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ABSTRACT

The experiments that makeup this dissertation are designed to test the theory that
the hippocampus functions as a path integrator of optic, vestibular, and ambulatory self-
motion information. Hippocampal neural recordings were made in eight subjects during
manipulation of the self-motion cues. In the first experiment, rats were trained to drive a
car between physical locations on a circular track, thereby eliminating ambulatory self-
motion signals. This manipulation resulted in a multitude of changes in hippocampal
neural activity. The spatial information content and firing rate of CA1 pyramidal cells,
the power of the hippocampal theta rhythm with its first harmonic, and the modulation of
single-unit firing by the theta rhythm were significantly reduced, but not entirely
eliminated, when ambulatory cues were eliminated.

The amplitude of one of the two hypothesized current generators of the rhythm is
shown to be dependent on the ambulatory velocity of the animal. Higher velocities were
associated with more prominent “shoulders” in the theta wave. During driving, the theta
wave was similar in shape and amplitude to the theta wave obtained during low (near 0)-
velocity walking. The results indicate that distance information from locomotor activity
is represented in the hippocampal theta rhythm and the firing rates of CA1 pyramidal
cells.

In the second experiment, the entire maze was rotated around the animal during
driving, a condition simulating movement optically when the animal was, in fact,
stationary. Under these conditions, place specificity and firing rate were further reduced

compared to the car driving condition. The theta rhythm that remained after the
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elimination of ambulatory cues was not affected by the additional elimination of
vestibular self-motion cues.

Overall, the data suggest that directional information from the vestibular system
and distance information from ambulation are integrated in the hippocampal ensemble
code for space. Thus, the results are consistent with a role of the hippocampus in path

integration.
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CHAPTER 1
INTRODUCTION

When I tell new acquaintances that [ have spent the last several years of my life
recording neurons in the brains of rats while they drive little cars, I invariably get a
sequence of two responses. First they chuckle and then make jokes about this seemingly
ridiculous pursuit. The question then frequently turns to “Why 1s that important?” The
answer is, | hope, that recordings from rats driving little cars can tell us something about
how the brain processes spatial information.

People then usually ask me “What is so important about space?” [ tell them the
following: Space is central to memory, and memory is, in large part, what makes us
individuals in this world. Recollection is made easier by imagining oneself in the place
where the event occurred. A visit to one’s old high school brings memories flooding
back, complete with emotional context.

Then I tell them that spatial memory loss is one of the hallmark symptoms of
Alzheimer’s Disease. The loss of memory for places foreshadows hardship for patients
and their families because it signals a transition to dependency for the patient. Spatial
memory loss portends more general memory loss later.

Spatial memory deficits are frequently encountered with normal aging when
Alzheimer’s Disease is not part of the etiology. As Barnes and colleagues’ work in rats
show, distinct physiological changes in the hippocampus accompany spatial memory loss
(Barnes, 1979; Barnes et al., 1997). These studies show the effects of senescence at a

detailed neurocomputational level.
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Age-related spatial memory deficits have been well documented in a number of
mammalian species including rats (Barnes, 1979), primates (reviewed Rapp and Heindel,
1996) and humans (Uttl and Graf, 1993). Thus, the hippocampus, memory, and space are
inextricably linked across mammalian species. This offers reasonable hope that
understanding spatial memory in the rat will contribute to the understanding of human
memory and, perhaps, to a better understanding of mental aging.

The relationship between the hippocampus and spatial memory has begun to
emerge as a major component in other psychiatric diseases as well. Posttraumatic stress
disorder (PTSD) has been linked to spatial context and the hippocampus (Nadel and
Jacobs, 1996). Virtual reality therapies have shown some success in treating combat
veterans suffering from PTSD (Rothbaum et al., 2000). Environmental context is a major
component of cravings for drug addicts (Childress et al., 2000). Thus, it is likely that
spatial memory and cognition will become central areas of study in the treatment of drug
addiction, schizophrenia and anxiety disorders, among other neuropsychiatric disorders.

Including this introductory chapter, a total of thirteen chapters comprise this
dissertation. Chapter 2 reviews current and past thinking on animal (including human)
navigation. A review of the brain systems supporting navigational abilities is presented
in Chapter 3. A brief review of hippocampal neuroanatomy is presented in Chapter 4.
Chapters 5 and 6 are historical reviews on the neurophysiology of the hippocampal theta
rhythm and the sensory control of place specific firing of hippocampal pyramidal cells
respectively. A review of several relevant and detailed neurocomputational models of the

role of the hippocampus in navigation is provided in Chapter 7.
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Chapters 8-13 pertain to the experimental work that supports this dissertation.
Chapter 8 details the general methods used for the experiments that are described in
Chapters 9-12. This includes a description of the “Rat-Controlled Vehicle” (RVC) and
“Rat Train Apparatus” (RTA) that were developed to test the hypotheses presented
herein.

An analysis of the behavioral aspects of rat navigation, under manipulations used
in these experiments, is presented in Chapter 9. In Chapter 10, the influences of self-
motion signals on the hippocampal theta rhythm are elucidated. Chapter 11 examines the
influences of self-motion on the place specific firing of hippocampal pyramidal cells.

The influence of self-motion signals on phase precession is investigated in Chapter 12. A

general discussion of the results is presented in Chapter 13.
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CHAPTER 2
ROUTES, MAPS, AND PATH INTEGRATION

Animals move through space using a rather bewildering array of senses and
strategies. Most of these strategies are relatively simple from a psychological standpoint,
but can be quite elaborate from the perspective of sensory specialization. For example,
flying insects make highly refined changes to their flight trajectories based on the spatial
distribution of chemical concentrations of a few parts per billion. The electrosensory
system of weakly electric fish measures distortions in the electric field generated by its
own tail in order to navigate around obstacles in the water (Lissman, 1958). Migratory
birds can apparently use optical magnetic sensing for orienting (Wiltschko et al., 1993).

On the other extreme is the use of higher order cognitive strategies that can be
quite elaborate from a psychological perspective. Such strategies are characterized by a
high degree of flexibility. Cognitive strategies involve the animal’s making and
considering various hypotheses about the outcome of different movements in or through
space. This naturally leads to cognitive constructs such as spatial awareness, body
awareness and the like. Of the two major cognitive domains studied in humans (language
and space), it is spatial cognition that is amenable to neural recording in non-human
species.

One particular class of cognitive strategy, known as cognitive mapping, must
surely involve access to and manipulation of mental maps of the external environment.

O’Keefe and Nadel (1978) proposed that the hippocampus is central to this function. The
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theoretical foundation provided by O’Keefe and Nadel is central to the questions
examined in this dissertation.

Sensory systems and specialization undoubtedly play an important role in the
mental representation of space. In particular, sensory systems are critical for locating and
updating the animal’s position on the map, much as a driver or traveler updates current
position on a paper map using a pencil mark or thumbtack. The influence of self-motion
signals on the cognitive representation of space is the subject of this dissertation. This
chapter of the thesis compares different forms of navigation in terms of cognitive and

non-cognitive strategies. Chapter 3 relates these strategies to separable brain systems.

2.1 Animal Navigation

\The use of the term navigation to refer to an animal’s self-directed movements in
space is by analogy to seafaring. Indeed, most of the terms and concepts that are used in
describing an animal’s movements in space stem from the seafaring tradition (e.g., map,
bearing, and heading). The research field of animal navigation is replete not only with
the language of seafaring, but also, what can be considered the paradigm of the mariner.

Before adopting the mariner’s paradigm, though, some issues should be raised.
Navigation, in the sense of seafaring, is a technological phenomena; it has evolved over
the ages and has been passed on to be used by today’s navigators. In the natural world,
and laboratory environment, for that matter, navigation is not an evolved technology. In

the animal, navigation is a combination of innate and learned skills.
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Thus, an open question is whether the use of the mariner’s paradigm is valid from
the perspective of the brain, in which the representations and processes may or may not
match those of the mariners. Is it reasonable to think that neuroscientists, psychologists,
geographers, and ethologists (among others) interested in navigation, through some
cosmic convergence, have stumbled onto a situation where technological evolution
matches biological evolution? Indeed, this may be quite a natural fit. The navigational
techniques used by the mariners might well reflect the human brain’s schema for
navigation simply because the mariner’s techniques were conceived by the human mind
itself.

Begrudgingly accepting the paradigm, (despite these anthropomorphic and
epistemological objections), it is clear that the mariner has a number of different
strategies for use in navigating the sea. The usefulness of any particular strategy depends
on the availability and reliability of information, as well as the effort required to use it.
For a short journey on a clear day, the mariner does not need a complex strategy; the ship
can just be pointed toward a beacon and the bearing maintained. Sailing along the coast
18 an easy way to go between coastal ports and doesn’t require much more than
maintaining the coastline off the starboard or port side.

That is not to say the mariner would totally disregard the compass and map in
these simple situations. On the contrary, a prudent navigator will keep the other systems
running in parallel. It is occasionally important to crosscheck to ensure everything is in

register. If not, then the mariner has to decide which system(s) to trust.
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More complex strategies become necessary when the desired goal is not directly
visible; for example, in situations where the destination is far away or obscured by fog.
At night, if the sky is clear, the stars can be used; however, this presupposes a certain
level of deductive reasoning and good skill with trigonometry. If the stars are not visible,
the mariner can keep a log of the distances traveled and the headings followed.

Clearly, for the mariner at least, different strategies become “best” in different
circumstances. Indeed, this multiplicity of strategies is another area of animal navigation
where the mariner’s paradigm has great influence. The paradigm assumes that any
animal needing to go places will switch between its best guess as to the optimal strategy

for the given set of given circumstances.

2.2 The navigational triad: Routes, maps and path integration

A central theme of this chapter is that animal navigation is often achieved through
the use of combinations of strategies. In Chapter 3, evidence that these strategies depend
on separable brain subsystems will be reviewed. The strategy that emerges in any one
situation varies according to many factors including the nature of problem to be solved,
the animal’s experience in the environment, the characteristics of the environment, and
even the age of the animal (reviewed in McDonald and Pellegrino, 1993). In this context,
navigation is like a soup; two parts this and three parts that.

The ingredients of the soup have been classified according to a number of
different schemes (reviewed in Redish, 1999; O’Keefe and Nadel, 1978). Generally,

however, a triad of categories appears to organize the “higher order” strategies most
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parsimoniously. The elements of the navigational triad are routes, maps and path
integration/dead reckoning. Other categories, such as approach and withdrawal
movements by taxis (e.g., moving toward or away from a smell or other beacon) and
guidances (e.g., moving along a wall), are not included in the navigational triad proposed
here. For the purposes of this discussion such “lower order” mechanisms can be
considered a subset of route strategies.

A fundamental and enduring question is whether one subsystem can be examined
in isolation of the others. This issue is encountered throughout Chapters 2 and 3. The
answer appears to be that the navigational triad runs in parallel, much as the mariner

would like it.

2.2.1 Routes and maps: The manifestations of Hull and Tolman

The casiest and clearest distinction to make among navigational strategies in
animals is that between routes and maps. The definitions of these terms in their
psychological usage correspond well to their everyday meanings.

From the Oxford English Dictionary (1991), a map is defined as:

A representation of the Earth’s surface or part of it, its physical or political

Jeatures, etc. delineated on a flat piece of paper or other material, each point in

the drawing corresponding to a geographical or celestial position according to a

definite scale or projection.
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In contrast, a route is defined as:

A way, road, or course; a certain direction taken in traveling from one place to

another; a regular line of travel or passage.

The contrast between routes and maps is a microcosm of the rift that existed
between behaviorism and mentalism throughout the beginning and middle of the last
century. Of course, like all great debates in psychology, the question had really been
argued for centuries before that. The modern version of the old argument, however, was
reborn just after the turn of the last century. The modern war between mentalism and
behaviorism was centered on the polarizing dogma of one of the most powerful and
fascinating characters in the history of psychology, John B. Watson.

Watson’s rise to and fall from prominence in academic psychology is legend. He
left, in his wake, a polarizing influence that bubbles under the surface of neuroscience
and psychology to this day. His abiding concern was that a psychology based on the
analysis and accessibility of internal mental states was not scientific.

Much of Watson’s zealotry has been attributed to his religious upbringing (Uttal,
2000), which he also eschewed with equal passion. Indeed, from Watson’s perspective,
mentalism was no different than religion. After leaving academics for the corporate
world, Watson fired one more salvo in his war on mentalism in his 1925 book
Behaviorism. Free to tell us what he really thought, he referred to “the religious
background of current introspective psychology” (p. 3) and went on to say:

No one knows just how the idea of a soul or the supernatural started. It probably

had its origin in the general laziness of mankind (p. 3).
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Despite Watson’s attempts to eradicate the mentalists, many carried on defiantly.
The experimental evidence that animals utilize what surely seem to be mental maps went
directly to the heart of the strict behaviorist argument and required an adjustment of the
behaviorist doctrine. Because Watson was no longer a participant in the debate, his
students continued to beat the drum of behaviorism, albeit with less zealotry and under
various revised taxonomies. The so-called neobehaviorists, such as Hull, engaged in a
long and contentious debate with the rebel psychologists, most notably Tolman, over
mental maps. As an historical aside, Tolman did not refer to himself as a mentalist, but
rather preferred to call himself a field theorist. This clearly stemmed from his influence
by the Gestalists (Uttal, 2000).

Excerpts from two classical papers by these authors typify the debate (added
emphasis my own). First Hull, for the neobehaviorists:

The convergent excitatory mechanism is capable of mediating the transfer of
reactions from one stimulus situation to another where the two stimulus situations
externally may contain no common element whatever. When the divergent and
the convergent mechanisms are combined, there emerges a new mechanism which
may be called a habit-family hicrarchy. The hypothesis is put forward that when
an organism for any reason succeeds in solving a problem by a sequence of acts
which is substantially that of one member of a habit family, the other members of
the family, particularly those occupying a more favored position in the hierarchy,
will automatically become active in the new situation without any specific
practice whatever. This transfer may be thought of as being mediated mainly
through the anticipatory reaction (rg) which is common to all members of the
habit-family hierarchy and which therefore as a stimulus is conditioned to evoke
the initial reactions of each member. It seems likely that this mechanism of
transfer may prove to have an extremely wide application as an explanatory
principle in many subtle and otherwise inexplicable forms of behavior at present
usually designated indiscriminately as intelligence. The habit-family hierarchy is
accordingly put forward as one of [p. 148] the basic mechanism of insight;
presumably there are numerous other such mechanisms. Thus we seem to be on
our way to an objective and discriminating definition of this immensely important
but badly understood phenomenon. (Hull, 1934)
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Tolman for the mentalists:
We believe that in the course of learning something like a field map of the
environment gets established in the rat's brain. We agree with the other school
that the rat in running a maze is exposed to stimuli and is finally led as a result of
these stimuli to the responses which actually occur. We feel, however, that the
intervening brain processes are more complicated, more patterned and often,
pragmatically speaking, more autonomous than do the stimulus-response
psychologists. Although we admit that the rat is bombarded by stimuli, we hold
that his nervous system is surprisingly selective as to which of these stimuli it will

let in at any given time. (Tolman, 1948)

As an aside, the study of spatial navigation per se was not Tolman’s overriding
goal. He was primarily concerned with the general notions of internal representation and
purposive behavior and, as a result, did not contrast the use of cognitive maps with the
use of other navigational strategies. This is unfortunate because his insights on this
particular issue would have been invaluable. Tolman was a firm believer that rats
engaged in different forms of learning with different properties. This is akin to the
modern notion of multiple memory systems.

A comprehensive examination of the distinction between map-based and other
strategies in mammalian navigation was later taken up by O’Keefe and Nadel (1978),
who formally argued for separate brain systems supporting these different classes of
spatial behavior. O’Keefe and Nadel needed to make this contrast in order to put forth
their argument that one of these forms of learning, cognitive mapping, is dependent of the
hippocampus. Their arguments continue to influence debate on animal navigation to this
day. Even more, the cognitive mapping hypothesis is influential in the study of memory

itself. O’Keefe and Nadel recognized early on that there appears to be a close

relationship between space and episodic memory.
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2.2.2 O’Keefe and Nadel’s distinction between maps and routes

The basic dichotomy specified in O’Keefe and Nadel’s (1978) analysis of spatial
behavior is that between routes and maps. Although O’Keefe and Nadel referred to the
systems that carry out these two forms of behavior as taxon and locale respectively, these
notions conform nicely to the perspectives of Hull and Tolman quoted above.

The cognitive mapping theory proposed that routes (but NOT maps) are learned
through chains of stimulus-response-stimulus (S-R-S) associations, much as Hull would
argue occurs for any spatial behavior. Each element in the series specifies a subgoal to
be attained along the way. Repeated traversal of a route naturally leads to automatization
of the S-R-S chain.

While a route strategy can be an efficient and reliable way to get to a goal, it is
almost entirely inflexible. If any of the key pieces are missing or not registered by the
traveler, everything falls apart. If the traveler wants to go to two different places, two
routes are needed. The traveler may even need to back track to find an origin in order to
begin the next route.

Note that routes lend themselves readily to verbal and written description. To
borrow from the field of computer graphics, describing space in terms of routes is like
describing a drawing in terms of vector graphics; one specifies line segments, origins,
and places to turn. A vector graphics representation can be very efficient for the
representation of drawings and paths, but it is not an efficient way to represent a full two-

dimensional image space.
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A map, on the other hand, is quite a different entity. Maps contain a lot of what
would seem like extraneous information. Indeed, an animal probably does not need a
map for most wayfinding tasks. Just as vector graphics is not very efficient for
representing a full 2D space, a 2D image space is not efficient for specifying a few lines
and arcs on a drawing. However, this excess information can become quite handy under
certain circumstances, for example, when going off the beaten path.

Evidence for the over determination of the cognitive map was cited by Tolman in
his influential 1948 paper, “Cognitive maps in animals and man”. Early experiments on
latent learning by Blodgett (cited in Tolman, 1948) showed that rats gather information
about the environment even when that information bears no obvious relationship to
finding the reward or performing the task. Tolman cited Blodgett’s experiment as one of
several lines of evidence supporting the idea that animals build, what he termed, a field
map of the environment within their brains.

Blodgett’s experiment utilized 3 groups of food-deprived rats on an alley maze.
The first group acted as a control and received reward only in a particular arm of the
maze. As expected, these animals showed a steady reduction in the number of blind
alleys they entered on each subsequent trial. The other two groups of rats received no
food reward on the maze for either 3 or 6 days and showed no such reduction in the
number of blind alleys they entered during this time. However, once these rats received
food at the reward site, they showed a non-linear decrease in the number of errors made

such that their performance matched that of the well-practiced control rats. According to
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Tolman, “They had been building up a 'map’, and could utilize the latter as soon as they
were motivated to do so.” (Tolman, 1948, p. 205)

Another important aspect of a map-based representation that differentiates it from
a route-based representation is that maps are not dependent on any particular stimulus for
their validity. Indeed, once a map is established and the rat has located himself upon it, it
is usable even if a substantial number of the cues are missing. To the contrary, when a
route is blocked or an important landmark is missing, a route is suddenly of little use.
This aspect of a map representation becomes important in the discussion of the sensory
control of place specific firing.

In summary, the contrast between a route and a map is probably best
characterized by the flexibility that is inherenﬂy part of a map-based representation. This
flexibility is clearly not part of a route-based representation. Indeed, flexibility captures
the essence of a great many of the behaviors that are attributed to cognitive mapping.
These behaviors include the ability of animals to take an ad hoc path depending on a
changing set of environmental circumstances. As will be discussed in this chapter and

Chapter 3, flexible spatial strategies are especially prone to hippocampal damage.
2.2.3 Is there a down side to having a cognitive map?

Interestingly, a map-based strategy can be somewhat of an impediment to the
learning of certain tasks. O’Keefe (1983) cited several examples in which lesions of the
fornix (effectively a hippocampal lesion because the fornix is the major subcortical

input/output pathway to the hippocampus) resulted in betfer performance in a T-maze
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task. This disadvantage of a cognitive mapping strategy was seen in situations where the
optimal strategy involved coding in egocentric coordinates. Egocentric strategies are
held by O’Keefe and Nadel (1978) to be non-hippocampal and, thus, not dependent on
cognitive mapping strategies.

Hebb also referred to the problem of “spatial habit™ in training rats on non-spatial
tasks. In discrimination tasks, for example, rats must be dissuaded from their initial
tendency to use spatial strategies to solve the task.

Several studies have attempted to pit the use of extramaze cues (most salient for
map-based strategies) and intramaze cues (most salient for route and landmark strategies)
against each other (Diez-Chamizo et al., 1985; Biegler and Morris, 1993). Interestingly,
the Diez-Chamizo experiment showed both blocking of and overshadowing between
intramaze and extramaze cues, suggesting an interaction or competition between the
representations. In the Biegler and Morris study, it was shown that rats would ultimately
attend to proximal intramaze cues (i.e., landmarks), but only after extensive training. Not
unlike Hebb’s observation of spatial habit, rats apparently perseverate in attempting to
solve the task in terms of allocentric coordinates for hundreds of trials before basing their

responses on the distance to the proximal landmarks.

2.2.4 What type of space is represented by the map?

Some debate also exists as to what degree cognitive maps can be considered as
true Euclidean representations. On the one hand, psychological space does not appear to

be simply a scaled version of physical space (Lloyd, 1989; Kosslyn et al., 1974;
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Newcombe and Liben, 1982; Briggs, 1973; Golledge and Zannaras, 1973). Distance
estimation experiments demonstrate systematic biases that depend on a number of
internal and external factors. For example, Lloyd (1989) demonstrated that short
distances are overestimated relative to long distances. Barriers placed along a route result
in exaggerated distance estimates (Kosslyn et al., 1974; Newcombe and Liben, 1982).
Positive affect has been shown to be correlated with an underestimation of distance
(Briggs, 1973; Golledge and Zannaras, 1973). On the other hand, place field recordings
(reviewed in Chapter 6; essentially readouts of the rat’s cognitive map) have shown that
with an adequate sample of simultaneously recorded cells, a spatial environment is
uniformly represented in the hippocampus (Wilson and McNaughton, 1994).

It should be noted that behavioral estimates are most likely not purely reflective
of the representation of the cognitive map in isolation. As discussed in this chapter, the
neural representation of space most likely reflects the parallel operation of numerous
brain areas. With multiple representations competing for the final answer, distortions and
compromise estimates are likely to result.

A related question 1s whether space is absolute (exists without reference to objects
and observers) or relative (exists only in reference to other objects and observers). This
question was reviewed in substantial detail by O’Keefe and Nadel (1978), who argued,
that the hippocampus computes an animal’s location in an a priori absolute Euclidean
space. Their arguments reflected Newton’s view that space cannot be experienced
directly, but rather only through the movement of objects and observer. While this aspect

of cognitive mapping may seem esoteric to many, reference frames are implicit to all
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models of spatial mapping. There has been a return to an emphasis on the motion of the
observer in creating mental models of space.

Critically, O’Keefe and Nadel (1978) did not deny that relative space exists in the
brain. To the contrary, they viewed the dual form of representation as interacting and
complementary. Note the similarities in the dichotomy between absolute and relative
space and that between maps and routes.

Behavioral experiments have demonstrated that gerbils encode the distance and
bearings to landmarks in their spatial representation (Collett et al., 1986). These
experiments showed that relative space is indeed encoded in the mammalian brain;
however, they certainly did not eliminate the possibility that absolute space is also
represented. As already noted, O’Keefe and Nadel readily accepted that relative space is
computed in the brain; they simply held that absolute space was too.

Interestingly, the hippocampal place code, proposed by O’Keefe and Nadel to
form an absolute Euclidean spatial framework, does shows some properties consistent
with its computing space in relative as well as absolute coordinates. For example, when
rats perform a variant of the Collett task multiple spatial frameworks appear to coexist in
the hippocampus (Gothard et al., 1996); one relative to the goal and the other relative to

absolute space.

2.2.5 Map dimensions

One aspect of the cognitive map that Tolman (1948) left for future research, but in

which he was apparently quite interested, is the question of map scale. Tolman proposed
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that under certain conditions cognitive maps might look like “strips” rather than two-
dimensional sheets. Strip-like maps were proposed to be established under four
conditions: 1) brain damage (unspecified); 2) an inadequate array of environmental cues;
3) overtraining and; 4) overly motivating or frustrating conditions. At the conclusion of
his famous 1948 paper, Tolman went on to attribute many of society’s ills to “narrowings
of our cognitive map due to too strong motivations or too intense frustrations.”

While this may have been too large a stretch for the notion of cognitive mapping,
the issue of dimension is quite interesting with regard to the neural recording literature.
Several experiments have shown that the place code can become rather strip like in
certain circumstances (Markus et al., 1995). O’Keefe and Burgess (1996) stretched the
walls of a rectangular apparatus and observed that many cells maintained a fixed distance
from the walls. Hippocampal pyramidal cells have been shown to maintain their firing
fields in one half of a box when a barrier is removed revealing the second half (Wilson
and McNaughton, 1993). The issue of map dimension impacts the results of the

experiments presented in this dissertation.

2.2.6 Section Summary

The psychological constructs of routes and maps correspond well to our everyday
use of the terms. There is a substantial body of evidence to suggest that they can be
dissociated into distinct, but interacting, brain subsystems. A review of these systems is
provided in Chapter 3. Route systems are relatively inflexible and correspond to S-R-S

(and S-S) learning as proposed to account for all spatial behavior by Hull. Cognitive
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maps represent space much like the field map proposed by Tolman and cannot be
accounted for by S-R-S models.

In the next section, the third member of the triad, path integration/dead reckoning,
is reviewed. This navigational system is likely to influence (and be influenced by) both

route and map systems.
2.3 Path integration and dead reckoning: The extended Gibsonian view

The third component of the navigational triad, path integration/dead reckoning, is
similar in many ways to the navigational aspects of J.J. Gibson’s theory of ecological
optics (1966; 1979). In relating Gibson’s radical theory to path integration and dead
reckoning, however, it is necessary to give additional consideration to the use of
vestibular information within the framework. Gibson made some speculations based on
the experimental evidence and theory of the day, however he did not have a chance to V
fully expound on the role that the vestibular system might play in spatial perception.

For the immediate discussion, however, consider that Gibson (1968b; 1979)
advanced the idea that animals perceive space through a flow of perspective. In other
words, Gibson emphasized the change (and non-change) of information that occurs
during the perceiver’s movements. The changing component contains information about
locomotion; the non-changing component contains information about the rigid (usually)
structure of the environment.

Before considering whether Gibson’s framework can be extended to be consistent

with the ideas of path integration and dead reckoning, it is necessary to define these terms
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and give some model systems that exhibit both behaviors. In Section 2.3.3, a contrast is
drawn between path integration and dead reckoning that has implications for the
interpretation of cross-species navigational strategies. Finally, Gibson’s theory is

examined with respect to path integration and dead reckoning (Section 2.3.8).

2.3.1 Dead reckoning and path integration: Definitions and model systems

Path integration has generally been defined as the internal updating of position
based on velocity and acceleration information (Etienne, 1992; Mittelstaedt and
Mittelstaedt, 1982; Wehner, 1987). Etienne further defines dead reckoning and path
integration as the process by which a subject continuously monitors the route taken from
a particular reference position. This enables the subject to always know the distance and
direction to the reference point.

The question of whether animals use path integration dates back to an historic
scientific debate between Charles Darwin and Alfred Wallace in the late 19™ century.
The question remained unresolved until nearly a century later, when carefully controlled
experiments showed that at least some animals do indeed use path integration (Mittelstadt
and Mittelstadt, 1980; Etienne, 1980). The ability to path integrate was subsequently
shown in a wide variety of species including insects, house mice, dogs, cats, and humans
(reviewed in Redish, 1999; Golledge, 1999).

Two fundamental types of self-motion information have been proposed, allothetic
and ideothetic (reviewed in Loomis et al., 1999). Allothetic signals are derived from

outside the corpus of the animal and include sensing optic and acoustic flow. Idiothetic
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inputs are generated within the corpus of the animal and include efference copies of
muscle commands, afferent proprioception, and vestibular signals from the otoliths and
semicircular canals.

In general, path integration has been studied most extensively in insects and
rodents. There has been a great temptation to apply the lessons learned from these distant
cousins “up and down the phylogenetic chain” (for example, Gallistel, 1990). This
might, at first, seem to be a questionable leap of faith. Sensory systems are substantially
different along the chain. Mammals and other species possess a large number of other
strategies that would most likely preempt path integration in many circumstances. If
humans use path integration (see Section 2.3.7), it is almost entirely without being aware
that they are using it.

Nonetheless, the field often simplifies the situation by considering ants as less
complex humans and rats when it comes to path integration. Whether this is a valid
construct remains unclear, however, the non-sensory aspects of path integration may well
be conserved (again, see Gallistel, 1990). In this spirit, two classic examples of path

integration are presented as model systems.

2.3.2 Model systems

A well-studied animal that navigates by integrating locomotor information is the
desert ant Cataglyphis. This particular ant roams the Tunisian desert scavenging for dead
insects. Cataglyphis often travel several dozen meters from their home nest in search of

food yet, without landmarks, return to the nest directly carrying the delicious carcass.
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This skill has obvious adaptive value for the ants. Traveling with food can be perilous,
and is hard work, even for the industrious ant.

In one particularly revealing experiment, ants were passively transported to a new
location immediately after having located a carcass (Wehner and Srinivasan, 1981). The
ants made a non-circuitous return to the location consistent with where the nest would
have been had the ants not been relocated. Moreover, the ants searched vigorously for
the home nest around the translated origin. Subsequent study has shown that these
insects are capable of using landmarks in conjunction with path integration to learn routes
(Chameron et al., 1999). In that study, it was shown that landmark use decreases as a
function of distance from the nest.

In another demonstration that animals use path integration, goslings were
imprinted with a human foster mother and then moved to a release location many tens of
meters away from the origin using a small car with open windows (Mittelstacdt and
Mittelstaedt, 1982; von Saint Paul, 1982). Without the foster mother present at the
release site, the goslings would characteristically take a straight path back to the origin in
search of the foster mother. Critically, when the windows of the transportation cart were
covered for portions of the journey, the goslings would take paths that were shortened by
a distance equivalent to the portions of the journey when the windows had been closed.
The times when the windows were covered apparently did not register with the animal as
periods of self-motion. This suggests that the goslings were using optic flow information

to update the internal representation of position. This is in contrast to Cataglyphis, which
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used motor activity (albeit with optic information about the compass direction of the sun)

in order to integrate self-motion.

2.3.3 Contrast between path integration and dead reckoning

The term path integration is often used synonymously with dead reckoning;
however, several important differences should be noted. The term dead reckoning is
more appropriately used in situations where a conscious and retrospective examination of
the errors takes place (as described by Burch, 1986). In others words, dead reckoning
implies that a history (i.e., active or conscious memory) plays a part in the process. In
contrast, path integration does not require a “log” of the history of movement, nor an
analysis of the potential errors encountered along the way. Dead reckoning can be
considered as a mechanism to combine path integration and landmark use.

A further distinction between dead reckoning and path integration is also implied
by the use of the mathematical term integration. In the case of path integration, the
cumulative value of velocity and direction is continuously computed. Path integration
would thus approximate the return path to a point without an internal log of the outbound
path. An carly contributor to the psychology of navigation, Trowbridge, likened path
integration to a rubber band attached to the animal (Trowbridge, 1913). The force vector
of the rubber band thus is perpetually pointing from the animal to the origin.

While the non-retrospective nature of path integration would seem to be a real
advantage (and, in certain circumstances, it is), one’s success in using it is very much

dependent on the quality of the velocity and acceleration information. Dead reckoning,
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on the other hand, would allow for the online evaluation of information as it becomes
available. A discount or premium can be placed on the incoming information depending

on its reliability.

2.3.4 Reference- and vector-based path integration

There are at least three possibilities of how path integration could be used in a
computational model. These are often referred to as vector-based, reference-based, and
map-based. Trowbridge’s analogy of a rubber band attached to the animal is path
integration of the vector type. A reference-based system derives current position by
distance and direction traveled relative to landmarks. This is the most common form of
reference-based system. The third type of path integration mechanism, map-based, is
based on a Cartesian grid. Distance and directional information is integrated and

“bumps” the current position to a new location on the grid.

2.3.5 Drift, displacement weighting, and the primacy of origin

Path integration mechanisms are widely viewed as susceptible to drift (Mauer and
Seguinot, 1995). Therefore, it is generally held that recalibration is needed to
periodically reset the origin. From an algorithmic standpoint, drift is likely due to the use
of previous position in the computation of current position. This naturally leads to an
accumulation of errors.

An interesting cross-species bias has been documented. Species as seemingly

diverse as bees, ants, spiders, dogs, hamsters, and humans produce the same systematic
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homing error (reviewed in Etienne, 1987). These errors have been shown most clearly on
L-shaped outward journeys, upon which an over-compensation for the outbound rotation
occurs. Regardless, the number of turns made appears to contribute to the cumulative
error. This is consistent with the mathematical properties of path integration.

As already discussed, evidence suggests that landmarks, especially those near the
origin (or home), have special importance to the animal when it comes to resetting the
path integrator. This was demonstrated most recently by Chameron et al. (1999). In
those experiments, the ants used landmarks only when the landmarks were near the nest.
Thus, the path integration system likely informs object recognition systems about the

relevance of a landmark.

2.3.6 Evidence for path integration in mammals

Soon after the elucidation of path integration in ants, a relevant question became
whether mammals also use path integration to navigate. A series of experiments in the
mid 1980’s confirmed that mammals do, indeed, utilize path integration (Mittelstaedt and
Mittelstaedt, 1980; Etienne et al., 1986). In the Mittelstaecdt and Mittelstaedt (1980)
experiment, female gerbils, after making a complex series of seemingly random
trajectories (in pursuit of a lost pup), made a direct return trip to the nest in the dark after
retrieving the lost pup. The darkness precluded a visual guidance strategy. Moreover,
when the apparatus was slowly rotated at a rate below vestibular threshold during the

random search, the animal returned to the point where the nest would have been had it
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not been rotated. This further eliminated the possibility that the gerbil was making use of

a taxon strategy (e.g., moving toward a smell).

2.3.7 Evidence for path integration in humans

Humans apparently use path integration as well (reviewed in Loomis et al., 1999);
but do not seem to do so consciously. A notable exception is the Pulawat islanders, who
use path integration in conjunction with real and imagined landmarks to travel the seas
(Gladwin, 1970; described in Redish, 1999; O’Keefe and Nadel, 1978).

Several experimental paradigms have been used to study path integration in
humans. One of the most commonly used and straightforward is “path completion”. A
typical path completion experiment consists of the experimenter leading a sensory
deprived (e.g., blindfolded, ears covered) subject along an outbound route from some
reference point, and then requiring the subject to complete or estimate the path straight to
the origin. The blindfolding precludes the use of piloting, thus allowing a presumably
clean assessment of path integration.

One of the earliest studies using the path completion paradigm required subjects
to return to an origin after taking a small number of trajectories with intervening turns
(Beritoff, 1965). Other studies have confirmed these findings using more or less the
same procedure (Juurmaa and Suonio, 1975; Loomis et al., 1993; Mittelstaedt and
Glasauer, 1991). As discussed in Section 2.3.5, these studies support the idea that path
integration is subject to an inherent error due to drift because the number of turns made

on the outbound journey correlated strongly with the amount of error.
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Another series of path completion studies have attempted to dissociate locomotion
from vestibular influences in path integration (Sholl, 1989). In one experiment the
investigators showed that if the subject is moved passively in a wheel chair, performance
at pointing toward the origin was much poorer than if the subject was allowed to walk the
out bound journey. Performance worsened significantly with the number of turns made.
Interestingly, Sholl administered a spatial skills test that is hypothesized to be indicative
of vestibular function. Performance on the test predicted performance on the passive
movement version of the task. No relationship between vestibular function and task
performance was observed for the locomotor condition. The results were interpreted with
respect to sensitivity of the otoliths, which has been linked to the perception of linear
translations.

There exists a possible confound, however, of Sholl’s interpretation that
vestibular activation is not enough to support path integration. In the locomotive +
vestibular condition, subjects were actively moving, while in the vestibular only
condition, the transport was strictly passive. This same confound is observed in almost
every locomotive versus vestibular experiment due to the fact that passive locomotion is

so far an impossibility.

2.3.8 Fitting Gibson’s theory of ecological optics to path integration

It is now time to consider whether, and in what ways, Gibson’s theory of
ecological optics pertains to path integration and dead reckoning. As already stated, a

central tenet of Gibson’s theory is that perception and self-movement interact in spatial
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perception (Gibson, 1968a; 1968b). As the perceiver moves the eyes, head, neck and
body, two forms of information are revealed, changing and non-changing (invariant).
Gibson held that changing information results from locomotion and invariant information
reflects the rigid aspects of the environment.

Thus, the flow of perspective indicates self-motion within the environment and
exists in two fundamental forms that Gibson termed vistas and transitions. A vista
defines the expanse of presently visible environmental features; a transition is a shift
between vistas. As the traveler moves along a path, a transition between vistas occurs.
According to Gibson, the transition evolves over a period of time. For example, a
transition can occur while moving beyond a large barrier, such as a building or hill, or
when moving from inside to outside. The next vista gradually comes into view and the
old vista goes out.

In Gibsonian terms, path integration can be considered as navigation within a
single vista.

An alley in a maze, a room in a house, a street in a town, and a valley in the

countryside each constitutes a place, and a place often constitutes a vista, a

semienclosure, a set of unhidden surfaces. A vista is what is seen from here, with

the proviso that “here” is not a point but an extended region. Vistas are serially
connected since at the end of an alley the next alley opens up; at the edge of the
doorway the next room opens up; at the corner of the street the next street opens
up; at the brow of the hill the next valley opens up. To go from one place to
another involves the opening up of the vista ahead and the closing in of the vista
behind. A maze or a cluttered environment provides a choice of vistas. And thus,
to find the way to a hidden place, one needs to see which vista has to be opened

up next, or which occluding edges hides the goal. One vista leads to another in a

continuous set of reversible transactions. Note that in a terrestrial environment of

semienclosed places each vista is unique, unlike the featureless passageways of a

maze. Fach vista is thus its own landmark inasmuch as the environment never
duplicates itself. (Gibson, 1979, p. 198).
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An advanced aspect of Gibson’s theory is its premise that the perceiver can “see”
even completely obscured objects.

When the vistas have been put in order by exploratory locomotion, the invariant

structure of the house, the town or the whole habitat will be apprehended. The

hidden and the unhidden become one environment. One can then perceive the
ground below the clutter out to the horizon, and at the same time perceive the
clutter. One is oriented to the environment (Ibid.).

Thus, Gibson argued that his theory was able to explain all of the behaviors
explained by Tolman’s cognitive map without resorting to mentalism. Perceivers can
“see” places on the map directly even if the places are far away, obscured by walls, or
behind the perceiver’s head.

Consider the theory of "sun compass orientation" in animals. It is said that the
animal knows where North is by (1) observing the azimuth of the sun and then (2)
compensating it for the time of day by consulting the internal clock. Birds, for
example, are said to be able to "navigate" in this way. But this theory is not
necessary. It is much too intellectual a process, and navigation is too
anthropomorphic a description of it. The fact that some men use compass
directions and clock times does not imply that animals have to do so. The sky is
an invariant of the environment, and the path of the sun-in-the-sky is a higher-
order invariant. The visual system of an alert animal is continuously attuned to
this information (Ibid.).

Path integration fits nicely within the Gibsonian framework because Gibson
emphasized self-motion. A common misconception is that Gibson’s theory pertains
strictly to visual perception. Gibson never denied the contributions from non-optical
ideothetic inputs in the perception of space. To the contrary he emphasized their role in

the act of perceiving. True, he paid less attention to the vestibular contribution to his

“visual kinesthesis”.
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But what of dead reckoning? The distinction between dead reckoning and path
integration was made in Section 2.3.3. There it was argued that dead reckoning involves
the deliberate recall and evaluation of the results of movements along a route.

This seems to me to fit more with Gibson’s framework and leads directly back to
the concept of a cognitive map. Do note, however, that Gibson specifically stated that a
series of vistas could be retraced as in “One vista leads to another in a continuous set of
reversible transactions.” This seems entirely consistent with the idea of dead reckoning,
but it is not clear, however, how the reconstructive process works under Gibson’s
proposals.

Gibson’s thinking on spatial perception began in earnest with his emphasis on the
ambient array of light (as opposed to the retinal image). He noted that an illuminated
environment will contain a flux of multiply-reflected light from surfaces, and that if these
surfaces vary in their reflectance properties (as they almost always do), then a projection
of the differential reflectance can be obtained from any point (Gibson, 1950). Thus, the
rays of light impinging upon any given point in space will have differing intensities and
frequency characteristics along different directions. Gibson called the ambient array of
light described above the optic array, and the individual points at which the optic array is
sampled as station points.

According to Gibson (1968a; 1968b), the organ of visual sensation, the eye,
senses the flow pattern of the optic array at a continuous series of station points. The
stream of station points is tantamount to a series of transformations that is unique for any

particular path. This idea seems consistent with two-dimensional continuous attractor
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neural network architectures (described in Chapter 7). Such networks are at the core of
advanced neurophysiologically based theories of path integration in the hippocampus
(Samsonovich and McNaughton, 1997; Tsodyks, 1999).

Importantly, the continuous series of transformations defining a path accompanies
locomotor behavior, and thus gives feedback to the animal about locomotion. Gibson
called this sense visual kinesthesis and contrasted it with proprioceptive kinesthesis in
several ways.

According to Gibson (1950; 1968a; 1979), visual kinesthesis provides information
about movements of the animal relative to the environment, not about the relative
locations of body parts. Moreover, the information provided by visual kinesthesis is
about displacements (rather than acceleration and postural stability). Displacements are
referenced to the stable surfaces within the environment.

Importantly, Gibson held that vistas and transitions are not located at any one
point along the travel path. A vista does incorporate a single expanse, and therefore can
be represented by a perspective taken at a single point (e.g., a photograph or standing still
for a moment). Transitions are held to be a more salient portion of a route than are vistas,
because as the next vista comes into view there is presumably more attention allocated to
the forthcoming vista. This is particularly interesting with regard to the primacy of origin
discussed above in Section 2.3.5.

As such, Gibson’s account contains some insight into how animals might perceive
motion in the environment. The theory has difficulty explaining how they would

deliberately utilize this information in navigation.
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When the vistas have been put in order by exploratory locomotion, the invariant
structure of the house, the town, or the whole habitat will be apprehended. The
hidden and the unhidden become an environment ... One is oriented to the
environments. It is not so much having a bird’s eye view of the terrain as it is
being everywhere at once...Some cognitive psychologists (e.g., Tolman) have
suggested that the ability to find one's way about in a maze-like-environment
consists of having an internal "cognitive map" of it. But this theory seems to me a
regression back to mentalism. Who looks at the mental map? (Gibson, 1979, p.
198).

In the so-called Purple Perils, a series of unpublished lecture notes by Gibson,
there is some reference to the role of ideothetic inputs within his theory of ecological

optics. This excerpt from The Difference Between Perception and Proprioception

illustrates an important point. Gibson viewed proprioception and perception to be
completely interdependent.
So there can be no perception without an implied proprioception, nor can there be
any proprioception without some awareness, however dim, of the environment in
which the body exists. Attention can be directed almost exclusively to either the
body or the world but the other is always detectable. (Ibid.).
In summary, there is a great deal of consistency between Gibson’s thinking and
the current state of the art neural models of navigation. Gibson recognized the
importance of flow of perspective, which shares many properties with two-dimensional

continuous attractor neural networks. Gibson also emphasized the role of active

movement in the creation of vistas and transitions.

2.4 Experiential dependency of navigational strategies

Navigational strategies have been shown to evolve over the learning of a task

(Barnes, 1979). In that study, a large circular platform with a number of escape holes
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located around the circumference (the Barnes maze) was used. One of the holes is
typically fitted with a small box. Because rats wish to avoid bright lights and open
spaces, they become quite adept at finding the escape. In that study, strategy was shown
to shift from random search, to a hole-to-hole strategy, followed by direct movement to
the proper escape hole.

Siegel and White (1975) proposed an influential model of how humans gain
navigational awareness of a large-scale environment that may give insights into how
other animals build environmental knowledge. Their model posits that complete
navigational knowledge of an environment is a constructive process that proceeds
through three sequential and hierarchical steps:

1) Landmark recognition. A landmark is a prominent identifying feature of a
landscape. According to Lynch (1960), an object can become a salient landmark either
because of its distinctiveness or because it has personal meaning. In urban environments,
distinctiveness can result from architectural style, size, or color (Weisman, 1981).
Distinctive objects also tend to become salient landmarks when they also give directional
information, such as being on a corner of two perpendicular streets. Objects that have
personal meaning also become salient landmarks, even though they may not have
directional meaning (Infield, 1991).

2) Routes or Links. Routes and links are formed when traveling between two
landmarks. While forming route knowledge, images and landmarks are recalled.

3) Configurational/Survey. According to Siegel and White’s model, as landmarks

and actions become encoded as routes, a more elaborate knowledge structure becomes
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built around “minimaps” (small maps built locally around landmarks). Survey
knowledge is attained after minimaps can be related to each other. This type of
knowledge is achieved only after significant traveling of routes and links. When survey
knowledge is attained, alternate routes can be inferred and straight-line distances between
landmarks can be determined.

Siegel and White’s model (1975) drew heavily from Piaget and Inhelder’s well-
known developmental model of environmental cognition (Piaget and Inhelder, 1956).
According to Piaget and Inhelder’s model, environmental knowledge, beyond the most
rudimentary form, begins in stage Il development (approximately 7 years old) when
children establish a memory for routes based on recall of movements within the
environment. In stage II, (11 years old) children begin to associate landmarks with route
information. Finally, only near the end of stage III (> 13 years old), did Piaget think that
children had reached a full stage of environmental intelligence.

The key difference between the Piaget and Inhelder’s model and Siegel and
White’s model, is that the Piagetian model is, at its core, a developmental model.
Differences in environmental knowledge across ages stem from changing cognitive
capacities. The Siegel and White model proposed that adults pass through stages of
environmental knowledge not because of maturation, but rather because of greater
experience. In relation to Piaget and Inhelder’s model, an adult with little experience will
only have a childlike representation of the space.

Most other hierarchical models are also based on the initial encoding of space

around landmarks (Golledge and Spector, 1978; Kuipers, 2000). For example, the
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Golledge and Spector anchor point theory of environmental knowledge acquisition holds
that locations, features, path segments and districts act as anchors (in other words,
origins) on cognitive maps. According to the model, the anchor points affect the
encoding and retrieval processes within the cognitive map.

A notable exception to modern theories that emphasize landmarks in the initial
stages of encoding environmental knowledge is that of Garling et al. (1981), who argue
for the opposite order of operations. Indeed, Garling et al. not only argue that routes are
learned prior to landmarks, but also contend that the learning of routes enables the
learning of landmarks.

Experimental evidence suggests that route knowledge appears before map
knowledge (Sholl, 1992; Thorndyke and Hayes-Roth, 1982). In the Thorndyke and
Hayes-Roth experiment, office workers who had worked on the 1* floor of a building
were tested on their knowledge for locations in the building. Those who had been there
less than one year showed a propensity toward route knowledge, while those who had
been there greater than one year tended to display more map-like knowledge. Sholl
(1996) noted that, while in her 1992 study route knowledge did precede a map-based
representation, the map-based strategy appeared rapidly after only seven traversals of the
environment. She attributed the increased time needed to engage the cognitive map in
the Thorndyke and Hayes-Roth (1982) experiment to the environmental complexity used
therein.

Sholl’s observation of the emergence of map-based strategies after only a few

traversals of the environment is interesting in light of data on the time-course of
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hippocampal place field development (reviewed in Chapter 6). For example, Hill and
Best (1981) reported that place fields develop almost immediately upon the rat’s
introduction into a new environment. Using parallel recording techniques, however,
Wilson and McNaughton (1993) observed that some 30 seconds were required. In
practice, however, even with a well-trained rat, at least some place fields require
considerable numbers of traversals of the field prior to “coming on line”.

In contrast to the dynamic interplay between route and survey knowledge, the use
of path integration appears to be independent of experience in an environment (Leonard
and McNaughton, 1990). Some authors, however, argue for the primacy of path
integration during initial navigation in an environment (e.g., McNaughton et al., 1996).

Indeed, the McNaughton et al. (1996) model holds that the hippocampal synaptic
matrix is prewired (through development or evolution) for path integration. Local views
(akin to Gibson’s vistas) become secondarily bound to the matrix through learning. The
model is not clear as to why, if the matrix is prewired, the delay (albeit short) in the
development of place fields occurs. It should be noted however, that the dynamics of
place field initialization is not yet well studied. It appears that some fields can take
considerable time to develop, while others are present from near the very beginning of
the experiment.

One caveat should be noted with respect to extracellular recording techniques.
Small movements of the electrode (drift) can cause cells to suddenly “appear” in the
recording. Therefore, it is difficult to conclude that a cell suddenly started firing.

However, identifying single-units during pre- and post-task sleep periods helps to ensure
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that electrode drift is not the cause of the appearance of a place field in the middle of task
performance. Thus, in general, the delayed activation of small populations of cells is

probably not an artifact.

2.5 Active and passive movements

Within the animal navigation literature, active movement is usually considered to
be that accompanied by walking. For humans (and a select group of other experimental
animals), however, there are some conditions that are not accompanied by walking, but
which can still be considered active. Driving, for example, is a form of non-ambulatory
navigation that can be either active or passive; the critical difference obviously being
whether the individual is in control of the vehicle or not.

Whether there is a difference between non-ambulatory active and passive
movements in updating the neural representation of location addresses an important
unresolved issue, whether motor efference copy (copies of motor programming
commands) or proprioception (feedback from the limbs) is used to estimate the distance
traveled during self-directed movements. The question is experimentally challenging
because it is difficult to remove one without affecting the other.

Further, both proprioception and motor efference copy are typically considered in
relation to egocentric movements (€.g., the position of the arm relative to the shoulder).
The current consensus is that both are used in egocentric movements, but whether both

provide information about the movement of the organism ifself in space is not known.
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The experiments in this dissertation provide some insight into this issue when combined
with the results of previous studies.

The hippocampus was shown to “shut down” when rats were snugly wrapped in a
towel (restraint condition) such that limb movements were not possible (Foster et al.,
1989). Hippocampal activity acquired during restraint was dramatically reduced
compared to when the rat was manually transported without restraint between the same
locations. This was taken as evidence that motor set is necessary for hippocampal spatial
mapping. However, the wider implication of this finding to the question of
proprioception and motor efference copy is difficult. First, both the restraint and manual
transport conditions were purely passive. Furthermore, there was no comparison with the
walking condition. Therefore, it is not clear whether the single-unit and theta activity
recorded during the manual condition (albeit more robust than the restrain condition),
represents the true “on” state of the hippocampus. Nonetheless, the finding that
hippocampal activity is dependent on preparedness of movement is an important piece of

the puzzle.

2.6 Behavioral evidence for the use of the vestibular system in navigation
The idea that the vestibular system acts as an inertial guidance system goes back
over a century to Exner in the late 19" century. The idea was revived in a slightly
different form citing more convincing experimental data by Potegal (1982). Some early
evidence supporting the idea that mammals use vestibular information in navigation came
from the demonstration that blindfolded cats and dogs can return directly to a feeding

station after being passively transported away (Beritoff, 1965).
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With more careful eliminations of environmental cues (most importantly
olfactory, but even including magnetic), Etienne et al. (1986) showed that food-hoarding
hamsters could carry food back to their home nests equally well following active or
passive (i.e., non-ambulatory) transport away. Moreover, the hamsters appeared to
compensate for passive angular displacements imposed prior to the return journey.

Vestibular inputs appear to be more critical for determining angular displacement
rather than linear displacements (Mittelstacdt and Mittelstaedt, 1980); however, it should
be noted that it is a paucity of experimental data concerning linear displacements. As
reviewed in Chapter 3.6, linear acceleration information influences gaze adjustment.
Therefore, it is difficult to rule out that distance information could be provided by the
vestibular system.

Interest in inertial navigational systems in mammals has received renewed interest
due to several discoveries at both the behavioral and neural levels. Theoretical proposals
regarding the vestibular basis of navigation also have been recently put forward
(McNaughton et al., 1996; Samsonovich and McNaughton, 1997; Redish and Touretzky,
1996). These models arc presented in greater detail in Chapter 7.

The modgls are partially built on recent discoveries concerning a dedicated head
directional system (Ranck, 1984; Taube, 1995; Taube et al., 1990a; 1990b; 1996;
Mizumori and Williams, 1993; Chen ct al., 1994a; 1994b). The head directional system
is reviewed in Chapter 6. The models also assume a linear distance measurement. In
contrast to head directional mechanisms, far less is known about how the brain estimates

distance traveled.
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2.6.1 Effects of specific vestibular lesions on navigation

Lesions of the vestibular apparatus contribute to poor performance on tasks
requiring animals to return to a location after passive transport (Beritoff, 1965; Miller et
al., 1983). In the Miller et al. experiment, water deprived rats were given a small
demonstration droplet in one of eight identical water fountains placed along the edges of
a visually homogenous room. Following the drink, the rats were passively transported in
an opaque vehicle along progressively longer series of trajectories following 90° turns,
and then required to return to the original water source in order to get the reward.

Sighted rats subsequently made blind could perform this task well; however,
additional lesions of the vestibular system then resulted in a permanent impairment.

Because the blind animals exhibited a deficit only after the vestibular system was
lesioned, the authors concluded that the deficit was not attributable to disruption of the
vestibulo-ocular control circuitry.

In a previous study, performance on the same task was compared between sighted
rats with lesions of the vestibular nuclei and rats with dorsal column nuclei (Abraham et
al., 1983). The dorsal column nuclet are a major brainstem relay for somatosensory
efference. The authors reported that vestibular lesions were much more detrimental to
the rats’ performance on the task than were the dorsal column lesions. However, it
should be noted that the rats with lesions to the dorsal column did show a small
decrement in performance compared to controls. One possibility is that somatosensory
inputs contribute to the vestibular representation and vice-versa. The authors noted that

during surgical preparation, low-level stimulation of the vestibular lesioning electrodes
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caused shoulder twitching. The dorsal nuclei had been previously shown to receive direct

vestibular inputs (Jensen and Thompson, 1983).

2.6.2 Section summary

There is a renewed interest in the role of the vestibular system in navigation. This
interest has been piqued by the discovery of a head directional system (reviewed in
Chapter 6, and Section 2.6 above) and some recent computational models of rodent
navigation (see Chapter 7).

While the experimental data are still somewhat nascent, there is good reason to
believe that mammals utilize the vestibular system for the computation of heading. This
proposed mechanism is not fundamentally different from a compass. Whether the
vestibular system contributes to the computation of linear distances is not known. One
possibility is that the vestibular system processes distance information over short

distances. This issue is taken up again in Chapter 3.

2.7 Chapter summary

Evidence was presented for the dissociation of three different, but interacting,
navigational mechanisms used by animals: routes, maps and path integration/dead
reckoning. Each of these shares properties with the theoretical dogma of Watson,
Tolman, and Gibson, respectively. The potential neural mechanisms underlying the

navigational triad are presented in the next chapter (Chapter 3).
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CHAPTER 3
BRAIN SYSTEMS SUPPORTING THE NAVIGATIONAL TRIAD

3.1 Introduction

In Chapter 2, three fundamental forms of navigation were defined and described:
route taking, cognitive mapping, and path integration. In this chapter, the brain systems
underlying these navigational abilities are reviewed. The analysis presented here is
largely neuropsychological and focuses primarily on the effects of lesions on navigation
in mammals. Some anatomical and neurophysiological findings from the literature are
discussed. The emphasis will be on maps and path integration because these forms of
navigation are thought to be dependent on the hippocampus. It is unlikely that any of the
navigational triad is used exclusively during any particular task. Furthermore, the mix of
strategies used to solve spatial tasks is probably not static; they change over time.

In this chapter, it will be assumed that all three forms of navigation, with the
possible exception of path integration, are multimodal in the extreme. Path integration
relies primarily on internally-generated signals, and probably works hand in hand with
route and cognitive mapping systems. Routes and cognitive maps also likely share a
great deal of neural machinery.

One key to understanding the brain systems that support navigation comes from
the integrated analysis of neuroimaging and neuropsychological experiments. This
approach, although far from unequivocal, is highly complementary to the multiple single-

unit recording used in this dissertation.
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Of particular interest are recent neuropsychological dissociations within the
general syndrome of topographical disorientation and neuroimaging experiments in
virtual and imagined environments. The implications of these recent findings are

reviewed in Section 3.2.

3.1.1 Right-left asymmetries in spatial cognition

Spatial cognition is among the best-characterized cerebral asymmetries in humans
(reviewed in Kolb and Whishaw, 1990). This is true with respect to navigation as well as
other forms of spatial cognition such as visuospatial analysis.

Patients with damage to the right parietal lobe exhibit a number of spatial
disorders including the inability to direct spatial attention to the left side (contralateral
neglect) and an impairment in building shapes from blocks (constructional apraxia).

Damage to the right medial temporal lobe results in an impairment of spatial
memory, while damage to the left medial temporal lobe results in an impairment of
verbal memory that spares spatial memory (Milner, 1965; 1972; Smith and Milner,
1989). In the Smith and Milner experiment, memory for the spatial location of object
was impaired, but only after a substantial delay.

The spatial and verbal memory right-left dissociation is consistent with the
hemispheric asymmetry of the human hippocampus proposed by O‘Keefe and Nadel
(1978). While in rats, and possibly monkeys, the right and left hippocampii appear to

function as a single entity (Lamendola and Bever, 1997), in humans, they do not.
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O’Keefe and Nadel (1978) argued that, in the human, the left hippocampus
became essentially co-opted for use in language and verbal memory; it became a deep
semantic store. This aspect of their theory has received considerably less attention than
the purely spatial aspects. The proposal has wider implications in the application of
cognitive mapping theories of declarative (Squire and Zola-Morgan, 1991) and episodic
memory (Eichenbaum, 1999; Cohen and Eichenbaum, 1993). A good recent review can

be found in Burgess et al. (2002).

3.1.2 Coupling of motor control and navigation

Navigation is quite naturally related to motor control and movement planning. In
as much as motor control and planning systems can be separated from navigational
systems, the two domains must clearly interact.

Locomotion, at a minimum, would require brain systems that: 1) stimulate the
muscles to relax and contract, 2) maintain balance during movement, 3) coordinate step
placement (especially over variable terrain) and 4) plan the trajectories. Navigation is
difficult to separate from this fourth requirement. A highly simplified diagram of the

neural structures involved in locomotion is shown in Figure 3.1.

3.1.2.1 Roles of the cerebellum and basal ganglia in locomotor activity

Decades of research have shown the basal ganglia and cerebellum are involved
with the planning, execution, and learning of motor actions. While the fact of their

participation in these functions is clear, it is also clear that they are not exclusively motor
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structures. Following a brief introduction to the neuroanatomy of the basal gangla and
cerebellum, their contribution to locomotion is considered.

The basal ganglia are a collection of forebrain nuclei that, like the hippocampus,
have extensive connections with the neocortex, especially higher order assoctation areas.
The basal ganglia are composed of the neostriatum (caudate nuclei and putamen), ventral
striatum (nucleus accumbens and nearby parts of the caudate and putamen), the globus
pallidus, the subthtalamic nucleus and the substantia nigra. The basal ganglia also have

extensive afferent and efferent connections with the midbrain. Important for this

Basal Ganglia
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Figure 3.1: Brain systems contributing to the planning and execution of locomotor
activity. The reticulospinal nuclei control central pattern generators (CPGs) in the
spinal chord. Three routes to the reticulospinal nuclei are shown, one through the
mesencephalic locomotor region (MLR), one through the periaquaductal grey, and
the third directly from the lateral hypothalamus. The basal ganglia are proposed to
have an inhibitory influence over the MLR. The hippocampus could activate
locomotion through any of these three pathways.
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discussion is the fact that the ventral striatum receives prominent projections from the
hippocampus (among many other areas).

The cerebellum (literally, the little brain) is a highly differentiated structure that
makes up the majority of the phylogenetically old hindbrain. The structure is a major
area of confluence between sensory and motor information. Lesions of the cerebellum
hemispheres are associated with problems of coordination such as ataxia and gait
disorders.

The specific roles of the cerebellum and basal ganglia in motor planning and
execution remain unknown. Traditionally, the cerebellum has been associated with on-
line fine-tuning of motor commands based on sensory feedback (Allen and Tsukahar,
1974; Ito, 1984), and the basal ganglia have been associated with the selection and
inhibition of motor commands (Alexander and Crutcher, 1990). Recent evidence
suggests that generalized motor programs are stored in the cerebellum, while the
necessary conditions for initiating these movements may be computed in the basal
ganglia (reviewed in Houk, 1997).

In support of a role of the basal ganglia in the initiation and inhibition of
locomotive behavior, bilateral lesions of the caudate nucleus in cats results in what is
often referred to as “compulsory approach”; the animal will walk after any moving object
(reviewed in Houk, 1997). A hallmark symptom in Parkinson’s Disease (a model disease
of the basal ganglia) is a debilitating reduction in voluntary movement. Electrical
stimulation of the excitatory hippocampal inputs to the nucleus accumbens also results in

locomotion (reviewed in Grillner et al., 1997).
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The most common deficits following damage to the cerebellum relate to balance,
motor coordination, and eye movements. Lesions of the cerebellar hemispheres are
associated with deficits in motor coordination, especially ataxia and gate disorders. The
symptoms appear to be centered on the adjustment of motor programs to sensory
information, so-called “closed loop” motor programming. Damage to the
flocculonodular lobe results in balance and eye movement problems.

Although the cerebellum is not traditionally held to be important for the initiation
of movement, electrical stimulation of the axons of cerebellar fastigial nucleus results in
locomotion. This effect appears to be mediated by direct connections with the
reticulospinal system; however, the possibility exists that this effect is mediated by a third

structure.

3.1.2.2 Brain stem centers

The brainstem contains several nuclei (collectively termed brainstem locomotor
nuclei) that activate central pattern generators (CPGs) in the spinal cord. Indeed,
surprisingly little of the brain is needed to produce rudimentary forms of locomotion.
Grillner (1975) showed that cats, after removal of the entire neocortex including the basal
forebrain, will locomote if placed on a moving treadmill. Decerebrate cats and rats can
be made to locomote by stimulation of the locomotor brainstem nuclei (reviewed in
Grillner et al., 1997). These elicited movements, however, are not goal-directed (e.g.,
directed at food or mates). When the basal ganglia and hypothalamus are spared from

these massive lesions, some forms of goal-directed locomotion are preserved.
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brain stem locomotor nuclei results in a full range of goal directed locomotion (reviewed

in Grillner et al., 1997). Interestingly, the speed of locomotion can be controlled by

applying different intensities of stimulation to the mesencephalic locomotor region.

3.1.2.3 Cortical contributions to locomotion

Some recent neuropsychological findings and theoretical proposals suggest that
the posterior parietal lobe is organized around motor planning (reviewed in Milner and
Goodale, 1995; Glickstein, 2000). These proposals are specified with respect to
egocentric coordinates; therefore, the proposals are not necessarily well suited for
theories of cognitive mapping. Forms of navigation that depend on cognitive mapping
are not egocentric, but rather depend on allocentric coordinates. One scenario is that
structures upstream from the ultimate effector systems responsible for propelling the
organism in space receive a plan in egocentric coordinates.

If some plans are made in allocentric space, but carried out with egocentric

commands, then some transformation must take place between allocentric and egocentric

coordinates. The need for this transformation is not clear, however. There is no good

reason why distances specified in allocentric coordinates would have to ever be computed

in egocentric coordinates first.
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3.1.2.4 Relevance of the motor theory of perception to locomotor planning

A relevant theoretical perspective can be traced to William James (reviewed in
Jeannerod, 1995). The theory is often called the motor theory of perception. The general
idea is that mental states such as imagery, planning, and perception arise within the same
neural systems that generate movements. In the same vein is Teuber’s corollary
discharge theory (1960). The basic idea is that non-motor brain systems have access to
motor representations for use in imagery and perception. In this sense, navigational
systems would have access to motor representations in order to plan and consider paths
through space.

Most studies of motor planning do not pertain to movements in allocentric space.
An important exception is Decety et al. (1989). In that experiment, subjects were shown
targets in the environment, and were then asked to either imagine walking or to actually
walk to the targets. The duration of action in imagined walking, like actual walking, was
dependent on the distance to the object. Morcover, the duration of actual and imagined
walking times were equivalent.

Studies in humans, non-human primates, rodents, and other animals suggest that
voluntary spatial movements are, at least initially, preprogrammed and ballistic (reviewed
in Evarts and Fromm, 1981; McNaughton and Nadel, 1989). In other words, the initial
part of a spatially directed motor plan is not adjustable by sensory signals. There is also
substantial evidence that motor acts can be prepared and sent to effector systems without
being actualized. Early work by Jacobsen (reviewed in Jeannerod, 1995) showed that

muscles are activated during imagined movements. Even more compelling, during
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imagined weightlifting, EMG activity increases linearly with the amount of virtual weight
(Shaw, 1938).

Mental rehearsal of locomotion would seem to fit well under the general aspects
of the motor theory of perception. As reviewed in Chapter 2, both Krech and Tolman felt
that rats evaluated various mental hypotheses while solving mazes (reviewed in Tolman,
1948). Thus, navigation and the planning of trajectories would appear to involve access
to motor representations.

3.1.3 Functional dissociations between perirhinal and parahippocampal cortices:
An extension of the dorsal and ventral visual streams?

In Section 3.2, evidence for a dissociation between spatial and landmark
processing is reviewed. This dissociation is appealing given the now classic proposal of
Ungerleider and Mishkin (1982) positing separate posterior visual pathways for
computing the “what” and “where” of visual objects. Ungerleider and Mishkin’s
hypothesis was based on neuroanatomical results suggesting an anatomical and functional
segregation of visual pathways into dorsal and ventral streams. The dorsal and ventral

pathways correspond roughly to posterior parietal and inferior temporal cortex.

3.1.3.1 The distinction between “what” vs. “where” and “what” vs. “how”

An alternative to the separate dorsal/“what” and ventral/“where” pathways was
proposed by Milner and Goodale (1995), who argued that the key difference between the
dorsal and ventral streams lies in the use of the information. In Milner and Goodale’s

proposal both the dorsal and ventral systems compute “what” and “where”; however,
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instead of computing where objects are in space, the dorsal stream guides movements of
the body with respect to those objects. Thus, the dorsal stream is specialized for action in
egocentric space. The prototypical example would be a grasping movement.

Milner and Goodale agreed with Ungerleider and Mishkin’s (1982) proposal that
the ventral stream is necessary for object identification. They argued that the correct
characterization of the two visual streams is “what” and “how” rather than “what” and
“where”. With respect to this distinction, the dorsal visual stream will be referred to here
as the “where”/”how” pathway.

That the dorsal/”’how” pathway codes for actions (e.g., grasping) in egocentric
coordinates is well supported by neuroanatomical and neurophysiological data (reviewed
in Milner, 1998). The dorsal stream has been shown to be highly interconnected with
motor areas such as the superior colliculus and the pontine nuclei, while the ventral
stream shows little connectivity with motor areas (reviewed in Glickstein, 2000).
Moreover, neural recordings in the posterior parietal cortex of monkeys have
demonstrated the existence of several classes of neurons that code for location of visual
stimuli in egocentric coordinates (Hyvarinen and Poranen, 1974; Mountcastle et al.,

1975).

3.1.3.2 Continuation of the dorsal and ventral streams to the perirhinal and
parahippocampal cortex

The parahippocampal and perirhinal cortices are the principal cortical routes into
and out of the hippocampal formation. Functional neuroimaging and lesion studies point

to a dissociation between perirhinal and parahippocampal function. Specifically, lesions
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of the perirhinal cortex produce deficits in object recognition (Meunier et al., 1993),
while lesions of the right parahippocampal cortex produce deficits in topographic
orientation (Habib and Sirigu, 1987; Maguire et al., 1999). Perirhinal lesions have
recently been shown to impair tactile object recognition (Buffalo et al., 1999). Therefore,
the extension of the “what” pathway to perirhinal cortex may involve elaboration beyond
the visual modality.

Thus, it appears the “what” and “where”/”how” pathways may remain at least
partially segregated at the level of the perirhinal or parahippocampal cortices,
respectively. Because these structures are the major cortical afferents to the hippocampal
formation, some have suggested that the “what” and “where”/”how” pathways may be
reintegrated in the hippocampus (McNaughton et al., 1989; Ungerleider and Mishkin,

1982).

3.1.4 Importance of movement in the perception of 3-D space

Anyone who has worked in computer animation is familiar with the idea of
animation frames. Each frame is a “still shot” of the animation. Some aspects of the
artificial environment can be gleaned from a single frame, but generally, a full
appreciation of the environment can only be gathered by moving the camera around and
displaying a sequence of frames.

The analysis presented in the rest of this chapter assumes that a true
“understanding” of an extended space (above and beyond the static frame) can only be

gained through movement within that environment. This point was presented in Chapter
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2 concerning the theories of J. J. Gibson. An allocentric spatial representation that is
independent of view and would enable the planning of locomotion between previously
visited points in space requires movement.

The realization that movement is critical in generating a three dimensional model
of space has profound implications for understanding the results from neuroimaging
experiments utilizing virtual environments and neuropsychological studies of topographic

disorientation. These experiments are reviewed in Section 3.2.

3.2 Topographic disorientation

Topographical disorientation (TD) was initially documented by Hughlings-
Jackson near the end of the 19™ century (reviewed in Kolb and Whishaw, 1990) in his
description of a patient with a right temporal lobe glioma. The patient demonstrated an
inability to find her way around a park near her home. Meyer’s description of a separate
patient suffering from TD is considered classic (also reviewed Kolb and Whishaw, 1990).

When he left his room in the hospital, he had trouble finding his way back,
because at any chosen point on the route he did not know whether to go right, left,
downstairs or upstairs... When he eventually arrived in front ofthis own room, he
did not recognize it unless he chanced to see some distinguishing feature, such as
the black beard of his roommate, or a particular object on the bedside table ...
When taken to sections of the city he knew before his illness and required to lead
the way, he tried hard to find familiar landmarks ... but this information, though
effectively indicating to him he was near his home, failed to provide clues for
choosing the right direction ... (Kolb and Whishaw, 1990, p. 659).
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3.2.1 Behavioral dissociations

Recent dissociations have been offered in an attempt to elucidate different forms
of the general disorder of topographic disorientation. Collectively, a four-way
dissociation appears to be warranted. This parceling of specific deficits is bolstered by

recent neuroimaging experiments (reviewed in 3.2.1.2).

3.2.1.1 Topographic agnosia and topographic amnesia

The first double dissociation concerns memory versus perception that is, between
topographic agnosia and topographic amnesia. In the tradition of neuropsychology, the
term agnosia is reserved for disorders of high-level perception in the presence of
preserved lower-level perception. Farah (1999), however, argues that careful
examination of patients with associative agnosias (of which topographic agnosia is one)
invariably reveals subtle low-level perceptual deficits. The use of the terms high-level
and low-level is somewhat loaded because it is difficult to say where the line between
perception and cognition can be drawn. In recent years, reentrant connections and top-
down influences (another controversial term) have been characterized. The use here
refers to the degree of abstraction inherent in the representation.

Farah’s objections notwithstanding, an agnosia refers to an inability to recognize
an entire class of stimuli using one of the senses. For example, prosopagnosia is a visual
agnosia that is specific for faces (proso being Greek for faces); to have a diagnosis of

prosopagnosia, the patient must be able to recognize objects that are not faces, and
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further, must be able to recognize people by other means (e.g., by voice or some
prominent feature of the person’s face). Amnesia, on the other hand, refers specifically
to the domain of memory.

In the TD literature, the terms agnosia and amnesia have been used rather
promiscuously (reviewed in Aguirre and D’Esposito, 1999). Paterson and Zangwill
(1944) were the first to make use of the term agnosia. Implicit in their use of the term
implied that such patients are not able to extract specific topographical features despite
otherwise normal perception of the environment (Milner and Teuber, 1968).

A patient with a diagnosis of topographical agnosia should be able to recognize
specific objects (such as cars and faces) and general classes of landmarks (e.g., hills,
schools, clock towers), and further be able to judge distances correctly; the impairment
should manifest itself in the inability to recognize familiar environment elements
secondary to an inability to discriminate their specific perceptual features. In contrast, a
patient with topographical amnesia would not be able to recognize familiar
environmental elements despite retaining the ability to discriminate salient features
(Whiteley and Warrington, 1978). A remaining challenge is the elaboration of what
constitutes the salient environmental features necessary for orientation.

The dissociation between memory and perception in TD has been supported by
the existence of patients who can orient themselves in familiar environments, but who
cannot learn novel environments (Habib and Sirigu, 1987). This dissociation argues for

the existence of topographic amnesia based on demonstration of an anterograde
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component. Other patients cannot orient themselves in familiar environment, nor learn
novel environments (Whitely and Warrington, 1978; Habib and Sirigu, 1987).

Overall, it is fundamentally challenging to the separate the learning and memory
of spatial information from the use of that information during behavior. Despite this
challenge, the findings support the dissociation of spatial information processing along

the lines of memory and perception.

3.2.1.2 Dissociation of landmarks and space

A second dichotomy has been proposed to exist with respect to TD: impairments
in the processing of landmarks versus impairments in the ability to process allocentric
spatial relations (Whitely and Warrington, 1978; Levine et al., 1985; Incisa della
Rocchetta et al., 1996; Maguire et al., 1999). This second dichotomy has much in
common with the extension of the concept of two visual streams discussed in Section

3.1.3 above.

3.2.2 Neuroanatomical correlates of TD and wayfinding in humans

In parallel with the more refined clinical characterizations of TD,
neuroanatomical specificity of the subcomponents responsible for these patterns has also
improved due to advances in structural and functional neuroimaging coupled with
modern approaches to neuropsychological analysis. Three brain areas have been most
commonly associated with TD: the right parahippocampal cortex (Habib and Sirigu,

1987; Maguire et al., 1999; Bohbot et al., 1998), the right occipitotemporal cortex (Habib
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and Sirigu, 1987; Hécaen et al., 1980; Landis et al., 1986), and the right posterior parietal

cortex (De Renzi et al., 1977; Takahashi et al., 1997).

3.2.2.1 The role of the right parahippocampal cortex in processing environmental scenes

A number of neuroimaging studies have helped to elucidate the potential role of
the right parahippocampal cortex in the processing and memory for scenes (Epstein and
Kanwisher, 1997; Aguirre et al., 1996; Maguire et al., 1998; 2000). Using functional
magnetic resonance imaging, Epstein and Kanwisher showed modulation of activity in
the right posterior parahippocampal cortex in response to environmental scenes, such as
landscapes and buildings, compared to other (non-environmental) visual objects (e.g.,
faces). They termed this area the parahippocampal place arca (PPA).

In a follow up study, it was shown that activation of the PPA was equivalent for
photographs of rooms devoid of environmental objects (e.g., furniture) as it was for
photographs of the same rooms filled with such objects (reviewed in Epstein et al., 1999).
Additionally, more robust activation of the PPA was obtained in rooms made of Lego
blocks than for objects made of Lego blocks. The authors concluded that geometric
objects that give the sense of surrounding the subject are the primary determinant of PPA
activation. The feeling is commonly known as “presence” in the virtual reality
community.

Other neuroimaging studies have shown activation of a wider area of the
parahippocampal cortex during navigation (Aguirre et al., 1996; Maguire et al., 1998;

2000). For the most part, these subtle anatomical distinctions are beyond the resolution
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limits of the neuroimaging technique. Across all of the neuroimaging studies, the right
parahippocampal cortex is activated, the common element being visual scene processing.
Concerning the distinction between topographic agnosia and topographic
amnesia, there is some evidence that the parahippocampal cortex is necessary for the
memory of scenes, rather than only the extraction of scene features (Brewer et al., 1998;
Bohbot et al., 2000). For example in Brewer et al. (1998), event-related fMRI signals in
the right parahippocampal cortex were greater during encoding of scenes that were
remembered than for those that were not remembered. Right hippocampal activation has

been less consistently obtained (see Section 3.1.2.4).

3.2.2.2 The role of the right occipitotemporal cortex in landmark recognition

The right occipitotemporal cortex appears to be necessary for the discrimination
of specific landmark properties (Aguirre and D’Esposito, 1999). This is consistent with
its position in the proposed ventral/”what” pathway. A lingering question concerning the
associative agnosias, however, is to what degree separate neural areas are specialized for
the processing of individual classes of objects. Farah (1999) argues convincingly against
attributing every specific impairment in object recognition to a separate processing
module in the brain.

Aguirre and D’Esposito (1999) argue that landmarks constitute a special object
class that requires a separate brain region. Yet, landmarks must share many visual
properties with complex objects in general and, therefore, the need to over modularize the

cortex seems unwarranted. In support of this assertion, the vast majority of case studies
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demonstrate that agnosia for landmarks is co morbid with agnosia for other visual objects
(Landis et al., 1986; McCarthy et al., 1996). Isolated cases of highly specific landmark
agnosia have been described (reviewed in Aguirre and D’Esposito, 1999). In general,
however, the role of the right occipitotemporal cortex in TD is best considered in terms of

the specific object properties of landmarks.

3.2.2.3 Role of the hippocampus in TD

Several studies have used virtual reality, imagined movements, and movies to
engage allocentric spatial regions during navigation (Aguirre et al., 1996; Maguire et al.,
1998; 2000). These experiments were discussed relative to the role of the
parahippocampal cortex in scene memory. Somewhat surprising in those studies is that
activation of the right hippocampus was not consistently found across studies when lesion
studies and theoretical models would predict strong involvement of the right
hippocampus. The reason for this discrepancy may pertain to subtle aspects of the tasks
used.

Aguirre et al. (1996) used a virtual reality maze with high, brick walls. While rich
in optic flow cues, the design can be described as too egocentric to necessitate allocentric
processing. That is not to say that egocentric mapping does not occur in parallel with
allocentric mappings during real world navigation; rather, this may be a problem in
virtual reality only because the three-dimensional aspect is so poor. In contrast, the small

town and the imagined real world used by Maguire and colleagues (Maguire et al., 1998;
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2000) appear to be strongly allocentric and indeed, resulted in activation of the right

hippocampus.

3.2.2.4 Posterior parietal cortex

Milner and Goodale’s (1995) assertions concerning the role of the posterior
parietal cortex in computing movements with respect to egocentric space is consistent
with the neurophysiological and neuropsychological data. The posterior parietal cortex,
in many ways considered the “end” of Ungerleider and Mishkin’s (1982) “where”
pathway, is itself a major source of input to parahippocampal cortex. Posterior parietal
cortex contains neurons that are sensitive to: 1) the spatial location of visual stimuli; 2)
the movement of visual stimuli in space (Sakatak et al., 1985); 3) eye and limb
movements (Mountcastle et al., 1975); and 4) optic flow patterns (Motter et al., 1987).

In neither Ungerleider and Mishkin’s (1982) proposal nor Milner and Goodale’s
(1995) proposal were explanations offered for the processing of allocentric spatial
relationships. In Milner and Goodale’s proposal that both landmark and allocentric
spatial locations are computed in the ventral stream, it is not clear whether landmark and
allocentric spatial relationships are further separable. If the posterior parietal cortex were
indeed a pathway subserving action in egocentric coordinates, then its role in navigation
would fit well with taxon systems.

In the introduction to this chapter, the necessary relationship between navigation
and motor control was noted. Posterior parietal cortex is likely to be one important

component of this relationship.
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The question remains how allocentric processing is achieved through such a
variety of egocentric systems. Several possibilities exist. First, egocentric coordinates
might be transformed to allocentric coordinates en route to the hippocampus.
Alternatively, the transformation might occur en route from the hippocampus to posterior
parietal cortex or, perhaps, via motor systems. One might assume that because sensory
information enters the corpus through egocentric coordinates that allocentric coordinates
are created from egocentric representation; however, self-motion signals are necessarily
egocentric. Indeed, distance information could well be absolute in nature. A pedometer
can give distance readings regardless of the body part on which it is mounted. There is
no a priori necessity to transform egocentric coordinates to allocentric. Conversely, the
planning of action in space would require a transformation from allocentric to egocentric
coordinates.

McNaughton et al. (1989) proposed a model in which the “what” and “where”
pathways are reintegrated in the hippocampus. They agued the posterior parietal cortex
represents conjunctions of movements and locations. In support of this hypothesis, they
presented recordings of neurons in the posterior parietal cortex of the freely behaving rat.
These neurons exhibited receptive fields corresponding to forward motion, right turns and
left turns. A smaller subset of neurons was conjunctive for spatial location and
movement type (e.g., center of maze AND left turn). Other cells responded to movement
type and local features of the maze. These findings share much in common with Milner

and Goodale (1995) and Ungerletder and Mishkin (1982).
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Two proposals have explicitly argued for the extension of these theories to TD
(Farrell, 1996; Levine et al., 1985). Farrell’s proposal extends Milner and Goodale’s
(1995) model to TD; Levine et al. extends Ungerleider and Mishkin’s (1982) proposal.
The key test of the two proposals is whether landmark recognition and allocentric spatial
relationships are dissociable. Farrell argues that the two domains are not separable
because they utilize the same brain areas in inferior temporal cortex.

Several case studies have supported a dissociation between allocentric spatial
processing and landmark recognition (Landis et al., 1986; Levine et al., 1985; Luzzi et
al., 2000). These findings would appear to force a revision of Farrell’s framework;
however, the revision only pertains to Farrell’s interpretation of Milner and Goodale’s

(1995) proposal concerning processing in the ventral stream.

3.2.2.5 Section summary

Findings from neuroimaging experiments are most informative when considered
in the context of neuropsychological and neurophysiological findings. Of particular
interest are the findings of Bohbot et al. (2000) and the analyses by Burgess et al. (2002)
and Aguirre and D’Esposito (1999). Bohbot et al. characterized patients with focal
thermocoagulation lesions of the medial temporal lobe on three tests of spatial
knowledge: Allocentric object location memory, an oddball task, and a dry land version
of the Morris water maze task (Morris et al., 1982). The experimental design attempted
to overcome a serious problem in the interpretation of medial temporal lobe lesion

experiments; namely, that lesions of the parahippocampal cortex result in a functional
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lesion of the hippocampus by depriving it of a major input. The overall pattern of deficits
observed in patients with right hippocampal lesions, right hippocampal plus right
parahippocampal lesions and right parahippocampal lesions were compared.

Lesions of the right parahippocampal cortex resulted in impairments on all three
tasks. Somewhat surprisingly, subjects with restricted right hippocampal lesions were
not impaired on the human version of the Morris water maze and only moderately
impaired on the spatial oddball task, suggesting that the parahippocampus can support
performance of allocentric spatial tasks. Restricted right hippocampal damage did result
in deficits on the object location memory task.

The authors proposed four somewhat related hypotheses that are consistent with
the literature: (a) The hippocampus supports memory for multiple items and the
parahippocampus for single items; (b) the hippocampus supports memory for objects, the
parahippocampus for scenes; (¢) the hippocampus extracts three dimensional information
from the parahippocampus, which stores scenes (similar to the frames discussed in
Section 3.1.5); and (d) the hippocampus subserves memory for single events in context

while the parahippocampus supports memory for single events without context.

3.3 Brain systems subserving route navigation

According to O’Keefe and Nadel (1978), routes are generated by a varied group
of systems that they termed taxon systems. The brain structures supporting taxon-based

navigation were proposed to exist outside of the hippocampus.
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Under the taxon rubric fall a variety of relatively simple navigational strategies
commonly used by animals in the laboratory and natural environment. The taxon
system(s) is proposed to chain together, in stimulus-response (S-R) and stimulus-stimulus
(S-S) fashion, orientations and guidances. An orientation can be considered as
emphasizing the response component of the cue such as “turn right after the Rincon
Market”, while a guidance is centered on the cue itself for example, “Drive on 4™ until
you see a rusted out VW van parked next to the house”. These definitions make intuitive
sense and most likely constitute the bulk of navigational strategies used by animals.

Many different brain systems could potentially support taxon strategies, involving
any combination of the sensorium. Indeed, there is close relationship between taxon
strategies and landmark recognition. While landmark recognition would seem to be
primarily visual in nature, this is not exclusively the case. Certain landmarks can be
recognized in total darkness by their tactile or auditory properties. The brain areas likely
involved in landmark processing were discussed in Section 3.2 on topographic
disorientation.

Returning to the issue of the chaining together of S-R and S-S contingencies into
a route, the neostriatum (caudate and putamen) would seem to be the key structure. As
discussed in Section 3.1.2.1, the basal ganglia receives afferents from all parts of cortex
and, in turn, projects to the premotor area via the ventral-anterior and ventral-lateral
nuclei of the thalamus. Importantly, separate parts of the basal ganglia receive input from
both the posterior parietal cortex and the hippocampus. Thus, the basal ganglia form a

convergent zone between allocentric and egocentric systems. Note, however, that the
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hippocampus has fairly direct access to brain stem locomotor nuclei as well. The basal
ganglia may function to keep egocentric and allocentric systems in check.

Route learning can be considered as a special form of sequence learning based on
landmarks and egocentric relationships (turn right at the end of the blue wall and go to
the information desk). Sequence learning is yet another function that has been attributed
to the basal ganglia. Another possible role for the basal ganglia in navigation is in the
organization of routes. Allocentric mapping from the hippocampus would be important

in this function as well.

3.4 Cognitive maps

O’Keefe and Nadel’s (1978) extensive review and analysis of the literature made
a convincing case that the one common element of all learning deficits associated with
hippocampal damage was spatial. Their observation has since been confirmed repeatedly
(reviewed in Jarrard, 1993). The lesion literature would suggest that the deficits are not
confined to spatial memory, but also to the entire range of cognitive mapping abilities
outlined by Tolman. A brief review of the lesion data linking the hippocampus with

cognitive mapping is presented.

3.4.1 Spatial problem solving

Harley (1979) tested rats with hippocampal, cortical, and control lesions on an
apparatus similar to that used by Tolman in his famous experiments attributing cognitive

mapping to rats. The results of the Harley experiment showed deficits in spatial problem
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solving. For example, when the route to the goal was blocked, rats with hippocampal
lesions showed a clear deficit in finding the correct alternative route to the goal; a feat

that control rats (and Tolman’s rats) were easily able to accomplish.
3.4.2 Spatial memory

The Morris water maze (Morris, 1981) is one of two fundamentally important
apparatuses for testing spatial memory. The other is the Barnes maze (Barnes, 1979). A
key element of both of these apparatuses is that the goal location is not directly visible
and, therefore, the rat cannot rely on visual guidance to solve the problem. In the Morris
water maze task, the apparatus consists of a circular pool filled with opaque water such
that a small escape platform can be hidden under the surface of the water. In the Barnes
maze, the rat must find a hidden pocket to escape the open space of the circular platform
(something that rats do naturally).

Rats with hippocampal damage demonstrate a severe deficit in finding the
platform in the Morris water maze task (Morris et al., 1982; Sutherland et al., 1982).
Lesions of the fornix (the major subcortical input/output pathway to the hippocampus)
cause a similar deficit (Sutherland and Rodriguez, 1989; Eichenbaum et al., 1990). On
probe trials, where the platform is removed all together, lesioned animals invariably swim
around the outside diameter of the pool while control animals swim in a tight cluster
around the former location of the missing platform. Importantly, when the platform is
revealed by raising it above the water, both control and hippocampal rats will swim

directly to the platform, thus demonstrating that the deficits observed with hippocampal



88

lesions are not attributable to non-spatial factors such as motivation and the physical

ability to swim.

3.4.3 Exploration

O’Keefe and Nadel (1978) emphasized the role of the hippocampus in exploration
and environmental novelty detection. Environmental novelty can be considered as the
detection of a change in the location or properties of objects in the environment.
Experiments in the late 1960’s and carly 1970’s had shown that while normal rats, during
the execution of a motivated response, will orient toward environmental novelty,
hippocampal rats will not (Wickelgren and Isaacson, 1963).

O’Keefe and Nadel reinterpreted these in terms of exploration and claimed that
hippocampal animals do indeed react to novelty but only in a cursory fashion. The key
difference, according to O’Keefe and Nadel, is that hippocampal animals do not follow
environmental novelty detection with the usual exploration readily seen in non-
hippocampal animals. O’Keefe and Nadel took this as evidence for an updating process
within the hippocampal cognitive mapping system.

Neisser (1976), without specifying anatomically where, had proposed that spatial
representations drive perceptual exploration. An extension of this idea is that exploration
should reflect subtle aspects of the underlying spatial representation (Thinus-Blanc, 1987;
Thinus-Blanc and Gaunet, 1999). This paradigm constitutes a potentially sensitive
behavioral method for looking at the form of spatial representation (reviewed in Thinus-

Blanc and Gaunet, 1999). For example, hamsters will re-explore a single object when it
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is displaced from among many. Conversely when the object is moved closer to the other
objects, hamsters will explore all of the objects. However, when the objects are all
displaced with a common aspect ratio (i.e., making a bigger square), the hamster will not

engage in any additional exploration.

3.4.4 Non-hippocampal brain systems supporting cognitive mapping

In this section, the structures that provide input to and output from the
hippocampus are considered in the context of cognitive mapping. Some of these same
input and output structures will be considered with respect to path integration.

As a prelude to Chapter 4, the following principle is assumed: The hippocampus
receives and sends highly processed inputs and outputs to the entire cortex. This is not
fundamentally different from many areas of the brain, including the basal ganglia.
However, whereas the basal ganglia receive input from the entire neocortex, the return
projections are less diffuse than the efferent hippocampal projections. The hippocampal
input appears to undergo an even more extreme level of abstraction.

The perirhinal cortex (BA 35 and 36) and the parahippocampal cortex (area TH
and TF) are the major input structures to the entorhinal cortex (EC), which is itself the
major cortical input to the hippocampus. A more detailed treatment of these projections
is provided in Chapter 4. The perirhinal and parahippocampal inputs themselves receive
inputs from association cortices (Suzuki and Amaral, 1994) including the parietal,

temporal and frontal association cortices.
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In the human and non-human primate, and to a lesser degree in other mammals,
the visual system provides the major modality-specific cortical input to the perirhinal and
parahippocampal cortices; however, the other sense modalities also provide substantial
input. Thus, as one moves closer to the hippocampus, modality becomes less relevant
(i.e., more mixed and abstracted).

Of the visual areas, area TE of the temporal lobe preferentially targets the
perirhinal cortex. The posterior parietal cortex and visual area V4 tend to project most
heavily to the parahippocampal cortex. The auditory association cortex also projects
more heavily to the parahippocampal cortex. The somatosensory association cortex
projects to both perirhinal and parahippocampal cortices in roughly equal amounts. Both
receive major polysensory inputs from orbitofrontal, posterior parietal, ventrolateral,
cingulate and retrosplenial cortices (Suzuki and Amaral, 1994).

Importantly, another major input to the perirhinal cortex is the parahippocampal
cortex. Thus, the remaining sensory segregation that remains prior to these two
structures is likely completely melded after this point. The perirhinal and
parahippocampal output streams themselves, however, remain largely segregated as they
reach the entorhinal cortex (EC) and hippocampus proper (reviewed in Witter et al.,
2000).

The reciprocal connections of the perirhinal and parahippocampal cortices with
the EC have been characterized (Suzuki and Amaral, 1994). The principal findings from

that study are: (a) The projections are partially overlapping in the middle one third of the
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rostro caudal extent of the EC; and (b) the return projections to the EC from the
parahippocampal cortex are much more substantial than those of the perirhinal cortex.
The perirhinal and parahippocampal cortices also project heavily and reciprocally
throughout the neocortex (Van Hoesen, 1982; Lavenex et al., 2002). These connections
include unimodal and polymodal association cortices of the temporal, parietal and frontal
lobes. The connections of perirhinal and parahippocampal cortices to neocortex are in
line with the general organization of feedback cortico-cortical connections (i.e.,
projections ramify in layers 1 and V/VI) (reviewed in Swanson et al., 1987). Likewise,
the neocortical connections to the perirhinal and parahippocampal cortices are consistent

with a feedforward organization.

3.5 Path integration

Several neuroanatomical hypotheses have been put forth regarding path
integration (McNaughton et al., 1996; McNaughton and Nadel, 1989; Sharp, 1999;
Redish and Touretzky, 1997). McNaughton and colleagues have proposed that the
hippocampus performs path integration in addition to its role in cognitive mapping.
Sharp holds that path integration occurs in the subiculum. Redish and Touretzky suggest
that a network of areas is involved in path integration, but that the hippocampus only
receives information from that network.

Only two studies have tested whether the hippocampus is necessary for path
integration (Alyan and McNaughton, 1999; Whishaw and Jarrard, 1996) and the results

are somewhat conflicting (reviewed in Whishaw et al., 1997). In the Alyan and



92

McNaughton study, rats were still able to demonstrate path integrating despite lesions of
hippocampus. To the contrary, Whishaw and Jarrard (1996) reported impaired path
integration after lesioning of the fornix (the major subcortical pathway to the
hippocampus). Redish (1999) argued that the fornix lesion deprives the hippocampus of
crucial subcortical input, and uses that as support for his claim that path integration is
extrahippocampal, involving a tripartite group of structures (the subiculum,
parasubiculum and superficial entorhinal cortex).

Samsonovich and McNaughton (1997) argued that lesioning of the hippocampus
should cause a catastrophic failure of path integration; however, as mentioned already,
the results of hippocampal lesion experiménts have been conflicting. There could be,
however, multiple path integration areas in the brain. Indeed, there are at least two forms
of path integration, map- and motor-based. Therefore, the Alyan and McNaughton
(1999) study cannot be considered as definitive proof that the hippocampus is not a path
integrator. The key test is whether the task can be solved based solely on motor path
integration.

Self-motion signals from optic flow, locomotion (either efference copy or
proprioception), and vestibular origin are thought to contribute to the updating of the
hippocampal cognitive map (McNaughton et al., 1996; 1991; O’Keefe, 1976). The brain
systems supporting self-motion detection are discussed in Sections 3.6 and 3.7. The role
of self-motion signals has not been investigated nearly as much as other aspects of spatial
updating, in particular static updating such as position fixing. Even less is known about

which neuroanatomical connections might carry this information to the hippocampus.
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3.6 Neural bases of self-motion detection

A premise of this chapter is that self-motion cues are critical for developing a
mental model of the extended environment. The influence of self-motion signals on the
hippocampal representation of allocentric space is the subject of this dissertation. Before
considering the pathways by which self-motion information might reach the
hippocampus, some introduction to the neural basis of self-motion detection and
elaboration is required.

The majority of theories regarding self-motion detection assume an egocentric
reference frame in which movements are detected. This implies that some sort of
coordinate transformation must be made to inform the body of its movements relative to
the allocentric reference frame. This makes some intuitive sense because the same
movements can occur in many different environments. Moreover, neural recordings in
the parictal lobe of monkeys have clearly shown multiple egocentric coordinate systems
(Andersen et al., 1993; Andersen, 1995).

Reiser (1989) has proposed that the egocentric to allocentric coordinate transform
concept necessitates a two-stage process. Additionally, Touretzky and colleagues
proposed a sequential coordinate transformation model. Alternatively, as pointed out in
Section 2.3, Gibson held that the spatial transformation need not be serial. Moreover, as
discussed with respect to topographic disorientation, there is no compelling reason to
believe that distance is computed first in egocentric coordinates. Indeed, distance is just

as likely to be represented in an absolute reference frame.
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Three forms of self-motion signaling are likely to be related to navigation:
locomotor tracking through proprioception or motor efference copy, linear and angular

vestibular information, and optic flow.
3.6.1 Proprioception and motor efference copy

Proprioception is the perception of the relative positions of the limbs with respect
to each other and the body as a whole. As such, proprioception covers a lot of territory
that is not directly related to navigation. Nonetheless, tracking the changes in position of
the limbs would be one way in which the brain could discern self-motion.

Closely related to proprioception are the ideas of motor efference and the
reafference hypothesis (von Holst and Mittelstadt, 1950). A schematic of the proposed
steps in reafference is show in Figure 3.2. Efference is a signal from the central nervous
system to the periphery. Afference refers to signals traveling from the periphery to the
central nervous system. Reafference is that component of sensation that an organism
receives from its own movements. According to the reafference hypothesis, a copy of the
efferent signal encounters a feedback signal from the movement. An error term is
computed and the next motor command is adjusted to correct for any errors.

A great number of theorists and experimentalists have been concerned with how
the brain is able to maintain a stable visual representation of the world despite the fact
that the eye, head and body are in near constant motion. Without some sort of correction
mechanism, the organism would experience the visual world as an extreme form of

cinema verite.
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A basic problem in visual neuroscience is the question of how the brain computes
the location of an object relative to the head. The information required to solve this
problem includes the position of the object on the retina, the orientation of the retina
relative to the head, and the position and orientation of the head relative to the body.

Helmholtz proposed that a copy of the command to the eye muscles is combined with the

Efference

Motor Lower
command [P center Action

Efference
(copy)

Reafference

A

Figure 3.2: Reafference principle. When a motor command is sent to effector systems,
a copy is sent to a comparator and “meets” the sensory signal from the executed
movement. If an error is detected at the comparator, the motor program is modified.
This basic priniciple is commonly used in machine and robotic control. The
cercbellum is likely to act as the comparator.

retinal position to determine the position of the object in space relative to the head. This
can be thought of as the feedforward model. In support of the feedforward model,
moving the eye (by gently pressing on the eyelid) can cause the visual scene to appear as
though the world has moved. The passive movement of the eye does not become

registered with the rest of the visual system.
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Regarding navigation, efference copy would allow the brain to know that the
body itself had moved and not the objects within the environment (although they may be
moving as well). In support of this idea, several experiments have shown that self-
generated movements are perceived differently than the same movements produced by an
external force. One example is the inability to tickle oneself. A recent neuroimaging
experiment examined the neural correlates of this phenomenon (Blakemore et al., 1998)
and showed reduced activation of the somatosensory cortex during self-tickling.
Moreover, neural responses in somatosensory cortex are attenuated by self-generated
movements (reviewed in Chapman, 1994).

Several longstanding theories hold that efferent sensory information is combined
with re-afferent information in a comparator circuit contained within the cerebellum
(reviewed in Wolpert, 1997). In this model, the cerebellum compares the results of
intended movements with the plans, and adjusts accordingly. In support of this assertion,
cerebellar lesions frequently result in a reduced ability to make complex arm movements.
Moreover, cerebellar PET activation was shown to be dependent on the delay imposed
between pushing a joystick and the resulting movement of a robotic arm (Blakemore et
al., 2001).

Interestingly, what is traditionally termed the vestibulocerebellum has been shown
more recently to receive the vast majority of its inputs from optokinetic centers of the
mesencephalon, and not directly from the vestibular nuclei as previously thought (Gerrits
et al., 1985). Thus, the role of the cerebellum as a comparator seems justified. Whether

the proposed comparator is used in navigation (i.e., not purely motoric) is unknown.
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3.6.2 Optic flow

As reviewed in Chapter 2, a fairly large body of behavioral evidence is consistent
with Gibson’s proposal that optic flow contributes to the sense of direction during
navigation (Warren et al., 2001; Dichgans et al., 1972 Bradley et al., 1996, Royden et al.,
1994). The experiments by Warren and colleagues, for example, have shown that an
observer can estimate the apparent heading of optic flow fields within very tight
tolerances of only a few degrees of arc. Optic flow fields have also been shown to
control posture during linear motion (Berthoz et al., 1975).

While it is clear that optic flow contributes to heading computations, it is not clear
whether optic flow contributes to distance computations. Indeed, much like the
vestibular contribution to navigation, optic flow appears to be more important for
informing the brain that the body is moving, and not kow far it is moving.

Figure 3.3 demonstrates the basic idea through photography. Distortions of the spatial
frequencies in the picture convey a strong sense of movement. The “motion blur” effects
presented in the figure, however, can be misleading in understanding Gibson’s
formulation, because Gibson was concerned less with the two-dimensional case, and
instead felt that flow of the entire three-dimensional ambient light pattern was involved in
the perception of self-movement.

The neural correlates underlying the perception of optic flow is a long-lasting and
largely unanswered problem. According to the logic of Wurtz and Duffy (1992), the

receptive fields of primary visual cortex are too small to be involved in the elaboration of



Figure 3.3: Characteristic fluctuations in the spatial pattern of light within the optic flow
field. The three pictures above are examples of motion blur obtained photographically by
exposing film to light while the camera is in motion. The contraction and expansion effects
(far left and center panels) can be produced by aiming the camera straight ahead while
moving forward and backward respectively. The translation effect (right panel) is obtained
by pointing the camera directly to the side while moving forward (or backward). The
visible environment flows across a two-dimensional surface, the retina. Such movement
causes the same distinctive motion patterns across the two-dimensional “screen” of the
retina as those that cause motion blur in photography. However, the two-dimensional case
is probably an oversimplicfication of optic flow detection in the brain. J. J. Gibson held
that optic flow was a three-dimensional process. Accordingly, the two-dimensional retinal
image, coupled with self-motion, allows the three-dimensional array of ambient light to be
sampled and classified into variant (changing) and invariant (non-changing components.

optic flow even though those same neurons are indeed sensitive to motion stimuli.

It should be noted, however, that the effects of flow patterns are not equipotent

across the retinal image. Experiments have shown that different optic flow patterns
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applied to different retinal regions affect the perception of heading (Crowell and Banks,

1993). This would seem to argue for some elaboration of motion information at the

carliest stages of sensory perception. Furthermore, this general approach of finding the

area responsible for such a complex function goes too far in the direction of over-

parcelation of brain function.
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Nonetheless, the middle temporal area (MT) and the medial superior temporal
area (MST) are more likely to be the crux of the optical motion detection system. Both
arcas show the requisite sensitivity to visual motion. Moreover, as argued by Wurtz and
Duffy (1992), neurons in MT and MST have sufficiently large visual receptive fields to
act in the computation of large field optic flow as occurs during self-motion.

Single-unit recordings from MST in the macaque have revealed two putative
functional areas (Komatsu and Wurtz, 1988), one ventral lateral (MST1) and the other
dorsal medial (MSTd). MSTI has been shown to have small receptive fields that respond
to the motion of small dots. In contrast, the vast majority of MSTd neurons have large
receptive fields that respond maximally to the motion of large-field patterns, especially
when the patterns include (or are near) the area of external space represented by the
fovea. Interestingly, many MSTd single-units respond to “looming” of the visual
stimulus (Saito et al., 1986; Tanaka and Saito, 1989).

The stimuli corresponding to maximal responses of MSTd neurons can be quite
varied (Duffy and Wurtz, 1991) including planar, circular and radial motion. Some of the
neurons are selective for a single type of motion (e.g., inward or outward radial motion)
while others responded to multiple motion parameters such as combined radial and planar
motion. The authors reported that the receptive fields of the MSTd neurons do not seem
to cluster in any obvious topographical arrangement. This is taken to indicate a role for
the structure in higher order sensory elaboration.

Recent experimental evidence suggests an interaction between place and path

information in MST that most likely involves the hippocampus (Froehler and Dufty,
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2002). In this experiment, the authors recorded from neurons in MST while monkeys
were moved clockwise and counterclockwise on a motorized sled during differing
conditions of optic flow. Roughly 50% of the recorded neurons were path-dependent;
that is, the cells were directionally selective for either the CW or CCW, but not both. The
other half of the recorded neurons was equally selective for both directions. Of these, 1/5
showed opposite preferred headings.

Although the authors did not include statistics on the tuning curves for these
neurons, it is clear from the examples included in the paper that the tuning curves are
quite broad with information per spike values of less than 1 bit. In contrast, information
per spike values for hippocampal place cells are typically > 1.5 bits. It is further likely
that neurons in many regions of the brain would exhibit apparent place-specificity, yet

not be directly involved in the computation of spatial location.

3.6.3 Vestibular self-motion signals

3.6.3.1 Anatomy of the vestibular system

The mechanics of the vestibular system are much like that of a level that a
carpenter or surveyor would use. Pitch, roll, yaw, x, y, and z of the head are measured by
sensory epithelium lying in different planes. These sensors are essentially grids of hairs
cells with endings, called stereocilia, that project into the fluid filled inner ear. There are
five “banks” of sensors: One in each of the three semicircular canals and two more in

each of the two otoliths.
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The semicircular canals and otoliths comprise two separate systems. Angular
acceleration is detected within the semicircular canals, which are oriented in 3 orthogonal
planes. Linear acceleration is detected through the saccule and utricle, the utricle in the
vertical plane (i.e., forward-backward, left-right), and the saccule in the horizontal plane.

A series of papers by Fernandez and Goldberg (1976a; 1976b; 1976¢) described
in substantial detail the responses of neurons in the neuroepithelium of the otoliths in the
squirrel monkey in response to linear acceleration. In those studies, a large subset of
neurons in the otoliths exhiioited systematic firing rate and phase changes with respect to
linear acceleration.

The primary vestibular neurons are bipolar cells arranged in two strips that
together comprise Scarpa’s Ganglion of the internal auditory meatus. The axons of the
cells from these two strips remain segregated as they pass through the vestibular nerve
trunk, but travel in a single trunk as they enter the brain stem via the 8™ cranial nerve to
innervate the four vestibular nuclei.

Importantly, the firing rate of bipolar cells represents the velocity of the head
(either angular or linear). The mechanical properties of the vestibule (the combined
semicircular canals and otoliths) impose integration on the acceleration of the enclosed
fluid. Therefore, the information provided by the sensory apparatus is velocity.

The vestibular nuclei are linked to the musculature through abundant
interconnections with the spinocerebellum, motor nuclei, and direct to motor neurons
along the entire length of the spinal chord. These projections provide for the vestibular

control of eye movements, and also provide for adjustment of muscle tone for balance.
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3.6.3.2 Cortical processing of vestibular self-motion signals

Of relevance to this dissertation are the connections between the vestibular nuclei
and the ventral posterior (VP) and ventral lateral (VL) nuclei of the thalamus. The
VP/VL projects to several areas of the cortex including primary somatosensory cortex,
posterior parietal cortex (area 7), insular cortex, and visual arcas MT/MST. As discussed
in Section 3.6.2 above, areas MT and MST contain neurons that are area sensitive to optic
flow stimuli, and thus are positioned to integrate optic flow and vestibular information.
Moreover, somatosensory cortex would be a site for the integration of proprioceptive or
motor efference and vestibular inputs.

As discussed in Chapter 6, there is substantial experimental evidence for the
existence of a head direction system (essentially a compass) in the cortex of the rat. The
clinical literature (reviewed in Section 3.2) also suggests this system is conserved in
humans. The head directional system has been incorporated into several models of
rodent navigation (described in Chapter 2 and 7).

In addition, there is theoretical interest in whether the vestibular system
contributes to the integration of linear displacement in relation to updating of spatial
position of the subject on the cognitive map (O’Keefe and Nadel, 1978; McNaughton et
al., 1996). If the head directional system is the compass, the linear displacement system
is the pedometer. In the following section (Section 3.6.3.3) evidence for separate systems
supporting angular and linear displacement is reviewed. To anticipate, the evidence is

strong that both types of information can reach the cortex; however, little evidence exists
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that the computation of linear displacement over extended distances involves vestibular

information.

3.6.3.3 Evidence for separate linear and angular displacement systems

The majority of evidence in support of a dissociation between linear and angular
systems in the central nervous system comes from studies of gaze control (Israel and
Berthoz, 1989; Berthoz, et al., 1999). One particularly well-studied gaze control
phenomenon is the vestibulo-ocular reflex (VOR). The VOR has been subdivided into
the linear VOR (IVOR) and the angular VOR (aVOR) based on neurophysiological
findings. In general, the functional role of the VOR is to stabilize the visual scene in
response to head movements. A proposed function of the IVOR is to stabilize binocular
vision during translation. While these functions are critical for navigation, they are not
necessarily part of the navigational system. The example does, however, demonstrate
that linear distance information of vestibular origin reaches higher-level cognitive areas
(in this case the cerebellum).

With respect to navigation, a paucity of experiments has examined the separate
influences of linear and angular vestibular signals. Berthoz and colleagues (reviewed in
Berthoz ct al., 1999) demonstrated a dissociation of distance and direction errors in
vestibular patients with lesions of the semicircular canals. Both vestibular patients and
normal controls were able to recreate a triangular path they had experienced through
several blindfolded and non-blindfolded traversals. The vestibular patients, however,

were differentially impaired in the blindfolded condition. An analysis of the errors
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showed that the vestibular patients made errors in angular direction, but not path distance.
Because the semicircular canals detect angular acceleration (after integration, velocity),
the experiment is consistent with a dissociation between angular and linear contributions;
however, the experiment does not offer proof that the linear component contributes
specifically to navigation because the subjects had access to ambulatory self-motion cues
during all conditions.

Moreover, blindfolded human subjects can estimate small, but not large, passive
translations (Isracl and Berthoz, 1989). This indicates that the vestibular system is not

used in tracking linear displacements beyond one or two steps.

3.7 Self-motion mputs to the hippocampal formation

As summarized above, there are two primary routes to the hippocampus; one
subcortical through the fimbria, fornix, amygdaloid complex and the supracallosal stria,
and the other cortical through the hierarchy of associational connections that make up the
entorhinal pipeline.

The association cortices of the parietal lobe form one important route to the
hippocampus. Early anatomical work suggested that the parietal association cortex,
known to Krieg (1946) as area 7, is involved in integrating somatosensory and visual
sensations. Cortical areas are often classified by their thalamic inputs. The thalamic
inputs to area 7 are quite restricted, coming almost exclusively from the lateral dorsal,
lateral posterior, and posterior thalamic nuclei (Chandler et al., 1992; reviewed in Save

and Poucet, 2000).
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The cortico-cortical connections of area 7 have been described in detail (Kolb and
Walkey, 1987) and include bilateral connections with the frontal cortex, ventrolateral and
medial orbitofrontal cortices, auditory areas of the temporal lobe, and the retrosplenial
cortex. Visual connections are also quite prevalent, consistent with the role of area 7 in
the “where” pathway.

That the detection of linear movement by the vestibular system is processed in
any substantial fashion during navigation is still not accepted (Save and Poucet, 2000).

In the cat and the monkey, thalamic nuclei of vestibular origin project to both
somatosensory and parietal cortices (reviewed in Save and Poucet, 2000). Vestibular
responses have been shown in area 7 of monkeys (Kawano et al., 1980).

Cortical areas have also been shown to innervate vestibular nuclei of the
brainstem (Guldin et al., 1992; 1993) in both rats and monkeys. These connections are
monosynaptic. While direct projections from the rat vestibular system to the parietal and
other neocortical arcas has not been fully resolved, it would be surprising if the rat did
not share these connections.

While the integration of self-motion information appears to go at least as far as
area 7, the connections between area 7 and the hippocampus are indirect. One area that
has strong connections with the subicular complex is the retrosplenial cortex. Area 7 has
been shown to have substantial connections retrosplenial cortex (Reep et al., 1994),
which, in turn, projects to the entorhinal cortex (Witter, 1993). The anteromedial,

laterodorsal and lateroposterior thalamic nuclei also project to the retrosplenial cortex.
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Retrosplenial cortex also has numerous projections from primary and secondary visual
areas (Wyss and Groen, 1992).

The retrosplenial contribution to spatial navigation has been demonstrated in
lesion studies (Sutherland et al., 1988). According to Redish (1999), the retrosplenial
cortex is a major extrahippocampal region for path integration.

As mentioned previously, the medial corticohypothalamic tract innervates a wide
number of areas on the anterior hypothalamus. Also, a prominent bundle originating in
the subiculum projects to the anterior hypothalamus.

Some recent evidence casts doubt on the focality of the retrosplenial lesions used
in previous neuropsychological studies. Most of these studies have used electrolytic or
aspiration lesions that are likely to damage the nearby cingulum (reviewed in Aggleton et
al., 2000). The cingulum is composed of fibers connecting the cingulate cortex with the
hippocampus, in addition to fibers from the frontal cortex and anterior thalamic nuclei to
the hippocampus. Damage to the cingulum has been shown to impair the learning of
spatial tasks (Aggleton ct al., 1995; Neave et al., 1996). Excitotoxic lesions of the
cingulate cortices themselves do not appear to affect spatial memory performance (Neave
etal., 1994; Aggleton et al., 1995). This would seem to argue against the necessity of the
retrosplenial cortex to path integration. That said, the evidence that MST is part of the
input stream to the hippocampus is strong, and it is further likely that the hippocampus
conveys some place specificity through return connections or some “reverberatory” (as

Hebb would put it) activity.
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A second pathway that has been implicated in the detection of self-motion
through optic flow is through the accessory optic system in connection with the
vestibulo-cerebellum. Wylie and colleagues, mostly in pigeons, but also from a cross-
species perspective, have studied this functional circuitry extensively (reviewed in Wylie,
2000; Wylie and Crowder, 2000). Like much of the vestibulo-cerebellum, the accessory
optic system appears to be well conserved.

In pigeons, several areas including the basal optic root, the pretectal nucleus
lentiformis mesencephi, and the vestibulo cerebellum contain neurons that are selective
for processing specific optic flow patterns stemming from self-rotation and self-
translation (reviewed in Wylie, 2000). These systems apparently share a common frame
of reference with the vestibular canals and eye muscles (reviewed in Frost and Wylie,

2000).

3.7.1 Vestibular routes to the hippocampus

The information from the semicircular canals and otoliths represents angular and
linear displacements respectively. Higher-order anatomical components of the vestibular
system have previously been studied in relation to the motor control of movements,
especially eye movements and the vestibulo ocular reflex (VOR). As a result, the
anatomical link of vestibular inputs to the hippocampus is less well established than it is
for the cerebellum.

The most likely route by which vestibular information reaches the hippocampus is

through the projection from the vestibular nuclei to the anterior dorsal and the lateral
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dorsal nuclei of the thalamus. A second possibility includes the projection of the
vestibular nuclei to the posterior parietal cortex. Angular vestibular information is likely
converted to head directional information prior to entering the hippocampus. It is not

clear whether linear information of vestibular origin reaches the hippocampus.

3.7.2 Optic flow routes to the hippocampus

The routes through which optic flow might reach the hippocampus are even less
well understood. A primary arca thought to be involved in the processing of optical flow
is area MT. MT could reach the hippocampus through the parahippocampal gyrus.

Optic flow information also could reach the hippocampus through its integration with
vestibular motion information. Head direction cells have been discovered in several
areas of parietal cortex, which are innervated by the vestibular nuclei (reviewed in

Section 6.3.2). These cells may be functionally connected with area MT in the rat.

3.8 Can navigational brain systems be studied in isolation?

One of the real challenges to conducting research on the contributions of self-
motion signals to navigation is the number of interdependencies that characterize these
systems. As Gibson held, perceiving is an active multimodal process.

According to this formula, the visual sensations of optical motion that can be
experienced during locomotion are incidental to, first, the visual proprioception of
the body relative to the world, and, second, the visual perception of the world
with the body in it. A piecemeal analysis of the sensations will explain nothing
unless these different (if reciprocal) psychological acts are considered. The
"optical motions" in the field of view probably ought not to be called motions at
all since they are not comparable to either the locomotions of the body of the
motions of objects. (Gibson, 1968a).
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An overall picture of the operation of the receptive mechanisms has been

sketched. The sensory system as a whole does not consist of a number of

mutually exclusive "senses". Hence the classical modalities or "departments of
sense" are in part fallacious, and the classes of "sense data" are questionable.

(Gibson, 1961).

A final question that should be considered here is whether the hippocampus
functions the same, regardless of the overall or moment-to-moment strategy the animal is
using. Any task will vary along with the effectiveness of different strategies use by the
animal. As already discussed, animals will use different strategies during different parts
of the learning process. Yet, hippocampal place-specific firing seems to accompany all
movements in space, whether the strategy employed in random, praxic, or
locale/cognitive mapping-based. For example, place fields are often recorded during
random foraging; a task that no one would argue is hippocampal dependent. That
coupled with the fact that cognitive mapping systems appear to engage in incidental

learning would suggest that on a gross level, the hippocampus is not concerned with

whether or not it is required for performance of a task.

3.9 Chapter summary

Converging evidence across species suggests that self-motion information is important
for generating cognitive maps of extended environments. The specific role of the right
parahippocampal gyrus in humans is consistent with its role in scene memory, while the
hippocampus appears to be critical for extracting allocentric spatial information from

these scenes. This may reflect the linkage of movement with views, much as was
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proposed by J. J. Gibson. The linkage of the hippocampus with locomotor planning
systems may permit trajectories through space to be mentally rehearsed and considered

with respect to goals and the structure of the environment.
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CHAPTER 4
NEUROANATOMICAL ORGANIZATION OF HIPPOCAMPAL
MAPS

A fundamental challenge in cognitive neuroscience is seeing the forest from the trees,
and the burgeoning field of neuroanatomy can make one feel lost in the woods. New
technologies have enabled neuroanatomists to develop an enormous number of facts
about the connectivity and cellular makeup of the brain, but have yet to add much clarity
regarding its function. As a result, one has to be careful about finding the proper scope of
anatomical detail. Nevertheless, without some facts about the connectivity matrix and
input structures, a neuroanatomically plausible model of any system is impossible.

Delving momentarily into the trees, there are a number of anatomical details that are
critical to understanding the function of the hippocampus. These details pertain to the
information presented in the next several chapters, where the generation of the
hippocampal EEG (Chapter 5), sensory correlates of place specific firing (Chapter 6), and
several anatomically-inspired computational models of the role of the hippocampus in
navigation (Chapter 7) are presented.

Finally, it should be noted that the neuroanatomical literature seems to point toward
conservation of the hippocampus across species. While the relative position of the
structure is variable among species, the organization appears to be fairly consistent. The
major species differences in hippocampal function are probably more related to the inputs
to the structure than any substantial differences in the structure’s organization or

computational properties.
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4.1 Anatomical definitions

Some ambiguity exists in the use of the anatomical terms used to describe the
hippocampus. In this dissertation, the term hippocampus proper will refer specifically to
the CA1, CA2, and CA3 subfields. Hippocampal formation will refer here to the set of
regions including the hippocampus proper and dentate gyrus, the entorhinal cortex and
the subicular complex (itself comprised of the subiculum, presubiculum and
parasubiculum). These structures are grouped together based primarily on

neuroanatomical analyses of their interconnectivity. In this dissertation, the term

hippocampus will be used in reference to the entire hippocampal formation.

Figure 4.1: Three-dimensional views of the rat hippocampus. Right: Left superior view of
the rat brain (glass texture) with the hippocampus shown in gold. Top Center: lateral
view. Bottom Center: coronal view. Left: superior with view of the left hippocampus
overlaid. Used by permission, synapses.mcg.cdu.
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Figure 4.1 shows several three-dimensional views of the rat hippocampus. The
shape of the structure is much like a ram’s horn (hence the name cornu Amonnis,
meaning Amonn’s horn, in reference to the cellular fields CA1-3 of the hippocampus).
Because one end of the horn sits near the septum and the other near the anterior temporal

pole, the main axis of the hippocampus will be referred to as the septotemporal axis.

4.2 All roads lead to (and from) the hippocampus

It is often said in jest “All roads lead to the hippocampus”. Neuroanatomically
speaking, at least, the statement is essentially correct; the hippocampus can be considered
the highest level of association cortex. The multimodal nature of hippocampal inputs was
discussed in Chapter 3.

One aspect of hippocampal neural connectivity that is sometimes ignored is that
the roads are two-way. That is, many of the same structures that carry information to the
hippocampus receive projections from the hippocampus. While this is true of the cortical
input, subcortical connections to the hippocampus are less bi-directional.

Because the input and output streams are so complex, it is best to work backward
from the hippocampus to the sensorium. This is the approach that will be taken here.

The review will begin with the three-layer cortex comprising the dentate gyrus,
hippocampus proper, and subiculum and then proceed to the entorhinal, perirhinal and

parahippocampal cortices.
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4.3 Three layer cortex: The dentate gyrus, hippocampus proper and
subiculum

A subset of the hippocampal formation (the dentate gyrus, hippocampus proper
and subiculum) is classified as allo- or archi-cortex. Archicortex is the name given to
cortical structures comprised of 3 layers with a single pyramidal cell layer. Archicortex
is both simpler and phylogenetically older than neo- and iso-cortex. The term allocortex
encompasses both archicortex and paleocortex, both of which develop along with the

olfactory system.

EC deep EC superficial

Subiculum / Dentate gyrus

CAl ¢ CA3

Figure 4.2: Revised trisynaptic circuit. The revised circuit includes the subiculum
and projections of the perforant path to CA3, CAl, and the subiculum. Shown by
circular arrows are the autoassociation projections within the entorhinal cortex,
dentate gvrus, and area CA3.
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The major pathways within the hippocampus proper and dentate gyrus are: (a) the
perforant path originating in the entorhinal cortex; (b) the mossy fibers connecting the
granule cells of the dentate gyrus to area CA3; (c) the Schaffer collaterals of CA3
pyramidal cells that make connections en passant to CA1 pyramidal cells; and (d) the
recurrent excitatory collaterals CA3 pyramidal cells.

The pathway through the hippocampus has often been referred to as the
trisynaptic circuit (EC to the DG, DG to CA3, and CA3 to CA1); however, this amounts
to an extreme over simplification of the real state of affairs. The unidirectional nature of
the original trisynaptic circuit designation does not recognize the important collateral
connections within the hippocampus proper, nor does it recognize the roles of
feedforward and feedback inhibition. A revised trisynaptic circuit should also include the
prominent projection from CA1 to the subiculum and the projection from the subiculum

back to the EC. A revised, yet still vastly oversimplified, diagram is shown in Figure 4.2.

4.3.1 The dentate gyrus

The three layers comprising the dentate gyrus (DG) are the molecular layer
(nearest the hippocampal fissure), the principal cell layer, and the so-called polymorphic
layer located proximally. The principal cell layer of the DG is often called the granule
cell layer because of its preponderance of granule cells. The term dentate hilus is often
used interchangeably with polymorphic layer.

Granule cells are the most abundant neurons in the dentate gyrus. They are

arranged in close opposition and exhibit a characteristic cone-shaped dendritic tree with
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abundant spines. Granule cells give rise to the mossy fiber projection to CA3. This is the
only extrinsic efferent of the dentate gyrus. The mossy fibers also send collateral inputs
to other granule cells through synapses in the inner third of the molecular layer. The
most prominent projection of the mossy fibers is to the mossy cells, which, in turn,
ramify on granule cells throughout the septotemporal extent of the dentate gyrus.

Within the granule cell layer itself are at least five different types of GABAergic
inhibitory neurons (Freund and Buzséki, 1996). One of these cell types completely
surrounds granule cells, and is thus capable of exerting a strong inhibitory influence.
Because of this enveloping shape, Cajal initially termed these cells basket cells.
Inhibitory cells in the hilus are themselves innervated by GABAergic cells (Misgeld and
Frotchser, 1986), and thus form a prominent disinhibition circuit.

Another commonly found, and morphologically striking, inhibitory interneuron in
the molecular layer is the chandelier cell (Kosaka, 1983). These GABA-ergic cells
emerge from the molecular layer, descend through the granule cell layer, and terminate
on the initial segments of multiple granule cells. Thus, chandelier cells are also in a
position to strongly influence the final output of granule cells.

The major cortical input to the dentate gyrus is via the perforant path originating
in layer II of the entorhinal cortex. There is also a prominent septal projection to the
dentate gyrus (Daitz and Powell, 1954). Two separate nuclei contribute to this
projection, the medial septal nucleus and the nucleus of the diagonal band of Broca.

There fibers travel primarily through the fimbria and dorsal fornix.
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4.3.2 CA3

Although CA3 is presented here as having three layers, five layers have been
characterized. These layers are: (a) stratum oriens, containing the basal dendrites of
pyramidal cells; (b) stratum pyramidale; (c) the pyramidal cell layer; (d) stratum
lucidum, containing the mossy fibers; (e) stratum radiatum, where the CA3 recurrent
collaterals terminate; and (f) stratum lacunosum-moleculare, the input zone of the
perforant path.

The hallmark morphological characteristic of CA3 pyramidal cells is their highly
collateralized axons projecting throughout the dentate gyrus and hippocampus proper. By
some estimates, a single CA3 cell contacts up to 30,000 neurons (Ishizuka et al., 1990).
This number includes the recurrent connections (i.c., CA3-CA3). The collaterals also
project subcortically to the lateral septal nucleus. CA3 does not project to the subicular
cortex.

The term Schaffer collaterals refers specifically to the CA3 collateral projection to
CA1. Each CA3 pyramidal cell makes contact over a wide area of ipsilateral and
contralateral CA1 (Li et al., 1994), and further contacts both apical and basal dendrites.
A single CA3 pyramidal cell can distribute along as much as % of the septotemporal axis
of the hippocampus (Tamamaki et al., 1988).

The recurrent collaterals (CA3-CA3) have played a major role in a variety of
computational models of the hippocampus (e.g., Treves and Rolls, 1992, McNaughton
and Nadel, 1989). A single CA3 pyramidal cells contacts approximately 2% of the total

cells in CA3 field; this can be spread over as much as 50% of its septotemporal axis. The
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role of autoassociation in computational models of the hippocampus is reviewed in

Chapter 7.

4.3.3 CAl

While CA3 pyramidal cells send highly collateralized axonal projections
throughout the hippocampus, CA1 cells do not. Instead, CA1 sends its output to the
subiculum and the deep layers of the entorhinal cortex, thus beginning the return route
from the hippocampus to the rest of the brain. CA1 also makes projections to the lateral
hypothalamus (as does CA3).

An important organizing principle of CA1 projections is that levels of CA1 near
the septal pole project preferentially to the retrosplenial and perirhinal cortices, and
subcortically to the lateral septal nuclei and the diagonal band of Broca, while levels near
the temporal pole of CA1 preferentially target the nucleus accumbens. The relevance of
the retrosplenial and perirhinal cortex in navigation was discussed in Chapter 3. Unlike
CA3, CA1 receives little subcortical input.

The projection to the subiculum ramifies in both the pyramidal cell and molecular
layers. This projection is not widely distributed along the septotemporal extent.

Proximal CA1 projects to distal subiculum; distal CA1 projects to proximal subiculum
(Amaral et al., 1991).

In recent years, several direct cortical projections to CA1 have also been

documented, including one from area TE (Yukie and Iwai, 1988; Iwai and Yukie, 1988),

as well as projections from the perirhinal and parahippocampal cortices (Suzuki and
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Amaral, 1990). Suzuki and Amaral (1990) did not replicate the results of Yukie and Iwai
(1988) regarding area TE. It is clear, however, that the entorhinal cortex is not the sole
cortical projection to CA1.

Finally, the pattern of ever expanding associativity apparently ends at CA1l. No

additional recurrent connections are found “downstream” of CA1.

4.3 .4 Subiculum

There is some debate whether the subiculum should be functionally grouped with
the para- and presubiculum under the name subicular complex, or whether the para- and
presubiculum should be considered as part of the entorhinal cortex. There are good
reasons for keeping them separate. First, the subiculum is allocortex, like the
hippocampus proper and dentate gyrus. Further, the para- and presubiculum are closer in
laminar structure to the entorhinal cortex than they are to the hippocampus proper,
dentate gyrus, and subiculum. Moreover, the presubiculum, like the entorhinal cortex,
receives its majority input from the cortex; the subiculum does not.

Both the para- and presubiculum receive strong projections from the anterior
thalamus. Because these connections are unique within the hippocampal formation, and
because the para- and presubiculum receive, predominantly, inputs, Amaral and Witter
(1995) argue that they should be considered as separate from the subiculum and
entorhinal cortex. The immediate discussion is restricted here to the subiculum proper.

In addition to the strong projection from CA1, the subiculum receives

bidirectional (mostly) inputs from a few neocortical and numerous subcortical structures.
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Many of the subcortical inputs are common to the other hippocampal fields (i.e., the
medial septal nucleus and the nucleus of the diagonal band). Additional inputs from the
locus coeruleus, ventral tegmental area and raphe nuclei are common to all hippocampal
fields. A projection from the supramammilary nuclei strongly prefers the subiculum over
other hippocampal fields. These nuclei are potential important in the gating of the
hippocampal theta rhythm (see Chapter 5).

As a major output pathway of the hippocampus, the subiculum projects to both
coritical and subcortical regions. The cortical projections are mainly to the perirhinal and
retrosplenial cortex (Wyss and Van Groen, 1992). Both projections are of interest with
respect to navigation; the retrosplenial projection because of recent work linking it to the
head directional system (reviewed in Chapters 3 and 6), and the perirhinal cortex because
of its potential role in object memory (reviewed Chapter 3).

Importantly, the subiculum is the major source of efferent fiber traveling in the
fornix (Swanson and Cowan, 1977). The fornix connects the hippocampus (in particular,
the subiculum) with the septal area and hypothalamus. A major part of the fornix is the
fimbria, a bundle of myelinated axons that begins as the alveus. Together, these fibers
bundles are commonly referred to as the fimbria-fornix.

The subcortical projections of the subiculum via the fimbria-fornix are to the
lateral septal nucleus and mammillary nuclei (like CA1) and, additionally, to the nucleus
accumbens. Another subcortical prajection of relevance to navigation is the projection to
the lateral hypothalamus. As reviewed in Section 3.1.2.2, stimulation of the lateral

hypothalamus can stimulate locomotion through the reticulospinal nuclei.
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The basal ganglia, of which the nucleus accumbens is a major input structure, is
important for goal directed movement (reviewed in Section 3.1). Thus, the subiculo-
basal ganglia projection is one mechanism through which the hippocampus could initiate

locomotor activity through the release of central pattern generators.

4.4 Entorhinal cortex

The entorhinal cortex (EC) is the major cortical input structure to the dentate
gyrus, hippocampus proper and subiculum. Most prominent among these afferents is the
perforant path. The perforant path originates in the superficial layers (specifically layers
Il and III) of the EC (Witter and Groenewegen, 1984; Amaral and Witter, 1995).
Importantly, neurons in the superficial layers of the entorhinal cortex are modulated by
the theta rhythm (Mitchell and Ranck, 1980; Alonso and Garcia-Austt, 1987a; 1987b).

There is some evidence for functional segregation of the layer Il and layer III
projections. Layer II projects preferentially to the dentate gyrus and CA3, while layer III
projects most strongly to the subiculum and CA1.

A second subdivision that has been proposed for the entorhinal cortex is that
between the lateral and medial components (LEC and MEC, respectively). In the dentate
gyrus, LEC projects to the outer '4 of the dentate molecular layer, while MEC projects to
the middle of the molecular layer. In CA3, MEC and LEC synapse on the distal
dendrites. The CA1 projection appears to be organized along the septotemporal axis,
with LEC projecting to the septal half of CA1 and the MEC preferring the temporal

portion. Both CA1 and the subiculum ramify preferentially in the MEC, thus linking the
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MEC with the return projections. The functional differences among these
cytoarchitectonically distinct divisions remain an area for future research.

The cortical input to the entorhinal cortex is primarily, but not exclusively, from
perirhinal and parahippocampal cortices (Insausti et al., 1987). There appears to be a
segregation of inputs from parahippocampal and perirhinal structures. The perirhinal
cortex projects to the rostral two thirds of the entorhinal cortex and the parahippocampal
cortex projects to the caudal two thirds (Suzuki and Amaral, 1994). There is no reason to
believe that the segregated inputs reflect any particular sensory modality at this point.
Considerable intermixing of modalities occurs before and within the perirhinal and
parahippocampal stages.

The entorhinal cortex has traditionally been seen as the sole source of neocortical
input to the hippocampus. While that is still widely held, new consideration has to be
given to the substantial, but relatively minor, direct perirhinal and parahippocampal
projections to area CA1. Nevertheless, the entorhinal cortex is the dominant neocortical
input structure to the hippocampus. The road out of the hippocampus through the
entorhinal cortex is likewise massive and impacts the entire neocortex.

The hippocampal input to the entorhinal cortex appears to be exclusively from
CA1 and the subiculum. As described above, this projection is mostly strongly
associated with the MEC. The hippocampal-entorhinal projection has traditionally been
considered to be primarily layer V; however, like so many of these “rock solid”
anatomical assumptions, recent evidence has shown it to be only partially true. In

addition to the layer V termination, a substantial termination in layer III has been
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reported in a number of species (Saunders and Rosene, 1988; van Haeften et al., 1995).
The layer III projections are widely thought to be collaterals of the layer V projections.
Moreover, EC layer V neurons also project to EC layers Il and III. Thus, at least two

mechanisms exist for the hippocampus to influence its own input.

4.5 Subcortical inputs

The major subcortical input to the hippocampus is from the septal nuclei, a
collection of nuclei in the medial wall of the cerebral hemisphere that are continuous with
the hypothalamus inferiorly. The septal nuclei are also reciprocally connected with the
amygdala and hypothalamus.

The septal inputs to the hippocampus were first examined in detail by Daitz and
Powell (1954). The two most prominent components of the septal projection are the
medial septum (MS) and diagonal band of Broca (DBB). These septal projections travel
to the hippocampus via four routes: (a) the fimbria; (b) the fornix; (c) the amygdaloid
complex; and (d) the supracollosal stria (Amaral and Witter, 1995). These projections
reach all of the cellular fields of the hippocampus, with a slight propensity to ramify more
densely in the dentate gyrus. The DG projection is predominantly cholinergic (Lewis and
Shute, 1967) and GABAergic (Koéhler et al., 1984).

A second projection of subcortical inputs to the hippocampus is from the cellular
area that sits atop the mammillary nuclei, the supramammillary nuclei (Dent et al., 1983;
Vertes, 1992). The supramammillary projection is almost exclusively to the molecular

layer of the fascia dentata. A few other hypothalamic projections to the hippocampus
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exist (reviewed in Amaral and Witter, 1995) and, like the septal projections, these too
make contacts throughout the cellular fields of the hippocampus.

Noradrenergic projections to the dentate gyrus from the locus coeruleus have also
been documented (Haring and Davis, 1985; Swanson and Hartman, 1975), as have
serotonergic projections via the raphe. Both of these projections and the
supramammillary projection ramify in the polymorphic layer of the dentate. Thus the
polymorphic layer is a site of convergence for a wide variety of subcortical modulatory
inputs; however, they do appear to be segregated within the polymorphic layer (and other
nearby sublayers). For example, the projection from the raphe tends to innervate
interneurons that, in turn, ramify in the distal dendrites of granule cells (reviewed Amaral

and Witter, 1995).

4.6 Chapter summary

The hippocampus is massively associational, with recurrent connections in the
entorhinal cortex, dentate gyrus, and CA3. The long-standing trisynaptic circuit model
has been revised to encompass the additional output role of the subiculum, the recurrent
connections, and the parallel projections of the perforant path to CA3 and CALl.
Consideration must also be given to the potential functional role of projections to CA1

from the parahippocampal and perirhinal cortices.
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CHAPTER 5
THE HIPPOCAMPAL THETA RHYTHM

5.1 Brain rhythms and meaningful oscillations

In 1949, D. O. Hebb outlined his influential theory of a cell assembly (Hebb,
1949). The central tenet of the theory has been paraphrased in recent years as “neurons
that fire together wire together”. The visual image of a bell can be associated with its
sound such that future presentation of the sound will conjure up the image and vice versa.
Hebb’s simple theory is widely accepted, and forms the basis of all neurally relevant
theories of associative memory since.

A well-recognized problem with the distributed nature of a cell assembly is that
brain states (such as the image and sound of a bell) exist across a variety of processing
domains (e.g., color, motion, etc.) most of which are widely separated in brain space.
This is commonly termed the binding problem. Any coherent representation will require
a mechanism to reintegrate all of its disparate components into a unified psychological
percept. The necessity of a binding mechanism is a lingering question in psychology
going back well beyond Hebb to Descartes.

The past 10 years have seen a renewed interest in the role of brain rhythms
(reviewed in Singer and Gray, 1995; Gray, 1995). The proposal that local oscillations in
the 40 Hz range bind together representations among (and within) separate processing

modules has received a good deal of experimental support (Eckhorn et al., 1988; 1993;
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Gray and Singer, 1989; Engel et al., 1991). The utility of this mechanism to solve toy
binding problems is borne out in computer models and simulations (Spoorns et al., 1991;
Tononi et al., 1992).

Opponents of Singer’s proposal, most notably Shadlen (Shadlen and Newsome,
1995; 1998; Shadlen and Movshon, 1999), argue that brain rhythms are just a by-product
of what happens when inhibitory and excitatory elements come into contact with each
other. After all, examples of endogenous oscillations exist throughout the natural world.
The general principle is captured by cyclical the predator-prey relationship described by
the Lotka-Volterra law (Lotka, 1925); more prey yields more predators, yields less prey
and consequently less predators. Fewer predators, in turn, yield more prey. The cycle
continues ad infinitum.

Synchronous oscillations are commonplace in the mechanical world as well. For
example, a wall full of mechanical clocks initially swinging at random will begin to
oscillate in unison after a short period. Few would argue that clock oscillations have any
computational function. Still, the computational neuroscience community (prominent
exceptions noted) seems ready to adopt the idea that brain oscillations are a fundamental
mechanism of computation in the brain.

If local oscillations link together representations in the brain, then there must be
some mechanism for gating them, with, perhaps a pacemaker to drive the overall rhythm.
Unlike the oscillations of clocks, brain oscillations are gated and can be induced and
manipulated with pharmacological stimulation. Characteristic brain oscillations exist in

observable patterns that can be seen to correspond to specific behavioral states. In the



127

neocortex, for example, one gating mechanism is hypothesized to be the thalamus in
conjunction with its outer shell structure, the thalamic nucleus reticularis (Steriade and
Buzsaki, 1990).

Like the neocortex, the hippocampus also exhibits characteristic oscillations.
Indeed, the hippocampal EEG is one of the most prominent signal sources in the brain.
And, as in the neocortex, hippocampal oscillations most likely have important
computational roles. The discovery of phase precession by O’Keefe and Recce (1993)
brought renewed interest in the possible cognitive functions of the hippocampal theta
rhythm (reviewed in sections 5.5 and 5.6). Indeed, there is a fairly long, and
unsuccessful, history of attempting to link theta to cognitive functions (Grastyéan et al.,
1966; Pickenhain and Klingberg, 1967; Adey, 1977; Bennett, 1975; Adey, 1966; Elezar
and Adey, 1967). Of particular current interest is whether the hippocampal theta rhythm
is related to path integration (as described in Chapter 2) and learning.

A number of other brain areas exhibit rhythmicity in the theta band including the
hypothalamus (Slawinska and Kasicki, 1995), entorhinal cortex (Blaszcyk et al., 1996),
superior coliculus (Routtenberg and Traub, 1973), cingulate gyrus (Leung and Borst,
1987) and neocortex (Silva et al., 1991). Thus, there is a natural tendency to think that
theta synchronization represents a more general mechanism through which information is
carried across distributed brain networks. Indeed, the theta rhythm has been proposed to
work in conjunction with gamma oscillations in the solving of the binding problem

(O’Keefe and Burgess, 1999; Kahana et al., 1999)
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Broader implications not withstanding, the theta rhythm is likely to be a key
element in the endeavor to understand the function of the hippocampus. Indeed, the
entire hippocampal formation shows strong modulation and synchronization to the theta
rhythm. Although one could argue endlessly (and some do) about there being little proof
that theta, or oscillations at any frequency for that matter, have a neurocomputational
function, the evidence is sufficiently strong that the theta rhythm must be doing
something important.

Before discussing some of the proposed computational roles of theta rhythm, an
introduction to the hippocampal EEG and theta rhythm is presented. This is followed by
an historical account of failed attempts to link theta to internal mental states and a review
of what is currently known about the neural mechanisms of theta generation. The role of
the theta rhythm in neural computation is then considered. The chapter ends with a
summary of the cross-species relevance of the hippocampal theta rhythm.

5.2 The hippocampal EEG

The hippocampal electroencephalogram (EEG) is most reliably recorded
differentially by placing the tips of a pair of electrodes (signal and reference) at different
depths from the cortical surface. The most common placement for recording
hippocampal theta is with the tip of the reference in a relatively inactive area of cortex
and the tip of the signal probe in the hippocampal fissure. Like all forms of the EEG, the
hippocampal EEG reflects moment-to-moment summation of excitatory and inhibitory

post-synaptic potentials within cellular fields. These fields are oriented within the
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complex geometry of the brain and therefore tend to add and cancel depending on their
component orientations and distances from the recording electrode.

There are four prominent slow wave states observable in the hippocampal EEG:
(a) theta or rhythmical slow activity (RSA); (b) large irregular amplitude (LIA); (c) slow
wave sleep (SWS); and (d) small irregular amplitude (SIA). During waking, the EEG
alternates primarily between the theta and LIA states. LIA is associated with sharp
waves and ripples and occurs when the rat is awake but immobile. Sharp waves reflect
synchronized bursting of the pyramidal cell population and occur during “consumatory
behaviors”, such as eating and drinking, but not during walking (Buzsdaki, 1986; Buzsaki
etal., 1983). Ripples are synchronized population oscillations that occur over sharp
waves and come in two varieties, slow and fast. Slow ripples (around 90 Hz) are thought
to be generated in area CA3 and fast ripples (180 Hz) in area CALl.

The SIA state also occurs during waking, but far less frequently than RSA and
LIA, and only for short periods of roughly 1 s. Of these, this dissertation is concerned
with the theta rhythm and its relationship to self-motion.

Assuming proper placement of the reference, the depth of the signal electrode
within the hippocampus determines what features one “sees” in the hippocampal EEG
(reviewed in Buzsaki, 1986; Skaggs, 1995). The strongest and most reliable theta rhythm
is recorded when the signal electrode is near the hippocampal fissure. An electrode
placed slightly above the CA1 cell body layer will show reduced theta amplitude with

intermittent sharp wave/ripple complexes when the animal enters LIA. Variability and
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uncertainty of electrode placement has led to some notably conflicting results in early

experiments. The issue is of electrode placement is discussed in detail in Section 5.6.

5.3 The hippocampal theta rhythm

The hippocampal theta rhythm is a prominent 4-12 Hz oscillatory pattern in the
hippocampal EEG that reliable accompanies movements in space, the orienting of

attention to environmental stimuli and REM sleep. Figure 5.1 shows representative
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Figure 5.1: The hippocampal theta rhythm. Each row represents a one
second epoch of hippocampal EEG acquired while the animal was walking.
All data are from the same recording session. The x-axis represents time
from 0-1 s. The y-axis is amplitude of the field potential in microvolts. The
characteristic 8 Hz theta rhythm is easily seen in each trace.
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hippocampal EEG traces from the rat. Power in the theta band is greatly reduced when
the animal engages in consumatory behaviors such as eating and drinking.

It is important to differentiate the specific term hippocampal theta rhythm from
the more general term theta rhythm because there are other prominent oscillatory sources
in the 4-12 Hz band that contribute to the theta observed in the cortical EEG. One
prominent secondary source is the anterior cingulate. It is not widely held that these
different forms of theta interact computationally; however, this possibility has not been

explored in any great detail to date.

5.3.1 Discovery of the hippocampal theta thythm

A useful overview of the history of the discovery of theta can be found in Bland
(1986). As cited there, the first to observe hippocampal theta were most likely Saul and
Davis (1933), who were mapping deep brain potentials in response to sensory stimuli
during the nascent years of EEG recordings. They reported ‘regular waves of constant
and definite shape’ near the hippocampus. Saul and Davis’s (1933) report was soon
followed by Jung and Kornmuller (reviewed in Bland), who recorded theta in rabbits
after peripheral nerve stimulation. It is interesting to speculate exactly what Jung and
Kornmuller were hoping to find in their preparation. Regardless, they too reported the
characteristic rhythm seen by Saul and Davis (1933) and linked it specifically to the

hippocampus.
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5.3.2 Early attempts to link cognitive states to the hippocampal theta thythm

Little work was done during the intervening war years until several investigations
began in earnest in the early 1950’s (MacLean, 1952; Green and Arduini 1954; Green
and Adey, 1956). At that time, the hippocampus was still seen as part of the olfactory
system. Anatomical and functional evidence was mounting, however, that the
hippocampus was involved with more than the sense of olfaction (as cited in Green and
Arduini, 1954).

These early studies ushered in a time of intense investigation that was driven
largely by cognitive questions. Unfortunately, many of these attempts fell into the trap of
putting theory before data. Neither the basic behavioral correlates nor the physiological
underpinnings of the system had been established. The interpretation of the
characteristics of the hippocampal theta rhythm within the theoretical constructs of
mental states was premature.

Green and Arduini (1954) stands out among the early studies in terms of the
number of experimental manipulations, number of species used (cats, rabbits, and
monkeys) and the theoretically driven nature of the questions asked. The findings in
those experiments were interpreted with respect to the contemporary literature as
supporting the idea that ascending brain stem projections constitute a general mechanism
of arousal and attention in the brain (Moruzzi and Magoun, 1949).

Given the anatomical evidence for brain stem projections to the hippocampus,

there was a natural tendency to look for a relationship between hippocampal theta and
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arousal. All of Green and Arduini’s (1954) interpretations of their own copious data
were presented within the context of this theoretical perspective.

Green and Arduini (1954) observed that a wide variety of sensory stimuli evoke
theta activity in the hippocampus, and that the threshold for theta activity varied
according to the degree of arousal; that is, a less aroused animal required more intense
sensory stimulation in order to evoke theta. From a comparative standpoint, the drive of
any particular sensory stimulus seemed to follow species appropriate dimensions. For
example, theta evoked by auditory stimulation was largest for cats while olfactory
stimulation was the optimal stimulus for rabbits. The data from monkeys was harder to
interpret (see Section 5.7).

Many other investigators wanted to link theta to different internal mental states.
Theta was proposed to reflect motivation (Grastyan et al., 1966; Pickenhain and
Klingberg, 1967), attention (Adey, 1977; Bennett, 1975) and memory (Adey, 1966;
Elazar and Adey, 1967).

There were a number of attempts to relate theta to learning (Landfield et al., 1972;
Winson, 1978; Givens and Olton, 1990). Landfield et al. (1972) found in rats that the
degree of theta activation following a cued foot-shock avoidance task correlated with the
amount of retention on subsequent trials. Berry and Thompson (1978) reported that the
rate of acquisition of hippocampal dependent eye blink conditioning (using the trace
conditioning paradigm) is correlated with theta power. Winson (1978) found that septal

lesions were only successful in causing spatial memory deficits if they also blocked theta.
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Givens and Olton (1990) showed that infusion of muscimol or scopolamine into
the septum impaired performance on a spatial alternation task. Further, the degree of
performance deficit was correlated with the reduction in theta activity.

Proposed linkages between the theta state and cognition slowly lost favor as
investigators became suspicious of the lack of an operational definition for terms such as
‘motivated’ or ‘aroused’. Also, as will become clear in the next section, the
quintessential behavioral correlate of hippocampal theta, self-movement, turned out to be
confounded with all of the proposed internal states. For example, decreases in motivation
are highly correlated with decreases in movement. In the past several years, a renewed
interest in the internal mentalistic correlates of theta has emerged, particularly within the
context of learning and cognitive mapping.

5.3.3 The link between movement and the hippocampal theta rhythm:
Vanderwolf’s first contribution

Stuck in the forest like everyone else, Vanderwolf took time to go to the top of a
hill and properly survey the landscape. He allowed his experimental animals to perform
a wide variety of natural behaviors while simply making observations and linking them to
the EEG record. It became obvious from Vanderwolf’s new perspective that there were
two types of hippocampal theta: A higher frequency theta band that is most pronounced
during behaviors that displaced the animal in space (including locomotion, rearing up on
the hind legs, jumping and swimming) and a second theta of a lower frequency that
accompanies non-displacement movements such as changing posture, sniffing, grooming,

and small head and paw movements.
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type-I | locomotion, orienting, exploratory sniffing, chewing, licking, rearing,
swimming, digging and postural movements of the head or limbs
type-Il | awake immobility, licking, chewing, teeth chattering, sneezing,
vocalization, shivering, tremor, defecating, rhythmical grooming
movements unaccompanied by posture changes, scratching, pelvic
thrusting, ejaculation, piloerection, and sniffing

Table 5.1: Behavioral correlates of type-I and type-1I hippocampal theta rhythm.

Consistent with the literature of the day, Vanderwolf utilized the term “voluntary”
movements in describing those movements that corresponded with the presence of theta.
This term soon garnered disfavor among behaviorists, including Vanderwolf himself,
who later began referring to the two general classes (Table 5.1) of behavior as type-1 and
type-II.

Irrespective of his dally into the world of the mentalists, Vanderwolf’s
observations begged further questions. Does the same mechanism drive both type-I and
type-II theta, or are there two separate mechanisms that trade off during one or the other
behavior? What is it about movement that is reflected in theta? Some of these questions

are addressed in Chapter 10 of this dissertation.

5.3.1.1 Vanderwolf’s rationale for two theta states

Vanderwolf soon left the hill from which he surveyed the fundamental behavioral
correlates of theta and went back to the forest to start asking specific questions.
Neuroanatomists had known for nearly twenty years that the septum sends a massive

projection to the hippocampus (Daitz and Powell, 1954). This projection had been shown
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to contain cholinergic fibers (Lewis and Shute, 1967). Vanderwolf (1975) was able to
abolish the lower frequency theta that occurred with type-II movements using the
cholinergic blocker Atropine. The higher frequency theta that accompanies type-I
behaviors was insensitive to Atropine. This dissociation was later reconfirmed using
other drugs that interfere with cholinergic function such as Scopolamine (Vanderwolf,
1988).

Since then, experiments have shown that type-I theta is sensitive to serotonergic
blockade, thus providing a pharmacological and behavioral double dissociation of the two
thetas. Type-I theta has also been shown to be sensitive to GABAergic manipulations of
the septum (Allen and Crawford, 1984). A strong projection from GABAergic septal
neurons to hippocampal neurons has been described (Freund and Antal, 1988),
suggesting that the septum can exert a strong influence over inhibitory function in the
hippocampus. Consistent with this hypothesis, stimulation of the septum produces a
short-latency enhancement of population spikes in the dentate gyrus induced by perforant
path stimulation (Bilkey and Goddard, 1987).

It is worth noting that Vanderwolf was not the first to propose that two different
forms of theta might exist. Elezar and Adey (1967) observed a frequency shift from the
3-4 Hz range in still-alert to 6 Hz in cats during goal approach movements. Nonetheless,
it was Vanderwolf who made the cohesive pharmacological, anatomical and behavioral

argument that was to have a profound impact on the issue.
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5.3.1.2 Deconstructing the impact of movement

Once it became clear that movements explained such a large part of the variance
in the power of the theta rhythm, the disparate conclusions from a number of previous
experiments began to make sense. All of the previously hypothesized internal states
turned out to be confounded with movement. One can imagine a number of ways that the
amount of movement would change with cognitive state. For example, an animal that is
satiated would be less likely to move toward a food reward and would thus exhibit less
prominent theta than the same animal when hungry. Thus, the power in the theta band
would indeed correspond with motivation, but not causally.

Despite the challenges of eliminating movement as a confound, some pioneering
efforts were undertaken. Theta was shown to accompany increases in muscle activity
even when that activity did not lead to actual movements (Klemm, 1971), thereby
negating the argument that gross movements per se are necessary for theta.

Black et al. (1970), in a conditioning paradigm, coupled shock with a cue in the
presence or absence of observed hippocampal theta activity. Two experimental groups of
dogs were used. During conditioning, the dogs were temporarily paralyzed with flaxedil,
a peripheral blocker. The animals in the first group were trained to avoid shock in the
presence of the cue by exhibiting theta. The other group was trained to not exhibit theta
in response to the cue. After the flaxedil was no longer paralyzing, the animals were
presented once again with the cue. Those that had previously avoided shock by entering

the theta state made relatively more movements in response to the cue than those that
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were trained to avoid shock by not exhibiting theta. The authors’ conclusion was that
theta is associated with trying to move rather than the actual movement itself.

Using electromyographic (EMG) electrodes implanted in the limb muscles of rats
and EEG electrodes in the hippocampus, Klemm (1971) showed that any non-tonic
increase in muscle electrical activity was reliably accompanied by the presence of
hippocampal theta waves. McFarland et al. (1975) showed a nearly linear relationship
between movement intensity and the occurrence and amplitude of theta waves using a
treadmill apparatus. Subsequent studies using dogs (Arnolds et al., 1979) showed
increases in the frequency of theta with running speed, however, the range of frequency
changes were quite small (i.e., Arnolds et al. showed a change of only 0.3 Hz from the
lowest to highest running speed) and the results do not appear to be reliable because
Czurko et al. (1999), using more advanced technology for measuring theta and treadmill
running speed, found no change in theta frequency with running speed.

An additional important aspect of the Arnolds et al. (1979) experiment concerns
passive movements. In one of experimental conditions, dogs were moved passively
around on a cart during the recording of hippocampal EEG. Passive displacement of the
animal did not result in a stronger presence of theta except when the animal responded to
acceleration and direction changes with postural adjustments.

Two additional experiments that are important to the discussion of the specific
role of motor activity on the properties of the theta rhythm are Whishaw and Vanderwolf
(1973) and Morris and Hagan (1983). In those experiments, hippocampal theta was

recorded during a jumping task in which the rat was trained to jump over a small
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crevasse. Requiring the rat to jump has the advantage of distinct preparatory and action
stages because it involves a more or less stereotyped ballistic movement. Using this
paradigm, Whishaw and Vanderwolf (1973) reported that theta emerges in the moments
preceding the jump and reaches a crescendo at the moment of jumping. Morris and
Hagan (1983) repeated the experiment except that they attached tiny variable weights to
the rat. This allowed muscular effort to be dissociated from motor planning. They found
that the height of the jump corresponded better with the wavelength of theta at takeoff
than the amount of effort (as indicated by the amount of weight). Morris and Hagan
interpreted these findings as supporting a role of theta in motor planning rather than
motoric output.

Another experiment that is also described with regard to place specific firing of
hippocampal single-units in Chapter 6, demonstrated the apparent importance of motor
set in the baseline activation of the theta state (Foster et al., 1989). In that experiment,
rats were first trained to tolerate mild restraint by being wrapped snugly in a towel and
then passively transported around an environment. RSA power was compared between
non-restrained and restrained passively (i.e., manually) transported trials. Theta was
found to be equivalent in both locomotion and passive movement conditions but was
almost completely abolished in the restrained condition. The authors interpreted the
reduced power in terms of motor set, concluding that mental preparation for movement is
essential for the presence of the theta rhythm.

In conclusion of this section, a conflicting story remains regarding the relationship

between actual movement, planned movement, and the theta rhythm. On the one hand,
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some experiments indicate that the preparatory component of movement is the critical
factor in the presence of theta (e.g., Morris and Hagan, 1983; Foster et al., 1989) yet on
the other hand, movement itself continues to have explanatory power (e.g., McFarland et
al., 1975; Czurko et al., 1999). In Chapter 10 of this dissertation, evidence is given for

the integration of both positions.

5.3.1.3 Phase locking of the theta rhythm to non-spatial behaviors

A number of experiments have examined phase locking of theta waves with the
onset of certain behaviors (Komisaruk, 1970; Macrides et al., 1982; Bufio and Velluti,
1977; Semba and Komisaruk, 1978). Komisaruk (1970) showed that the hippocampal
theta rhythm in rats is linked to myostatial sniffing (Komisaruk, 1970). Rats’ vibrissae
sweep rhythmically in synchrony with respiration, which, during sniffing, has a
frequency similar to that of the theta rhythm. The vibrissac movements were often, but
not always, synchronized with the theta rhythm.

There are some problems with making a causal link between these two rhythmic
activities, however. Anyone who has observed the turn signals of a line of cars waiting to
make a turn can attest to the momentary phase locking that occurs among the blinking
lights. Indeed, any weakly coupled (or even non-coupled) pair of oscillators will exhibit
this phenomenon.

The phase relationships of the theta rhythm during myostatial sniffing were
examined more qualitatively in hamsters (Macrides et al., 1982). In that analysis, the

cycle-to-cycle frequencies were shown to be largely independent, but there was a
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tendency for the two oscillations to exhibit a fixed phase difference. There may exist a
systematic relationship between limb and vibrissae movements that can account for the
data.

Phase locking of movements to the theta rhythm was also examined using a bar
press and release as a high-temporal resolution measure of the movement (Bufio and
Velluti, 1977; Semba and Komisaruk, 1978). The results of the two studies are
somewhat at odds with each other, especially regarding button releases. Button presses
showed a strong tendency to be phase locked to the peak of the theta rhythm in both
studies. Semba and Komisaruk reported the release to be locked 180 degrees from the
peak while Bufio and Velluti found no such relationship. In a more recent experiment
using train-driving rats, Terrazas et al. (1997) also showed, in the context of navigation, a
strong tendency for both button presses and releases to be locked to the theta rhythm. In
light of phase shifts observed at different electrode depths (see Section 5.4.2), phase

locking of events to the theta rhythm may, in fact, be depth dependent.

5.4 Neural mechanisms of the hippocampal theta rhythm

At the onset, it is necessary to distinguish between current generators and rhythm
generators. A current generator refers to currents across the cell membrane that are
responsible for the recorded field potential. A rhythm generator is a mechanism for
gating the rhythmic state and controlling its frequency.

Current generators have three primary mechanisms: (a) as a result of the

interactions of excitatory and inhibitory neurons; (b) inheritance in response to a
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prominent oscillatory input; and (c) intrinsic as occurs in heart muscle. Traditionally,
inheritance and excitatory-inhibitory interactions have been most frequently postulated as
the major current generators of hippocampal theta. Recent evidence, however, indicates
that intrinsic mechanisms may also contribute to theta oscillations within the
hippocampus (Leung and Yim, 1986; Kamondi et al., 1998). Several studies have
demonstrated the existence of intrinsic oscillators in layer Il of the entorhinal cortex
(Alonso and Llinas, 1989) and the medial septum diagonal band of Broca (Alonso et al.,
1996; Serafin et al., 1996).

The rhythmic generators are thought to be of two basic forms; pacemakers that
provide rhythmic inputs and enablers that “hold back” or “permit” endogenous
oscillations until activated. Although the pacemaker model has been the core of most
models of thythmic generation, recent work has also examined the role of permissive
gating.

An early model by Petsche et al. (1962) put forth a basic framework of how both
rhythmic and current generation of theta might work within a single cellular field. The
model assumed the pacemaker form of rhythmic generator and was put forth at a time
when it was thought a single current generator in area CA1 was the source of the field
oscillations. The initial model has been modified substantially in recent years, yet
remains a fundamental starting point for the more complex models. The model also
assumes that the extracellular field is generated by the concurrent summed activities of
excitatory inputs to the distal dendrites via the perforant path (the “sink”) and inhibitory

inputs to the soma via the septum (the “source”).
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In the updated model, GABAergic subcortical inputs (rather than cholinergic
inputs as originally proposed) from the medial septum and the diagonal band of Broca
(MS-DBB) provide phasic modulation to hippocampal pyramidal (and granule) cells as
well as nearby inhibitory basket cells. These inputs act to rhythmically hyperpolarize
both the target pyramidal cell and its inhibitory basket cell.

Additional subcortical cholinergic inputs provide a slow depolarization of the
pyramidal cell near the soma, as well as the inhibitory basket cell. Rhythmical excitatory
inputs from the entorhinal cortex (again, via the perforant path) act as a sink in the distal

dendrites of the pyramidal cell.

5.4.1 Recent challenges to the Petsche et al. model

As pointed out by Buzsaki (2002), experimental evidence from recent years poses
some problems for the classical and updated classical model of Petsche et al. (1962). For
one, the observation of phase precession (reviewed in Section 5.6) shows that the
preferred firing phase for pyramidal cells is not fixed, but instead changes systematically
as a function of the animal’s position in space. Moreover, the discharge of action
potentials in CA1 corresponds strongly to the negative phase of theta at the soma rather
than the positive phase. Thus, while the source and sink do appear to be coupled, the
observed firing phase is at odds with the model’s prediction.

A further issue concerns the simplicity of the interneuronal networks contributing
to the theta rhythm. Hippocampal interneurons are more richly interconnected than

previously thought, and therefore the mechanism through which they entrain theta may
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be considerably more complex than proposed. Moreover, the hippocampus, entorhinal
cortex, and MS-DBB appear themselves to be bidirectionally interconnected. Therefore

the strict pacemaker model may need substantial modification.

5.4.2 Evidence for at least two generators of hippocampal theta

As mentioned in Section 5.4, the Petsche et al. (1962) model was developed at a
time when it was assumed that a single current generator was responsible for the
hippocampal theta rhythm. It is now widely accepted that there are at least two current
generators. After a short discussion of the challenges in resolving current generators, an

analysis of the multiple current generator hypothesis is presented.

5.4.2.1 The problem of scope in determining the neural mechanisms of theta

Needless to say, the rationale behind linking depth profiles to their proposed
dipole sources is complex and based on the biophysical properties of dipoles in a fluid
medium. A short summary is presented here but a more detailed treatment is available
clsewhere (Fox et al., 1983; Skaggs, 1995).

As in the cortical EEG, with distance comes source ambiguity. Measuring the
EEG over a large area introduces a problem that is often termed the inverse problem.
Many configurations of generators can produce the same measured fluctuations in the
EEG. The problem is akin to multiplexing five or six rapid jazz recordings and asking
which notes came from which record. Some sort of a priori assumptions can be made

(Charlie Parker plays extremely fast and over a wide range, Monk likes discordant notes,
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etc.) or the answer can be arrived at through triangulation, perhaps turn down the volume
on most of the channels and study them one or two at a time. Both approaches have their
problems, but when one does not know what assumptions to make, triangulation is the
place to start.

Green et al. (1960) first introduced the idea of using depth profiles as a way to
uncover the generator(s) of theta. They found that RSA dorsal to the CA1 pyramidal cell
layer was 180° phase reversed with RSA ventral to this level. The authors reported two
amplitude maxima, one dorsal to the border of the pyramidal cell layer and the other at
the distal extreme of the apical dendrites. The presence of two maxima was interpreted
as suggesting a single dipole generator for theta in CAl. There is now substantial
evidence that this interpretation of the data was incorrect.

The consensus since the 1970’s continues to be that there are at least two current
generators of the hippocampal theta rhythm, one in CA1 and the other in the fascia
dentata. This idea was first put forth by Winson (1974). Indeed, most recent thinking on
this issue suggests several current generators (Buzsaki, 2002), the classical dual
generators, plus an additional generator in the CA3 recurrent collaterals. The CA3
generator is thought to contribute to the theta observed in both areas CA1 and CA3.
Therefore, a portion of the theta rhythm observed in CA1 is inherited. The nature of the
interaction between the inherited and the endogenously generated forms of theta is

unknown at this time.
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5.4.2.2 Evidence for at least two generators of hippocampal theta

After a careful review of the depth profile, Winson (1974) proposed that there are
two generators of RSA in the hippocampus, one among the pyramidal cells of CA1, as
originally proposed by Green et al. (1960), and another located in the dorsal blade of the
dentate gyrus in the stratum moleculare (Winson, 1974). These generators were termed
the dorsal and ventral generators, respectively. Part of the evidence for two generators
cited by Winson stemmed from the fact that the true location of the ventral amplitude
maxima is more ventral than originally reported (Green and Arduini, 1954; Green et al.,
1960). Careful analysis has placed the ventral amplitude maxima substantially below the
hippocampal fissure in the dentate molecular layer.

The Winson (1974) findings were independently confirmed in acute and
chronically implanted rats (Bland and Whishaw, 1976). One important assumption is that
the hippocampal generators form electric dipoles as opposed to monopolar fields.
Evidence for this is based on the morphology of hippocampal pyramidal neurons in that
they receive abundant distal excitatory synaptic contacts and proximal inhibition, as well
as the fact that hippocampal EEG is volume conducted to distant parts of the brain (Fox
et al., 1983).

Given that assumption, the analysis proceeds as follows. Any electrode passing
through a fluid medium containing a single dipole (oriented along the electrode path) will
encounter two amplitude maxima. If more than one dipole is present (again, all oriented
along the path of the electrode) and all are well separated in space, then the electrode will

encounter two amplitude maxima per dipole as it moves through the fluid. In the brain,
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however, the dipoles are not necessarily well separated in space. As a result, the dipole
contributions will either add or subtract from each other depending on their polarities,
amplitudes, phases, and relative distances from the electrode.

In the case of the hippocampus, it appears that the ventral and dorsal dipoles are
opposed to each other and arc out of phase by 180°. Therefore the signal amplitudes
partially cancel each other over a good portion of the overlapping zone between the
dipole sources. A configuration that would normally yield four amplitude maxima in a
well-separated configuration, actually appear as two amplitude maxima. Indeed,
according to Skaggs (1995), a smaller third maxima is evident in the original papers.

Additional evidence for the two generator hypothesis stems from the well-
established fact that both CA1 and dentate neurons fire in bursts that are phase locked to
the local theta rhythm (O’Keefe and Dostrovsky, 1971; Ranck, 1973; O’Keefe, 1976;
Bland et al., 1980). The oscillations appear to depend on excitatory inputs to pyramidal
cells because application of a glutamatergic antagonist abolishes the theta rhythm
(Destrade and Ott, 1980).

Indirect evidence that the theta generators exist within the hippocampus stems
from the ability to generate theta waves in hippocampal brain slices by application of the
cholinergic agonist carbachol (Malisch and Ott, 1982; Rowntree and Bland, 1986;
Lawson and Bland, 1993) and even in dissociated neurons in vitro (Maclver et al., 1986;
Leung and Desborough, 1988, MacVicar and Tse, 1989).

In summary, there is good reason to believe that the theta rhythm has at least two

generators and is the result of the synaptic activities among interconnected inhibitory and
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excitatory neurons within the CA1 and dentate gyrus cellular fields. This is referred to as
the classical theta generator model. Recent evidence (described in 5.4.suggests an
additional current generator in the CA3 collaterals. Following a review of the pace
maker mechanisms of the two generators, a discussion of the proposed computational

role of the two generators is presented.

5.4.3 External modulators of the theta rhythm

From the early studies of Green and Arduini (1954) it was clear that stimulation
of a large number of areas could produce theta rhythms in the hippocampus. Initially,
investigators were looking for brain stem mechanisms that enable theta. These RSA
gating regions include the midbrain tegmentum, hypothalamus, intralaminar nuclei of the
thalamus, preoptic region and septum. Cortical contributions from the entorhinal cortex
were recognized later (Vanderwolf and Leung, 1983).

The brain stem modulators appear to act through a combination of slow
cholinergic mechanisms, hypothesized to play a modulatory role, and fast GAB Aergic
transmission, the role of which is not clear. The slow modulators are most likely to be
responsible for shifting between oscillatory states. Efferent fibers from the RSA gating
areas gather, and ultimately reach the hippocampus, through the fimbria-fornix.

An carly study reported that lesions of the entorhinal cortex eliminate the theta
induced by sensory stimulation (reviewed in Vanderwolf and Leung, 1983), however, a
failure to replicate followed (Adey et al., 1956). Given evidence for dual generators,

Vanderwolf and Leung conducted a more systematic study of the effects of entorhinal
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lesions of hippocampal theta. In entorhinal lesioned animals, RSA was not encountered
dorsal to the CA1 pyramidal cell layer. The RSA recorded in the hippocampal fissure
was similar to that in control rats except that theta in the entorhinal rats did not invariably
accompany walking as it did in normal rats. In particular, the reduced reliability was
restricted to the higher end of the frequency that accompanies walking. The 6-7 Hz theta
that accompanies head movements was still consistently present.

Rats with entorhinal lesions also showed an interesting response to the
administration of atropine. In normal rats, atropine does not abolish the RSA recorded in
the region adjacent to the hippocampal fissure nor near the dorsal generator. The theta
that remained near the hippocampal fissure became atropine sensitive in rats with

entorhinal lesions.

5.4.3.1 Pacemaker mechanisms

A relevant question is whether there are multiple pacemakers for theta and, if so,
what networks of structures contribute to this function. A pacemaker is defined here as
an external system that controls the frequency of a rhythm. Two structures in particular
seem to be critical as pacemakers of theta, the media septal nuclei and the
supramammilary nucleus. As with type-I and type-1I behaviors and Atropine sensitive
and insensitive categories, a reasonable question is whether the proposed dual theta
generators can likewise be dissociated. Some evidence exists that there are indeed two
partially independent pacemakers of hippocampal theta (Vanderwolf and Leung, 1983).

This evidence is reviewed immediately below in section 5.4.3.2.
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5.4.3.2 Evidence for independent rhythmic generators

As stated in section 5.4.2, characteristics of the hypothesized dual dipole
generators, (especially current density and geometric orientation) affect the phase and
amplitude values obtained in the depth profile. In other words, it is likely that the current
generators in fascia dentata and CA1 blend together through volume conduction. This
affects the depth profile regardless of what degree the two are independent, and makes
the dissociation of the hypothesized rhythmic generators more difficult.

There is some evidence that lesions of various parts of the medial septum can
selectively affect the dorsal and ventral theta dipoles (Sainbury and Bland, 1981;
Monmaur, 1982). This is consistent with the anatomical evidence because septal
projections to CA1 mostly originate in the vertical limb of the diagonal band of Broca
and projections to the dentate gyrus from the medial septum proper. Thus, the idea that
the medial septum is the final common pathway is probably not correct. The evidence
points to segregated inputs from at least two separate pacemaker circuits.

On the other hand,pure independence of the rhythmic generators does not appear
to be the case either. Selective lesions of the dentate granule cells through exposing the
animal to X-irradiation does not completely abolish the theta rhythm recorded in the
ventral zone, even though these lesions destroyed 94% of the granule cells (Whishaw et
al., 1978). Several reasonable interpretations exist for the phenomenon: (a) the dorsal
generator leaks into the ventral zone through volume conduction; (b) there are some
parallel inputs to both generators; (c¢) inheritance from extrahippocampal theta oscillators;

and (d) intrinsic oscillations.Regardless of whether there are multiple pacemakers of the
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theta rhythm, the pacemaker inputs must pass through the medial septum-diagonal band
of Broca (MS-DBB). Lesions of the MS-DBB abolish the theta rhythm in both freely
moving and paralyzed animals (Green and Arduini, 1954). Likewise, transection of the
fornix, the main output pathway of the MS-DBB and a major input pathway to the
hippocampus, abolishes the theta thythm (Green and Arduini, 1954; Anchel and
Lindsley, 1972). The effect is not likely due to interference with fibers of passage,
because infusion of the GABA, agonist muscimol into the septum similarly eliminates
hippocampal theta (Allen and Crawford, 1984).

Moreover, MS-DBB neurons burst rhythmically in synchrony with the
hippocampal theta rhythm (Stumpf et al., 1962). This bursting persists in the presence of
certain drugs, such as LSD, that block the hippocampal theta rhythm. Cooling the
fimbria has the effect of abolishing hippocampal theta without interrupting the
rhythmicity of the septal neurons.

Another important rhythmic projection to the hippocampus is the
supramammilary nucleus of the thalamus (SUM), which projects to the dentate gyrus
(Vertes, 1992). Theta oscillations in the SUM were shown to be persistent, even after
inactivation of the medial septum (Kirk and McNaughton, 1991; 1993). Injection at or
below the SUM affected both the amplitude and frequency of evoked theta (Kirk and
McNaughton, 1993), while injections above SUM affected only the amplitude of theta.
Further, the SUM pacemaker appears to contribute to movement related (type-I) theta

(Lawson and Bland, 1993).
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Historically, the pacemakers regions described above have been part of what is
often termed the basal forebrain cholinergic system. Experiments have suggested that the
cholinergic input to the hippocampus helps to regulate the overall level of excitability
(Cole and Nicoll, 1983). GABAergic cells also play a major role in the theta rhythm
(Allen and Crawford, 1984; Alvarez-Lecfmans and Gardner-Medwin, 1975; Freund and
Antal, 1988; Kohler et al., 1984; Wainer et al., 1985). GABAergic projections appear to
connect to inhibitory interneurons in the hippocampus. Thus the projection is considered

disinhibitory.

5.5 Relationships between the theta rhythm and single unit activity

The activities of the vast majority of hippocampal neurons are modulated by the
theta rhythm (Green and Machne, 1955; Green et al., 1960). This modulation is most
pronounced for interneurons, but is also quite prominent in pyramidal cells. Although
rare, some inhibitory cells greatly reduce their activities in the presence of theta (Fox and
Ranck, 1975; Buzsaki et al., 1983; Mizumori et al., 1990). For this reason, these cells
have become known as “theta off” cells.

Pyramidal cells exhibit an intracellular rhythm that is phase locked to the local
theta rhythm (Fujita and Sato, 1964; Artemenko, 1973; Fox et al., 1986). Conversely, the
intracellular oscillations of isolated CA1 inhibitory interneurons have been shown that
these cells fire preferentially at the trough of the local theta rhythm (Artemenko, 1973;
Fox et al., 1986). Part of the results of Artemenko (1973) and Fox et al. (1986) are at

odds with those of Buzséki et al. (1983). In the Buzsaki et al. (1983) study, CA1
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pyramidal cells tended to fire at the negative phase of local theta and interneurons near
the positive phase. As discussed in Section 5.4, the electrode depth-phase relationship is

likely the source of the conflicting results.

5.6 Phase precession

O’Keefe and Recce (1993) reported a systematic relationship between the theta
rhythm and place-specific firing of hippocampal pyramidal cells. The phase of the theta
rhythm at which a pyramidal cell fires action potentials was shown to advance gradually
to earlier phases of the theta cycle as the rat passes through the place field. This
phenomenon was termed phase precession. O’Keefe and Recce’s (1993) initial findings
were examined in far greater detail by Skaggs (Skaggs, 1995; Skaggs et al., 1996).

The basic phenomenology is as follows. As a rat enters the firing field of a place
cell, the cell begins firing approximately 90° - 120° after the peak of the theta rhythm. As
the animal passes through the field, the spikes tend to occur at earlier and earlier phases,
sometimes passing through a complete 360° as the animal leaves the field.

In Skaggs (1995) elaboration, phase precession was shown to be a robust
phenomenon, occurring in nearly every active CA1 pyramidal cell. Furthermore, Skaggs
(1995; Skaggs et al., 1996) showed that phase precession is also present in the dentate
gyrus as well. Importantly, the dynamics of the phase precession were different between
CA1 and dentate granule cells; granule cells were typically silent during the earliest

phases of theta (a phase at which CA1 pyramidal cells were beginning their “phase
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ascent”). Once the granule cells began to precess, they ascended more rapidly than CA1l
pyramidal cells such they both end the “race” at approximately the same phase.

Based partially on these findings, Yamaguchi and colleagues have proposed a
two-component model of phase precession (Yamaguchi et al., 2002). This model is

discussed in Chapter 12 and 13.

5.6.1 Neurocomputational functions of phase precession

While the basic description of phase precession is widely accepted, the
neurocomputational role, if any, of phase precession is not known. O’Keefe and
colleagues (O’Keefe and Recce, 1993; O’Keefe and Burgess, 1999) argue the rather
straightforward idea that phase precession provides more information content to a given
spike (i.e., the conjunction of the spike and its phase carries more information than the
spike alone). Not surprisingly, position reconstruction (predicting the moment-to-
moment location of a rat based on the activity of place cells) is improved by the
incorporation of firing phase (Jensen and Lisman, 2000).

However, O’Keefe and Burgess (1999) also argue that the computational function
of phase precession is similar in many ways to the proposed organizing function of
gamma oscillations in neocortex (reviewed in Section 5.1). Thus, hippocampal theta and
single-unit firing could represent global stimulus properties of the environment. This
representation would presumably also resonate with non-hippocampal theta oscillators

resulting in the multisensory experience of presence in space (i.e., being there).



155

Phase precession is also important given recent evidence of a relationship
between phase of stimulation and long term potentiation (LTP) (Christie et al., 1995;
Greenstein et al., 1988; Orr et al., 2001; Pavlides et al., 1988). LTP is the likely
physiological mechanism of long lasting memory in the brain and can be considered the
neural equivalent of Hebbian learning (reviewed in McNaughton and Nadel, 1989).

A long-standing issue in the LTP literature is the hitherto extreme stimulation that
is required to induce LTP. In one early experiment, Rose and Dunwiddie (1986) used
short bursts of stimuli separated by 200 msec (equal to cycle duration for a 5 Hz wave) to
induce fairly robust LTP at the Schaffer collaterals. These results have been replicated
several times (Larson and Lynch, 1986; Diamond et al., 1988). A caveat to the
interpretation was issued by Mott and Lewis (1991), who pointed out that the most likely
mechanism for these results is a suppression of feedforward inhibition more than the
activation of NMDA receptors per se. Furthermore, 200 msec seems to be the optimal
delay between stimulation. This is considerably slower than the type I theta frequency
(~125 msec). Finally, LTP stimulation protocols are massively synchronous. Such
stimulation would only be found during a seizure.

More convincing evidence for a relationship between learning and theta came
from studies where LTP stimulation was delivered at or near the peak of the local theta
rhythm. The first of these studies was performed by Pavlides et al. (1988), who were
able to potentiate the perforant path projection more easily by stimulating on the positive

phase of the local theta rhythm compared to other phases. Huerta and Lisman (1993;
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1996) demonstrated a similar effect in the slice, and further showed that stimulation at the
negative phase of the local theta rhythm produced depotentiation of the synapses.

Orr et al. (2001) showed that LTP is modulated by the type-I theta rhythm.
Therefore, in the context of spatial behavior, those spikes that occur in the center of the
firing field will carry more weight (from the Hebbian perspective of the individual cell
and ensemble) than those spikes occurring at the edges of the firing field. Indeed, if the
LTD evidence were correct, the spikes occurring at the edges of the field would tend to
depotentiate the cell. However, no such depotentiation effect was found in Orr et al.
(2001).

The link between theta, single-unit firing, and memory for spatial trajectories
becomes more even compelling when one considers the place field expansion effect
reported by Mchta, et al. (1997). In that experiment, the center of the place field was
shown to shift against the direction of movement of the rat on each subsequent lap.

Phase precession itself does not appear to be dependent on NMDA receptor-mediated
LTP (Ekstrom et al., 2001); however, this does not mean spikes occurring at the peak of
theta do not preferentially contribute to alterations in the synaptic weight matrix.

Following Abbot and Blum (Blum and Abbott, 1996), Skaggs et al. (1996)
proposed that phase precession organizes the temporal sequence of place (or other)
activities on a time scale more compatible with LTP. In this model the phase relationship
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 | ABC| BCD |
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BCD| CDE | CDE | DEF | ... with the vertical bars representing the end of the theta cycle
(adapted from Skaggs et al., 1996).

Temporal compression may be important in the place field expansion
phenomenon (Mehta et al., 1997) and may be critical for organizing place cell firing for
optimal synaptic modification. Indeed, such a mechanism would be useful in encoding
sequences that become routes, much in line with the Hullian S-R-S mechanisms
described in Chapter 2. Thus, phase precession may provide a mechanism through which
routes are encoded on top of the cognitive map itself. This would seem to make an

interesting resolution to the classic debate of Tolman and Hull.

5.6.2 Physiological mechanisms of phase precession

In their original report on phase precession, O’Keefe and Recce (1993) proposed
that the intrinsic tendency of CA1 pyramidal cells to fire at a slightly higher frequency
than its external modulators is the source of phase precession. This is indeed what one
would observe with a pair of coupled oscillators running near the same frequency.
Skaggs (1995) rejected that argument because it did not account for phase precession in
the dentate gyrus. However, this may be an overzealous application of Occam’s Razor
because there is no guarantee that phase precession does not occur independently (or
quasi-independently) in both the hippocampus proper and the dentate. Skaggs (1995)
considered that phase precession might be generated in the entorhinal cortex and passed

to the hippocampus and dentate gyrus through “inheritance”.
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Several authors have proposed environment-driven models of phase precession
(Tsodyks et al., 1996; Wallenstein and Hasselmo, 1997; Jensen and Lisman, 1996).
These models share many theoretical underpinnings of J. J. Gibson’s theories of space
perception (reviewed in Chapter 2). The Jensen and Lisman model is interesting in that it
proposes a more complex relationship between theta and gamma oscillations.

Interestingly, strong gamma oscillations can be measured in the superficial dentate gyrus.

5.7 Theta rhythm in humans and other primates

Because the hippocampus is anatomically conserved across mammalian species,
the question arises as to whether its characteristic oscillations are similarly conserved. If
they are, a great body of work acquired using rodents can be applied to primates and
humans. As discussed in Chapter 1, application of the basic science to medicine and
technology is an important goal (although certainly not the only goal) of the entire
endeavor of cognitive neuroscience.

There are a great number of technical challenges to studying the theta rhythm in
humans and other primates. Ambiguity about the source of rhythms is a constant
problem, particularly in humans where scalp surface recordings dominate. The source
localization issue is particularly difficult with regard to the theta rhythm because there is
a substantial generator of theta frequency oscillations in the anterior cingulate. The
second generator, which may or may not have a related computational role with
hippocampal theta, obscures the potential contribution from the hippocampal generator.

During certain tasks, the posterior theta generator (presumably hippocampal) can be
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dissociated from the anterior generator (presumably originating in the anterior cingulate).
For example, the anterior generator appears to be dependent on memory load (Gevins et
al., 1997).

Depth measurements in humans are often recorded during resection of the medial
temporal lobe for the treatment of epilepsy. The placement of the electrodes is based on
clinical utility above all else and, as a result, more variability is inherent in the data.
Other problems are inherent in these types of studies, such as screening for interictal
events and the fact that the nearby structures are implicated in the pathogenesis of the
disease. Experimental manipulations are further limited because patients are hospitalized
and under treatment for a severe medical condition.

Among the first to use the depth electrode technique in humans, Sano et al. (1970)
reported that electrical stimulation of the hypothalamus in humans produced theta activity
in the hippocampus. This was later shown in the rat (Sano et al., 1973).

Using a fairly large (for these types of studies) sample of sixteen epileptic surgical
patients, activity in the 4-7.5 Hz band was shown to increase during an auditory word
task compared to an eyes closed resting condition (Meador et al., 1991). No difference in
theta band activity was reported between a visuo-spatial task and an eyes open control
condition. Importantly, the differences in the control conditions somewhat cloud the
interpretation of this data.

The second major (and possible most severe) oversight in establishing the
existence of hippocampal theta in humans and other primates is the nature of the tasks

used to elicit theta. With the exception of rats, there has been a near complete lack of
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emphasis on the freely behaving animal. The reason for this is that recording from freely
behaving primates is challenging in the extreme. Human subjects, while generally more
cooperative, are usually not mobile during surgical prep. Unless extreme measures are
taken, freely behaving monkeys will attempt to unplug or otherwise damage the
headstage.

Recent experimental results provide more credence to the idea that the human
theta rhythm may share some properties with that of the rat (Kahana et al., 1999; Caplan
et al., 2001). In the Caplan et al. study, a preponderance of posterior theta activity (as
observed O’Keefe and Burgess, 1999) was associated with the length (complexity) of the
maze. In a rebuttal, Kahana et al. (1999) noted that the posterior emphasis was
confounded with electrode placement, which was not systematically enforced due to the
individual variability in surgical approach.

In summary, no experiment has yet to establish the existence of human
hippocampal theta that is movement dependent like the well-studied type-I theta rhythm
in the rat. Somewhat surprisingly, better evidence exists for theta in humans than in
primates. If hippocampal theta does indeed exist in humans, it would be surprising that
the rhythm would skip non-human primates. Therefore, the applicability of the rat data to

humans would seem to be a promising future avenue of research.

5.8 Chapter summary

The hippocampal theta rhythm is a prominent 4-12 Hz brain oscillation present in

possibly all mammals (although some lingering debate concerns the presence of theta in
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humans and other primates). In the rat, theta reliably accompanies movements displacing
the animal in space. Thus, a hypothesized role for the theta rhythm is in the updating of
the spatial representation in the hippocampus (O’Keefe and Nadel, 1978; McNaughton
and Nadel, 1989; McNaughton et al., 1996). The theta rhythm may also play a part in
sequencing memories and the windowing of Hebbian synaptic enhancement on top of the
hypothesized cognitive map.

The exact computational role, if any, of the theta rhythm remains a mystery.
Because the rhythm is such a prominent feature of the mammalian EEG, there has been a
tendency to assume that it has a neurocomputational purpose. While, the theta rhythm
has been studied extensively in rats yet the application of this vast body of research to

humans remains an unmet challenge
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CHAPTER 6
SENSORY CONTROL OF PLACE-SPECIFIC FIRING

6.1 General description of hippocampal place cells

Hippocampal pyramidal cells in the rat exhibit receptive fields for the position of
the animal in the environment. That is to say, the firing rate of a pyramidal cell increases
dramatically (from near 0 to 10-20 Hz, or more) when the animal passes through one or
more specific locations within the environment. These spatially dependent receptive
fields are known as “place fields” (O’Keefe and Dostrovsky, 1971; O’Keefe, 1976).
Because every pyramidal cell in the hippocampal formation appears to be sensitive to
spatial location, the pyramidal cells are often referred to as place cells.

The validity of the place field description is clear to anyone who has recorded
hippocampal pyramidal cells in the freely moving rat; as the rat moves through the place
field, the familiar crackle of cell firing is easily heard on the audio monitor. Otherwise,
the cell is surprisingly quiet and can remain so for tens of minutes if the rat does not enter
the field.

Perhaps the most compelling demonstration that hippocampal pyramidal cells
comprise a neural code for the spatial location of the rat in space is the demonstration that
it is possible to reconstruct and predict the rat’s position in space at any time by sampling

a reasonably large population (~100) of active pyramidal cells and feeding their joint
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activities into various computational algorithms (Brown et al., 1998; Wilson and
McNaughton, 1993; Zhang et al., 1998).

Thus, while it is impossible to prove that the optimal stimulus for hippocampal
pyramidal cells is spatial location, the evidence is pretty strong. The more relevant

question is “what is it about spatial location that makes a pyramidal cell fire?”

6.2 The conundrum over sensory cues and place-specific firing

In the thirty years since place fields were first discovered by O’Keefe and
Dostrovsky (1971), a fundamental question has remained unanswered: What are the
necessary and sufficient stimulus conditions for place-specific firing? The reasons for
this impasse are multifaceted and reflective of the general challenges inherent in science.

The nature of the terms necessary and sufficient is central to the problem
addressed in this chapter. The use of these terms has its basis in philosophy and logic.
As so many of us are painfully aware, having a lottery ticket is a necessary, but certainly
not a sufficient, condition of winning the lottery. A sufficient condition is comprised of
the complete set of necessary conditions. Thus, one has to have a ticket AND not lose it
AND get the winning numbers, etc. in order to win. The rules for satisfying necessary
and sufficient are defined as follows:

A is necessary for B if and only if B can’t occur without A. Whenever you have
B, you have A.

A is sufficient for B if and only if A guarantees B. Whenever you have A, you
have B.
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In the language of logic, all of the necessary conditions for winning the lottery
can be considered jointly sufficient and each condition is individually necessary.

The individuals who first began to investigate place-specific firing in the late
1970’s probably operated under the naive assumption that they merely had to list all of
the individually necessary conditions for place-specific firing and the problem of joint
sufficiency would be solved. The problem has turned out to be much tougher than that.

To begin with, it has taken a number of years for the acceptance of the fact that
hippocampal place cells are not simply another type of sensory cell. This notion
continues to baffle many. As discussed in Chapter 3 and 4, the hippocampus receives
highly processed multimodal information from all over the brain (Lavenex and Amaral,
2000). The associations of associations (of associations ...) are of the highest order when
they reach the hippocampus. Accordingly, the hippocampus is often referred to as the
highest form of association cortex, but even this demonstrates a tendency to think too
much in terms of sensory systems.

As an example of the highly processed nature of hippocampal inputs consider
Felleman and van Essen’s (1991) rather well known functional map of the visual system.
The hippocampus sits alone at the top of the intricate hierarchy. As complex as the
Felleman and van Essen diagram would appear to be, it remains an oversimplification of
the real situation and only attempts to describe a single sensory domain (although other
modalities do participate). Moreover, a rat apparently does not even need a functioning

visual system to express place-specific firing (Hill and Best, 1981; Save et al., 1998).
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A second reason for the quandary concerning sensory control over place-specific
firing is that the hippocampus is a core element of a memory system, and hence, can
function in the complete absence of external sensory stimuli. Indeed, if one considers
memory consolidation studies, the hippocampus can show “place activity” even while the
animal sleeps (Wilson and McNaughton, 1993; Skaggs and McNaughton, 1996).

Another complicating factor in the effort to establish sensory control over place
field activity is that place-specific firing is experience-dependent. The set of cues that
gain control in any particular task seems to partially reflect the information and reliability
they provide for solving the spatial task (Knierim et al., 1995b).

Finally, and critically, regarding this dissertation, the importance of self-motion
signals from optic flow, vestibular, and ambulatory proprioceptive systems has only
recently emerged as theoretical and experimental foci. As discussed in Chapter 2, the
change and non-change information that accompanies self-motion in the environment is
consistent with the theoretical position of J. J. Gibson concerning the flow of perspective
in spatial perception.

Some foreshadowing of the importance of self-motion cues to the hippocampal
code for space has existed since the early days of hippocampal cognitive mapping theory
(O’Keefe, 1976), but this aspect of the problem remained untested for many years after.
The reason for this is that self-motion signals are difficult to manipulate experimentally.

The following section is a historical summary of the experiments that have lead to
the present day quandary regarding why place cells fire in specific locations. Following

that, a review of recent evidence emphasizing the interaction between self-motion cues
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and sensory cues is presented. Computational models utilizing self-motion information

for updating the hippocampal cognitive map are reviewed in Chapter 7.

6.2.1The roles of distal and proximal cues

The influence of distal extra maze cues constituted a natural starting point for
investigating the sensory contributions to place cell firing. An early investigation by
O’Keefe (1976) began to demonstrate the complexity of the situation. In that frequently
referenced experiment, place cells were recorded while the rat ran on a T-maze in a
rectangular room with an array of four distal cues (a light, a fan, a buzzer and a large
placard). Individual cues were climinated during brief dark periods. The removal of two
and cven three of the cues did not affect the location or orientation of the place fields.
Indeed, subsequent studies showed that once established, the place code could persist
without any of the landmarks (given that the landmarks were removed in plain view of
the rat), (O’Keefe and Speakman, 1987; Muller et al., 1987) or even in complete darkness
(McNaughton et al., 1989; Quirk et al., 1990; Markus et al., 1994).

Rotation of the entire array of distal cues, on the other hand, exerted near total
control of the location and orientation of place fields. Later experiments demonstrated
that a single polarizing cue in the environment also controls the orientation of place fields
in a circular apparatus (Muller and Kubie, 1987), even when that single cue bears no
relationship to the task itself.

In the O’Keefe and Conway (1978) experiment proximal cues on the maze itself

did not seem to play a large role in place-specific firing because rotation of the maze
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relative to the distal cues produced no alteration in the orientation and location of place
fields. Some studies since (Tanila et al., 1997; Shapiro et al., 1997) have shown a weak
contribution of proximal cues to the control of place-specific firing under some
conditions. In the general case, however, the influence of proximal cues on place field
location is considerably less than the influence of distal cues. This makes intuitive sense
because, in nature, distal visual cues (i.e., mountains, the coastline) are likely to be both
large and stable.

O’Keefe and Speakman (1987) further examined the effects of sensory cues on
place-specific firing within the context of memory. The apparatus used was similar to
that used in O’Keefe and Conway (1978) except that a ‘+’ shaped maze was used in place
of the T-maze, and a richer array of sensory cues was provided. These cues were
arranged such that each had a constant relationship to the reward arm of the maze.

In the reference memory trials, the rat was brought inside the apparatus and
placed on an arm of the maze that had been detached and separated from the rest of the
maze. The rat was required to remain on the separated start arm for 30-120 s, after which
time the arm was reattached, and the animal was allowed to choose the reward arm.
Between trials, the rat was placed on a small platform outside the curtains and maze for at
least 5 minutes while the cues were rotated. An analysis of variance demonstrated that
the cue manipulations had the greatest control over place field location. It is interesting
to note that a secondary effect was found for the room coordinates, independent of the

cue rotations. This early result was not seized upon by O’Keefe, but is interesting with
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respect to current hypotheses concerning multiple reference frames within the
hippocampus (McNaughton et al., 1996; Gothard et al., 1996).

In O’Keefe and Speakman (1987), working memory trials were intermixed with
reference memory trials. In the working memory condition, the rat was first shown the
full set of the cues. The cues were then removed and the rat was not allowed to leave the
start arm until the waiting time had expired. Removal of the cues had little effect on the
place fields, which showed a strong tendency to occupy the same locations as they did
during the reference memory task. Later experiments (reviewed in section 6.2.2) showed
that once the rat was oriented within the environment and place fields are established, the
fields can maintain their positions for up to several minutes in complete darkness
(McNaughton et al., 1989).

Perhaps the most dramatic demonstration that distal visual cues are not necessary
for place-specific firing is Hill and Best (1981), who demonstrated that even deafened
and blindfolded rats exhibit place fields. Critically, in the case of the blind and deaf rats
used in that study, place ficlds appeared to be under the control of intramaze cues.

Unlike O’Keefe and Conway (1978), rotation of the maze did cause a concomitant
rotation of the place ficlds in the blind and deaf rats. A more recent experiment by Save
ct al. (1998) confirms the results of Hill and Best in rats blinded at an early age, and thus
further demonstrates that visual experience is not necessary for place-specific firing.

Nonetheless, visual cues, when present and stable, appear to be prepotent in their
control of firing fields. Muller and Kubie (1987) confirmed the findings of O’Keefe and

Conway (1978) showing that rotation of the entire array of distal cues results in a
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concomitant rotation of the place fields. In this case, the array of distal stimuli was a
single large white card. The Muller et al. (1987) experiment is important because it
showed that even when the distal cue was incidental to the task (the rats were foraging for
pellets scattered randomly from above), it still exerted near absolute influence over the
place representation. This finding is in close agreement with the incidental learning that
was attributed to cognitive mapping by Tolman (1948). The basic results have been
confirmed and extended by others (Muller and Kubie, 1987).

The role of intramaze cues has been shown to be conditional, and somewhat
weak, under normal conditions (Cressant, et al. 1999). In Hill and Best (1981), the place
fields of blind and deaf rats were under the control of intramaze cues. In this case,
intramaze cues were presumably the only sensory cues available to the animal. In rats
with normal vision, the configuration of three dimensional intramaze objects placed near
the center of the maze only exert control in conjunction with a prominent distal cue
(Cressant et al., 1999), or when the objects are moved to the edges of the maze. This
strongly confirms the prepotency of distal cues when they are available to the animal.
Critically, in the Cressant et al. study, the configuration of proximal stimuli again lost
control of the place fields as soon as the distal cue was removed.

Hetherington and Shapiro (1997) shed some additional light on the conclusions of
the original O’Keefe and Conway (1978) experiment showing no change in place
representation after removal of individual cues. In the Hetherington and Shapiro (1997)
experiment, recordings of place cells were made in an environment with both distal and

proximal cues. Removal of the distal visual cues in some cases changed the firing rate
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and size of place fields although, consistent with O’Keefe and Conway (1978), no change
in the orientation and location (place field center) of place-specific firing was observed.
The change in firing properties observed with the removal of specific distal cues
is interesting with regard to behavioral observations (described in O’Keefe, 1983).
Following O’Keefe’s description, the clustering of cues near the goal does not support
efficient memory. Spreading the cues all around the distal environment resulted in rapid

learning.

6.2.2 The “lights out” paradigm

While Hill and Best’s (1981) experiment with blind and deafened rats was
compelling, it did not allow for intermixing of sited and non-sited navigation.
Accordingly, some investigators have taken the rather straightforward approach of
turning off the maze lights for periods of time before and after the animal has established
its bearings in the maze (McNaughton et al., 1989; Quirk et al., 1990). While these
experiments have elucidated some important aspects concerning the dynamics of visual
control over place-specific firing, they have not specifically dissociated optic flow as a
signal because both landmark and optic flow information are affected by the
manipulation.

The Quirk et al. (1990) study is important because it demonstrated that place
fields can develop in the absence of distal (or other) visual cues. In that experiment, the
authors introduced rats into a familiar environment in complete darkness. Presumably

the rats did not recognize the environment as familiar in the darkness. The authors
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observed that under these conditions a new set of place fields developed. Moreover,
these new fields persisted after the lights were turned on, and became bound to the distal

visual cues.

6.2.3 Section summary

The search for the necessary and sufficient sensory cues controlling place-specific
firing has resulted in a quandary. No (few) cues seem to be necessary and all (many)
cues seem to be sufficient. On the one hand, distal cues provide a high degree of control
over the place field reference frame when manipulated as a whole (O’Keefe, 1976).
When only one distal cue is present, it is sufficient to control place-specific firing (Muller
and Kubie, 1987). Paradoxically, removal of a substantial number of specific cues
(O’Keefe and Conway, 1978), or even turning of the lights altogether (McNaughton et
al., 1989) results in more or less equivalent place-specific firing to the full cue condition
(with the exceptions noted for Hetherington and Shapiro, 1997). Indeed, even blind and
deaf rats can exhibit place fields (Hill and Best, 1981; Save et al., 1998). Nevertheless,
when distal visual cues are present and stable, they tend to exert control over place field
firing. Further, a rich array of distal cues may be associated with higher place specificity
and better memory.

This description is not very satisfying, however. It does not come close to the
challenge of specifying the necessary and sufficient conditions for place-specific firing.
Part of the quandary results from the fact that the hippocampus is a memory system and

thus, can operate in the complete absence of external stimuli (i.e., in the dark). A good
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part of the rest of the quandary may well be a result of a failure to consider the dynamic

inputs caused by the rat’s movements relative to the cues.

6.3 The role of self-motion signals

J. J. Gibson emphasized the importance of perspective flow in the development of
spatial knowledge (described in greater detail in Chapter 2). His important theoretical
contribution has not been considered in the place cell literature until only recently; and
even then, it is usually without reference to the rest of the theory. Indeed, O’Keefe
(1976) posited early on that environmental stimuli and self-motion information combined
to control place-specific firing. Many of the models emphasizing the role of the
hippocampus in the processing of environmental geometry are, in fact, Gibsonian at
heart.

The three primary sources of self-motion information are most likely vestibular,
optic and ambulatory. The brain systerhs supporting the processing of this information
were presented in Chapter 3. Whether and how self-motion signals might reach the
hippocampus is described there as well. The case for a functional anatomical influence
of self-motion on the hippocampus is reasonably well established.

Experimental paradigms for testing the influence of self-motion signals on place
ficld activity have proven a challenge to implement because self-motion signals are by
nature dynamic, and therefore difficult to manipulate in the freely behaving animal. An

even more challenging technical problem is that the self-motion signals from walking
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(either proprioception or motor efference) and vestibular motion are generated within the
corpus of the animal.

Optic flow is seemingly more straightforward because it is exteroceptive and,
thus, can be manipulated by turning off the lights or blindfolding the animal. However,
complete lack of vision eliminates both visual landmark information and optic flow
information and, therefore, is not a pure optic flow manipulation.

The other basic approach to the problem of dissociating the contributions of self-
motion signals to cognitive mapping and path integration is the lesion method. This too
presents a substantial challenge with regard to self-motion signals. Lesions of the motor
system leave the animal unable to act. A lesion to the vestibular system can impair
posture, produce hyperkinesis, and is generally disruptive to the animal’s behavior.
While vestibular lesions may indeed disrupt spatial memory and behavior, the effects are
likely buried among many other behavioral deficits secondary to the lesion.

A summary of the research concerning self-motion and hippocampal place-
specific firing is presented in the following section (Section 6.3.1). In general, the results
of these experiments provide compelling evidence that the hippocampus, at the very least,
utilizes self-motion signals in updating the animal’s current location on the map. A more
difficult test is whether the hippocampus performs path integration in space. Evidence
that self-motion signals influence place-specific firing is presented first in Section 6.3.1.

Data supporting a role of the hippocampus in path integration is reviewed in 6.4.
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6.3.1 Empirical evidence for an influence of self-motion signals on the
hippocampal representation of space

The experimental evidence reviewed in this section is directly related to the
experiments presented in this dissertation as a whole. The literature concerning self-
motion signals and hippocampal place-specific firing is perhaps more sparse than even
the hippocampal code itself. One particular problem with the experiments published to
date is that the animal has generally not been in control of its own movements.

The experimental evidence reported in the literature generally supports a role of
self-motion signals in the functioning of the hippocampal spatial code. Most of the
reason to believe that self-motion signals matter in the firing of place cells, however, is
theoretical (McNaughton et al., 1996), or stems from computational models
(Samsonovich and McNaughton, 1997). The theoretical evidence was reviewed in
Chapters 2 and 3. The computational models are described in Chapter 7.

From O’Keefe and Dostrovsky’s (1971) first account of place-specific firing, it
was clear that place ficlds could also be directionally sensitive. This initial observation
was not studied in any detail until McNaughton et al. (1983). In that study, rats were
required to run for reward on a radial maze. All of the place fields on the arms of the
maze demonstrated strong directionality; that is, cells having a firing field as the rat
moved outward on an arm did not tend to fire in that location on the return journey.
Likewise, a place cell firing on the inbound journey did not tend to fire on the outbound
journey. These findings are in direct contrast to studies in the open field where the path

through the field is not restricted, and in which directionality is correspondingly not
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present. Place field directionality was further confirmed by Muller et al. (1987), and later
extended by Markus et al. (1995). Markus et al. showed that place fields were more
directionally and spatially restricted on the radial maze compared to the open field within
the same environment (thus providing a higher degree of experimental control over
environmental cues).

In the same vein, Markus et al. (1995) showed the conditional directionality effect
when the task was shifted from random foraging within a cylindrical environment to
directed retrieval of food along specific trajectories (again, within the same environment).
Together, these findings showed rather dramatically that place field location is dependent
on the types of trajectories the animal makes in the environment and on context.

This paradigm shift was accompanied by renewed theoretical interest and new
experimental findings in inertial brain systems, in particular a network of areas that came
to be known as the head direction system. Evidence for the existence of an inertial head

directional system is given in Section 6.3.2 immediately below.

6.3.2 The head direction system

In parallel with the renewed interest in place field directionality, a series of
studies began to characterize a network of brain areas that were sensitive to the head
direction of the animal. A decade earlier, a single study by Ranck (1984) had
demonstrated the existence of a class of cells in the rat presubiculum (part of the
extended hippocampal formation) with receptive fields for the head direction of the

animal in the horizontal plane. The existence of a head directional system (essentially a
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compass in the head) constituted strong evidence for a navigational system in the rat
brain.

Much like the term “place cell”, investigators grasped the obvious and called
these cells “head direction cells”. This turned out to be quite appropriate because head
direction cells indeed appear to represent head direction in the horizontal plane,
independent of the location of the animal. The firing rates of head direction cells are
unusually sensitive to heading with a peak to mean background rate of 83:1 (Muller et al.,
1999).

Much of the detailed characterization of the head direction system has been
conducted by Taube and co-workers (1990a; 1990b; 1995; 1996), who demonstrated the
presence of head direction cells in other areas of the brain including the postsubiculum
and the anterior thalamus. Cells with similar properties were also shown to exist in the
lateral dorsal nucleus of the thalamus (Mizumori and Williams, 1993) and the
retrosplenial cortex (Chen et al., 1994a; 1994b).

The number of distinct areas containing head direction cells is at first rather
surprising. However, the number of sensory systems (be they interoceptive or
exteroceptive) that could conceivably contribute to the computation of head direction is
also large. This argument parallels the argument made for sensory control of
hippocampal place cells. In particular, motoric, vestibular, and optic flow inputs are
likely to convey diverse, and sometimes conflicting, information about head direction.
Hence, sensory information could impact the disparate head direction areas according to

modality. The representations in these areas would possible compete for the overall
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“answer” through population vector encoding, or equivalently, a linear attractor network
energy field (see Chapter 7 for a description of these ideas).

Head direction cells appear to be influenced by the motor plan of the animal
because, like place cells, head direction cells will cease firing (i.e., significantly reduce
their firing rate) when the animal is restrained (Knierim et al., 1998; Taube, 1995). Also
like place cells, head direction cells lose their directional sensitivity following
inactivation of the vestibular system (Stackman and Taube, 1997). Thus, the head
directional system(s) and the hippocampal spatial representation appear to be yoked.

This evidence is reviewed in Section 6.3.3 immediately below.

6.3.3 Interactions between the head direction system and the hippocampus

Head direction cells share a number of interesting properties with place cells and
indeed, the two appear to be causally linked. Like place cells, visual landmarks have
been shown to exert control over head direction cells (Knierim et al., 1995a; 1998; Muller
and Kubie, 1987; Taube et al., 1990b). Also like place cells, head direction cells can
maintain their directional sensitivity for several minutes in complete darkness (Chen et
al., 1994a; Mizumori and Williams, 1993; Taube et al., 1990b).

Both place cells and head direction cells are inactivated by vestibular lesions
(Stackman and Taube, 1997). Therefore, unlike the exteroceptive inputs described in
Section 6.2, vestibular input would appear to be necessary for place-specific firing.
Moreover, using conflict trials, Sharp et al (1995) showed that vestibular influence is

strongest when coupled with visual motion.
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There is fairly convincing evidence that the head direction system and the
hippocampal spatial mapping system are strongly and bi-directionally linked. This
evidence stems from rather Herculean experiments in which parallel recordings are made
in both the anterior thalamus and the hippocampus. Knierim et al. (1995b) trained rats to
forage for randomly scattered food pellets in a cylinder containing a cue card covering a
90° section of wall space. One group of rats was disoriented each day before and after
the recording session by performing a series of rotations of the animal’s cage during
transport from the animal colony to the recording room. The control group was always
brought to the recording room in the canonical orientation, without rotation.

In many cases, the visual cues exerted control over both the head direction cells
and the place cells. Moreover, the control by visual cues was coupled between the
systems, such that rotations of the head direction receptive fields resulted in near
unanimous and equivalent rotation of the place fields. Failure to observe rotation in one
system was accompanied by failure in the other system.

A second result of the Kneirim et al. (1995a; 1995b) experiments is that there is a
learned component to visual cue control of the place and head direction representations.
Visual cue control was substantially weaker in the disoriented group than in the
nondisoriented control group. Indeed, the disoriented group was more likely to express a
fresh set of place fields (a phenomenon known as remapping). Remapping is taken to
indicate that the rat considers the task and context to be different than the previous task

and context. It constitutes a non-linear and abrupt change in firing fields.
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One potential reason that visual control was weaker in the disoriented rats may be
that upon remapping, the visual cues had not yet become bound to the new map. This is
consistent with the several theoretical proposals specifying the binding of self-movement
and visual objects or views (McNaughton et al., 1996). Under this proposal, the
hippocampus “loads” a new map upon entering a new environment. The map is initially
free of landmark-place associations. As the salient landmarks become bound to self-
movement, they begin to exert control over the place representation.

Jeffrey and O’Keefe (1999) also manipulated visual cue and inertial orientation
while recording place cells; however, in their experiment, the rotations of the visual cues
or the rat himself (inertial cues) were performed below vestibular threshold (or below
apparent vestibular threshold in the case of the visual cues). Also, unlike Knierim et al.
(1995a; 1995b), the authors did not attempt to disorient the rats during transportation to
the recording room. The rats were randomly assigned to three experimental groups: (a) a
group that was able to view all of the experimental manipulations; (b) a group that was
covered for 30 seconds during movement of the cue card or maze; and (c) a group that
was covered for 3 minutes during movement of the cue card or maze. All three groups
were trained without covering and without manipulations of the cues. In the group that
was allowed to view the cue card manipulations, the place fields were initially coupled to
the cue card rotations but soon (within a few trials) became coupled to inertial rotations.
For the group that was covered for 30 seconds during the cue and maze manipulations,
the place fields in half (2/4) of the animals were coupled to the visual cues. The place

fields for the other two rats followed the inertial cues. The place fields for the group that
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was covered for the full three minutes were strongly under the control of the visual cues.
From these results, it is easy to see how the quandary over sensory cues became so

perplexing, but it is equally clear that inertial cues can lose their influence over time.

6.3.4 Inertial vs. visual control of hippocampal place fields

The multifaceted nature of inertial versus visual control of place fields was
initially shown by Quirk et al. (1990), and later replicated and extended by Knierim et al.
(1995a) and Sharp et al. (1995). Knierim et al. (1995a) placed rats in a familiar
environment initially in darkness and then, after a period of time, turned on the lights.
Under these conditions, place fields reverted back to their initial locations (as recorded in
the fully lit arena). This return to the former representation occurred only after the lights
were turned on and the animal (presumably) had a chance to get its bearings.

Another experiment by Sharp et al. (1990) attempted to dissociate inertial from
visual control over place fields. In this experiment, animals were trained to randomly
forage for pellets in a cylinder with a single prominent cue. Probe trials were
administered during which an identical cue was placed in a symmetrical position to the
first cue within the cylinder. The hypothesis was that if the visual system dominates
control over the place representation, then an equivalent set of place fields should appear
in the same location relative to the second cue as appeared in relation to the first cue.
Consistent with the idea that the hippocampus contains an inertial reference frame, a

second set of place fields was not expressed on the probe trials.
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On a second set of probe trials, in which the rat entered the maze from directly
opposite the canonical entry location, the place fields became bound to the second cue.
This indicates that entry location can serve as an initial reference for the maze, and is
consistent with the idea of setting of an origin. Recall from Chapter 2 that several models
of navigation (e.g., Siegel and White, 1975; Gollege and Spector, 1978) posit the initial
centering of the map on landmarks. Path integration and dead reckoning models also rely
on the establishment of an origin from which the integration begins. The reestablishment
of the origin during remapping is an interesting theoretical question awaiting

experimental examination.

6.4 Evidence for linear path integration in the hippocampal code

Gothard et al. (1996) conducted an experiment that showed effects consistent with
a role of the hippocampus in the linear component of path integration. However, it
should be noted that it is very difficult to differentiate between path integration by the
hippocampus and outside path integration mechanisms that influence the hippocampus.
In the Gothard et al. experiment, the rat ran back and forth along a track between a stable
reward site and a movable reward site. The movable reward site consisted of a box that
was moved along the track to various locations between trials. This manipulation served
to vary the distance between the end of the track and the box, and thus dissociate the
world reference frame from the reference frame of the box.

On the initial portion of the journey moving outward from the movable site, cells

fired at a fixed distance from the box regardless of its overall position on the track. The
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authors concluded that, in this case, the place code represented the distance to the origin
located behind the animal. This is conceptually similar to path integration. A form of
distance compression was also apparently present because near the end of the journey, the
cells fired at fixed distances from the end of the track. This may reflect partial control by
the landmarks. Interestingly, when the journey was shortened, the representation
appeared to jump non-linearly between the reference frames. This suggests a form of

“tension” between the representations when they are in conflict.

6.5 Place fields in novel environments

Hill (1978) observed that place cells are discernable from the first pass through a
new environment. In that study, rats were trained in one environment and then the firing
of pyramidal cells was monitored as the rat was moved to a novel maze. The pattern of
place fields remained relatively stable throughout the session. This observation was
confirmed in a multiple single-unit recording experiment published by Wilson and
McNaughton (1993), although in that study a slightly longer delay (30 s) was reported.
Individual place cells often do not become active until a considerable period of time
(personal observations).

6.6 Place cells across the hippocampal formation

All of the regions of the hippocampal formation exhibit some degree of place
sensitivities. Granule cells of 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 and McNaughton, 1993; Sharp and Green, 1994). There
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are some subtle differences in the receptive field properties of the cells in these different
regions.

The vast majority of place cell recordings are conducted with the electrode in the
dorsal portion of the hippocampus. This is largely a matter of convenience because
dorsal hippocampus is the most superficial, and hence most accessible, region of the
hippocampus. However, important differences may exist between dorsal and ventral
CA1 and CA3. The proportion of cells with robust place fields in a given environment is
smaller in the ventral hippocampus compared to the dorsal hippocampus and further, the
place fields tend to be larger in the ventral hippocampus (Jung et al., 1994).

The dorsal hippocampus has been shown to be more critical for spatial learning
(Moser et al., 1993; reviewed in Moser and Moser, 1998). Neuroanatomical and
neurochemical analysis are further consistent with the idea that the ventral and dorsal
hippocampus may process slightly different information (Amaral and Witter, 1995;
Moser et al., 1993; Seress and Pokorny, 1981).

The subiculum receives a strong relatively unidirectional anatomical projection
from the hippocampus. Thus, it is likely that the place-specificity of subicular single-unit

firing is driven largely by the hippocampus proper.

6.7 Place fields in humans and non-human primates

Electrophysiological studies conducted in human epileptic patients have
suggested similar spatial correlates for activity in the human hippocampus and temporal

cortex (Halgren et al., 1978; Kreiman et al., 2002); however, because of methodological
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challenges these studies have not required the subject to move through space. In the
human hippocampus, Kreiman et al. (2002) 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, word-pairs, and other visual images.

Studies in primates have reported direct spatial firing correlates of pyramidal cells
in the primate hippocampus (Ono et al., 1993; Ono and Nishijo, 1999; Rolls et al., 1998).
Different 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 and Nishijo, 1999; Ono et al., 1993) that
may be similar to the rodent place cell. In addition, recent experiments using the
technological advances in neuroimaging support the idea that the hippocampus is
engaged during spatial memory processing in humans (Maguire et al., 1998, 1999). The
right hippocampus is particularly engaged during route recall and spatial navigation of
virtual environments (see Maguire et al., 1999, for review), particularly when the

environment emphasizes distal cues. These studies were reviewed in Section 3.2.

6.8 Chapter summary

Over twenty-five years have elapsed since the discovery that hippocampal
pyramidal cells in the rat exhibit receptive fields for spatial location. Despite intense
interest in the specific features of the environment that contribute to place specificity, the
necessary environmental conditions for place specific firing remain largely undetermined.

Moreover, the sufficient conditions for place specific firing are many. The reason for this
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conundrum is that the role self-motion signals in updating the animal’s position in space
has largely been ignored. Neuroanatomically inspired models of rodent navigation now

specifically emphasize self-motion. These models are reviewed in Chapter 7.
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CHAPTER 7
COMPUTATIONAL MODELS OF SPATIAL NAVIGATION IN THE
HIPPOCAMPUS

7.1 Neural networks

Since the dawn of the electronic age in the 1940’s, people have wanted to build
artificial brains. One of the earliest attempts occurred in 1943 when Warren McCulloch,
a neurophysiologist, and Walter Pitts, a mathematician, published an important paper on
how these simplified networks might work. In that landmark paper, the authors modeled
a simple neural network with electrical circuits. McCulloch and Pitt’s work is among the
largest contributions to the entire endeavor to develop artificial neural networks,
constituting the basis of all non-dynamic neural networks.

Another landmark event in the development of neural network models is
Hopfield’s spin glass (described in more detail in Section 7.1.2), which constitutes the
second major class of neural network model. Because of their inherently dynamic nature,
spin glasses will also be referred to here as dynamic networks.

Returning first to static networks, the most widely know implementation of
McCulloch and Pitt’s thinking became the Rosenblatt’s perceptron (reviewed in Amit,
1989). A single-layer perceptron was shown to be useful in classifying a continuous
variable into one of two classes. As such, the perceptron was a working device with
some general applicability. A perceptron works by computing a weighted sum of its

inputs, subtracting a threshold, and yielding one of two states as the answer. The key
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difference between the perceptron and McCulloch and Pitt’s model is the number of
inputs that individual “neurons” in the network receive. McCulloch and Pitt’s neurons
were modeled as receiving only one or two channels of input; the neurons in a perceptron
are able to receive a much richer input array.

Nonetheless, the perceptron was shown to be a little too simple because it was
unable to solve a certain class of problems called linearly separable problems. The
perceptron thus had to be modified somewhat to become more generally applicable. The
change was simply to add a layer such that there were three layers (input, output, and the
new hidden layer). The rationale for this modification can be found in Marvin Minsky
and Seymour Papert's book Perceptrons (1969).

After the revamping of the perceptron into the multiperceptron, some early
prototype applications caused advocates to exaggerate the potential of neural networks to
solve all kinds of problems that would normally require a human; but alas, while neural
networks seemed good at classifying basic things they were incapable of solving more
complex problems that are of deeper interest. Another problem was that the

multiperceptron seemed to be too slow of a learner for many problems.

7.1.1 Two basic forms of non-dynamic neural networks

Backpropagation and associative mapping are the two fundamental forms of non-
dynamic (i.e., static) neural network model that have been described in the literature. The
primary difference between the two forms is in their learning rate and susceptibility to

interference. The critical difference between the two is in their learning rates.
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7.1.1.1 Backpropagation

Backpropagation networks (e.g., Rumelhart et al., 1986) can be exceedingly
incremental in their learning and rely on supervised learning. In supervised learning, a
“teacher” knows the correct answer for every input, and thus is in a position to change the
connection strengths. Thus a typical training regime is to make thousands (or tens of
thousands) of presentations. Each time the network provides the correct answer the

teacher strengthens the active connections (and weakens the inactive ones).
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Figure 7.1: Hetero- and auto-associative memory networks. Heteroassociative
memory networks store pattern pairings by changing the synptic weights to 1
(denoted by ®) whenever the presynaptic and postsynaptic axons are
simultaneously active. Autoassociative networks store and recall single patterns
(patterns are paired with themselves). Recurrent connections cause the network
to exhibit complex dynamics such as partially stable states and oscillations.
Adapted from Skaggs (1995).
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Importantly, if the training is not slow enough and an odd pattern is presented, the
trained representation becomes damaged in an event known as catastrophic interference
(McClelland et al., 1995). Once trained, however, the representations stored in the

connections are often very efficient in terms of resources.

7.1.1.2 Associative networks

Associative mapping networks are fundamentally different from backpropagation
networks. These networks can learn a mapping after a single exposure to an input pattern
by making strong changes in connection strengths. Subsequent presentation of the input
results in recall of the output. An associative network can store many such patterns, but
also requires a large number of units to do so. Moreover, for cells to join in an assembly,
they must be latently connected, in some way, before hand. The other problem is that the
input patterns must be sufficiently independent of each other or else the network will
produce an ambiguous answer.

There are two fundamental forms of associative network (reviewed in greater
detail in McNaughton and Morris, 1987 and McNaughton and Nadel, 1989). The two
forms of associative network are depicted in Figure 7.2. Storage and retrieval from either
class of network can be accomplished through basic linear algebra algorithms. The first
form of associative network, called a heferoassociative network, maps a pair of different
patterns to each other such that subsequent presentation of one leads to recall of the other.
Any connection that is active when both of the input patterns are present in the input is

changed to 1. Within certain limitations, subsequent presentation of an input pattern will
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result in recall of the entire associated output pattern. Many such pattern pairings can be
stored in the same connection matrix. The number of which depends strongly on the
number of units in the network.

The second type of associative network, the autoassociative network, maps an
input to itself. In this case, the network learns by linking together all of the elements that
are active during an input. Subsequent presentation of the input results in recall of the
input. Of course, this begs the question “Why bother?” The reason is understood when
one considers an important property of autoassociative networks: Recurrent connections
bring about complex dynamics. This brings the autoassociative network out of the static
domain and into the general class of dynamic networks. Some properties of dynamic
systems are presented in Section 7.1.2.

Both associative and autoassociative networks have an additional important
property termed pattern completion. Partial presentation of the input pattern can lead to
recall of the entire output pattern. In the case of the autoassociative network, the output
pattern is the complete input pattern. In the case of the heteroassociative network, a
partial or corrupted input can still lead to recall of the associated pair of patterns.

Associative networks owe much to the insights of Donald Hebb and David Marr.
Indeed, McNaughton and Nadel (1989) used the term Hebb-Marr network to generally
refer to associative networks. Likewise, Hebb-Marr network will be used throughout this
dissertation to refer to networks with these general properties. A more detailed

description of Hebb-Marr networks is provided in Section 7.2.
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7.1.2 Attractor networks

With the exception of the autoassociative network, the neural networks described
so far in this chapter have been static. A presentation is made and an output is read.
Granted, a timed sequence of inputs can be presented to such a network, but this does not
fundamentally change the static nature of the network. Static models are inconsistent
with the general nature of neural computing. Organisms exist in a dynamic world; the
brain is clearly a dynamic system. As a result, there has been shift toward dynamic
networks. This shift has been hard for many to deal with because the mathematics of
dynamic systems is much more difficult than it is for static networks. Indeed, much of
the appeal of the original McCulloch and Pitt formulation is the extreme simplicity and
analyzability of the system.

Nevertheless, a whole class of neural network models has moved beyond the
static model (Amari, 1972; Hopfield, 1982). The formulation by Hopfield has become
such a standard in the field that attractor networks are now synonymous with the
Hopfield network.

The Hopfield network can be seen in a wide variety of physical systems known as
“spin glasses”. An example is magnetic eddy currents. These are globally disordered
systems that show transient local organizations. Such systems are said to exhibit
emergent properties.

As an example, consider a set of » spins tops, S;-S,. Each of these tops can be
found processing at a speed of +/- 1. As a convention, assume that +1 is clockwise

maximum and —1 is counterclockwise maximum. Further, assume that each spin is
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“connected” (through some physical process) to its neighbors in a graded fashion. For
neurons the connections would obviously be synapses.

A system like this can be said to have an energy landscape (a simplified
description can be found in Amit, 1989). The analogy comes by way of theoretical
physics, a field that has made many important contributions in the mathematical
description of neural networks. Neuroscience has benefited greatly from the global glut
of theoretical physicists. Physicists have thought in terms of energy landscapes for a long
time and, as a result, have developed mathematics around this very idea.

Much like a ball dropped on top of a real landscape, the ball on an energy
landscape will bounce around for a while, before eventually settling into a dip or pothole
somewhere on the landscape. Here it will exhibit some inertia. Perhaps someone will
come and kick the ball, and it will bounce around again until settling somewhere else on
the landscape. This is the fundamental concept behind an energy function. Every dip in
the landscape can be considered as an attractor because when the ball lands anywhere
near the dip, it will be compelled to enter and remain there until it is put in play again.

Once the ball falls into a dip and comes to rest, a sort of memory is expressed by
its state. The memory represents, in some fashion, a general picture of where the ball
landed when it was dropped. There are multiple places where one can drop a ball on the
landscape and yet end up in the same hole. This is closely related to an associative
memory.

In the one-dimensional case, an attractor network can be considered as a closed

ring of interconnected cells, with global inhibition to keep the overall energy function
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restricted. A particularly illustrative one-dimensional attractor network has been
proposed for the head direction system (Zhang, 1996), which, coincidentally, happens to
be a fundamental part of the hypothesized rat navigational system (see Section 6.3.2, for
a full discussion).

In the head direction model (as well as all other attractor network models), an
important constraint is that nearby cells are more strongly interconnected than distant
cells. Note that “nearby” does not have to be taken literally as nearby in space, but rather
nearby in sensitivity along some dimension. Given the presence of some stimulus, a
dimension along which the units are sensitive (e.g., head direction), the network will
settle into a state representing the current value of the stimulus.

A state is most often conceptualized as a “bump” of activity centered on one of
the network cells, but also spilling over in a graded fashion onto neighboring cells. The
state exhibits a form of inertia that keeps it in the state (for a while, at least). If inertia is
not too large then when the input changes, the state will change as well.

The description of an attractor network for a single dimension is extensible to two
dimensions; therefore, attractor networks are quite relevant to the computation of maps
(Tsodyks, 1999; Redish, 1999). Several models incorporating two-dimensional attractor
networks are reviewed in Section 7.3. Before beginning that discussion, it is important to
highlight some other aspects of neural computation that pertain to the computational role

of the hippocampus.
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7.2 Hebb-Marr networks

7.2.1. Donald Hebb’s theory of a cell assembly

The general idea is an old one, that any two cells or systems of cells that are
repeatedly active at the same time will tend to become “associated”, so that
activity in one facilitates activity in the other. (Hebb, 1949).

These elegant words of Donald Hebb have become the basis for practically all
theories of associative memory since they were printed. If Hebbian synapses connecting
a distributed set of neurons are strong, then activation of a sufficient subset of the neurons
in the assembly will transfer their activities to the non-active members of the assembly,
and hence the entire assembly will become active. Hebb proposed that the reverberations
among the units would keep the assembly active, for a while, until another assembly
emerged. Hebb’s theory is the most straightforward concerning the neural basis of

memory and has great explanatory power at both the physiological and psychological

levels of analysis.

7.2.2 Marr’s computational theory of memory

In the late 1960’s and early 1970’s, David Marr (1971) began to spell out a
neuroanatomically based theory of memory that was partly, if not largely, based on
Hebb’s insights two decades prior. The first part of the theory pertained to the role of the
neocortex. Cortical pyramidal cells were considered to be feature detectors representing
abstractions present in the stimulus (e.g., the “cupness” in a cup or the “birdness” of a

bird). When the stimulus conditions match the general properties of the abstraction, the
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neuron will fire. In order for a neuron to become sensitive to the regularities in a class of
stimuli, training 1s needed. The statistical properties of cups and birds need to be
extracted.

The second component of Marr’s theory was necessitated by the first. Marr
reasoned that, because training takes time, a temporary store of the newly extracted
regularity is required. To paraphrase Marr in terms that computer scientists are familiar
with, a cache was needed to store the data in its original form until training was
completed.

It is important to understand what Marr meant by “memory in its original form”
(paraphrased). Clearly, the hippocampus does not have a sufficient connection matrix to
store memories directly. No brain region could. Instead, Marr’s theory holds that the
information stored in the connection matrix of the hippocampus exists in a form such that
the memory can be recreated, or otherwise reinstated, in the neocortex. This is
essentially a cortical indexing scheme. Several computational models have addressed
this issue from the perspective of episodic memory (Teyler and Discenna, 1986; Murre,
1999; Nadel and Moscovitch, 1997; Nadel et al., 2000).

7.2.3 Empirical support for the existence of Hebb-Marr networks in the
hippocampus

The insights of both Donald Hebb and David Marr have received considerable
empirical support over the past several decades. This support falls into several
categories. First, temporally graded memory deficits support Marr’s assertion that the

hippocampus acts as a memory cache. This evidence is reviewed briefly in Section
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7.2.3.1. The existence of rapidly forming long-term synaptic modification in response to
associative stimuli supports Hebb assertions. This evidence is reviewed in Section
7.2.3.2. Finally, the computational analysis of the properties of the hippocampal spatial

code support both Hebb and Marr’s assertions (reviewed in Sections 7.2.3.3).
7.2.3.1 Temporally graded memory effects

Marr’s proposal that the hippocampus acts as a temporary store to hold
information during the training of the neocortex scems well supported across a variety of
mammalian species. In addition to the well-know syndrome of anterograde amnesia,
damage to the hippocampus in humans also results in a temporally graded retrograde
amnesia (RA) (Scoville and Milner, 1957; Squire and Alvarez, 1995). While this pattern
is fairly consistent overall, the retrograde component of memory loss is never as clean as
memory researchers typical assume it is.

In a variety of non-human species, hippocampal lesions made early in the
acquisition of tasks that are hippocampal dependent result in greater memory impairment
than lesions made later in acquisition (reviewed in McClelland et al., 1995).
Electroconvulsive shock (similar in principle to LTP saturation, reviewed in Section
7.2.3.3) is deleterious to memory consolidation (McGaugh, 1966). NMDA antagonists
block memory consolidation in a temporally graded fashion (Smith, 1995). Thus, a large
experimental base supports the temporary requirement for an intact hippocampus.

One notable exception to the accepted consensus is Nadel and Moscovitch (1997),

who argue against the idea that all forms of medial temporal lobe dependent memory
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show temporally graded retrograde effects. Their meta analysis showed that the degree
of retrograde amnesia depended on whether the hippocampus is essential to the task.
Accordingly, a lesion to the hippocampus of rats will show a flat retrograde component
for spatial memory because performance is immediately affected by the lesion.

While the hippocampus does not appear to be necessary after consolidation has
occurred, certain pharmacological manipulations of the hippocampus can still interfere
with an already consolidated memory when they are delivered in the context of the
original learning. Thus, the idea that the hippocampus no longer plays a part in the recall
of memories after consolidation has occurred is probably wrong. This does not, however,

negate the basic foundation ofiresults considered by McClelland et al., 1995).

7.2.3.2 Replay of memory during sleep

Consistent with the proposed role of hippocampus as teacher of neocortex,
sequences of hippocampal single-unit firing during behavior have been shown to “replay”
during sleep (Skaggs and McNaughton, 1996; Wilson and McNaughton, 1994). The
mathematical analysis of this phenomenon is developing, however the basic analysis is to
look for compressed sequences of unit firings during sleep that match non-compressed
sequences that occurred during active behavior. This endeavor is greatly improved by
multiple-single unit recordings.

Unfortunately, the neocortex is so vast that it has only recently been possible to

simultaneously record enough neurons to detect replay there (Qin et al., 1997; Hoffman



198

and McNaughton, 2002). More thorough investigations of the simultaneous neural

activity in neocortex and hippocampus is the natural next step for this technology.

7.2.3.3 The Hebbian synapse and long term potentiation

The discovery of long term potentiation (LTP), within the connection matrix of
the hippocampus (Bliss and Lemo, 1973; Bliss and Gardner-Medwin, 1973) provided
physiological credence to both Hebb’s and Marr’s proposals. LTP is a long lasting
change in synaptic efficacy resulting from patterned electrical stimulation of the input
pathways. While nearly all of the experiments have used preparations that differ
substantially from natural conditions, LTP presents by far the most likely physiological
basis for learning and long-term memory (for reviews see Barnes, 1995).

LTP is easily induced by stimulating the perforant path projection with a brief
tetanus of 100-400 Hz pulses. This was the stimulation protocol first used by Bliss and
Lémo (1973). The effects of subsequent presynaptic stimulation of the pathway are
amplified due to changes at the synapses of the circuit. Both the fleeting and long lasting
changes from this type of stimulation are multifaceted, likely involving activation of
interneurons and interneuronal networks as well.

Even more convincing from an associative perspective, associatively paired
stimulations of a smaller magnitude can also produce robust LTP (McNaughton, et al.,
1978). LTP also satisfies the Hebbian requirements of cooperativity and input specificity

(reviewed in Bliss and Collingridge, 1993).
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Since Bliss and Lomo’s (1973) discovery, a great deal has been learned about the
molecular mechanisms underlying LTP (see Malinow et al., 2000 for a perspective of the
current thinking on this issue). Briefly, the mechanism is thought to involve the
activation of silent synapses and the intradentdritic trafficking and insertion of glutamate
receptors at potentiated synapses.

Also consistent with the ideas put forth by Marr and Hebb, the pattern of synaptic
strengthening is more critical than the magnitude. Thus, somewhat counter-intuitively,
the nondiscriminant, unpatterned form of LTP that occurs with a tentanus should actually
interfere with subsequent learning. Accordingly, LTP prevents spatial learning in the rat
(McNaughton et al., 1986). In that study, a group of 24 rats was trained to find the
location of an escape hole on the circular platform (the Barnes maze). Following
acquisition, half of the animals received bilateral LTP stimulation while the other half
received an otherwise comparable low frequency stimulation. The normally stable goal
location in the maze was then shifted, and the animals were placed in the usual start
location. The LTP rats and low-frequency controls went to the location where the goal
used to be, thus demonstrating the previous learning remained intact. On subsequent
days, however, the LTP rats showed poor learning of the new goal location, and made
significantly more errors than control rats.

Importantly, the detrimental effects of LTP are not permanent (Castro et al.,
1989). Consistent with the results of McNaughton et al. (1986), rats receiving 14
consecutive days of tetanic LTP inducing stimulation showed no concentration of search

bias in the platform removal probe trial of the Morris watermaze indicating, as expected,
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the LTP stimulation interfered with memory. After two weeks, the LTP saturated rats
were trained with the escape platform in a reversed position, while another group of rats
that received the LTP saturation protocol at the same time as the other rats was trained on
the nonreversed version of the task. Both groups of these previously saturated rats
acquired the new tasks at the same rate as controls. The implication is that the network
returned to its non-saturated state.

It should be noted that several studies have failed to replicate Castro et al. (1989).
The potential reasons for this are many. One particularly important issue is the degree of
saturation that was induced by the varying protocols. In support of this assertion,
progressive lesion experiments indicate that less than half of the hippocampus is needed
in order to support spatial memory (Moser et al., 1993). Thus, LTP saturation only
interferes with new memory when it is nearly complete across the entire dorsal

hippocampus.

7.2.3.4 Sparse encoding: The 40% rule

In Marr’s theory of rapid autoassociation in the hippocampus, he suggested that
the net activity of the network should be low (Marr, 1971). Constraints from information
theory have established that the capacity should be proportional to the inverse square of
the net activity level (Amit, 1989; McNaughton and Nadel, 1989).

Experiments utilizing multiple single-unit recording techniques support that
hippocampal place cell activity does indeed form sparsely encoded representation.

Within a typical population of pyramidal cells, some 30-45% of the cells are active in any
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given environment. Early reports estimated this percentage to be ~20% (Thompson and
Best, 1989), but more recent work suggests that the percentage is closer to 40%

(Guzowski et al., 1999; Redish et al., 2001; Wilson and McNaughton, 1993).

7.2.4.5 Topology

A related question to the sparsity of activity is whether there is a topography to
the distribution of place fields. It is not possible to rule out a place field topography
across all possible stimulus dimensions; however, there does not appear any obvious
topography to the distribution of place fields in the brain space of the hippocampus such
as cxists for receptive fields in visual cortex and other sensory modules.

Some authors have suggested such a relationship (Eichenbaum et al., 1989;
Hampson et al., 1999); however, a detailed meta analysis of the recorded activity from
over 3000 pyramidal cells across a variety of spatial tasks has shown that the spatial
distribution of place fields and the anatomical location of the pyramidal cells are not
related (Redish et al., 2001).

Lack of a topographical relationship within the hippocampus is further supported
by experiments with the immediate-early gene Arc, which is dynamically regulated by
neural activity (Lyford et al., 1995; Guzowski et al., 1999). The proportion of pyramidal
cells displaying Arc following spatial experience is about 40% of the dorsal CA1
(Guzowski et al., 1999). No signs of clustering were evident among these cells.

The argument that there really is a topography to the hippocampus connection

matrix, but that we, as humans, are not able to conceptualize it is often made. In the
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words of the mathematician, the topography exists in a hyperspace. This view is highly
consistent with the merging of Hebb-Marr networks (McNaughton and Nadel, 1989) and
the extension of Hebb-Marr framework to two-dimensional attractors networks as
proposed by Samsonovich and McNaughton (1997; reviewed in greater detail below in

Section 7.3.1).

7.2.4 How do attractor networks relate to Hebb-Marr networks?

Is it possible to generate a dynamic system from the static associative network
model? One simply has to connect the output of the Hebb-Marr network back to the
input; that is, provide feedback. In such a closed system, the initial state will ripple
through the network over many cycles, landing somewhere on the landscape, and then
possibly going somewhere else.

Of course, the network in the hippocampus is not closed. It receives “highly
processed multimodal information from all of the brain” (see Chapter 3). The
hippocampus also projects back to these same areas. Hence, there is no way to develop a
meaningful hippocampal model without consideration of the properties of the input and
output connections. Nevertheless, the hippocampus has recurrent connections.
Therefore, the network is at the same time closed and open. Indeed, the anatomical

evidence suggests that there are three autoassociation networks hooked together in series

(see Chapter 4).



203

7.3 Computational models of animal navigation

Because of the strong theoretical basis and empirical support for the involvement
of the hippocampus in associative memory and spatial cognition, several
neuroanatomically detailed models of animal navigation have been proposed (Zipser,
1985; O’Keefe, 1990; McNaughton and Nadel, 1989; Sharp, 1991; Hetherington and
Shapiro, 1993; Touretzky and Redish, 1996; Samsonovich and McNaughton, 1997;
Redish and Touretzky, 1997; Tsodyks, 1999). These models attempt to simulate a range
of experimental data.

A subset of the current models (and the models to be discussed here) is inspired
by theoretical work linking the hippocampus to path integration (McNaughton et al.,
1996; Touretzky and Redish, 1996; Sharp, 1991; Tsodyks, 1999). Models that are less
concerned with self-motion and path integration are omitted (most notably Burgess and
O’Keefe, 1996; Heatherington and Shapriro, 1993).

Path integration is central to the proposal by McNaughton, et al. (1996). The
theory seeks to explain the diverse influences of sensory cues on place field activity,
including the finding that place fields can exist in total darkness (reviewed in Section
6.2.2). Itis largely built on the computational theory that the CA3 subfield of the
hippocampus acts as an autoassociative memory with complex dynamics (as described in
7.1.1.2 and 7.1.2). While some parts of the proposal are well supported experimentally,
other parts were admittedly untested. What would seem to be the most straightforward

test of the theory is to lesion the hippocampus and detemine if rats can still path integrate.
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The results from this approach, however, have been contradictory (Alyan and
McNaughton, 1999; Whishaw and Jarrard, 1996). The sites of the lesions in these two
experiments were different, which may be related to the different results obtained.

The behavioral phenomenon of path integration is reviewed in greater detail in
Chapter 2. A prototypical example of path integration is the ability of an animal to make
a direct trajectory back to a starting point after making a varied and complex series of
trajectorics away from that point. Clearly, this ability confers many adaptive advantages
for an animal. An important point for this discussion is that animals can achieve path
integration in the complete absence of landmarks (Etienne, 1992; Mittelstaedt and
Mittelstaedt, 1980).

The proposal by McNaughton et al. (1996) holds that the hippocampus is
essentially a cognitive map and a path integrator at the same time (or at least sequentially;
first a path integrator, and then, after experience, a more fully realized cognitive map).
The theory states that in the absence of experience in an environment (or likewise, failure
of memory for an environment), the hippocampus instantiates a de novo representation
that is free of cue-place and cue-movement associations. The common metric of this
representation is self-motion.

The theory states that the cognitive map is initially set for path integration and,
through experience, binds specific events and contexts to movements. This is a
refinement of several previous proposals by McNaughton (McNaughton et al., 1989;

McNaughton and Nadel 1989). The theoretical work by McNaughton and Nadel
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specified in some detail how an associative memory system could bind movement
representations with place representations in the context of a Hebb-Marr network.

The proposal by McNaughton et al. (1996) was theoretical in nature, and was not
tested with an explicit computational model. That proposal inspired several highly
specific computational models utilizing path integration (Samsonovich and McNaughton,
1997; Tourctzky and Redish, 1996; Sharp, 1999). These models are reviewed in the next

several sections (7.3.1-7.3.4).

7.3.1 The Samsonovich and McNaughton model

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 attractors. A hippocampal map (or chart, in their terms) is
defined as a two-dimensional configuration of place cells in which nearest neighbors
have higher probabilities of being interconnected than do distant neighbors.

A chart can also be viewed as a set of default connections (an attractor) that can
be modified associatively to represent the given environment. The crucial memory
function lies is in the ability of the system to rapidly modify the connections within the
selected map.

A critical aspect of the model is that the hypothesized attractor is continuous. The
attractor neural networks described above only settle into discrete states. In such a

network, a smooth transition between states is not possible unless one assumes the
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strength of connection between place cells is a function of the distance between their
fields (reviewed in Tsodyks, 1999).

In the model, each place cell has a preferred coordinate on the chart (a two-
dimensional surface), and fires at a rate that depends on the distance between the current
coordinates of the animal and the cell’s preferred coordinates. In other words, the firing
rate of each cell represents a transformation distance between two coordinate sets.
According to the model, this is the information required to bring the two coordinate
systems in register. The transformation is applied in a two-stage process; the first stage
represents the position of the animal, and the second stage represents a position x velocity
computation. As the animal moves around the environment, a continuous transformation
is computed.

A radical rearrangement of place fields (remapping) is proposed to reflect a state
transition from one dynamic attractor to another. This is equivalent to chart switching.
Other authors with similar models have labeled this non-linear transformation as a chart
transition (Zhang, 1996; Redish and Touretzky, 1997). As the rat moves around the
environment represented by the chart, the focus of activity will move around the attractor
network due to the input from self-motion and local view information.

One important question, then, concerns how self-motion information is able to
move the activity bump. Path integration would require both distance and direction
updating. The existence of a compass-like mechanism (the head direction system) was
described in Chapter 6. A distance metric has not yet been elucidated. In the

McNaughton et al. (1996) model, the existence of a parallel network of neurons receiving
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conjunctive inputs from both the hippocampus and a class of motion sensitive cells was
hypothesized. Each motion sensitive cell returns an offset bias to the hippocampus
corresponding to the preferred direction of the cell. Such a mechanism allows

sequentially activated place cells to be strengthened.

7.3.2 Redish and Touretzky

Redish and Touretzky (Touretzky and Redish, 1996; Redish and Touretzky, 1997)
have proposed a different model of path integration and hippocampal updating. In their
model, path integration is computed outside the hippocampus, yet still exerts a strong
influence over hippocampal place-specific firing. The specific role of the hippocampus is
to bind the local view (i.c., the sensory array) to ideothetic (generated within the corpus
of the animal) sclf-motion signals.

The model specifies four interacting spatial representations: (a) a local view (ala
McNaughton et al., 1991); (b) an extrahippocampal path integrator; (c) the hippocampal
place code; and (d) the head direction system. Two additional subsystems are postulated,
one for the selection of goals and the other for the selection of reference frames (Redish
and Touretzky, 1996). Also, the authors explicitly propose separate extrahippocampal

integrators for head direction and distance.

7.3.3 The Sharp model

The model by Sharp (1999) is also inspired by the theoretical proposal of

McNaughton et al. (1996). In her proposal, the subiculum and the entorhinal cortex form
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a universal map that is used in all environments. The universal map, which has the
properties of a path integrator, provides a spatial code upon which the hippocampus
proper and dentate gyrus can rapidly bind events.

Evidence for the theory is partially based on an interesting property of the place
fields obtained in the entorhinal cortex and subiculum: The fields occupy the same
relative positions in every environment that the animal visits. This is in stark contrast to
hippocampal place cells in which selection appears to be random (however, see Skaggs
and McNaughton, 1998). Sharp posits that this property is consistent with a role of
entorhinal cortex and the subiculum in computing the universal map.

The Sharp (1999) model states that the universal map of the entorhinal cortex and
subiculum imposes an obligatory spatial code upon the hippocampus proper and dentate
gyrus. The hippocampus, in turn, generates a new map whenever the context changes.
According to the model, while the hippocampus displays spatial selectivity, this is not
what is represented there; non-spatial elements such as context, events (i.c., episodes) are
what the hippocampus learns.

The model proposes a Place x Direction x Movement layer in the subiculum that
receives input from place cells (current position), the head direction system (direction),
and motion detectors (linear distance information from self-motion). The feedback from
this layer to the hippocampus is such that the hippocampal place representation is
updated by any combination of any two of the three inputs. In the model, extrinsic head

direction and linear displacement information influence the subiculum.
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7.3.4 A comparison of the models

7.3.4.1 The requirement for prewired maps

One frequently cited weakness in McNaughton’s theory, and hence Samsonovich
and McNaughton’s (1997) computational model, is the requirement that the maps are
prewired in the connection matrix of the hippocampus (Redish, 1999; Sharp, 1999). Both
Redish and Sharp argue that the large number of prewired maps in the Samsonovich and
McNaughton model is untenable. Sharp argues that the universal map, in her proposal,

need only be learned once and then reused continually after that.

7.3.4.2 The orthogonality requirement

A second critique of the McNaughton et al. (1996) path integration framework is
that hippocampal maps for different environments need to be orthogonal, or uncorrelated,
in order to be retrievable from the associative network. A recent experiment has
examined this issue (Skaggs and McNaughton, 1998). Ensembles of 10-39 units were
recorded simultaneously while rats foraged for food in an environment consisting of two
nearly identical boxes connected by a corridor. A higher than chance fraction of the
place cells had place fields in the same relative locations in both environments, while
other cells showed completely different place fields. This experiment was interpreted as
strong evidence supporting partial remapping. The authors suggested that new maps are
not entircly orthogonal, and are not selected at random as previously assumed. Thus,

environments that are very similar will cause the system to instantiate similar maps. The
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implication of this is that these overlapping representations must be modifiable in order

to make them unique to the specific environment.
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CHAPTER 8
RECORDING METHODS

8.1 Introduction

An important advance in the ability to record neural activity in animals was the
advent of multiple single-unit recording techniques. These techniques allow for the
analysis of the simultaneous activities of populations of neurons. This is important
because it is widely held that the ensemble activities of neurons underlie representation in
the brain. Sampling single-units one-by-one cannot reveal these complex and dynamic
relationships.

The technique sine qua non for recording populations of hippocampal neurons is
the tetrode and Hyperdrive assembly of McNaughton and colleagues. The Hyperdrive, in
combination with advanced off-line isolation techniques (a.k.a. cluster cutting, spike
sorting), allows for the simultaneous recording of the activities of several (sometimes as
many as 20) single-units for each probe. Because there are twelve probes in a
Hyperdrive, populations exceeding 100 simultaneously recorded single units have been
recorded (although 10-60 are more typical). The troika of tetrode, Hyperdrive, and
cluster cutting was used throughout the experiments included in this dissertation. The
Hyperdrive and tetrode are described in Section 8.2 (immediately below). Cluster cutting

is described 1n 8.9.1.
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A unique part of these experiments is the Rat Train Apparatus (RTA) and Rat
Controlled Vehicle (RCV) for the manipulation of self-motion signals. These

apparatuses are described in Section 8.5.

8.2 Tetrode and Hyperdrive assembly

The tetrode is a straightforward extension of the stereotrode. The rationale behind
the use of the stereotrode in single-unit recording is reviewed in McNaughton et al.
(1983).

Each tetrode consisted of four wound wires with a small (~25 um) separation of
the tips. Because extracellular potentials fall off with the distance squared of the signal
source to the probe wire, the small separation between the tips resulted in slightly
different spike amplitudes on each of the four wires. The differences in spike amplitude
(and other features of the spike waveform) were used to separate the single-units (see

Section 8.9.1 and Figure 8.3).

8.2.1 Hyperdrive assembly

The mechanical foundation of the Hyperdrive was a cone shaped plastic core with
guide holes. A mechanical drawing of the Hyperdrive is provided in Figure 8.1B. A
threaded post, together with a smaller support post, was embedded into the plastic core
along each of the fourteen guide holes. Fourteen 30-gauge steel cannulae were held
together rigidly at one end with 11-gauge cannulae and shrink tubing. The bundle of

cannulae was inserted into the core such that each of the 30-gauge guide cannulae fed
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Figure 8.1: Hyperdrive mechanical assembly. A) Mechanical drawing of the Hyperdrive (used
by permission, B. L. McNaughton). B) Photograph of the Hyperdrive core (viewed from the
top) prior to insertion of tetrodes, electrodes and accompanying electronics. The fourteen
guide cannulae distributed around the outside edge of the plastic core are angled so that they
rejoin in a small bundle at the base of the Hyperdrive. The threaded screws and guide posts
surround the plastic core. Drive nuts attached to the tetrode allow the probe to be moved up
and down in small increments while searching for single-units.
into one of the 14 predrilled guide holes. At this point in the process the core appeared as
in Figure 8.1A.

After installation of the guide cannulae, drive nuts were fit over the bundle
cannulae and onto the support post. Two polyamide tubes (78 um and 110 pm in
diameter; Hudson International, Trenton, GA) were then loaded into each of the 30-gauge
guide cannulae. The polyamide tubes were glued in place using epoxy.

The fourteen tetrodes were then inserted into each of fourteen polyamide tubes
surrounding the Hyperdrive core and glued in place. As a result, turning the drive nut
resulted in movement of the attached cannulae, polyamide tubes and tetrode.

The tetrodes were extended through the base of the Hyperdrive assembly, and

then trimmed to protrude a distance of 5-7 mm beyond the base of the Hyperdrive using a
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sharp pair of scissors. The total area occupied by the bundle at the base of the
Hyperdrive was approximately 2 mm?.

Once installed into the Hyperdrive, each of the four wires from twelve of the
fourteen tetrodes was connected at the top end of a circuit board that was bolted to the
plastic core. The four wires of two of the tetrodes were connected together to become
essentially a single wire. One of the single-wire probes was used as a recording reference

and the other as an EEG electrode.
8.2.2 Tetrode construction

Tetrodes were made by twisting together (~ 50 turns forward followed by 20
back) four strands of fine (13 um) coated-coated nichrome wire (H.P. Reid Co., Neptune,
NJ) under tension. While still under tension, the insulation of the four twisted wires was
fused slightly with a heat gun. This ensured that the wires remained insulated from each
other yet still moved together as one unit. The tips of the four wires were then cut flat
and clectroplated with gold. The tetrodes were tested for an acceptable impedance of

within 300-600 k€ at 1 kHz and stored for later use.
8.2.3 Stimulation electrodes

Stimulation electrodes were constructed by twisting (~25 turns forward, 5 back) a
pair of 0.0045” (coated diameter) annealed Teflon-coated stainless steel wire. The wire

pair was then clipped to a length of > 1.2 cm. A hypodermic needle holder was used to
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pull one tip of the pair back approximately 1 mm. The insulation from the long tip was
stripped approximately 0.25 mm.

The insulation of the untwisted end of the wire pair was stripped approximately 2
mm. Short (approximately 2 mm) 22-gauge stainless steel tubing was crimped onto the
stripped portion of each untwisted end. During surgery, these connectors were plugged
into accessory connectors on the Hyperdrive.

A holder was constructed by bending a 5 cm long, 22 gauge tinned copper wire.
The holder was bent 2 mm from one end at a 105° angle. A second 105° bend was
applied 3 mm up from the first bend. The electrode was inserted through a small length
of heat shrink tubing and wrapped several times around the short bended portion of the
holder. A small drop of cyanoacrylic was applied. A heat gun was used to contract the
heat shrink, thus securing the electrode to the holder.

An impedance test was used to verify that there was: (a) infinite resistance
between the electrode holder and each connector end, (b) infinite resistance between the
connector end, and (c) a resistance of 50-300 kQ between the connector ends when the

electrode tip was dipped in saline.

8.2.4 Additional EEG electrodes

A pair of EEG electrodes was made for implantation in the left hemisphere by
gluing together a pair of 0.05 mm Formvar-coated nichrome wires such with the tips of
the two wires were separated by 0.6 mm. This allowed the pair of wires to be placed with

the tip of the deep wire positioned in the hippocampal fissure and the tip of the shallow
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wire in or near the CA1 cell body layer. The wires were fastened to a holder with glue

and heat shrink (this was similar to the process described in 8.2.3).

8.3 Experimental animals and surgeries

8.3.1 Subjects

A total of eight male Fischer-344 rats (Charles River Laboratories, Wilmington,
MA) were used as subjects in these experiments. Table 8.1 summarizes the procedures
used on these subjects. Subjects ranged in age from 10-18 months. Animal care, surgical
procedures and euthanasia were carried out accordance with National Institutes of Health
and University Animal Care guidelines for the use of vertebrate animals in research. The
rats were housed individually in Plexiglas containers and maintained on a reversed 12-
hour light-dark cycle in a colony room. Subjects were weighed, handled, and checked for
overall health daily. Subjects had free access to water. After recovery from surgery (~5
d), subjects were maintained at 75-80% of their ad libitum weights until the conclusion of

the experiments.

8.3.2 Surgery

On the day of surgery, subjects were anesthetized using pentobarbital sodium
anesthesia (Nembutal 40 mg/kg i.p., Abbott, IL) and placed in a stereotactic frame (David
Kopf Instruments, Tujunga, CA). Small doses of supplemental methoxyflurane

(Metofane, Pitman-Moore, IL) were administered by inhalation as required to maintain a
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state of deep anesthesia throughout the surgery. Subjects were periodically checked for
bronchial obstruction and aspirated as necessary.

Once the subject was mounted in the stereotactic frame, a midline incision over
the top of the head was made to expose the skull. The incision was then cauterized and
washed with saline until bleeding was eliminated and a clean operating surface was
established. A small circular craniotomy was then performed.

A pencil mark was made at 3.8 mm posterior and 2.5 mm lateral to bregma
(Paxinos and Watson, 1986). A compass was used to mark a small circular area (~2.5
mm diameter) on the skull surface. Several small pilot holes were drilled around the
marked area for the insertion of screws to rigidly mount the Hyperdrive. The marked
area was then removed down to the dura using a dental drill. The dura was incised and
retracted thus revealing the pia covering the right parietal cortex. Small stainless steel
jeweler’s screws were driven into the pilot holes in preparation for insertion of the
Hyperdrive.

Prior to Hyperdrive insertion, the bilateral medial forebrain bundie (MFB)
stimulation electrodes and contralateral EEG electrodes were implanted. The leads of
these additional electrodes were later connected to designated connectors on the
Hyperdrive circuit board, and then attached to the dental acrylic mass surrounding the
Hyperdrive post.

The Hyperdrive was then lowered into the craniotomy. The mounting screws

were tightened and the craniotomy filled with molten bone wax. A base of dental acrylic
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was built up over the mounting plate and post of the Hyperdrive. The ends of the tetrodes

were left sitting in the pial layer ready to pierce the cortical surface.

8.3.3 Post surgical care and recovery

Immediately following surgery, subjects were administered 30,000 units of
penicillin (Bicillin, Wyeth, PA) to each hindlimb and allowed to recover for a 4-8 hour
period in an incubator. After the subject had recovered from anesthesia enough to
swallow liquids, 25 mg of acetaminophen (Children’s Tylenol Elixir, McNeil, PA) was
administered orally for analgesia. The rat was then placed in a clean cage with a surgical
sheet and small pieces of fruit. An additional 2.67 mg/ml acetaminophen in drinking

water was provided for three days following surgery.

8.4 Behavioral apparatuses

8.4.1 Rat Train Apparatus (RTA)

The Rat Train Apparatus (RTA) consisted of a modified toy-train car (Lionel
Trains, Chesterfield, MI) riding on top of a 130 cm diameter (204 cm circumference) G-
scale circular track. The entire track was bolted to a round 150 cm diameter piece of
plywood and placed on top of a cinderblock platform at a height of 60 cm.

The car consisted of a metal platform bolted to the chassis of the toy-train engine.
A rubber mat was glued between the metal platform and the Velcro strips in order to
electrically insulate the rat from the train motor. The electric motor was shielded with

aluminum foil.
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Rat Apparatus Data Acquisition Reward Extra EEG Cluster cutting
(MFB or food) electrodes (y/n) technique
6207 RTA Discovery MFB n XClust
6238 RTA Discovery Food n XClust
6235 RTA Discovery Food n XClust
6164 RTA Discovery MFB n XClust
6876 RCV Cheetah Food y BBClust/MClust
6877 RCV Cheetah MFB y BBClust/MClust
6873 RCV Cheetah MFB y BBClust/MClust
6875 RCV Cheetah MFB y BBClust/MClust

Table 8.1: Experimental subjects. Abbreviations: RTA-rat train apparatus, RCV-rat controlled vehicle, MFB-medial forebrain bundle
stimulation. Extra EEG electrodes refer to pairs of electrodes implanted in the left hemisphere. A total of eight Fischer-344 rats were used in
these experiments.
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Low pile carpet strips were attached to the top of the train with Velcro so that they
could be removed and washed as necessary. The engine and platform were balanced with

small weights to prevent derailment.

A microswitch was attached near the front edge of the platform, and connected in series
with the 12 V 7.2 AH DC power supply to the train car’s electric motor. Thus, closing
the switch resulted in movement of the car until the button was released. Investigator

control of the vehicle velocity was provided via a potentiometer.

8.4.2 Rat Controlled Vehicle (RCV)

The Rat Controlled Vehicle (RCV) is shown in Figure 8.2. The RCV consisted of
two independently movable axes (WORLD and CAR) driven by stepper motors (Oriental
Motors, City of Industry, CA). The motors were attached to a modified circular metal
patio table with mounted bearings (Browning Bearings and Chain Co., Monroe. NC).
The entire contents of the maze were attached to the WORLD axis include the large
circular wooden platform (140 cm diameter) with attached black curtains, the fabric
ceiling, and the running track. Caster wheels mounted to the patio table provided
stabilization of the maze.

A single white cloth (1 m x 0.5 m) and directional light source were mounted to
the circular curtains at 215° separation. A small opening in the top of the ceiling allowed
for the installation of the video camera to image the inside of the apparatus for the

purpose of positional tracking.
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The CAR axis included a metal armature holding a small, vinyl-covered wooden
platform (6 in x 8 in) at a radius of 65 cm on center. A microswitch was mounted on the
front of the wooden platform. The leads of the switch were fed through the armature into
the central shaft and down to a commutator.

The positions of both axes were recorded as pulses by optical encoders (U.S.
Digital Corp., Vancouver, WA). The use of the encoders to determine position is
described in Section 8.9.3.

The tasks and axes motors were controlled by an 80486 PC running the Windows
98 operating system (Microsoft Corp., Redmond WA). An in-house Basic (Microsoft,
Redmond, WA) program was used to process events (€.g., button presses and rewards),
trigger Cheetah event flags, and issue commands to the stepper motor controllers through
a custom parallel port circuit. The software allowed the investigator to select the CAR or

WORLD axis (or combinations thereof) pseudorandomly for each trial.

Movement condition Self-motion signals manipulated
WALKING Optic(+), Vestibular(+), Ambulatory(+)
CAR DRIVING Optic(+), Vestibular(+), Ambulatory(-)
WORLD DRIVING Optic(+), Vestibular(-), Ambulatory(-)

Table 8.2: Movement condition and self-motion signals manipulated.
8.5 Movement conditions

The apparatus was designed such that the animal would make spatial trajectories
through the maze using different combinations of self-motion cues. Table 8.1 shows the

movement conditions and corresponding self-motion signals manipulated in each. A
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description of the tasks used in these experiments can be found in Section 9.1.2. Trials
were typically run in blocks; however for two rats the trials were INTERLEAVED such

that CAR and WORLD trials were pseudorandomly intermixed throughout.

8.6 Training

8.6.1 Determination of optimal medial forebrain bundle stimulation settings

Optimal medial forebrain bundle stimulation (MFB) settings were obtained by
observing the response of each subject to stimulation while parametrically varying the
applied current settings. Stimulating current was applied through a custom circuit with a
user button. The circuit provided a train of fifty 300 us pulses at 100 Hz (total pulse train
duration of 0.5 s) for each push of the button. The subject was placed on a towel in a
flowerpot, and the current settings on the stimulator were set to a baseline level of 20 HA.
Several pulse trains were applied while noting the responsive behavior (if any) of the rat.
Special attention was paid to activity such as gnawing or intense sniffing. This
procedure was repeated for the opposite hemisphere. The initial level of stimulation was

set at the minimum level at which a robust response was observable.

8.6.2 Teaching rats to drive

Each subject was first allowed to explore the car for 5 to 10 minutes. The trainer

would then put the subject’s paw on the button and deliver reward (usually MFB
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stimulation but, in some cases, food). This portion of the training continued until the rat
lcarned to approach, push, and hold down the button for several seconds (~1-2 weeks).

The power to the train was then engaged so that the subject would move as long
as the button was held down. Thus, the rat began to make trajectories for reward. As
training progressed, shorter trajectories (< 20°) were not rewarded.

The next stage involved training the rat to recognize the goal locations. This was
done by establishing a wide reward zone occupying 90° of arc centered on the goal.
Anytime the subject stopped the car in the reward zone, a reward was delivered. This
portion of the training often lasted 2-3 wecks.

A primary goal of the training was to optimize behavioral performance near the
time of maximum single-unit yield. This presented a methodological challenge.
Implants needed to be utilized as soon as possible for several reasons (e.g., tetrodes
become stuck over time, channels can become bad, etc.). On the other hand, the subjects
needed to learn to push the button, become accustomed to driving, and “discover” the
goal locations, a series of behaviors that could take several weeks for the rat to learn.
Hence, a compromise was frequently made between having a well-trained subject and a

high-yielding implant.

8.7 Recording

8.7.1 Electrode positioning

The two single-wire probes (reference and EEG) were advanced over a period of

2-3 days. The tip of one of the two was advanced to the corpus callosum to act as a
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Figure 8.2: Rat Controlled Vehicle (RCV) A) Schematic diagram. The rat sat on
a small platform with an attached GO button (microswitch). The task computer
controlled whether the CAR or WORLD (or both) axes was engaged. Optical
encoders (the WORLD and CAR encoders) sent TTL pulses to the data
acquisition computer for each clockwise or counter clockwise movement of the
CAR and WORLD axes. These pulses were used to track the rat’s position with
respect to both axes. B-D) Photographs of the apparatus shown in A. B) Inside of
the RCV looking at the armature, running track, and driving platform. C) Base
of the RCV showing the table and stepper motors. D) Rat preparing to make a
trajectory sitting in front of the GO button on the driving platform.
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reference for differential recording of the EEG and single-units. The tip of the reference
electrode was positioned near the hippocampal fissure in order to record maximal theta
rhythm.

The remaining twelve tetrodes were used for recording unit activity and
monitoring the hippocampal EEG. These probes were advanced slowly through the
cortex into arca CA1 of the hippocampus over a period of weeks. During this time the
subject was trained on the task. A tetrode was considered close to the CA1 cell body
layer if the EEG from its channels exhibited sharp-wave ripple complexes. Two
characteristics were used to indicate that the electrode was in the CA1 cell body layer: (a)
the presence of multiple complex-spike cells on the tetrode, and (b) the reversal of the

ripple polarity superimposed on the sharp wave.

8.7.2 Single-unit recording

The four channels of each tetrode were preamplified with a unity-gain field effect
transistor (Multichannel Concepts Inc., Gaithersburg, MD) in the headstage circuit board.
This design was used to reduce impedance in the transmission of neural signals. Signals
from the headstage circuit board were connected via a shielded cable to a 64-channel
commutator (Beila Idea Development, Anaheim, CA), and from there to a set of 12 eight-
channel software adjustable amplifiers (Neuralynx Corp., Tucson, AZ). For single-unit
data, the signals were amplified (X 10,000), band-pass filtered (600 to 6,000 Hz), and fed

into analog-to-digital converter cards.
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Two configurations of the acquisition system were used during different stages of
these experiments. The oldest experiments utilized eight 80486 PCs running Discovery
data acquisition software (BrainWave Inc., Broomfield, CO). These systems were
equipped with programmable 10 kHz time-stamp clocks for synchronization. The more
recent experiments utilized a single PC-based system running Cheetah data acquisition
software (Neuralynx Corp., Tucson, AZ). Both acquisition systems recorded data in a
similar fashion; the primary differences between systems were usability and acquisition
rate.

Each channel of the tetrode was monitored at 32 kHz. A spike event was
triggered whenever the amplitude on any of the four tetrode channels exceeded a user-
defined voltage threshold. Following a trigger event, the data acquisition system
recorded 32 samples residing in a ring buffer (16 samples prior to the threshold crossing
and 16 after). The 32 samples allowed the waveform of each detected spike to be
recreated off-line.

The signals were also input into an audio monitor (Model AM 8C, Grass
Instruments, Quincy, MA) and oscilloscope (Nicolet, The Netherlands). This was used to
confirm the digital acquisition and identify characteristic EEG activities during the search

for single-units.

8.7.3 EEG recordings

In the Discovery data acquisition system, two PCs were dedicated to digitizing

and recording EEG. One of these PCs was also used for recording positional data. This
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configuration provided eight EEG acquisition streams. In addition to the channel from
the fissure electrode, seven of the tetrodes were selected for EEG acquisition. The EEG
signals were amplified (X 2,000), band-pass filtered between 1 and 100 Hz, and sampled
at a rate of 250 Hz.

In the Cheetah system, processor speeds and disc storage capacities had advanced
such that it was possible to record up to 32 channels of EEG at a higher sampling rate
(2.4 kHz). Therefore, EEG data were acquired from one channel from each of the 12
tetrodes, from the electrode placed near the hippocampal fissure, and the two additional
electrodes placed in the contralateral hemisphere. Six continuous record channels were
used to digitize the three channels from each of the axis encoders (CAR and WORLD;
see Section 8.5.2). This yielded in a total of 15 simultaneously recorded EEG signals.

The signals were amplified (X 2,000) and band-pass filtered from 1 to 3 kHz.

8.7.4 Position sampling

For the data acquired on the Discovery system, a video tracker (Dragon Tracker,
Dragon Systems, Boulder, CO) was used to digitize the positions of infrared diodes
mounted on the headstage. The light emitted by the diodes was sampled by a video
camera mounted on the ceiling above the behavioral apparatus. The sampling rate for the
Discovery data acquisition system was 20 frames/sec. The Cheetah video system
sampled at 60 frames/sec. The resolution of both systems was approximately 2-3

pixels/cm.
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In addition to a video tracker incorporated directly in the Cheetah system, the
optical encoders provided additional positional information in experiments utilizing the
RCV. The computation of position using the optical encoder data is described in Section

8.9.3.

8.8 Experimental recording protocol

A typical recording session went as follows. The rat was brought into the room
and placed on a bed of towels in a flowerpot. The headstage of the rat was then
connected to the long cable that was attached to the commutator and ultimately to the
data acquisition system. Two investigators would then examine the unit-activity, EEG,
and turning log from the previous day in order to determine if minor adjustments needed
to be made to the tetrode depths. Screen captures of the tetrode projections (or hand
drawings) were made in order to facilitate Cluster cutting (see Section 8.9.1).

At the conclusion of the turning adjustments, the lights were lowered, and the
animal was allowed to rest for approximately 20 minutes, during which time data
acquisition began. The data acquired during this initial period was termed REST1.

The rat was then placed on the car and the TASK epoch began. The time was
noted in the log. See 9.1.2 for a description of the three tasks used in the experiments
included in this dissertation. During TASK A and TASK C, the investigator would drive
the rat to a starting location. During TASK B, the rat engaged in purely active driving.
The TASK epoch was typically 1-1.5 h during which the subjects made between 15 and

150 laps around the track.
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Following the TASK epoch, data was acquired during a second REST epoch
(REST2). Power to the headstage was then turned off. The rat was unplugged, put in his
cage, and returned to the colony room. The data were then archived to compact disk or
tape. Finally, the animal was returned to the recording room for additional turning in

preparation for the next recording session.

8.9 Data analysis

8.9.1 Off-line single-unit isolation (cluster cutting)

The cluster cutting technique (McNaughton et al., 1989) was used to separate
individual single-units from each tetrode. The algorithm involved plotting various
features (i.e., amplitude, peak-to-trough amplitude, energy, principal components) among
all pairwise permutations of the working channels. Thus, a tetrode with four good
channels produced six plots (1-2, 1-3, 1-4, 2-3, 2-4, 3-4) for each feature.

Because the features (e.g., amplitude) of the individual single-units tend to form
clusters (Figure 8.3), single-units can be isolated by selecting clusters of features.
Clusters were selected for inclusion by either graphical or automated means. The
graphical approach involved drawing convex hulls around each clusters using a mouse
and cursor. This has been the standard technique used during the past ten years;
automated approaches involved iterative algorithms, followed by visual inspection and
further graphical selection.

Cluster cutting techniques have evolved substantially over the course of these

experiments. Two approaches using three in-house software packages were used. The
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earliest experiments (all of the data collected on the RTA) used XClust (developed by
M.A. Wilson). The remaining experiments used a combination of preprocessing by
BBClust (Lipa, unpublished technical document) followed by traditional manual cluster
cutting using MClust (written by A.D. Redish). XClust and MClust are derivatives of the
technique initially developed by McNaughton.

The BBClust technique used combinations of spike characteristics (spike
amplitude, peak-to-trough amplitude, spike width, energy, etc.) to assign each spike a
point in an N-dimensional parameter space. Spikes were then provisionally assigned to a
single-unit based on their tendency to cluster together in the multidimensional space. A

screen capture from BBClust is shown in Figure 8.3.

8.9.2 Unit classification

After cluster cutting, isolated single-units were classified as either pyramidal cells
or interneurons consistent with the scheme proposed by Ranck (1973). A cell was
considered to be a pyramidal cell if: (a) the inter-spike interval histogram was
characteristic of hippocampal byramidal cells (Kubie and Ranck, 1983; Markus et al.,
1995; Ranck, 1973); (b) the cell had been recorded on the same tetrode with other
complex spike cells in the CA1 layer; (c) the cell had a spike width of at least 300 us; and

(d) the cell had a mean firing rate < 3 Hz during movement. In addition, only those
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Figure 8.3: BBClust screen capture. The screen capture illustrates the principal
techniques used in both XClust and BBClust/MClust. Pairwise projections of
waveform characterics (e.g., amplitude, total energy) are plotted (see lower right
corner of the screen capture). Clusters in the parameters are visually identified and
selected graphically through use of a mouse and cursor. The innovation in BBClust
is that during a preprocessing step, candidate clusters (called bubbles) are identified
using an iterative process that automatically clustered spike waveforms in an N-
dimensional parameter space. The candidate bubbles were then merged and split
based on whether they belong to an insolated cluster in the permutation of pairwise
projections. XClust does not preidentify candidate clusters. Instead the single-units
are determined solely on graphical editing by the user.

pyramidal cells that were stable across all three epochs (REST1, RUN, and REST2) were
included in the analysis. A cell was classified as an interneuron (theta cells) if the cell:
(a) had an ISI histogram characteristic an interneuron; (b) had a spike width of less than
300 ps; and (c) had a mean firing rate greater than 4 Hz during movement.

A pyramidal cell was considered to be active during a condition if it fired more
than 40 spikes over all trajectories matching the condition. For example, a pyramidal cell
was considered as active during WALKING if it fired more than 40 spikes during the

combined epochs during which the subject was walking.
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8.9.3 Positional analysis

For all experiments, the moment-to-moment position of the rat was computed
from video tracker data. For the experiments using the RCV, optical encoders were
attached to the cue cylinder and car axes (see Section 8.5.4). Each encoder had 3 TTL
channels (A, B, and INDEX) that provided a pulse for each small movement (“click”) of
the encoder. A pulse on channel B leading channel A indicates clockwise (CW)
movement, while channel B leading channel A indicates counter-clockwise movement
(CCW). The index provided a single long pulse for every full circle of the axis. The
three output channels were connected to a circuit that produced a characteristic three-step
pulse for each CW or CCW pulse of the encoders. Thus, the position of the rat with
respect to the cylinder cues were computed by summing the clockwise and
counterclockwise pulses for the CAR and WOLRD axes.

The encoders provided 2,000 clicks for each complete rotation of the motor.
Because the circumference of the circular track was 204 cm, the resolution of the
encoders was 0.102 cm (204 cm/2,000 pulses).

Three custom Java (Sun Microsystems Corp., Cupertino, CA) programs were
written to confirm the accuracy of the encoders and to analyze trajectories when the rat
was walking. The names of these programs were TrackerViewer, BatchTargets, and
TrajectoryViewer.

The TrackerViewer and BatchTargets programs were designed to segment
multiple moving targets (i.e., a tracking light attached to the WORLD axis, the lights on

the rat’s headstage). Targets were placed on the RCV such that they would travel in
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nonoverlapping concentric positions. The TrackerViewer program was used to place
masks over the targets of interest, identify deviations of the center of the apparatus
relative to the video camera, and confirm the quality of the acquisition (see Figure 8.4).

The BatchTarget program used the values determined with the TrackerViewer
program. The position of the rat was determined by finding the center of mass of all
tracked light sources within a masked area. An angular position value and the
corresponding time were output for each video frame and each of the two masks.

The TrajectoryViewer program was used to plot the estimated positions of the
subject and CAR and WORLD axes (as determined by the video tracker analysis) along
side the estimated positions of the CAR and WORLD from the encoder analysis. This
was used to crosscheck the values obtained. An additional purpose of this program was

to determine the position of the subject during WALKING trajectories.

8.9.4 Trajectory analysis

Trajectories were defined as forward movement of greater than 5.6 cm (10 arc
degrees) at a velocity of greater than 5 cm/s. The entire sequence of trajectories was
plotted as a series of concentric arcs so that the full behavioral record could be verified.
Active and passive trajectories were identified and separated. Histograms of stopping

locations were made for active trajectories. This process is described in greater detail in

Chapter 9.
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Figure 8-3* Screen canture of the TrackerViewer nrogram.

Figure 8.4: Screen capture of the TrackerViewer program. The program allowed the
user to verify the positional analysis of the encoders and to output the position of the
rat during walking trials (when the encoders were not active). The donut-shaped
green circles correspond to the separate targets for tracking the rat and the visual
cues (world axis). During car driving, the rat and car occupied the same position.
During walking, however, the car was stationary and the rat was moving. By
combining the position of the rat (as determined by the BatchTargets program, see
Figure 8.3) with the encoder data, the rat’s position relative to the cues was
determined.



Figure 8.5: Screen shot from the TrajectoryViewer program. The screen shot shows a
trajectory during which the WORLD axis was engaged. A slider bar at the top allowed the
user to advance time from the beginning of the trajectory to the end. The trajectory of the
WORLD is shown in green; the outer arc represents the WORLD trajectory as
determined by the video tracker, the inner arc represents the WORLD trajectory as
determined by the encoder. The CAR axis did not move during this particular trajectory.
If the CAR had been moving, the arcs would have been plotted in red. The current CAR
position is shown as two black dots; on the right side of the screen is the position of the rat
in virtual coordinates (relative to the cues). The trajectory in virtual coordinates is plotted
in gold. In both plots, the rat’s position in virtual coordinates was ~ 45° before the light
cue.
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