inter-SWR intervals. The EV value of
during SWRs, for the young age group, was significantly lower than the EV value in the old age
group during SWRs (*p < 0.05, Mann-Whitney).

48; p < 0.05, t-test). The EV value during SWRs, however, was significantly lower in the
young group relative to the EV magnitude during SWRs in the old group (p 0.05, MannWhitney). This age-related difference was not present in the inter-SWR periods. These
results from the SWR and inter-SWR EV analysis in the novel experiments (Exp. II &
III) paralleled the overall novel EV results, confirming a significant age difference in the
explained variance during REST2 following a novel experience and a significant effect of
novelty on reactivation in the young group, but not the old group. In addition, present
analysis of memory reactivation during SWRs and inter-SWRs and the results from
Experiment I show that the explained correlation variance (EV) method of detecting
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memory reactivation is more robust during SWRs than during inter-SWR intervals in
both age groups.
Explained Variance and Time Binsize
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Figure 49. Explained variance and time bin size. The time window used to bin the raw spike train
data was varied from the normal 100 msec time bin used in most analyses. The time window was
doubled and halved and the explained variance analysis rerun. All three bin sizes dispbiy a
significant age difference in the amount of explained correlation variance during REST2 (*p < O.OS,
Mann-Whitney). Thus, the explained variance result and the age difference are not simply an effect
of the time window chosen in the original analysis.

To test the consistency of these results, two controls were conducted. First, the
time window for binning the data was both doubled (200 msec) and halved (50 msec) and
the analysis was rerun. The significant age effect was found in all time bins tested, with
the EV value for the aged group significantly greater than that of the young group (see
Figure 49; p < 0.05, Mann-Whitney). In addition, the data from the two novel
experiments (Experiment 11 and Experiment III) were analyzed separately to insure that
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Explained Variance - Tmaze versus Circular Shuttle
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Figure 50. Explained variance in the two novel experiments. The variance in the distribution of
correlations during REST2 that was explained by the distribution of correlations during the track
running epoch tended to be higher in the old age group than the young age group in both of the novel
experiments (T-maze and circular shuttle task). When the data were split into the two experiments,
the age comparisons are done with N>3 and, therefore, do not reach significance. The results from
the two novel experiments were the same and displayed the same trend, suggesting that the overall
age elTect observed in the EV analysis of the novel experiments was not the result of one of the novel
experiment designs

the novelty effect was not a byproduct of the experimental design in one of the novel
experiments. As shown in figure 50, the EV value during REST2 tended to be higher in
the old age group for both novel experiments (Exp. II «fe Exp. III). When the data were
split into two groups, the age comparisons conducted with an N = 3 were not statistically
significant. This result does, however, confirm that the novelty effect was not due to the
experimental design of one of the two novel experiments.
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10.3 Summary
The amount of variance in the distribution of correlations during REST2,
following a novel experience, which was explained by the distribution of cell-pair
correlations during the track running epoch, was significantly higher in the old age group
than the young age group. This age-related difference was due to an effect of novelty on
the magnitude of activity pattern reactivation in the young age group, in which the
explained variance for the activity patterns of the novel track running experience was
significantly lower than the explained variance for a familiar track running experience.
This novelty effect on memory reactivation was not observed in the old group. In
addition, an effect of novelty on memory reactivation has been suggested by a previous
report (Kudrimoti et al., 1999) under less stringently novel conditions. Furthermore, the
age-related difference in the explained variance during REST2 of the novel experience
was consistent across the two novel experimental designs and across variable time bin
sizes.
In addition, the explained variance results for sharp wave-ripple events (SWRs)
versus inter-SWR periods in this chapter were consistent with the EV results in Chapter 9
and in a previous report (Kudrimoti et al., 1999). Both age groups exhibited a
significantly higher explained variance during SWRs than during inter-SWR periods. As
expected from the overall EV result, the old group displayed a significantly higher EV
during SWRs than did the young group. This age difference in EV was not observed
during the inter-SWR periods.
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CHAPTER 11: THE REPLAY OF NEURONAL FIRING
SEQUENCES DURING OFF-LINE PERIODS IN THE
YOUNG AND AGED RAT
11.1 Introduction
If off-line memory reactivation occurs in the hippocampus, as suggested by the
results in the previous two chapters, then memory reactivation would be expected to
include information about the temporal order of events. The storage of temporal
information may be evidenced by a preservation of the sequential order of neuronal firing
that produced the memory trace in behavior, during subsequent off-line periods. Skaggs
and McNaughton (1996) investigated the replay of neural sequences in rest epochs before
and after a track running experience on a triangular track. They found that the temporal
asynunetry, or "temporal bias" of cell pair firing during the track running behavior, was
indeed preserved during the post-behavior rest period. Skaggs and McNaughton (1996)
analyzed this phenomenon by computing the cross-correlation histogram between all cell
pairs that were active during track running as well as during both pre- and post-behavior
rest epochs. These cells are, presumably, pyramidal cells that had place fields during the
track miming experience. For each cell pair (ij), the temporal bias (Bjj) was defined as
the difference between the cross-correlation histogram integrated over a 200 msec
window after time zero, and the cross-correlation histogram integrated over a 200 msec
window preceding time zero. In this analysis, when pairs of cells displayed a strong
temporal ordering during track running, they tended to show a bias in the same direction
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during the rest period following the track running behavior. Skaggs and McNaughton
(1996) quantified the preservation of temporal bias by first showing that a significant
correlation between the temporal bias during track running and the temporal bias during
the post-behavior sleep period was present. Secondly, they showed that no significant
correlation existed between the temporal bias of cell pairs in pre-behavior rest and during
track running. In addition, they reported that the temporal bias correlation between the
post-behavior rest period and behavior was significantly larger than the correlation
between the bias during behavior and the pre-behavior rest period. Thus, they suggested
that the temporal order formed between cell pairs that fired proximate to each other
during track running was: a) not present during pre-behavior rest, and b) preserved during
the subsequent off-line rest period.

11.2 Present analysis
In the present study, the temporal bias was quantified by using three different
analytical techniques (see Methods, section 8.8.5). First, the analysis of Skaggs and
McNaughton (1996) was used in an attempt to replicate their results and to compare the
age groups. In addition, the bias between each cell pair was computed as the normalized
difference between the 200 msec window preceding time zero (PRE) and the 200 msec
window following time zero (POST) using the equation; (PRE-POST)/(PRE+POST),
where PRE and POST are the result of integrating the cross-correlation histogram over
their respective 200 msec time windows. In contrast to the original Skaggs and
McNaughton (1996) analysis, which can produce any real number, this normalized result
returns a value from -1 to +1 for the temporal bias of each cell pair. Finally, the temporal
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bias of each cell-pair was also computed using a center of mass analysis, in which the
first moment (center of mass) of the cross-correlation distribution was computed within
the ±200 msec time window for each cell pair.
In order to compute an appropriate cross-correlation histogram, the pyramidal
cells used for the temporal bias analysis must fire an adequate number of spikes during
both rest epochs (RESTl and REST2) and during the track running session (RUN)- This
criterion eliminates the majority of the pyramidal cells used in the other analyses reported
Chapters 9 and 10. First, only ~30-40% of hippocampal pyramidal cells will fire during
any given experience in both age groups (Shen et al., 1997; Wilson & McNaughton,
1993), thus approximately 60-70% of the pyramidal cells recorded were eliminated from
this analysis for lack of activity during behavior. In addition, each pairwise computation
was required to produce enough spikes during the 200 ms window preceding and
following time zero to compute a reliable cross-correlation value. Finally, due to the
possible sensitivities to strong outliers, the analysis required that SO cell-pair comparisons
were available in each animal in order for the data from that animal to be considered in
the analysis.
Because this dissertation addresses the effects of age on memory reactivation, the
temporal bias values (Bij) for each animal were compiled across the 2 to 4 experiments
recorded from each animal and then the correlation between the collective bias values
from the track running session (RUN) and the rest epochs (RESTl and REST2) of these
experiments were computed for each animal. The correlation of the temporal bias
between the RUN epoch and the post-behavior rest epoch (REST2) was measured to
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Figure 51: The temporal bias of a cell
pair from one of the young rats it
shown to illustrate the concept of
temporal bias. Tlie cross-correlation
histogram is plotted for each of the
three epochs during an experiment In
each of the three plots, the bias of this
cell pair was defined as the difference
between the cross-correlation
integrated from 0 to 200 ms (shown in
darli gray) and the cross-correlation
integrated from -200 to 0 ms (shown in
light gray). (A) The cross-correlation
histogram between the two neurons
during RESTl. This plot shows that
there is no strong bias in the firing
sequence tendency of this cell pair in
the rest epoch before the track running
episode, as the two shaded areas are
roughly equal (B) The crosscorrelation histogram for the cell pair
during tracic running. Note the strong
theta frequency (~8IIz) modulation of
the cross-correlation during tracic
running. In this cell pair, cell 2 tends to
fire after cell 1 during the track
running session, as the dark gray area is
larger than the light gray area.
(C) The cross-correlation histogram
for the cell pair during REST2. Notice
that the tendency for cell 2 to fire after
cell 1 that was formed during track
running is maintained during REST2,
as seen by the much larger area shaded
dark gray (the 0 to 200 ms window)
versus the area shaded light gray (the 200 to 0 ms window). Cross-correlation
histograms, such as those shown in this
figure, were computed for each
available cell pair. The histograms
varied considerably, most neurons were
not strongly correlated during the RUN
epoch. The bin size for these plots was
10 ms.

A) RESTl

lArililiiii
4CU

Jlli

'J

TimB (ms)

B)RUN

Time (ms)

C) REST2

Time (ms)

318
represent the preservation of the temporal firing order produced during the active
behavior. In addition, the partial correlation between REST2 and RUN, controlling for
any pre-existing temporal bias in RESTl (rREST2-RUN|RESTi), was also calculated.
lU Results
The temporal bias analysis was applied to all of the data from both the familiar
rectangle sessions of Experiment I and the novel sessions of Experiments II & III. The
data from these two conditions were first analyzed separately, however, in order to test
for any effect of novelty on the temporal bias preservation.
11.3.1 Experiment I: The familiar rectangle tracic
The results from one young and one old animal in Experiment I did not meet the
prerequisite number of cell pairs required for the analysis (SO). For comparison, the
number of cell pairs available for the young rat removed from the analysis was 33 and the
average number of cell pairs among the other young rats in the familiar experiment was
375. Thus, the data from four young rats and four old rats in Experiment I that were used
in this analysis.
Using the same analysis as Skaggs and McNaughton (1996), each of the young
rats displayed a positive correlation in the temporal bias of the track running session
(RUN) with the temporal bias distribution during post-behavior rest period (REST2).
Also, the mean temporal bias correlation between RUN and REST2 was significantly
different from zero (p < 0.05, one sample t-test). The correlation between the temporal
bias distribution of the RESTl and RUN epochs, however, was not different from zero (p
> 0.10, one sample t-test), suggesting that the temporal bias between pyramidal cells were
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not pre-existing. Finally, the mean bias correlation value for REST2 and RUN was
significantly higher than that of RESTI and RUN (p < O.OS, paired t-test). These results
are similar to those of Skaggs and McNaughton (1996) and replicate their findings in
young animals.
On the other hand, the original analysis of Skaggs & McNaughton (1996) did not
produce of a positive correlation between the temporal bias of the track session (RUN)
with REST2 in all of the old animals. As in the young group, the mean RESTl-RUN
bias correlation of the old group was not different fi-om zero (p > 0.10, one sample t-test).
In contrast to the young group, however, the REST2-RUN bias correlation of the old
Familiar Tracit Data • Temporal Bias Corralatlons
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Figure 52: Temporal bias correlations. The mean (± SEM) of the temporal bias correlation between
the rectangular track (RUN) and the two rest epochs (RESTI and REST2) is shown for both age
groups. Although there were no age group differences, the REST2-RUN temporal bias correlation is
not significantly different in the aged animals. The REST2-RUN temporal bias correlation is
significantly different (*p < 0.05, paired t-test) in the young group. The lack of a significant
difference in the old group is likely due to the large variance in the REST2-RIIN correlation values,
which was the result of one old rat who did not exhibit any signs of temporal bias preservation.

320
group was not significantly different fi'om zero either (p > 0.10, one sample t-test). In
addition, although there was no direct age group difTerence in the mean of the bias
correlation between REST2 and R.UN, the old group showed no difference between the
REST2-RUN bias correlation and the REST1-RUN bias correlation (p >0.20, paired ttest). Thus, there was no significant temporal bias preservation in the old animals. This
result was largely due to the variance within the old animals (see Figure 52) caused by
the inconsistent correlation of the temporal bias in REST2 with the behavior epoch
(RUN).
In addition to the analysis employed by Skaggs and McNaughton (1996), the
normalized difference between the integrated 200 msec windows was also used to
measure the temporal bias. The results fi^om the familiar rectangular track experiment
using this normalized analysis were very similar to the results fi'om the original analysis.
In the young age group, each rat displayed a positive correlation between the temporal
bias of the track running session (RUN) and that of REST2, and the mean of the REST2RUN bias correlation was significantly different fi-om zero (p < 0.05, one sample t-test).
In addition, the mean correlation between the temporal bias of the RUN epoch and the
post-behavior rest epoch (REST2) was significantly higher than the mean correlation
between the temporal bias of RUN and the pre-behavior rest (RESTl) (p < 0.05, paired ttest). Furthermore, the RESTl-RUN temporal bias correlation was not significantly
different fi-om zero (p > 0.20, one sample t-test).
The results in the aged group using the normalized analysis were also similar to
those results fi'om the original analysis. Again, some but not all of the aged rats
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displayed a positive correlation between the temporal bias during track running and the
temporal bias during REST2. Also, neither the mean REST2-RUN temporal bias
correlation, nor the mean RESTl-RUN temporal bias correlation was significantly
different fi'om zero in the old group (p > 0.10, one sample t-test). In addition, there was
no significant difference between the RESTl-RUN temporal bias correlation and the
REST2-RUN temporal bias correlation in the old group (see Figure S3; p > 0.10, paired tFamiliar Track Data - Temporal Bias Corralations
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Figure 53: Normalized temporal bias correlations. The mean (± SEM) correlation between the
normalized temporal bias values during track running (RUN) and the two rest epochs (RESTl and
REST2) is shown for both age groups. In tbe young group, the REST2-RUN temporal bias
correlation is significantly larger than the RESTl-RUN temporal bias correlation (*p < 0.05, paired
t-test), suggesting that the firing order tendencies during the RUN epoch are maintained in REST2,
beyond any preexisting bias in RESTl. Although there were no age group differences in the
RESTl-RUN or REST2-RUN temporal bias correlations, there is no difference between the RESTlRUN and the REST2-RUN temporal bias correlation in the old group. In addition, neither of the
temporal bias mean correlation values is significantly different from zero (p > 0.10, one sample ttest). The increased variance in the temporal bias correlation patterns is reflected in the rather large
error bars seen in the old group.
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test). As in the originai analysis, there were no direct age group differences found in the
temporal bias correlations between the rest epochs and the track running period, most
likely due to the small N in this analysis (N = 4).
In the results from both of these analyses of temporal bias the young group
displayed a significant tendency to maintain the temporal firing pattern from the RUN
epoch during REST2. This significant correlation in the neural firing order did not exist
prior to the track running behavior (RESTl-RUN). The preservation of temporal bias
from the RUN epoch during REST2 was more variable in the aged animals and,
therefore, the mean temporal bias correlation from REST2-RUN, relative to the RESTlRUN bias correlation was not significant. Thus, the results from the familiar track
experiment (Experiment I) suggest that there is reliable preservation of temporal pattems
during reactivation in the young age group, but does not support the existence of a
reliable effect in the old age group.
11.3.2 Experiments n & III: The T-maze and circular shuttle task
The same analytical techniques were applied to the data from the novel track
experiments (Exp II: T-maze & Exp III; circular shuttle task). One of the young animals
did not have the prerequisite number (SO) of cell pair comparisons available. Therefore,
this young rat and its age-matched pair were removed from the temporal bias analyses, so
that there were five young rats and five aged rats used in the temporal bias analysis from
the novel experiments. As in the familiar track data, the results from the original analysis
(Skaggs & McNaughton, 1996) and the normalized analysis of temporal bias were quite
similar.

323
All five young rats exhibited a positive correlation between the temporal bias
during track running and the temporal bias during REST2 (mean r = 0.170 ± 0.052 and
normalized mean r = 0.162 ±0.028). Again, the REST2-RUN temporal bias correlation
was significantly different from zero in both analyses (p < 0.05, one sample t-test). In
contrast, the correlations of temporal bias between RESTl and RUN from both analyses
were small (mean r = -0.004 ± 0.025; normalized mean r = 0.046 ± 0.029) and neither of
the RESTl-RUN temporal bias correlation value means was different from zero (p >
0.10, one sample t-test). In addition, the REST2-RUN temporal bias correlation in the
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Figure 54: Novel track temporal bias correlations. The mean (± SEM) correlation of the temporal
bias between the RUN epoch and the rest epochs (RESTl and REST2) are shown for both age
groups. The REST2-RUN correlation in the young group is significantly higher than the RESTlRUN temporal bias correlation (p < 0.05, paired t-test), suggesting that the temporal bias during the
RUN epoch is preserved during post-behavior rest in the young group. In contrast, the REST2-RUN
correlation in the old group is not different from the RESTl-RUN correlation (p >0.20, paired t-test).
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young group was significantly higher than the RESTl-RUN temporal bias correlation (p
< 0.05, paired t-test), suggesting that the temporal pattern of neural firing sequences fi'om
the RUN epoch were preserved during REST2 but were not evident in the pre-behavior
rest (RESTl).
Nowl Track Data - Temporal Bias Corrttlation
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Figure 55: Normalized temporal bias correlations in the novel track data. The mean (± SEM)
correlation of the normalized temporal bias between the RUN epoch and the rest epochs (RESTl and
REST2) are shown for both age groups. The REST2-RUN correlation in the young group is
significantly higher than the RESTl-RUN temporal bias correlation (p < 0.05, paired t-test),
suggesting that the temporal bias during the RUN epoch is preserved during the post-behavior rest
period in the young group. In contrast, the REST2-RUN correlation in the old group is not different
from the RESTl-RUN correlation (p >0.20, paired t-test).

In the aged group, some of the old rats exhibited a positive correlation between
the temporal bias during REST2 and the temporal bias during RUN, but other old rats
displayed no correlation between the temporal bias patterns of REST2 and RUN. This
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result was found in all of the analysis techniques used. The mean temporal bias
correlation for RESTl-RUN (mean r = -0.008 ± 0.044, original analysis and r = .038 ±
0.034, normalized analysis) and REST2-RUN (mean r = 0.024 ± 0.038, original analysis
and r = -0.006 ± 0.016, normalized analysis) were not different from zero (p > 0.20, one
sample t-test). In addition, the REST2-RUN temporal bias correlation was not different
from the RESTl-RUN temporal bias correlation (p >0.20, paired t-test), which does not
support the notion of temporal sequence preservation during REST2 for the old rats.
Replacing the one aged rat that was removed from the analysis because his young agematched pair did not meet the criterion, did not alter these results.
11.33 Overall Analysis
Neither of the two age groups exhibited an effect of novelty on the temporal bias
analysis (p > 0.50, unpaired t-test) and no age differences were found in the RESTl-RUN
or REST2-RUN temporal bias correlations in the temporal bias analyses of the familiar
track data or the novel track data. In addition, the small N in the statistical computations,
which is due to the aging study requirement to include only one number from each
animal, made the previous, separate analyses quite sensitive to individual variation within
the age groups. Therefore, the data from both experiment types were combined and
studied for an overall estimate of temporal bias in both age groups. The two young and
two old rats removed from the previous analyses were also removed from the overall
analysis, thus nine young adult and nine aged rats were used. Finally, a third temporal
bias analysis, the center of mass analysis, was included in the overall results.

I
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First, the original temporal bias computation, as employed by Skaggs and
McNaughton (1996) was used to compute the overall temporal bias correlation in each
age group. The overall results in the young group were similar to the previous results
from the two separate data pools (familiar track data & novel track data), shown
previously (Figures 52-55). The REST2-RUN temporal bias correlation was positive and
significantly different from zero (p < 0.05, one sample t-test) and the REST2-RUN
temporal bias correlation was significantly higher than the RESTl-RUN temporal bias
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Figure 56. Overall temporal bias using the original analysis of Skaggs and McNaughton (1996). The
mean (± SEM) overall temporal bias correlation for RESTl- RUN and REST2-RUN is shown for in
both age groups. The RESTl-RUN temporal bias correlation is not different from zero in either age
group (p > 0.20, one sample t-test). In the young age group, the REST2-RUN temporal bias
correlation is positive, is significantly greater than zero (p < 0.05, one sample t-test), and is
significantly greater than the RESTl-RUN temporal bias correlation (*p < O.OS, paired t-test). In the
old age group, the RESTl-RUN and REST2-RUN temporal bias correlations were not different from
zero (p > 0.40, one sample t-test) and were not different from each other (p > 0.20, paired t-test).
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correlation in the young group (p < 0.05, paired t-test; see Figure 56). Furthermore, with
the increased sample size, the REST2-RUN temporal bias correlation of the young group
was significanlty higher than the REST2-RUN temporal bias correlation in the old age
group (# = p < 0.05, uiq)aired t-test).
The results from the normalized computation of the overall temporal bias in the
young group were similar to the original analysis results. As before, the mean RESTlRUN temporal bias correlation was not different from zero (p >0.10, one sample t-test).
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Figure 57: Overall temporal bias correlations using normalized analysis. The mean (± SEM)
temporal bias correlations between the track running session (RUN) and the rest epochs (RESTl and
REST2) are shown for both age groups. The RESTl-RUN temporal bias correlation is not different
from zero in either age group (p > 0.20, one sample t-test). In the young age group, the REST2-RUN
temporal bias correlation is significantly greater than zero (p < 0.01, one sample t-test) and was
significantly greater than the RESTl-RUN temporal bias correlation (*p < 0.05, paired t-test). In
addition, the REST2-RUN temporal bias correlation in the young age group was significantly higher
than the REST2-RUN temporal bias correlation in the old age group (#p < 0.05, unpaired t-test).
These results suggest that the RUN neural firing sequences are preserv^ during REST2 in the young
age group, but not in the old age group.
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Again, the REST2-RUN temporal bias correlation was, however, positive and
significantly greater than zero in the young group (p < 0.05, one sample t-test). In
addition, the REST2-RUN temporal bias correlation in the young group was significantly
larger than the REST2-RUN correlation in the old group (#p < O.OS, unpaired t-test).
In addition, a third analysis technique was used to study the preservation of
temporal bias patterns in the overall data. The center of mass analysis was computed for
the cross-correlation histogram of each cell-pair. Rather than computing the difference
between integrated time windows on either side of zero, this analysis located the first
moment or center of mass in the distribution for the -200 msec to 200 msec window (see
Methods section 8.8.5). The results for the center of mass analysis were analogous to the
other two analyses, providing more convergent evidence for the preservation of temporal
sequences during off-line memory reactivation. In the young age group, the REST2RUN correlation in the center of mass distribution was significantly different fi-om zero
(p < 0.05, one sample t-test) and was significantly higher than the RESTl-RUN
correlation (*p < 0.05, paired t-test), which itself was not different fi-om zero (p > 0.40,
one sample t-test). In addition, as in the other two analyses, the overall mean temporal
bias correlation between REST2 and RUN in the young group was significantly greater
than the mean REST2-RUN bias correlation in the old animals. Thus, the results fi-om all
three temporal bias analyses were similar and all support a preservation of the sequential
activity fi-om the RUN epoch, during "off-line" memory reactivation in the young age
group.
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In the old age group, the overall results were also similar to those of the fiuniliar
track and novel track experiments for all three analytical methods (original analysis as in
Skaggs & McNaughton, 1996, see Figure 56; normalized analysis, see Figure 57 and
center of mass analysis, see Figure 58 below). Although some of the aged rats displayed
a positive correlation between the temporal bias distributions in REST2 and RUN, other
aged rats displayed no correlation in the bias distributions of these two epochs. For all
three of the analytical methods used, the correlations between the temporal bias
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Figure 58. The Center of Mass Analysis. The mean correlations (±SEM) of the temporal bias
distributions, as calculated by the center of mass analysis, are shown for both REST epochs in each
age group. The RESTl-RUN temporal bias correlation was not different from zero in both age
groups (p > OJO, one sample t-test). The REST2-RUN temporal bias correlation in the young age
group was significantly above zero (p < 0.05, one sample t-test), but the REST2-RUN temporal bias
correlation in the old age group was not In addition the young REST2-RUN temporal bias
correlation was significantly higher than the REST2-RUN temporal bias correlation (# = p < 0.05,
two sample t-test).
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distributions of REST1 and RUN or REST2 and RUN were never different from zero (p
> O.OS, one sample t-test). That is, none of the temporal bias results in the aged group
exhibited anything significantly different from zero (see Figures 56,57,58). In addition,
the mean REST1-RUN correlation and the mean REST2-RUN correlation were not
significantly different (p > 0.30, paired t-test) in the old age group. Finally, in all three
temporal bias analyses of all the data, the REST2-RUN temporal bias correlation in the
old age group was significantly less than the REST2-RUN temporal bias correlation in
the young age group (#p < 0.05, unpaired t-test). Thus, although some of the individual
aged rats displayed a positive correlation in the temporal bias distributions of the RUN
and REST2 epochs, the overall mean in the old age group did not show evidence for
preservation of the temporal sequences formed during the track running epochs, in the
neuronal activity during the subsequent rest epoch (REST2).
1U.4 The partial correlation
To summarize the data from the study of the preservation of temporal sequences
during off-line memory reactivation, the partial correlation was computed for the
normalized temporal bias analysis and the center of mass analysis. The partial correlation
was conducted in an attempt to control for any temporal bias that may have existed in
RESTl, prior to track running, in RUNl. The purpose of this analysis was to measure
the correlation between the distribution of cell-pair temporal bias results of the RUN
epoch and the post-behavior rest (REST2), after accounting for any effects of the baseline
rest period (RESTl). The results of the two partial correlation calculations were similar.
The partial correlation between RUN and REST2, after controlling for RESTl, was
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significant in the young age group for all analytical methods used to calculate the
temporal bias (p < O.OS, one sample t-test). In contrast, the partial correlation results in
the old age group were not different from zero (p > 0.30, one sample t-test; see Figure
59). Finally, in both partial correlation results, the RUN-REST2 | RESTl correlation was
significantly higher in the young age group versus the old age group (*p < 0.05, two
sample t-test).
Normalind Temporal Bias
Partial CoiTBlation

R

Center of Mass • Temporal Bias
Partial Correlation

Figure 59. The Temporal Bias Partial Correlatjon. The partial correlation of the temporal bias
distribution between REST2 and RUN, controlling for the temporal bias distribution of RESTl, is
shown for the both age groups in the normalized temporal bias analysis (A) and the center of mass
temporal bias analysis (B). In both of the figures show, the temporal bias partial correlation REST2RUNI RESTl of the young age group was significantly higher than zero (p < 0.05, one sample t-test)
and was significantly higher than the temporal bias correlation REST2-RUN | RESTl of the old age
group (*p < 0.05, two sample t-test), which was essentially zero.

11.4 Summary
In all three of the temporal bias analyses, the results from the young age group
suggested that the sequential order of neuronal firing formed during track running, was
preserved during the subsequent off-line period (REST2). In addition, the temporal
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sequence during track running was not a consequence of the temporal order of neural
firing during the baseline rest epoch (RESTl). In contrast, the results in the old age
group never produced a mean REST2-RUN temporal bias correlation that was
significantly different fi:om zero. Although some of the old rats individually displayed
evidence for temporal bias preservation, the overall mean of the old group exhibits no
significant evidence for temporal bias preservation. This result is consistent with
previous aging studies that show variation in the impairment of aged animals on spatial
tasks (Barnes et al., 1997; Gallagher et al., 1993). Taken together, the temporal bias
results and the explained variance results in the previous chapters provide strong support
for the off-line reactivation of hippocampal memory traces in the young age group. In
the old group, the explained variance analysis suggests that activity patterns are replayed
during off-line periods, but the temporal bias analysis does not support a consistent
preservation of the temporal firing sequence, fi-om the behavior epoch (RUN), during
post-behavior rest. The implications of these results will be discussed in chapter 13.
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CHAPTER 12: SHARP WAVE-RIPPLE ANALYSIS IN
YOUNG ADULT AND AGED RATS
12.1 Introduction
Models of memory formation and consolidation, as well as models of sleep
fimctions, have proposed a role for the sharp wave and the resulting high frequency ripple
oscillation in memory processing (Buzsaki, 1986,1989,1996; McNaughton, 1983;
McNaughton et al., 1996; Nadasdy et al., 1999; Sejnowski & Destexhe, 2000). It has
been proposed that memory traces are rapidly formed within the CA3 layer during awake
behaviors (theta) and during subsequent off-line periods (LIA). The potentiated synapses
within CA3 biases groups of neurons to fire together during sub-population bursts, the
sharp waves (Buzsaki, 1989, 1991; McNaughton et al., 1996). Thus, the sharp waveripple event could serve as the mechanism by which hippocampal traces are projected to
the various cortical and subcortical networks they are associated with. Indeed, there is
evidence that the sharp wave-ripple event influences structures outside of the
hippocampus. First, a high frequency oscillation associated with the hippocampal sharp
wave has been observed in the deep, output layers of entorhinal cortex (layers V-Vl) and
the subiculum (Chrobak & Buzsaki, 1994,1996). Second, the sharp wave-ripple event
has been shown to influence the activity of cortical neurons (Battaglia et al., 2001). In
addition, the high frequency oscillations associated with the sharp wave-ripple event
induce orderly and highly synchronized activity that would make physiological methods
of synaptic modification possible.
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The sharp wave-ripple event (SWR) has also been shown to play an important
role in memory trace reactivation within the hippocampus (Kudrimoti et al., 1999;
Gerrard et al., 2001), a result that is supported by the data presented in chapters 9 & 10.
The results from the present studies showed that hippocampal memory trace reactivation,
as measured by the explained variance analysis, was significantly higher during SWRs
versus the inter-sharp wave-ripple periods in both young and old animals. Thus, given
the significance of the proposed recall and output functions of the sharp-wave ripple
event in off-line memory trace replay within the hippocampus, it was important to study
the characteristics of the sharp wave-ripple event in both age groups. In the present
experiments, EEG data were recorded from one chaimel of each tetrode placed within the
CAl layer. Both the sharp wave and the ripple oscillation were frequently recorded in
these EEG traces and were detected during off-line processing by digitally band-pass
filtering the EEG from 100-300 Hz and scanning for high frequency oscillations of
significant amplitude within CAl; using a user-defined threshold.

12.2 Familiar Tracic Experiment Results
No age differences were observed in the basic characteristics of ripples recorded
in the CAl layer. More than 5000 SWRs were detected in each age group during the
familiar experiments and no age group difference was found in the number of ripples that
occurred during RESTl or REST2 (see Figure 60). Although the variance in the
occurrence frequency of SWRs might be affected by the amount of time the rat spent in
LIA or SWS states, no age difference was noted in the overall percentage of
REST2 composed of SWRs (Young = 7.49 ± 0.50% and Old = 6.952 ± 0.44%). The
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Figure 60: Ripple count Tlie average (± SEM) numiier of ripples recorded in eacli dataset during
tlie pre-tracl( rest epocii (RESTl) and tiie post-maze (REST2) rest epoch. No difference was found in
the number of ripples per dataset in the two rest epochs and no age differences were detected (p >
0.20, paired t-test).

mean ripple duration was also very similar in both age groups during RESTl and REST2
(Young: RESTl = 89.14 ± 9.18 ms; REST2 = 98.68 ± 15.42 ms and Old: RESTl = 96.25
± 1.9 ms; REST2 = 97.32 ± 2.24 ms; see Figure 61).
In addition to the ripple occiurence and duration, the mean firing rates during
SWRs, the peak amplitude, the mean ripple frequency and the ripple energy were also
calculated. In both age groups, the mean firing rate was higher during sharp wave-ripples
(p < 0.05, t-test) than during inter-sharp wave-ripple intervals (Young: SWR mean rate =
3.6 ± 0.56 Hz and inter-SWR mean rate = 0.696 ±.11 Hz; Old: SWR mean rate = 2.6
±0.46 Hz and inter-SWR mean rate = 0.511 ± .10 Hz), a result that is consistent with a
previous report on CAl pyramidal cell firing rates during SWRs (Kudrimoti et al., 1999).

336
Mmh R|>pl» DumUen

S -

Pr*-Mat* Sl««p

B

PoM-Maz* Sl««p

R^lt Duration Histognm
Post-Mazt SiMp - Old

R^l* OuiBlion Hislogram
Post'Maz* Stoap - Young

900
«»
TOO •

too
900
400
300 300 '

«00 •

Io
U

400
SOO

200

too •

100 •
0 •

tllllltplffllj-.
so 100 190 200 390 300 330 400 490 900
Ripple Duration (msec)

90 100 190 200 290 300 390 400 490 900
Ripple Duration (msec)

Figure 61: Ripple duration. (A) The mean (±SEM) duration of ripples in both age groups during the
pre-maze rest epoch (RESTl) and the post-maze rest epoch. No age dilTerence was noted in either
rest epoch (RESTl or REST2) and the mean duration of ripples was not different between the two
rest epochs (p > 0.20, t-test) within or across age groups. (B) The distribution of ripple durations is
shown for the old age group and the young age group during REST2. In addition to the similar
mean ripple duration shown in A, the distributions of ripple durations were similar between the age
groups.

No age differences were found in the mean firing rate of CAl pyramidal cells during
SWR or inter-SWR intervals (p > 0.10, t-test; Figure 62A) in either RESTl or REST2. In
addition, the peak ripple amplitude and the mean ripple energy were not different
between the two age groups (p > 0.10, two-sample t-test; Figure 62B,C). The mean
frequency of the ripple oscillations was calculated using two different methods. First, a
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power spectral density (PSD) was computed for each ripple and the frequency with the
maximum power in each ripple was recorded. The mean ripple frequency was calculated
as the mean of the PSD peak frequency for each of the many SWRs. This calculation
produced a mean frequency that did not differ between the two age groups (Young: 125.8
A

ltoanFMngRata-8WRvwsuslirtw.SWR
REST1

\
B

•lnl«r.SWR Man Rn*
BSWRMunRM

"TT

REST 2

Lii'Lii
Familar Track Exptrimmts
RIpptoEnwQy
•CM
B Young

FamHir Track ExpcrbiMnti
Rippto Max AmpWiida
B Young

Figure 62: Ripple statistics from familiar data. (A) The mean firing rate for CAl pyramidal cells
during SWRs and inter-SWR intervals during RESTl and REST2. The mean firing rate was higher
during SWRs versus inter-SWR intervals in both age groups (*p < 0.05, paired t-test). There were
no differences in the mean firing rates between REST epochs or age groups. (B) The mean (± SEM)
maximum ripple amplitude in both age groups. (Q The mean (± SEM) ripple energy, in both age
groups, as measured by the RMS calculation. No age difference were detected in any of these ripple
statistics (p > 0.10).

± 3.04 Hz and Old: 129.9 ± 1.65 Hz; p > 0.10; two sample t-test; Figure 63A). Because
each ripple has a short duration (~100ms), the power spectral density for an individual
ripple is not always significant. For this reason, the mean frequency of each ripple was
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also calculated from the peak-to-peak time in each individual ripple (intrinsic frequency).
To do this calculation, a sixth order polynomial was fit to the largest oscillation within
each ripple and the intrinsic frequency for each ripple was computed as 1/AT, where AT
is the time difference between two adjacent peaks in the ripple oscillation. Although the
mean ripple frequency calculated with these two different methods were similar, the
mean intrinsic frequency tends to be slightly higher than the mean PSD peak. No age
differences, however, were detected in the mean ripple frequency using the second
Familiar Track Experiments
IMean Ripple Frequency
Rippto Intrinsic Fraq
•Young

Figure 63: Mean ripple frequency. (A) The mean (± SEM) ripple frequency as calculated from the
peak frequency of the power spectral density within each rat (B) The mean (i: SEM) ripple
frequency as calculated from the period of a sixth order polynomial fit to the data record^ for each
ripple oscillation. No effect of age was found in the mean ripple frequency, which was consistently ~
130 Hz (p > 0.10), for either method of calculating the mean ripple frequency.

method (intrinsic frequency) for calculating ripple frequency (Young: 133 ± 3.88 Hz and
Old: 134.9 ± 2.14 Hz; see Figure 63B). Thus in the familiar track datasets, there were no
quantitative age group differences in the CAl SWRs recorded.
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123 Novel Track Experiment Results
As in the familiar track experiments, over SOOO SWRs were detected in each age
group during the novel experiments. No difference in the number of ripples or the
average duration of SWR events was found between the age groups in either rest epoch,
or within age groups across rest epochs (see Table 2). In addition, there was no effect of
novelty on the number of SWRs or the average SWR duration in either RESTl or
REST2, as the mean SWR number and duration were similar in the two types of
experiments (p > 0.10; ANOVA).

RESTl

REST2

Age Group

Ripple Count

Mean SWR
Duration (ms)

Ripple Count

Mean SWR
Duration (ms)

YOUNG

670.8

107.9

565.7

107.6

±120.5

±3.37

±67.4

±5.00

632

99.7

594

100.8

± 126.1

±5.68

± 109.3

±4.35

OLD

Table 2: SWR count and mean duration in the novel experiments. No difierences between the age
groups or the REST epochs were detected (p > 0.10).

The mean firing rates during SWRs and inter-SWR periods, the peak amplitude,
the mean ripple frequency and the ripple energy were also calculated for the SWRs
recorded during the novel track experiments. None of these ripple statistics in the novel
data were different from the ripple statistics of the familiar track experiments, nor were
any age group differences found. As reported for the familiar track experiments, the
mean firing rate of CAl pyramidal cells was higher during SWRs than during inter-SWR
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intervals in both age groups during RESTl and REST2 (see Figure 64). All of these data
were consistent with previous reports of mean firing rates during SWRs and inter-SWR
events (Kudrimoti et al, 1999).

B

Mean Firing Rate • l«E8T1

Mean Firing Rata - REST2

kiler-SWR

Young

Inter-SWR

Young

Figure 64: Mean firing rates. (A) The mean firing rates of CAl pyramidai ceib in the RESTl epoch
during SWR events and the inter-SWR intervals. Hippocampai pyramidal cells exhibit an increased
firing rate during SWR in both age groups (* p < 0.05, t-test). (B) The mean firing rates of CAl
pyramidal cells in the REST2 epoch during SWR events and the inter-SWR intervals. The mean
firing rate of pyramidal cells is higher during SWRs than the inter-SWR periods in REST2 also.
There were no age differences detected and no differences in the mean firing rates of the two rest
epochs.

All of the descriptive statistics for the SWRs during RESTl are shown in figure 65. Both
the mean ripple energy and the peak ampUtude were consistent with the results from the
familiar experiment (Figure 65 C&D). In addition, no age group differences were
observed. The frequency of each ripple was calculated using the same two methods
described for the familiar track experiments. One method uses the peak of the power
spectral analysis (PSD) of each ripple (Figure 65E) and the other method calculates the
ripple frequency by computing the period of the ripple oscillation (intrinsic frequency,
see Figure 65F). The results for both of these computations are similar, although the
mean
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Figure 65: RESTl SWR statistics from novel track data. (A) Mean (:fe SEM) number of ripples
detected in each RESTl epoch. (B) Mean (± SEM) ripple duration in RESTl of the novel
experiments. (C) Mean (± SEM) peak amplitude of the ripple oscillation in the RESTl epoch for
both age groups. (D) The mean (± SEM) ripple energy, computed by the root mean square
calculation, for each age group during RESTl. (E) The mean (± SEM) ripple frequency computed
by averaging the peak of the power spectral density from each ripple (PSD freq) during RESTl in
both age groups. (F) The mean (± SEM) ripple frequency computed by fitting a 6*' order polynomial
to each ripple oscillation and determining the period of each ripple (Intiinsic freq) for both age
groups during RESTl. No age group differences were detected for any of the ripple statistics shown
(p > 0.10) and the SWR statistics shown in this figure are similar to those of REST2 (Figure 66).
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intrinsic frequency, as calculated by the ripple period (Young 1S0.6 ± 6.31 Hz and Old
147.9 ± 3.91 Hz), tends to be slightly higher than the peak of the PSD (PSD peak: Young
132.7 ± 2.13 Hz and Old 134.9 ± 4.09 Hz). This tendency of the intrinsic frequency
mean to be slightly higher than the frequency from the PSD peak calculation was the
same in both age groups. Therefore, no age group differences were found in the mean
ripple frequency for either calculation.
The statistics describing the SWRs during REST2 were all similar to those from
RESTl (see Figure 66). The number of ripples detected and the mean duration of the
SWRs was not different in REST2 versus RESTl. In addition, no age group differences
were found in the ripple count or duration (Figure 66A&B; p > 0.20, two sample t-test).
The ripple energy, peak amplitude and mean frequency were also similar during REST2
and RESTl and no differences were found between age groups or rest epochs for any of
these ripple statistics. As in the RESTl analysis, the mean ripple frequency as calculated
from the period of each ripple (Intrinsic frequency: Young 153 ± 2.6 Hz and Old 149.3 ±
4.1S Hz) tended to be slightly higher than the mean ripple frequency calculated from the
peak of each ripple PSD (PSD frequency: Young 138.9 ± 2.62 and Old 136 ± 3.89). This
tendency was again the same in both age groups, however, showing that the ripple
frequency was similar in the young and old animals (see Figure 66E, F).
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Figure 66: REST2 SWR statistics from novel tracic data. (A) Mean SEM) numiier of ripples
detected in each REST2 epoch. (B) Mean (± SEM) ripple duration in REST2 of the novel track
experiments. (C) Mean (± SEM) peak amplitude of the ripple oscillation in the REST2 epoch for
both age groups. (D) The mean (± SEM) ripple energy, computed by the root mean square
calculation, for each age group during REST2. (E) The mean (± SEM) ripple frequency computed
by averaging the peak of the power spectral density from each ripple (PSD freq) during REST2 in
both age groups. (F) The mean (± SEM) ripple frequency computed by fitting a 6'^ order polynomial
to each ripple oscillation and determining the period of each ripple Gntrinsic freq) for both age
groups during REST2. No age group differences were detected for any of the ripple statistics shown
(p > O.tO). The SWR statistics shown in this figure are similar to those of RESTl (Figure 65) and the
results of the familiar track experiments.
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12.4 Summary
Over 20,000 sharp wave-ripple events were recorded from the 22 rats in the
experiments conducted for this dissertation, with at least 10,000 SWR events recorded in
each age group. The statistics for the SWR events were computed separately for the
f^iliar experiments (Experiment I: rectangular track) and the novel experiments
(Experiments II and III: T-maze and circular shutde task). No age group differences
were found in any of the SWR statistics computed for either experiment type (familiar or
novel). Moreover, no effect of rest epoch or experiment type was found. In addition to
the ripple characteristics, no age or experiment type effects were found in the mean firing
rate of CAl pyramidal cells during SWRs and during the inter-SWR periods. Thus, it
appears that the sharp wave and the ripple dynamics are quite similar in both age groups
as recorded within the CAl layer of the hippocampus. Although the downstream effects
of SWR events within hippocampal output pathways are not known in aged rats, these
results suggest that the projection of spontaneous hippocampal activity during off-line or
LIA states is similar in both age groups, fi-om CA3 through the output pathways of the
hippocampus.
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CHAPTER 13: SUMMARY OF RESULTS AND
BEHAVIORAL CORRELATES OF MEMORY REPLAY
In the preceding four chapters, the results quantifying memory reactivation in
both age groups were presented for both familiar and novel track running experiences.
During the off-line period following a familiar track-running session, both age groups
exhibit evidence for memory trace reactivation using the explained variance (EV) method
(see Chapter 9). That is, in both young and aged animals, the overall firing patterns
during the off-line period reflect some similarity to the activity patterns from the track
running epoch, bi both age groups, the reactivation process, as measured by the EV
method, was concentrated within the sharp wave-ripple events (Chapter 9). Finally, there
were no age differences revealed in the EV analysis for reactivation during the REST
periods following the familiar track-running experience.
Memory reactivation was also found in both age groups, during the REST period
following a novel track-ruiming experience. In contrast to the familiar track-running
experiments, however, an age difference was detected imder the novel track conditions
using the explained variance method. The explained variance during REST2 in the novel
track experiments was higher in the old group versus the young group (see Chapter 10;
Figure 45). This age difference was the result of a novelty effect on the explained
variance of the young group (see Chapter 10; Figure 46), which has been suggested in
previous work done in young animals (Kudrimoti et al., 1999). No significant effect of
novelty was found in the old animals. As in the results from the familiar track

346
experiments, memory trace reactivation in the novel track experiments was concentrated
within the sharp wave-ripple events for both age groups.
The results of the explained variance analyses from the familiar track and novel
track experiments do not support the initial hypothesis, that age-related plasticity deficits
(Barnes, 2001) might lead to an impairment of the memory reactivation process. In fact,
other work on memory trace reactivation has suggested that associative plasticity
mechanisms are not required for the reactivation process, as measured by the explained
variance method (Shen & McNaughton, 1996; Ekstrom et al., 2000). In contrast, the
place field expansion phenomenon (Mehta et al., 1997) and the impairment of place field
expansion within aged animals (Shen et al., 1997), suggests that the preservation of
temporal firing sequences may be more sensitive to the effects of synaptic plasticity
deficits. Memory consolidation processes would, in fact, be expected to include
information on the temporal order of events, and evidence for this has been presented in
previous studies (Qin etal., 1997; Skaggs & McNaughton, 1996).
Preservation of neuronal firing sequences between track-running behavior and the
subsequent REST epoch was found in the young animals (see Chapter II), using the
analysis technique of Skaggs and McNaughton (1996), and using a new measure of
temporal bias preservation (Center of Mass, see Chapter II). This result was comparable
for both the familiar track experiments and the novel track experiments. In contrast,
reliable preservation of fuing asymmetries was not found in the old animals for either the
familiar track experiments or the novel track experiments (see Chapter 11). Although no
direct age differences were observed in the temporal bias analysis from either the familiar
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track or the novel track analysis, a significant age difference was found in the correlation
between the temporal bias during track running and during the post-behavior rest epoch
when the data from both experiment types were combined. The data from both
experiment types (familiar track and novel track) were combined for an overall measure
of temporal bias preservation because no novelty effect was detected in temporal bias
preservation for either age group (see Chapter 11). Additionally, the partial correlation
was computed for the temporal bias during the three epochs (REST! - RUN - REST2),
in order to factor out the pre-existing conditions in RESTl. In the young group, the
partial correlation, between the temporal bias during track running and that during the
REST2 epoch, was positive and significant for each of the methods used to compute the
temporal bias (see Chapter 11; Figure 59). In contrast, the partial correlation was not
significant for any of the temporal bias computations in the old group. Finally, a
significant age difference was found in the partial correlation analysis of temporal bias
(see Chapter 11; Figure 59).
In Chapter 12, an in depth analysis of the sharp wave-ripple events (SWR) was
presented for both age groups. No age effects were found in the occurrence frequency of
SWRs, the duration of SWRs, or mean firing rates of pyramidal cells within the SWRs.
Furthermore, the ripple oscillation characteristics within the CAI layer were investigated.
No age-related effects were found, regardless of REST epoch or the familiarity/novelty of
the experimental environment. Thus, no age-related effects on the sharp wave-ripple
events can account for any of the age effects reported in the memory reactivation results
of the present experiments.
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If the place field expansion phenomenon (Mehta et al., 1997; 2000) represents an
active synaptic plasticity during behavior (Abbott & Blum, 1996; Blum & Abbott, 1996),
then the age-related impairment in this phenomenon (Shen et al., 1997) supports the
previously suggested correlates between behavioral impairments and plasticity deficits
(Bannerman et al., 1995; Barnes & McNaughton, 1980; deToledo Morrell & Morrell,
1985; Morris et al., 1986). Thus, it is possible that the preservation of temporal neuronal
activity during off-line periods may correlate with spatial memory in rats. To test this
possibility, the temporal bias results were compared with the average latency (6 trials)
fi'om the final day of spatial trials in the Morris swim task (see Chapter 8 for details).
The trials from the fourth day of this spatial task typically reflect the asymptotic memory
for the platform location in both young and old age groups (e.g. Barnes et al., 1997). In
the old group, there was a trend for the old animals that performed better on the Morris
swim task to exhibit stronger temporal bias preservation (see Figure 67). The trend was
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Figure 67: The relationship between
the temporal bias results and spatial
memory performance in aged rats is
shown in this regression plot A non
significant trend is observed for the
old rats, suggesting that aged rats
that exhibited stronger temporal bias
preservation tended to perform better
in the Morris swim task (p > 0.20; r^
= 0.175). This trend, however, was
not significant given the small
number of observations in the
regression and the variation in the
data from the Morris swim task.

not statistically significant (p = 0.26). This was most likely due to the variability in the
latency data from the Morris swim task and the small number of data points (9) in the
regression plot. This same comparison was done for the young animals and a similar,
non-significant trend (p =.110) was found (see Figure 68).

Temporal Bias versus Morris Swim Task Performance in Young Animals

Figure 68: The relationship
between the temporal bias results
and spatial memory performance
in ag^ rats is shown in this
regression plot A non-signiflcant
trend is obwrved for the old rats,
suggesting that aged rats that
exhibited stronger temporal bias
preservation tended to perform
better in the Morris swim task (p =
0.110; r' = 0J23). This trend,
however, was not significant given
the small number of observations in
the regression.
Morris Swim Task Latency (s)

If both age groups were considered together, then a significant relationship was
found between temporal bias preservation and spatial memory performance (p < 0.05; r^
= 0.419; data not shown). Combining the raw data from the age groups, however, is not
appropriate for investigating the possible correlation between temporal bias preservation
and spatial memory because an age difference has been reported in both of these data (see
Chapter 9 and Chapter 11; also Barnes et al., 1997 for Morris swim task data). The effect
of age, therefore, was removed from the data by converting the temporal bias correlation
and the Morris swim task data into z-scores within each age group separately. This
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Overall relationship between nornulized Temporal Bias Data from
the Original Analysis and normalized Morris Swim Task Data
Figure 69: Overall relationslilp
between temporal bias preservation
and spatial memory performance
with the animal's age factored out
The z-scorcs for each set of data were
computed within each age group in
order to normalize out the age effect
within the data. A significant
relationship between temporal bias
preservation and spatial memory
performance was noted (p < 0.05,
ANOVA; H = .243). This result
suggests a correlation between
sequence preservation in memory
replay and spatial memory in rats.
Morris Swim Task Z-Score

eliminates the possibility of detecting an artificial relationship due to the differences in
the mean of these data for the two age groups (Baxter & Gallagher, 1996). The data
within each age group were normalized by the distributions of each separate age group.
A regression was then computed between the two sets of z-score data and a significant
relationship was found between temporal bias preservation and spatial memory
performance. Rats that performed well in the Morris swim task also displayed stronger
temporal bias preservation (see Figure 69). These results suggest a correlation between
behavior in a spatial memory task and the preservation of neuronal firing sequences
during off-line memory trace replay. In addition, the temporal bias data computed by the
center of mass analysis (see Chapter 11) were also converted into z-scores within each
age group and compared with the Morris swim task z-scores. This comparison also
revealed a significant relationship between the preservation of temporal bias and
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Overall relationship between normalized Temporal Bias Data from
the Center of Mass Analysis and normalized Morris Swim Task Data

-1.5

-1

-.5

0

.5

1

Morris Swim Task Z-Score

1.5

Figure 70: Overall Retationship
of temporal bias preservation, as
measured by tiie Center of Mass
analysis, and spatial memory
performance in the z-score data
from both age groups. In this
regression, the Center of Mass
method for computing temporal
bias was used. A significant
relationship between temporal
bias preservation and spatial
memory performance was found
(p < 0.01, ANOVA; r* = 0388),
suggesting a relationship between
spatial behavior and memory
trace replay.

performance in a spatial memory task (see Figure 70). Thus, the data from both methods
used to compute temporal bias, after any age effects are factored out, provide supportive
evidence to suggest that the replay of sequential neuronal firing during off-line memory
trace replay may be related to the accuracy of spatial memory.
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CHAPTER 14: GENERAL DISCUSSION
The studies presented in this dissertation represent the first neurophysiological
examination of hippocampal memory trace reactivation in aged animals. These studies
also extend the general understanding of the dynamics of "off-line" replay of
hippocampal memory traces (Kudrimoti et al., 1999; Louie & Wilson, 2001; Pavlides &
Winson, 1989; Qin et al., 1997; Skaggs & McNaughton, 1996; Wilson & McNaughton,
1994). Overall, in both age groups, the activity patterns within hippocampal networks
during the post-behavior off-line period (REST2) exhibited a persistent similarity to the
network activity patterns during behavior. The results in Chapters 9 and 10 illustrate that
the pattern of cell-pair correlations during off-line states such as quiet wakefubiess and
slow-wave sleep are not random, but contain some structure that resembles, in part, the
neuronal activity structure during a prior period of active track nmning behavior. In
addition, the activity patterns from at least two sequential track-running experiences are
both replayed together during the REST2 epoch in both age groups, suggesting that
hippocampal memory trace reactivation is not simply the result of a reverberatory
discharge within the hippocampus. Furthermore, the reactivation of activity patterns is
present, despite the different EEG patterns and different rates of change within the
population states (or firing rate vectors) between track running (theta states) and LIA
states, further supporting the notion that reactivation is not simply the result of a
reverberatory mechanism.
When the track running session was conducted on a highly familiar rectangular
track, no age differences were found in hippocampal memory trace reactivation. Three
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different analyses - the mean correlation, the partial regression, and the explained
variance (EV) methods - were used to measure memory trace reactivation. The results
from all three analytical techniques suggest that hippocampal activity patterns, which are
the result of track running behavior, are reactivated during subsequent off-line periods in
both young and old rats. No age differences were detected in the results from any of the
three analytical techniques during the pre-behavior (RESTl) or post-behavior (REST2)
rest epochs, showing that aged rats exhibit reactivation similar to that of young rats
following a familiar experience. It is important to note, however, that none of these three
analyses considered the temporal sequence of activity patterns.
In the multiple-track sessions of Experiment I, the same place field distribution
(or map) was always observed for both of the subepochs on the familiar rectangle track
(RUNl & RUN3) in young animals. In addition, within the young age group, there was
no significant difference in the reactivation of the activity patterns from the three track
running experiences. During REST2, the explained variance from the distribution of
correlations during the novel track (RUN2) tended to be lower than the explained
variance of the correlation distribution from the familiar track (RUN3). Although this
difference observed in the young group between the reactivation of activity patterns from
the novel and familiar rectangular tracks was not significant in the present study, a
significantly greater explained variance for a familiar rectangle track versus a novel
rectangle track has been shown by Kudrimoti et al. (1999) in a similar, multiple-track
experiment using many young animals. Nevertheless, the activity patterns from both the
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familiar and novel rectangle tracks were reactivated together during REST2 in the young
rats.
In contrast to the stable place field distribution observed in the young animals,
different distributions of place fields were sometimes observed in the old rats for the two
subepochs on the familiar rectangle track (RUNl & RUN3) during the multiple-track
sessions of Experiment I. This remapping of place field distributions for a familiar
environment has been reported previously in old rats (Barnes et al., 1997), however, in
the present study, the aged animals remapped without ever leaving the recording
environment at all. The fact that RUNl was poorly reactivated during sessions in which
the remapping occurred can be accounted for by assuming that the trace of that activity
pattern had substantially decayed by the initiation of the REST2 period. Given that decay
occurs during rest periods (Chapter 9, Kudrimoti et al., 1999; Wilson & McNaughton,
1994), it is reasonable to suppose that decay would also occur during track running
behavior when the given hippocampal map is not active. In addition, it is possible that
the remapping phenomenon somehow suppresses the "old" trace for that experience,
perhaps through LTD mechanisms. That RUNl and RUNS were not different in young
animals, or for old animals in sessions without remapping, is explained by the fact that
these patterns were, in any case, highly similar if not indistinguishable. Finally, the old
rats also exhibited significant reactivation of the activity patterns from RUN2 and RUNS
during the post-behavior rest epoch (REST2), showing that both age groups are able to
reactivation the correlation distributions from at least two different track-running
sessions.
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When the track running session consisted of an entirely novel experience (novel
track in a novel environment), both age groups again displayed memory trace
reactivation. This was evidenced by the fact that a substantial amount of the variance
within the distribution of cell-pair correlations during REST2 was explained by the
correlation distribution during the novel track running epoch in both age groups. In the
novel track experiments, however, a significant age-difference was found in the
magnitude of the explained variance during REST2, with the explained variance in the
young group significantly lower than that of the old age group. This age-related
difference in the amount of explained variance during REST2 appears to be the result of a
significant effect of novelty on reactivation in the young group, which was absent in the
old age group. One possible explanation for the higher degree of explained variance in
the old age group is that the old rats simply did not recognize the environment as novel.
This explanation seems unlikely, however, given that the behavior of the age groups, as
quantified by the number of trials completed during the novel track experiments, was not
different. In addition, there were no differences between the age groups in the visual
discrimination portion of the Morris swim task, showing that an age-related visual
impairment is not likely to account for the results in the novel track experiments.
All of the results from Chapters 9 & 10, using the explained variance analysis,
suggest that the off-line memory trace replay occurs in both young and old animals.
Furthermore, the similarity in the cell-pair correlations during REST2, to the correlations
during a novel RUN epoch, was greater in the old animals than the young animals. In
the explained variance analysis, however, the cell-pair correlations (temporal correlations

356
in the Q-matrix) depend only on the state-space occupancy distribution, i.e. the set of
population vectors, regardless of their temporal order. Any scrambling in the sequence of
population vectors has no effect on the magnitude of the correlations. In fact, using a
model of the CA3 network, Shen and McNaughton (1996) have suggested that once a
synaptic distribution (map) for several environments have been established, the continued
increase of pairwise correlations during post-behavior rest can be the result of associative
synaptic modification, or simply a bias in the excitability of recently active cells in a
network using sparse encoding. If this hippocampal reactivation process reflects the
recent associative enhancements made in the connectivity of the network during
behavior, then the temporal order of neuronal firing that produced the memory trace
should be preserved during off-line periods. On the other hand, a change in the
excitability bias of active neurons would not be expected to preserve the asymmetric
enhancement of connections within the network that has been hypothesized to occur
during track running behavior (Abbott & Blum, 1996; Blum & Abbott, 1996; Mehta et
al., 1997, 2000).
The results from the present temporal bias studies support the previous finding of
Skaggs & McNaughton (1996) and suggest that the temporal order of neuron firing
during track running, when two neurons are consistently co-active within a short time
window, is preserved during post-behavior rest, at least in the young group. In the old
age group, however, there was not strong evidence for the reliable preservation of
temporal firing patterns from the RUN session during subsequent off-line reactivation.
Although a few aged individuals exhibited temporal bias preservation in the correlation
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between the temporal bias from track running and REST2, other aged animals did not.
Furthermore, the partial correlation (REST2-RUN| RESTl) of the temporal bias
distributions for the three epochs (RESTl-RUN-REST2) was significant in the young age
group, but not the old age group. These results suggest that off-line hippocampal
memory reactivation in the young group does, indeed, reflect recent synaptic changes. In
the old age group, however, it is not possible to determine if the activity pattern
reactivation is the result of associative changes or simply a change in the excitability of
recently active attractors (Shen & McNaughton, 1996). In contrast to the young group,
there is no significant evidence to suggest that memory reactivation in the aged group as
a whole reflects recent synaptic changes induced during the track running session.
In the experiments of Skaggs & McNaughton (1996), some of the rats used were
aged rats. Their results are replicated, however, if the young and old age groups in the
present studies are considered together. That is, the young and old groups taken together
show a significant preservation of temporal bias as measured by the correlation between
the temporal bias distributions in REST2 and RUN (p < 0.05, paired t-test). Much like
the results in the present smdies, most but not all of the datasets examined by Skaggs and
McNaughton (1996) exhibited temporal bias preservation. It is possible that the datasets
that did not display temporal bias preservation were taken from the old animals, and that
the results of Skaggs & McNaughton (1996) would have been stronger if the study had
been limited to young animals.
Another issue addressed by the temporal bias results in Chapter 11, is that of
spike sorting and temporal sequence calculation. Quirk and Wilson (1999) have
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suggested that inaccurate spike sorting techniques can lead to artificial cell pair
correlations, and have a strong potential to bias any apparent temporal relationships.
During LIA states, hippocampal pyramidal cells typically firing in complex spike bursts
(Fox & Ranck, 1975; McNaughton et al., 1983), which are commonly associated with the
sharp wave-ripple phenomenon. During this burst firing activity, the last spikes in the
burst tend to be lower in amplitude than the spikes early in the burst. Quirk and Wilson
(1999) suggested that the systematic changes in spike amplitude during burst firing
activity make it possible for the low amplitude spikes from one cell to blend with the high
amplitude spikes from another cell. Because the low amplitude and high amplitude
spikes of a burst each have an inherent tendency to occur at a specific time, an artificial
temporal relationship can be produced. In their study. Quirk and Wilson (1999)
intentionally misclassified spikes and showed that gross errors in spike classification can
bias the apparent temporal relationships between cells recorded on the same tetrode and
even between cells recorded on different tetrodes. The notion that minor spike
misclassifications can account for the observed temporal relationships across tetrodes,
however, is not supported by the temporal bias results presented in Chapter 11. The
young age group consistently exhibits a preservation of the cell-pair temporal bias from
RUN during REST2, whereas the old age group does not. Given that the resting
membrane potential and action potential amplitude are similar in young and old rats
(Barnes, 1994; Shen, 1996), it is unlikely that there was a systematic and recurrent spike
classification error within one age group, but not the other. The present results support
those of Skaggs and McNaughton (1996) and confirm that the replay of behaviorally
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produced neuronal firing sequences during the post-behavior rest epoch is not a
byproduct of spike classification error.
The hypothesis that motivated these experiments was based on the assumption
that memory trace reactivation, as measured by the explained variance method, reflects
some form of associative memory, possibly mediated by NMDA receptor-dependent LTP
at hippocampal synapses. Because old rats exhibit deficits in this process, it was
expected that aged rats might show some impairment or perhaps an absence of'off-line'
reactivation of recent hippocampal activity patterns. The lack of an age-related
impairment in the ability of rats to exhibit reactivation, as measured by EV, and the
higher magnitude of the explained variance during REST2 of the novel experience in
aged rats, suggests that the replay of activity patterns in the hippocampus during rest
states may not depend on this particular plasticity mechanism. In support of this
conjecture, it was recently reported that NMDA receptor blockade, which blocks LTP,
does not alter the reactivation process in the hippocampus when the animals have
experienced a familiar environment (Ekstrom et al., 2000). Thus, the process that leads
to the persistent similarity in activity patterns during rest periods does not appear to be
sensitive to the decline of NMDA receptor dependent synaptic plasticity mechanisms in
the aged hippocampus.
The explained variance results showing equal or greater reactivation in aged
animals, despite the known age-related deficits in synaptic plasticity, raise the possibility
that the experience-dependent firing patterns that are reactivated in the aged hippocampus
during subsequent rest periods may not necessarily reflect new synaptic changes in the
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hippocampal network. It is possible that a change in the excitability bias of a pre-formed
synaptic connectivity distribution (Shen & McNaughton, 1996) can account for the
reactivation observed with the EV method in aged animals. This interpretation is
strongly supported by the findings in the temporal bias analyses of Chapter 11. The
temporal bias of neuronal firing during track nmning was not preserved in the old age
group, suggesting that the information in the sequence of neural activity is not reliably
replayed in aged animals. In fact, the lack of place field expansion during track running
in aged animals (Shen et al., 1997) suggests that the old rats are impaired in the ability to
store temporal relationships effectively. Consistent with this interpretation, the
administration of an NMDA antagonist to young rats blocks place field expansion in
young animals (Ekstrom et al., 2001), even though it does not inhibit reactivation as
measured by the explained variance analysis (Ekstrom et al., 2000). Thus, hippocampal
activity patterns in the familiar environments may reflect the existence of so-called
'continuous attractor' states in the network (e.g., McNaughton et al., 1996; Samsonovich
& McNaughton, 1997; Skaggsetal., 1995; Tsodyks& Sejnowski, 1995; Zhang, 1996).
These attractor 'maps' hypothetically result from mutual synaptic enhancement among
neurons with overlapping place fields (e.g., Muller et al., 1991), and during the course of
a lifetime, multiple such maps might be stored in the networks of the hippocampus
(Samsonovich & McNaughton, 1997). In theory, the dynamics of these networks will
make them tend to remain on a given map once placed there by an external input, even
after the removal of the input. While some form of associative plasticity may be
necessary to form the map, no plasticity is required to maintain one in an active state.
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Although the network may exhibit some drift within the continuous set of neighboring
states, a jump to an orthogonal attractor is statistically improbable. Thus, it is possible
that whichever hippocampal map is activated when an aged animal enters the
environment becomes more likely to recur during REST2 without any synaptic
modifications within the map itself being required for that reactivation (Shen &
McNaughton, 1996). The reactivation observed in the hippocampus of the aged animals
may reflect the tendency of the network to remain in or return to one or more of these
dynamically stable regions caused by a non-associational excitability bias within an
existing attractor.
If this is the case, then the lack of an age effect in the explained variance during
REST2 of the familiar experiments and the lack of a novelty effect on reactivation in the
old age group, would suggest that in old animals the attractor sets expressed in a given
environment may actually pre-exist before the animal enters the environment
(Samsonovich & McNaughton, 1997). That is, the configuration of synaptic connections
within the selected map may have been developed at some earlier time in the animal's
life. The lack of evidence for a preservation of track running temporal bias during
subsequent off-line periods in the old animals, and the previously shown age-related
impairment in place field expansion (Shen et al., 1997), suggest that the hippocampal
map active during a given behavioral epoch is not adequately updated during that
experience. This lack of intrinsic plasticity within the aged hippocampus is also
supported by the remapping phenomenon observed in the old age group during the
multiple track experience and in previous studies (Barnes et al., 1997; Tanilla et al..
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1997). The intermittent hippocampal map recall errors and inappropriate remapping
suggest an age-related impairment in the association of pre-configured hippocampal maps
with the given set of cues available during the behavioral epoch. This encoding
impairment within the hippocampal map is probably due to the well-documented LTP
deficits in aged animals (Barnes, 2001). It is possible, however, that the lack of an agerelated effect in the explained variance analysis is the result of non-NMDAR dependent
associative mechanism, such as the VDCC (L-type Calcium Channel) dependent LTP,
which may not be impaired in old animals.
The hippocampal sharp wave may play an important role in the reactivation of
hippocampal memory traces during off-line periods. Several perspectives on the memory
function of the hippocampus have suggested an important role of the sharp wave-ripple
(SWR) complex in memory consolidation (Buzsaki, 1986; 1989; Sejnowski & Destexhe,
2000). The SWR is a plausible mechanism by which memory traces that were rapidly
formed within the CA3 layer during awake behaviors (theta) are recalled during off-line
states (LIA). The changes in the network activity during behavior, may bias certain
attractors and activity sequences for replay during the sharp wave burst of activity. In
addition, the SWR could serve as the output fiinction of the hippocampus, which
stimulates the various cortical and subcortical networks associated with a given
hippocampal index (Buzsaki, 1986, 1989, 1992; McNaughton, 1983; McNaughton et al.,
1996; Nadasdy et al., 1999; Sejnowski & Destexhe, 2000). In fact, Kudrimoti et al.
(1999) have previously reported that memory trace reactivation, as measured by the EV
analysis, is stronger during SWRs than during inter-SWR intervals. In the present

363
studies, this result was confirmed in both the young and aged animals for all experiment
types, supporting an important role of the SWR complex in memory trace replay and
possibly memory consolidation. In addition, the amount of the EV recorded during
SWRs paralleled the overall E V results in all experiments. For example, the explained
variance during REST2 of the novel track experiments in the old group was greater than
the EV for the novel track in the young group during SWRs only and in the overall rest
epoch. These findings also support the idea that off-line memory trace replay within the
hippocampus occurs largely within the sharp wave-ripple event.
The average firing rates of CAl pyramidal cells during SWRs and inter-SWR
periods was not different between the age groups, however, and the characteristics of the
ripple oscillation in the CAl field of the hippocampus were similar in both age groups.
Thus, the sharp wave-ripple phenomenon within the networks of the hippocampus
appears to be intact in old rats, establishing that the proposed mechanism for reactivation
and memory consolidation is intact within the aged hippocampus. One question that still
remains is the ability of the hippocampal SWR complex to influence networks outside of
the hippocampus, hi young rats, it has been shown that SWRs affect the deep layers of
entorhinal cortex and the subiculum (Chrobak & Buzsaki, 1994, 1996). In addition, more
recent studies have shown that the hippocampal sharp wave affects spiking activity of
neocortical cells in young rats (Battaglia et al., 2001). The influence of the SWR
phenomenon within the output pathways of the hippocampus and the neocortex in the old
rat, however, has not been examined.
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Finally, the spatial memory abilities of the animals in the present studies were
tested in the spatial version of the Morris swim task. The old animals were significantly
impaired, relative to the young animals, on this task, which is shown in the increased
amount of time it took them to find the hidden platform (p <0.01; ANOVA). In addition,
the available path length data also show an age-related impairment in this spatial task (p
< 0.05; ANOVA). When the age-related effects in the Morris swim task performance and
the temporal bias results were controlled for, a significant relationship was found
between the preservation of temporal bias during off-line periods and spatial memory
performance. This result was found for both the original temporal bias calculation
(Skaggs & McNaughton, 1996) and the center of mass calculation of temporal bias.
These results suggest that the efficacy of the memory consolidation process may effect
performance in a spatial memory task.
In theories of memory consolidation, the hippocampus has been ascribed a critical
role in the off-line consolidation of newly formed memories (Alvarez & Squire, 1995;
Marr, 1971; McClelland et al., 1995; Nadel and Land 2000; Nadel & Moscovitch, 1997,
Squire, 1992). More specifically, the reactivation or persistence of hippocampal 'maps'
has been proposed to orchestrate the coherent retrieval of relevant neocortical activity
patterns (McClelland et al., 1995; Treves & Rolls, 1994) during 'off-line' memory
consolidation processes. The inability of aged rats to store reliably the sequentiallyordered neural activity within the hippocampal map, as evidenced in the temporal bias
results and the previously documented age-related deficit in place field expansion (Shen
et al., 1997), suggests an impairment in the encoding of new information within a pre
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existing or 'default' hippocampal map. In addition, the age-related impairment in the
ability to 'bind' a given hippocampal map with the given set of environmental cues, as
evidenced by the remapping phenomenon and the impairment in hippocampal map
transition (Rosenzweig, 2002) within the old animals, implies that the connections
between the hippocampal map and the variety of cortical networks providing the
information about the given environment are not appropriately updated either.
In sum, the present studies provide evidence for off-line memory trace
reactivation within the hippocampus of young and old rats. Memory trace reactivation,
as measured by the explained variance method, was similar in both age groups during the
familiar track experiments. In the novel track experiments, memory trace reactivation
(EV analysis) was greater in the old rats than in the young rats. This result was due to a
novelty effect that reduced the amount of explained variance observed during REST2 in
the young rats. This novelty effect was not present in the old rats. In addition, old rats
exhibited occasional recall errors (remapping) that affected memory trace replay in the
multiple track experiments. In contrast to the explained variance results, a consistent
age-related difference was found when the data were analyzed for the preservation of the
temporal asymmetry or bias formed during track running. Memory reactivation in the
young age group during REST2 displayed a preservation of temporal bias patterns from
the RUN epoch; however, the old age group as a whole did not exhibit temporal bias
preservation. Although the hippocampal map for a given environment is reactivated
during post-behavior rest in both age groups, it appears that only in the young rats does
the reactivated map include the recent, behavior-specific synaptic changes. Finally,
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memory trace reactivation was more robust during sharp wave-ripples (SWRs) versus
inter-SWR intervals in both age groups and the SWR characteristics were similar in
young and old animals. Thus, although the proposed mechanism of off-line replay (the
sharp wave-ripple complex) does not differ between the age groups, the encoding
impairment and inability to associate a unique hippocampal map with a given
environment and/or experience within the old age group might be expected to have
deleterious effects for both on-line retrieval and off-line consolidation of memory in aged
animals. Furthermore, the effectiveness of the memory trace replay mechanism, reflected
in the preservation of neuronal firing sequences between behavior and a subsequent off
line period, may be correlated with spatial memory performance.
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