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ABSTRACT 

This dissertation explores the relations between the hippocampal theta rhythm, 

the activity patterns of hippocampal neurons-considered both as individuals and 

as populations-and memory. The main focus is a series of studies designed to gain 

a deeper understanding of the phenomenon of phase precession of spike activity in 

CAl pyramidal cells, as first observed by O'Keefe and Recce (1993). Making use 

of parallel recording techniques capable of recording simultaneously from dozens 

of single units and up to twelve channels of EEG, it is demonstrated that: 1) 

The population activity of CAl pyramidal cells is modulated by the theta rhythm, 

with a depth of modulation of about 50%. The peak firing of interneurons in CAl 

(theta cells) occurs about 60 0 in advance of pyramidal cells. 2) The first spikes 

emitted by a CAl pyramidal cell, as the rat enters the cell's place field, come 90 0
-

1200 after the phase of maximal pyramidal cell population activity, near the phase 

where inhibition is least. As shown previously by others, as the rat passes through 

the place field, spike activity from the cell precesses to earlier phases of the theta 

cycle, for a net precession that often reaches 3600
• 3) Phase precession occurs both 

on linear tracks and in two dimensional environments where the animal does not 

follow regular trajectories. 4) Spikes occurring near the end of the theta cycle give 

less information about the animal's spatial location than spikes that occur near the 

beginning of the theta cycle. 5) Granule cells of the fascia dentata show maximum 

population activity approximately 90 0 phase advanced with respect to the CAl 

pyramidal cell population, and are nearly silent during the last quarter of the theta 

cycle. 6) Granule cells show phase precession similar to that seen in CAl pyramidal 

cells, with the exception that the maximum total precession is approximately 270 0 

rather than 3600
• 7) Phase precession also appears to occur during REM sleep, but 

the evidence for this is not conclusive. 
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These results are shown to imply that portions of the temporal sequence of place 

fields are replicated repeatedly within individual theta cycles, in highly compressed 

form. It is hypothesized that this permits the use of long-term potentiation for one

trial learning of the sequence, thereby giving a temporal dimension to hippocampal 

memory traces. The possible implications of this are discussed, as well as future 

experiments that may yield insight into phase precession and its functional role. 



CHAPTER 1 

INTRODUCTION 

"But the Snark is at hand, let me tell you again! 
'Tis your glorious duty to seek it! 

To seek it with thimbles, to seek it with care; 
To pursue it with forks and hope; 
To threaten its life with a railway-share; 
To charm it with smiles and soap! 

For the Snark's a peculiar creature, that won't 
Be caught in a commonplace way. 
Do all that you know, and try all that you don't: 
Not a chance must be wasted to-day!" 

The Hunting of the Snark, Lewis Carroll 
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The Russian psychologist Alexander Luria wrote a fascinating book called "The 

Mind of a Mnemonist" (Luria, 1975), an in-depth case study of a man with a 

tremendously enhanced ability to remember very long lists of completely unrelated 

items. Here is Luria explaining the strategy most commonly used by the mnemonist: 

When S. read through a long series of words, each word would elicit 

a graphic image. And since the series was fairly long, he had to find 

some way of distributing these images of his in a mental row or sequence. 

Most often (and this habit persisted throughout his life), he would "dis

tribute" them along some roadway or street he visualized in his mind. 

Sometimes this was a street in his home town, which would also include 

the yard attached to the house he had lived in as a child and which 

he recalled vividly. On the other hand, he might also select a street in 



Moscow. Frequently he would take a mental walk along that street

Gorky Street in Moscow-beginning at Mayakovsky Square, and slowly 

make his way down, "distributing" his images at houses, gates, and 

store windows. . .. 

This technique of converting a series of words into a series of graphic 

images explains why S. could so readily reproduce a series from start 

to finish or in reverse order; how he could rapidly name the word that 

preceded or followed one I'd select from the series. To do this, he would 

simply begin his walk, either from the beginning or from the end of the 

street, find the image of the object I had named, and "take a look at" 

whatever happened to be situated on either side of it. 

15 

This is not the only example of such a strategy: the Greek orator Demosthenes 

recommended memorizing a speech by mentally walking through one's house, as

sociating each item of the speech with a particular spot. These stories cannot help 

but be provocative to 'anybody who is interested in reconciling the evidence that 

the hippocampus is critically involved in episodic memory with the equally com

pelling evidence that the hippocampus is involved in representing spatial locations. 

They suggest that a mental representation of space may be capable of serving as a 

framework for memory, even if what is remembered has nothing intrinsically spatial 

about it. The idea that this may be so, for ordinary humans as well as mnemonists, 

and even for rats, is very appealing, because it points the way toward a "unified 

theory" of the hippocampus. 

Historically there 'have been quite a number of theories of the function of the 

hippocampus. For roughly the first half of this century it was mainly thought to be 

involved in olfaction. In the 1950's and 1960's, when the brain systems controlling 

arousal were being characterized, the dominant theory was that the hippocampus 

was somehow responsible for behavioral inhibition: Simonov called it "an organ of 

hesitation and doubt" '(Simonov, 1974). Both of these lines of thought have fallen 

into general disfavor (Brodal, 1947, Nadel et al., 1975), though their traces can still 

be seen in current research, and there are still good reasons to think that each may 
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contain an element of truth (Wiener et al., 1989, Gray, 1982). Currently, though, 

theorizing about the hippocampus is dominated by two ideas. The first, following 

from Scoville and Milner's (1957) report of amnesia resulting from bilateral ab

lations of the medial temporal lobe, is that the hippocampus plays a crucial role 

in memorYi the second, following from O'Keefe and Dostrovsky's (1971) report of 

place-related firing of hippocampal neurons, is that the hippocampus contains a 

cognitive map of space. 

A third line of research has proceeded for many years almost independently of 

these two, with only occasional instances of cross-pollination: this concerns the 

theta rhythm, a strong, regular EEG oscillation that can be recorded in various 

parts of the hippocampal system in most species of mammals. The first in-depth 

study of theta was published in 1954 by Green and Arduini, and further results 

have appeared at a regular pace ever since. In spite of this large body of work, the 

mechanisms giving rise to theta have not yet been fully clarified, and its function 

has remained myserious. Only a few ideas have been proposed, and these have 

tended to be rather vague and unconvincing. 

The work presented in this thesis is an exploration of the relations between 

the theta rhythm, the spatial firing properties of hippocampal cells, and memory. 

It is motivated by three key observations: 1) Spatially specific firing only occurs 

when theta is present in the hippocampal EEGi 2) every known manipulation that 

eliminates theta has a devastating effect on memorYi and, most specifically, 3) there 

is a strong interaction between phase of the theta cycle and the spatial location at 

which a cell fires (O'Keefe and Recce, 1993). The main work of this thesis will be to 

describe in detail the relationship between theta and spatial firing, and to explore 

the possible relations of theta and spatial firing to a role of the hippocampus in the 

storage of episodic memory. 

The theoretical link that connects spatial firing to memory is the notion of 

sparse coding. A neural code is sparse if at any given moment only a small fraction 

of possible cells are active. The patterns of spatial firing seen in hippocampal 

principal cells lead to highly sparse activity patterns in the population, on the 
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order of 2% in CAl, for which the greatest amount of data exists. Theoretical work 

will be reviewed indicating that sparse activity patterns of this kind are essential if a 

network with the anatomical structure of the hippocampus is to be used to rapidly. 

memorize large numbers of patterns with minimal interference, using a synaptic 

modification rule with the properties of hippocampal long-term potentiation. 

The theoretical links that connect the theta rhythm to spatial firing and memory 

are derived from a study of the shifts in place-related firing at different phases 

of the theta cycle. Results to be presented in this dissertation indicate that the 

phase-position interaction gives rise to compression of temporal sequences, such 

that sequences of cell firing lasting hundreds of milliseconds or more are replicated 

within individual theta cycles, lasting about 130 milliseconds. This compression, 

it will be argued, brings the temporal structure of hippocampal spike activity into 

a narrow enough range that it can be captured by long-term potentiation, which 

can make associations across a span of 40-50 msec but not longer. In other words, 

the theta rhythm, via ,the compression it induces, may give the hippocampus the 

ability to make associations across time. It will be argued that this is potentially 

an important enough function to justify the existence of the theta rhythm. 

The hippocampal theta rhythm varies in frequency from about 4 to 12 Hz, 

depending on species and behavioral state. It appears consistently during REM 

sleep, almost as consistently during states of active movement, and less consistently 

during states of still alertness. In fact, there is probably some degree of rhythmicity 

in the hippocampal EEG during nearly all behavioral states; Harper (1971) found 

theta peaks in the EEG power spectrum during nonmovement as well as movement 

states, and even during slow wave sleep. (The likely basis of this finding will be 

explained in chapter 9 of this dissertation.) 

But theta is more than just a rhythm; it is a comprehensive reorganization of 

the structure of neural activity throughout much if not all of the limbic system. 

This point is exemplified by figure 1.1, which contrasts population activity patterns 

in the CAl layer of the hippocampus, in the presence and absence of theta. When 
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theta is present, most CAl pyramidal cells are silent most of the time, but a small 

fraction of cells fire at .high rates for periods of several hundred milliseconds each, 

modulated by the theta rhythm. When theta is absent, the EEG shows a pattern of 

large irregular activity (LIA) during which most CAl pyramidal cells are similarly 

but erratically active, and much of the activity comes during randomly occurring 

"sharp waves", each of which lasts about 100-200 msec and activates on average 

about 5-10% of the pyramidal cells in CAl (Buzsciki et al., 1990, Ylinen et al., 1995, 

Skaggs, unpublished observations). CAl has been the most thoroughly studied 

region, but it is clear that corresponding changes in activity patterns take place in 

other parts of the hippocampus, in the septum, and very likely in the remainder of 

the limbic system as well. 

It is interesting to note that these dramatic changes in population firing pattern 

occur in the absence of any major change in overall population firing rate. During 

theta, it can be estimated (not very precisely) that on average about 2% of CAl 

pyramidal cells are active, with average firing rates around 20 Hz; yielding an 

estimated population average rate of 0.4 Hz (Skaggs, unpublished observations). 

During LIA, the population average rate is quite similar. (Each of these estimates 

could easily be off by a factor of two in either direction.) 

The type of population activity shown in part A of figure 1.1 has so far only 

been seen at times when rhythmic oscillations are present in the hippocampal EEG. 

Even so, it is useful to distinguish this mode of population activity-strong activity 

in a small fraction of cells, persisting in each cell for hundreds of milliseconds, with 

nearly complete silence between active periods-from the corresponding rythmicity. 

This pattern of population activity will be referred to here as the theta state, as 

opposed to the regular oscillations con.stituting the theta rhythm. 

Regardless of the significance of the rhythmicity, it is clear that the limbic 

system must be performing very different sorts of computations when the theta 

state is present. With a single exception, no manipulation performed to date has 

led, as far as it is pos'sible to tell, to a pattern of population activity similar to 

that occurring during theta without at the same time leading to rhythmic EEG in 



I I, II I I 1111111111111 111111 IIII I 

1111111 I I I I I II I ','" , .. .. • '.. I 

1111111 I 

1111 "' , " 1IIIIIUlii "'" 11M II 
, 01 

" 
, II 

I I 111111111" I III 

. " 
111111 I I I I I II II I II 

. , ,.I t 

" , , 
" 

, , , ,/' 
II 

' .. 
, 

" , , , 
" ," , 

" 
" ',' " , , 

I' , , , , . 
" , , , , , , 

, ',' 
," '" 

B 

" 

" " 

" , , 
, " • III , 

" 

III: " II 

I ,'I I I I I 

I I I II ',',II 
, " 
I', • I II 

1"1 I ' 

" , 
I" ,'I I I 

\ 
I III 

, , 
, 
II 

'" 

,It II 'II 

" 

" 

" 
, , 

I I' , " 

I II I I 

, ' 
I I I 'I II L I 

, , 
I I ,I .. " 

" ,', 

I 
II " 

, " 
t I 1111 , 

" , 
, " 

19 

Figure 1.1: Examples of hippocampal EEG and CAl population activity during 
theta (A) and LIA (B) states. Each panel shows 30 seconds of activity. At the top of 
each panel is an EEG trace recorded near the hippocampal fissure, several hundred 
microns below the CAl cell body layer. Occupying most of each panel is a raster 
trace of CAl population activity, showing spikes occurring in 58 simultaneously 
recorded CAl pyramidal cells, one cell per horizontal line. At the bottom is a 
movement trace. In panel A the rat was foraging for scattered food inside a plywood 
box; in panel B he was asleep. The EEG filter bandpass is 1-100 Hz in both panels, 
and the voltage scales are also the same. 
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the hippocampus. The exception is a study by Mizumori et al. (1989c), in which 

tetracaine microinjected into the medial septum led to preserved place-related firing 

patterns in CAl (but not CA3) while no theta was recognizable in the hippocampal 

EEG. Even in this case, though, a theta-frequency component could be seen in 

autocorrelation plots for at least some CAl cells, indicating that some degree of 

theta rhythmicity had survived the tetracaine injections. Thus, theta as a state and 

theta as a rhythm are difficult to separate; though this question certainly deserves 

further investigation. Consequently, when we examine the mechanism and meaning 

of the theta rhythm, we are also at the same time (but less explicitly) reviewing 

what is known about the theta state, which may in the long run turn out to be more 

important. It is doubtful, on the existing evidence, that reliable EEG theta rhythms 

exist in primates, but there is as yet no clear evidence regarding the existence in 

primates of a theta state. 

The outline of this dissertation is as follows. Chapter 2 is a summary of theoret

ical ideas concerning the mechanisms by which the hippocampus may be involved 

in storing memories, with particular attention to the requirements these impose 

on hippocampal cell firing patterns. Chapter 3 is a brief sketch of the anatomy of 

the hippocampal formation and septal region. Chapter 4 reviews what is known 

empirically about the correlates of hippocampal cell firing, with particular atten

tion to the relations between spike activity and the spatial location of an animal. 

Chapter 5 reviews what is known about the theta rhythm, its mechanisms and 

correlates. Chapter 6 describes the recording and data analysis methods used in 

the studies presented here. Chapter 7 is an in-depth study of the phase precession 

effect in CAl pyramidal cells and interneurons. Chapter 8 extends this study to 

granule cells of the fascia dentata. Chapter 9 examines the relations between EEG 

and CAl population activity during sleep, both REM sleep and a previously un

described state of low-frequency, low-amplitude theta that often occurs intermixed 

with LIA. Chapter 10 considers several possible hypotheses regarding the physio

logical mechanism of phase precession. Chapter 11 introduces the hypothesis that 
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pha.se precession effect may endow the hippocampal formation with the ability to 

memorize temporal sequences, using long-term potentiation. Chapter 12 summa

rizes the previous material, discusses its implications, and explores possibilities for 

future directions of inquiry. 

A note on terminology 

Throughout this dissertation, several words will be used in slightly unconventional, 

or rather abbreviated, ways to avoid repeated use of awkward-sounding construc

tions. "Theta" will be used a.s a noun, meaning rhythmic low-frequency oscillations 

in EEG or unit activity, in the hippocampus or structures connected to it. "Den

tate" will be used a.s an adjective, meaning of or pertaining to the fascia dentata. In 

other literature "theta" can also refer to low-frequency EEG oscillations generated 

in the neocortex or other brain area.s, having nothing to do with the hippocampus; 

and there is also a "dentate nucleus" in the cerebellum; but these words will not 

be used in this way here. Thus, "dentate theta" refers to low-frequency oscilla

tions occurring in, or generated by, the fa.scia dentata. A "granule cell" in this 

dissertation will always be a granule cell of the fa.scia dentata, not the cerebellum, 

olfactory bulb, or any of the other area.s where "granule cells" exist. The phra.ses 

"fa.scia dent at a" and "dentate gyrus" mean the same thing, and will be used inter

changeably. In the CA3 and CAl regions, neurons characterized physiologically a.s 

"complex spike cells" have been demonstrated to be identical with neurons char

acterized anatomically a.s "pyramidal cells" (see chapter 4), and these two phra.ses 

will also be used interchangeably. 

The word "hodology" means "the study of paths or connections" , and is widely 

used by anatomists. 



CHAPTER 2 

THE HIPPOCAMPUS AND MEMORY 

There was one who was famed for the number of things 
He forgot when he entered the ship: 
His umbrella, his watch, all his jewels and rings, 
And the clothes he had bought for the trip. 

He had forty-two boxes, all carefully packed, 
With his name painted clearly on each: 
But, since he omitted to mention the fact, 
They were all left behind on the beach. 

The loss of his clothes hardly mattered, because 
He had seven coats on when he came, 
With three pairs of boots-but the worst of it was, 
He had wholly forgotten his name. 
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David Marr (1971), in a groundbreaking paper entitled "Simple memory: a 

theory for archicortex", proposed, on the basis of a remarkable combination of 

mathematics, neuroanatomy, and intuition, that the hippocampus functions as a 

temporary memory system. The idea was at least partly inspired by his earlier 

theories of cerebellum and neocortex (Marr, 1969, Marr, 1970). In the neocortical 

theory, cortical pyramidal cells are generalized feature detectors. Each cortical cell 

represents a class of events and fires when the current event-the current state of 

the organism and the world-belongs to that class. The classifications are deter

mined by regularities-consistent conjunctions-in sensory input: but this means 

that classes can only be created on the basis of a substantial body of experience, and 

makes it necessary to have a temporary cache (the hippocampus) capable of main

taining information "in the language in which it is presented" until the statistical 
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relationships within it become fully apparent.1 

Marr's argument probably did not seem very convincing in 1971, when the the

ory of neural networks· was in a much more primitive state than today, but in the 

light of present ideas it looks somewhat stronger. The network learning methods 

drawing the most current interest split pretty cleanly into two groups: we might call 

them "tortoises" and "hares". "Tortoise" learning schemes-exemplified by back

propagation (Rumelhart et al., 1986), Boltzmann machines (Hinton and Sejnowski, 

1986), and reinforcement learning (Sutton and Barto, 1991)-learn to perform dif

ficult tasks by gradually developing powerful and effective internal representations. 

Typically, thousands-in extreme cases millions-of training epochs are needed for 

good representations to evolve. "Hare" learning schemes-exemplified by Hopfield 

nets (Hopfield, 1982) and Kanerva's Sparse Distributed Memory (Kanerva, 1988)

operate by associatively memorizing patterns. They require only brief training

only a single presentation per memorized pattern-and can store large numbers 

of patterns, but, being relegated to preassigned and unchangeable representations, 

they do not use their r~sources nearly as efficiently as do tortoise schemes, and may 

not work at all if their representations have not been designed with sufficient care. 

Marr's (implicit) suggestion that the neocortex is a "tortoise" thus seems reason

able, as does his suggestion that an additional "hare" system (the hippocampus) is 

required to keep activity patterns available long enough for the neocortex to learn 

from them. (This argument is presented in much greater depth by McClelland, 

McNaughton and O'Reilly, 1995.) 

In addition to the theoretical support, empirical evidence consistent with this 

general picture has also accumulated since 1971. Scoville and Milner's famous 1957 

study of H. M. (who suffered severe anterograde amnesia following surgical resection 

of the medial temporal lobes on both sides of his brain) surely played some part 

in motivating Marr's theory (though, interestingly, he did not cite it); however, H. 

M.'s lesion affected several other areas of the brain in addition to the hippocam-

1 Man also suggested that a temporary memory store could have other functions as well; for 
example. it could be used' as a "working memory" for information that is only relevant for a 
limited time. 
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pus, making it difficult to unambiguously assign blame for his problems. After 

decades of controversy, a few clearer cases-with damage more tightly restricted to 

the hippocampal formation-have finally emerged, and the animal lesion literature, 

which for a long time stubbornly refused to support any role of the hippocampus 

in memory, has finally begun to fall into line. (It turns out that the wrong kinds 

of tasks were being used.) Much of this material has been reviewed recently by 

Squire (1992) and by Cohen and Eichenbaum (1993), so there is no need to dwell 

at length upon it, except to note that both reviews see the bulk of the data as sup

porting the idea that a particular kind of memory-called declarative memory-is 

originally acquired in a way that depends upon the hippocampus and later gradu

ally consolidated into a hippocampal-independent store in the neocortex. Roughly 

speaking, declarative memory is knowing that; it is the sort of knowledge that can 

be explicitly declared. This is of course not especially consistent with Marr's notion 

of classifiers. Indeed, the question of exactly what forms of memory require the hip

pocampus is still thoroughly vexed. For our purposes it is not absolutely necessary 

to have a definitive answer, but there are two points that should be stressed: 1) 

the role of the hippocampus is time limited-damage to it does not interfere with 

recall of very old memories; 2) the class of memories that require the hippocam

pus certainly includes ,episodic memory, which, in humans at least, is the form of 

memory involved in knowing consciously that one has experienced something and 

knowing the context in which it was experienced. 

The evidence for a time-limited role of hippocampus in memory is not yet plen

tiful but has been increasing steadily. The first point is that the classical human 

syndrome of medial temporal lobe amnesia generally shows a strong retrograde gra

dient"with memories from the days just before the lesion lost completely, memories 

from a few months before the lesion partially preserved, and memories from distant 

years almost as intact as if there were no lesion at all. The weakness of this evi

dence is that it is not entirely clear to what extent the medial temporal syndrome 

is due to hippocampal damage, as opposed to damage to parahippocampal areas 

of the neocortex. This problem can only be completely resolved by working with 
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animals, where specific, precisely controlled lesions can be made; but then unfor

tunately the available methods for assessing the degree of memory loss are much 

weaker. In any case, Zola-Morgan and Squire (1990), working with monkeys doing 

an object recognition task, with objects presented in blocks at intervals prior to 

a lesion encompassing complete bilateral destruction of the hippocampus, found a 

. n-shaped dependence of performance upon the time elapsed between presentation 

of an object and when the lesion was made, as illustrated in fig. 2.1. Sutherland 

(unpublished manuscript) found a similar n-shaped relationship with rats on the 

Morris water maze. Kim and Fanselow (1992) conditioned rats to fear a context 

in which they were repeatedly shocked, and found that hippocampal lesions made 

one day after training abolished this fear of context, while animals with lesions 

made 7 or 14 days after training showed less fear than unlesioned animals, and 

animals lesioned 28 days after training were indistinguishable from unlesioned ani

mals. These findings are consistent with the hypothesis that the hippocampus only 

stores information for a limited time (during which it is shifted to a different store), 

and are difficult to explain any other way. Other similar findings are reviewed by 

McClelland et al. (1995). 

Two recent experiments done in Richard F. Thompson's laboratory also indi

cate that the hippocampus plays a time-limited role in retention by rabbits of the 

delayed nictitating membrane reflex. This preparation has the advantage that the 

response, once acquired, decays very slowly, remaining nearly at full strength even 

a month later. Tocco' et al. (1993) showed very elegantly that reversible inacti

vation of the hippocampus abolishes a conditioned response that was acquired the 

previous day, but has a much smaller effect on a response that was acquired ten 

days earlier. Similarly, Kim et al. (1993) showed that hippocampal lesions made 

one day after acquisition abolish the conditioned response, while lesions made one 

month after acquisition have no effect. (Note: the previous two sentences describe 

results presented at the 1993 Society for Neuroscience meeting, rather than the 

cited abstracts.) Thus, either reversible inactivation of the hippocampus (Tocco 

et al., 1993) or hippocampal lesions (Kim et al., 1993) abolish the reflex if it was 
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Figure 2.1: Predicted dependence of memory performance on time between acqui
sition of information and hippocampal lesion, based on the hypothesis that the 
hippocampus functions as an intermediate term memory store. If the time be
tween acquisition and lesion is brief, lesioned animals should do poorly relative to 
unlesioned controls; if the time is intermediate, lesioned animals should do better 
because some of the knowledge has had time to be transferred to the long-term 
store; if the time is very long, performance should again be poorer because of grad
ual decay from the long-term store. The result should be a n-shaped curve relating 
performance to the time between acquisition and lesion. 

learned less than a week before but not if it was learned a month before. 

2.1 Overview 

Following Marr, let us take it that there are good reasons to require the ability to 

store patterns of neocortical activity, on the basis of a single occurrence, such that 

they can be reinstated'at need. The question now is how this can be done. 

All modern theories of the neural basis of memory descend from Hebb's notion 

of a "cell assembly" , which he defined as follows: 

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 
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(Hebb, 1949). 

As this quote suggests, the most straightforward way of turning a group of cells into 

a cell assembly is simply to link them together with strong synapses. When anything 

later happens to activate any sufficiently large subset of the cells, the activity will 

be transferred via the synapses to the remainder, and the entire assembly will thus 

be activated. Reverberating signals can then maintain it in an activated state 

until something shuts it off. Indeed, the most basic network models of associative 

memory-the Hopfield net and its cousins-are based on precisely this mechanism. 

As a general mechanism for memory, though, it has some serious disadvantages. 

Here are a few of them; they will be discussed in more detail later: 

1. It is demanding in terms of connections. In order to associate two cells, 

it must be possible to form a connection between them. If connections are 

formed by making existing synapses stronger, then there must already be a 

connection between the two; if by making new synapses, then the axon of one 

cell must pass near enough to a dendrite of the other to make this possible, and 

a physiological mechanism for detecting co-activity of unconnected axons and 

dendrites much exist. Either of these places severe demands on the system. 

The Hebbian me,chanism can tolerate a fraction of missing connections, but 

at a cost in storage capacity (Marr, 1971, Gibson and Robinson, 1992). 

2. It is prone to interference between stored patterns. A network can potentially 

store a large number of patterns using this mechanism. It only works well, 

though, if the patterns to be stored are very dissimilar to each other. If two 

patterns have a substantial number of active cells in common, the network 

will be likely to confuse them by forming a single cell assembly that is a 

composite of the two (e.g., Hinton et al., 1986). 

3. It requires that the mean activity level in the network be very low. The number 

of patterns the network can store is very strongly influenced by the average 

activity level: the more units active in each pattern, the fewer patterns can 
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be stored (Marr, 1971, Amit, 1989, Amit and Tsodyks, 1991, Gibson and 

Robinson, 1992). The storage capacity is actually proportional to the inverse 

square of the activity level, so there is a high premium on keeping the num

ber of active units small. For general information processing, though, it is 

probably not efficient to leave most of the network silent most of the time. 

The solution to these difficulties is to introduce new units into the network, 

dedicated to a. memorizing function. There are schemes for doing this with max

imal efficiency, that is, with as few additional units as possible, but they require 

substantial training. There is also, however, a scheme that is less efficient but very 

simple and robust: grandmother cells. A grandmother cell is literally a mythical 

cell that fires if and only if you are looking at your grandmother; but the term 

has corne to stand for any cell that responds only to a unique complex event. The 

principle of grandmother-ceIl-memory is to add a new unit for each new pattern to 

be memorized, and link it bidirectionally to every cortical unit active in the mem

orized pattern. The new unit-a grandmother cell for the memorized pattern-is 

the "key" for the memory. Anything that activates the key will activate the entire 

pattern via. the outgoing links. Because of the incoming links, any moderately large 

subset of the pattern will activate the key. 

As a practical matter, the key could not actually be a single neuron. A single 

cell is not reliable enough, and cannot hold a sufficient number of connections. 

Instead the key would have to be a group of neurons. Such a group may be thought 

of as a "virtual" grandmother cell; we will refer to it as an "M-node". ("M" stands 

for Memory.) 

Figure 2.2 is a sketch of the virtual grandmother cell hypothesis. During experi

ence a pattern of activity arises in the neocortex-the task is to immediately store 

this pattern so that it can later, when needed, be recalled. The hippocampal system 

does this (it is suggested) by creating an M-node, which is actually a distributed 

pattern of activity inside the hippocampus, and linking it bidirectionally to each 

of the active cortical cells. Later, then, anything that activates the hippocampal 

M-node will thereby reactivate the whole set of cortical cells. Our business now is to 
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explain, in terms of hippocampal anatomy and physiology, what sort of thing these 

M-nodes are, and how they could be created and linked to cells in the neocortex. 

Neocortex 

00 00 

M-nodes (hippocampus) 

Figure 2.2: The hippocampus stores a neocortical activity pattern by creating a 
"key" and linking it bidirectionally to every active neocortical cell. 

The architecture of the hippocampal formation is reviewed in chapter 3. For the 

purposes of the present chapter, it will be useful to sketch the overall structure in a 

very schematic way, so that we may indicate the proposed role of each component 

in the hypothesized memory system. (Fig. 3.4 might be helpful here.) 

The input and much of the output for the hippocampus flow through the en

torhinal cortex, which is commonly described as a "high-order association cortex" 

receiving "multi modal" input from many other cortical areas; it also projects back 

to a large fraction of the neocortex. This description is not very specific, but it is at 

least consistent with the theoretical requirement, which is that the entorhinal cor

tex form distinctive activity patterns that can be uniquely associated with patterns 

on the remainder of the neocortex. In Marr's theory the input to the hippocampus 

was taken to be a sort of reduced representation of the global activity pattern in 

the neocortex; he called this the current internal description, and suggested that 

it could be mediated by a set of special indicator cells scattered throughout the 

neocortex. The theory of McClelland, McNaughton and O'Reilly (1995) is similar, 

except that the current internal description is taken to be located in the entorhinal 

cortex, which functions essentially as an "encoder network" , forming compact rep

resentations of neocortical activity patterns, and having the capacity to recreate 
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those patterns (cf. Gluck and Myers, 1993). This is certainly a possibility, but for 

the purposes of the current hypothesis a less all-encompassing entorhinal represen

tation would be adequate, so long as the connections from the entorhinal cortex 

back to other areas of the neocortex are capable of rapid synaptic modification. 

Layer II of the entorhinal cortex projects to the dentate gyrus and to CA3. The 

dentate gyrus is anatomically distinctive, and actually contains nearly as many 

neurons as the rest of the hippocampal formation put together. It is the most 

mysterious part of the hippocampal formation (with the possible exception of the 

subiculum, which has not been studied very much). In the present theory, the 

function of the dentate gyrus is to transform the entorhinal representation into 

a sparser and more orthogonal pattern, better suited to serve as the input to an 

associative memory network. Whether it could really play this role is still not 

entirely clear, but recent physiological data are favorable, as will be discussed in 

chapter 4. 

CA3, in the theory, is the heart of the autoassociator. It is the only component 

with numerous broadly-diverging recurrent excitatory connections, capable of Heb

bian plasticity (by means of long-term potentiation); these give it the potential to 

be an "attractor neural network". Changes in the strength of these connections

together with changes in the strength of the connections coming into the dentate 

gyrus and CA3 from the entorhinal cortex-could store memories for later recall 

by a process known as pattern completion, in which a partial or distorted version of 

a stored pattern serves as the input to the attractor network, and the connections 

then cause the whole stored pattern to be reinstated and noise to be removed, in 

ways that will be desc~ibed presently. 

Every CA3 pyramidal cell projects to CAl via a so-called "Schaffer collateral" 

of its axon; these form the dominant input to CAL The synapses formed by 

this projection are modifiable, and thus the projection is capable of implementing 

what Marr called a "directed simple memory", and later authors have called a 

"heteroassociative memory". The function of CAl (in the theory) is to improve 

the quality of the CA3 pattern, by removing noise and reducing distortion due to 
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interference. There are reasons, discussed later, for believing that the addition of 

an extra layer of this kind can substantially improve the performance of the system. 

One of the strongest projections from CAl is to the subiculum, which is a kind 

of transitional cortex, not as well studied as the rest of the hippocampal formation. 

The subiculum is the principal output station of the hippocampus, projecting to a 

large number of brain areas, including the thalamus, mammillary bodies, ventral 

striatum, and, in particular, the deep layers of the entorhinal cortex. In the theory, 

the projection from CAl to the subiculum may implement the first stage reciprocal 

projections from the M-nodes back to the neocortex. There are also, however, 

strong direct projections from CAl to the deep entorhinal cortex; the existing data 

are not adequate to evaluate the relative importance of the direct pathway versus 

the indirect one via the subiculum. 

In brief, then, the theory states that during storage, the pattern in the neocortex 

gives rise to a pattern in the entorhinal cortex, which then gives rise to patterns in 

CA3 and CAL This (the liM-node") is stored by modifying the recurrent collaterals 

in CA3 and the Schaffer collaterals connecting CA3 to CAL During recall, a 

subset of the original entorhinal pattern serves as a cue to reinstate the associated 

CA3 pattern, with the aid of the recurrent collaterals, and the CA3 pattern then 

reactivates the corresponding pattern on CAl, via the CA3-CAI projections. This 

pattern is in turn conveyed to the entorhinal cortex, either directly or indirectly 

via the subiculum. The projections from the entorhinal cortex to other neocortical 

areas then evoke the originally stored pattern in the remainder of the neocortex. 

It should be noted that the theory allows the possibility that the entorhinal cor

tex by itself may be adequate to perform some of the functions of the hippocq.mpal 

system. The theory proposes that the function of the hippocampus is to restore 

previously existing patterns in the entorhinal cortex, but there is nothing to prevent 

the entorhinal cortex from being able to do this itself to a limited extent, even in the 

absence of the hippocampus proper. The reason for pointing this out is that there 

is now considerable evidence that the effects of entorhinal-plus-hippocampallesions 

are greater than the effects of hippocampal lesions alone; see Eichenbaum and Co-
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hen (1994) for a recent review. The functionality added by the hippocampus proper 

could be increased storage capacity, enhanced pattern completion, longer duration 

of storage, or (inspired by material that will be presented in this dissertation) the 

ability to make associations between events occurring at different times. The exist

ing data are probably not adequate to determine which if any of these possibilities 

are correct. 

In terms of the cartoon model of Figure 2.2: 

• The "M-nodes" are attractors (stable firing patterns) in CA3 and CAL 

• The connections from neocortex to the M-nodes pass through the superficial 

layers of the entorhinal cortex and then through the dentate gyrus. 

• The reciprocal connections from M-nodes back to the neocortex pass through 

the deep layers of the entorhinal cortex. 

This overall theory will now be taken as a framework for a more detailed dis

cussion of the properties required of hippocampal cells. We begin by describing the 

essence of autoassociation, and then consider the reasons why the representations 

to which this technique of storage and retrieval is applied should be both sparse and 

as "orthogonal" as possible. The requirements laid out here can then be compared 

with the data presented in chapter 4 and the remainder of this thesis regarding the 

properties of hippocampal units as revealed by recording studies. 

2.2 An Architecture for Autoassociation 

The presentation here is motivated by an interesting paper by Baum, Moody, and 

Wilczek (1988), called "Internal Representations for Associative Memory": the 

most interesting thing about it is that, after consideration of a series of increas

ingly sophisticated architectures, they arrive in the end at one bearing a striking 

resemblance to the hippocampus, both structurally and functionally. What makes 

this remarkable is that the authors had little acquaintance with neurobiology and 

clearly did not have the hippocampus in mind at all-in fact, they suggested that 
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their network has certain features in common with the cerebellum (though really 

the resemblance is not very strong). Therefore they cannot be accused of having 

stretched the theory in a Procrustean manner to make it fit the hippocampus, which 

is a common and somewhat valid criticism of Marr's theory. 

There exist many neural net architectures capable of implementing associative 

memory, with the items to be stored represented as patterns of activity in a layer of 

cells. If the various schemes have anything in common, it is that patterns are stored 

by Hebbian synaptic modification-that is, by strengthening connections when the 

pre- and post-synaptic cells are simultaneously active. Different models vary in the 

specific dynamics of the units, in the architecture of connections between units, 

and in the use of hidden units (Le., auxiliary units not directly belonging to any of 

the stored patterns); see Hertz, Krogh, & Palmer (1991) for a general review. We 

choose for purposes of exposition a simple binary scheme which we refer to as a 

"Hebb-Marr" net (McNaughton and Nadel, 1990); this general class of model seems 

to have first been formulated explicitly by Willshaw et ai. (1969). It is as simple as 

a model can be while still retaining the essential features, namely units and synaptic 

connections. A Hebb-Marr network consists of a set of binary units, each of which 

is connected to some of the others. The strength Wij of a connection is either 0 or 

1. Time proceeds in discrete steps, and at each time t = 0,1,2, ... the state Xj(t) 

of a unit is either 0 or 1. To decide whether to become active (Le., whether its 

state should be set eq':lal to 1), a unit computes the sum EWijXj of the input it 

receives from units active during the previous time-step, and becomes active if its 

total input exceeds a certain threshold T. The size of the threshold is a function of 

the number of active units in the network and possibly other parameters. The rules 

for determining the threshold can have a substantial effect on the performance of 

the system, but a discussion of this is beyond the scope of the current account; see 

Marr (1971) for a discussion of this issue and Buckingham (1991) for an extensive 

exploration. 

The Hebb-Marr scheme is compatible with a variety of network architectures. 

The simplest, and easiest to analyze, is a "heteroassociative memory" (in Marr's 
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terminology, a "directed simple memory"; Figure 2.3) with two layers of units, 

having every unit in the first layer connected to every unit in the second. The 

purpose is to store a set of A-B pairs, where A is a pattern of active units in the 

first layer and B a pattern in the second layer. The pairs are stored as follows: 

All connection strengths start out at O. The A-B pattern pairs are successively 

imposed on the units, and the strength of a connection is enhanced to 1 if both 

its presynaptic and its postsynaptic unit are active in the current pattern. Once 

enhanced to 1, the strength of a connection remains 1 thereafter. 

, 
\. 

\. 

~ ~ 

Figure 2.3: Heteroassociative memory network. The network stores a pair of pat
terns by increasing the strength of a connection (small, lightly shaded circles) when
ever both the presynaptic axon and the postsynaptic cell are simultaneously active. 

If the network is functioning properly, then imposing the A component of a 

pattern-or a partial or corrupted version of it-on the first layer of units causes 

the network to recreate the B component in the second layer. Hebb-Marr networks 

do this quite accurately provided the cue-the pattern imposed on the first layer

is not too different from its corresponding A-pattern, and provided that the number 

of stored patterns is not too large. 

A closely related architecture is the recurrently-connected "autoassociative mem

ory" (Figure 2.4) consisting of a single group of units with every cell connected to 

every other cell; this can be thought of as a heteroassociative memory in which the 

units of the first and second layers are "merged", so the methods used in analyzing 

the behavior of the two are quite similar. The autoassociative network can display 
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more complex dynamics, though, because its output feeds back on it and influences 

its future behavior. In principle, a network of this type can display fixed points, 

oscillations, or chaotic behavior. Hopfield (1982) was able to prove that if the con

nections are symmetric, then the network will have a set of discrete "attracting" 

states and will converge steadily to one of them regardless of the initial conditions. 

More recent analytical and simulation studies have shown that this attractor dy

namics remains intact even if the condition of perfect synaptic symmetry is relaxed 

in certain ways. 
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Figure 2.4: Autoassociative memory network. 

The simple heteroassociative and autoassociative networks are the elementary 

building blocks of more sophisticated architectures, so it is important to have some 

understanding of their properties, in particular, how good they are at reconstructing 

patterns from partial, possibly corrupted, subsets, and how many patterns they can 

store before interference makes accurate recall impossible. The principal factors 

affecting these things are 1) the nature of the set of stored patterns, and 2) the 

connectivity of the network. 

A simple argument sets a rough upper bound on the capacity of a Hebb-Marr 

network. The information content of the synaptic array is maximal when exactly 

half of the synapses have been enhanced. (The number of ways to choose m ele

ments out of a set of N possibilities is maximal when m = N /2, so the number 

of possible states of a binary system is maximal when half of the elements are 1 
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and half are 0.) Beyond this point, storing another pattern actually reduces the 

amount of information contained in the network. The network may still be able to 

store more patterns-possibly many more-but each additional pattern will sub

stantially degrade the ability to recall earlier patterns on the basis of partial cues. 

Thus, somewhere near this "half-enhanced" point, depending on the recall accuracy 

demanded and the amount and quality of information in the cue, the network is 

effectively saturated. More precise analytic estimates can be found in Faris and 

Maier (1988) and Gibson and Robinson (1992). 

How many distinct memories this entails depends on the fraction O! of units used 

to represent each stored memory. The reason is as follows: A connection is enhanced 

the first time the presynaptic and postsynaptic units are coactive. The probability 

that units i and j are both active in any single pattern is a 2 , so the probability 

that the synapse connecting unit i to unit j is not enhanced by a single pattern is 

1 - a 2j therefore the probability that this connection has not been enhanced after 

the storage of m events is just 

(2.1) 

The upper limit for saturation is found by setting P = 1/2 -which means that 

half of the synapses have been enhanced-and solving for m: 

-1 
mmu R:: :-----:--~:7" 

log2(1 - ( 2 ) 
(2.2) 

When a ~ 1 we can make use of the approximation log2{1 + x) R:: x/ln2 to rewrite 

this as 
0.693 

mmu R:: -2-' 
O! 

(2.3) 

Note that the number of units in the network (N) does not enter into this calcula

tion, but does of course set a lower limit on O!. 

This formula suggests that, in biological or artificial networks operating on these 

general principles, there is a premium on minimizing the number of units involved 

in each stored pattern. This general principle is known as "sparse coding", and 

its utility for maximizing event storage has been widely recognized {Marr, 1971, 
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Kanerva, 1988, Baum ~t aI., 1988, Gibson and Robinson, 1992, McNaughton, 1989, 

McNaughton and Nadel, 1990, Treves and Rolls, 1991). As Marr pointed out, 

sparsity is in fact the single most important factor determining the capacity of 

the network, and the tendency of the theory is to encourage sparsities as high as 

possible, but there are biological factors that limit the sparsities obtainable in real 

neural networks. The most important of these is probably limited connectivity. It 

is necessary that, with not too many exceptions, each active cell be connected to 

a few other active cells, otherwise pattern reconstruction on the basis of Hebbian 

learning will be impossible. This means that the maximum sparsity is limited by 

the number of connections each cell makes. There may be other factors that are 

more restrictive, such as difficulties in forming reliable representations using the 

physiological mechanisms available in the brain, but this is not yet clear. 

The Hebb-Marr scheme works best if the patterns to be stored have minimal 

overlap or correlation. However, events that an animal needs to remember can be 

similar to other events, and to the extent that the patterns that represent these 

events are correlated, the storage capacity is reduced. The reason for this is that 

when patterns are similar, there are few connection weights that serve to distinguish 

them, and it is easier for the wrong units to become spuriously activated; in other 

words, the memory traces of similar events "interfere" with each other. In a fully 

connected network, or a network with a randomly chosen subset of connection 

deleted, the interference between two patterns is proportional to the square of their 

overlap. 

We can see now more clearly why it would be difficult to store patterns directly 

in the neocortex. Reliable storage of a large number of patterns imposes three 

requirements: (1) sparsity; (2) high interconnectivity; and (3) orthogonality. All of 

these are likely to conflict with what is desirable for other reasons, the third in par

ticular: orthogonality requires that any two stimuli be encoded by highly dissimilar 

activity patterns, and thus conflicts directly with generalization (McClelland et aI., 

1995). 

The simple grandmother scheme (Le., allocating one grandmother unit for each 
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stored pattern) solves two of these problems very nicely. It reduces the requirement 

for connectivity, because the units in the stored pattern need only be connected to 

the grandmother unit, not to each other. It also reduces the requirement for br

thogonality, because with grandmother cells, the interference between two patterns 

is proportional only to their overlap, not to its square. 

As pointed out previously, it is impossible for this scheme actually to work 

with just one grandmother cell per pattern. The solution (Fig. 2.5) is to replace 

the grandmother cell with an attractor in an autoassociative network of the type 

illustrated in figure 2.4. Attractors of this sort can in many ways be treated as 

"virtual" units (Smolensky, 1986). If each unit in the neocortex need only be 

connected to some of the units of the attractor, the requirements for connectivity 

can be greatly reduced, and the dynamic stability of the attractors will diminish 

the problems caused by interference. The great advantage of placing the attractors 

in a separate network! rather than attempting to put them in the neocortex, is 

that we are free to choose the architecture and representation in this network at 

will, without having to worry about causing unpleasant side effects on the other, 

non-memory-related tasks the neocortex is required to perform. 

Baum et al. (1988) examined several variants of this architecture. They found 

that a higher capacity is obtained if an extra group of units is added, to "sparsify" 

the neocortical pattern before it is connected to the attractor; and an even greater 

gain is achieved if yet another group is added as a sparsely-coded interface between 

the attractor and the connections back to the neocortex. The reader is referred to 

their paper for a justification of these claims; briefly, the value of the second (""CAl) 

group is to "clean up" the attract or (""CA3) before relaying it to the neocortex. 

Another way to think of it is that the extra groups of units increase the capacity 

by adding a large number of modifiable synapses in a useful way. In any case, the 

architecture that Baum et ai. found to yield the largest capacity is illustrated in 

fig. 2.6A. To make it completely clear what is being proposed here, this network 

is relabeled in fig. 2.6B with the regions of the hippocampus that are suggested to 

correspond to each. 
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Figure 2.5: The memory scheme of figure 2.2, but with the M-nodes replaced by 
attractors in a separate network. Each neocortical unit need only be connected to 
a fraction of the elements of the attractor; the intrinsic connections will activate 
the others. 
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Feature Detection Processing 

Sparse Encoding (SparslflcaUon) (Recognition, 
Error Correction) 

H H K K EC Fascia Dentata CA3 CA1 EC 
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Figure 2.6: (A) The five layer network found by Baum, Moody and Wilczek to 
yield the highest storage capacity of any architecture they examined. The first 
layer represents input patterns; the second creates sparse representations of the 
inputs; the third stores these using recurrent internal connections; the fourth creates 
another layer of sparse encoding to be associated with the fifth layer, which is the 
desired output. Adapted from Baum et al. (1988). (B) Proposed mapping of the 
five layer network onto the hippocampus. 
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2.3 Selection of a Hippocampal Representation 

As we have seen, in order for the memory system to work properly, it is necessary 

for each neocortical pattern to be represented by a sparse but robust pattern in 

the hippocampus, and for different neocortical patterns to be represented by hip

pocampal patterns as orthogonal as possible. There really are no other obvious 

constraints-however these two constraints fall far short of uniquely specifying a 

scheme of hippocampal representation. Quite a variety of methods are consistent 

with them. 

Perhaps an analogy would be helpful. We might think of the memory system 

as a filing cabinet, whose files correspond to neocortical activity patterns. Hip

pocampal activity patterns would then correspond to the labels attached to the 

files. Obviously this analogy is not very strong, because it entirely fails to cap

ture the content-addressability of hippocampal memories, but for present purposes 

that doesn't particularly matter: the idea is to consider the variety of labeling 

schemes that might be used. To make it easier, let us imagine that the files contain 

information about a group of people, one person per file. Then a label might be: 

• A name. Abstractly, this is a piece of information closely associated with 

the item in the file, and characteristic of it. The disadvantage of this system 

is well known to people who have been hounded by collection agencies for 

debts not their own: the same name-or two very similar names-can be 

associated with two quite different people. In other words, this scheme has 

poor orthogonality . 

• A social security number. Abstractly, this is a label uniquely associated with 

the item in the file, but not semantically related to it in any way-basically 

selected at random. This scheme has two disadvantages, neither crucial, as 

evidenced by how widely it is actually used. The first disadvantage is that 

the label communicates virtually no information about the item it is attached 

to, so it cannot be used as a basis for generalization. The second-and this 

is a result of the arbitrary nature of the label-is that some central authority 
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must exist, with the unique responsibility of assigning labels; otherwise it 

would be impossible to avoid conflict . 

• An address. Abstractly, this is a label specifying a point in a "map". This 

scheme is not actually used very much for commercial filing systems, for two 

reasons, first that there is great variability in the format of addresses, second 

that it is common for several people to have the same address, e.g., mem

bers of the same family. The format problem is not intrinsically unavoidable: 

the Postal Service has solved it by introducing extended zip codes, which 

are nine-digit numbers assigned uniquely to locations. The family problem 

is more serious: it implies a necessary lack of orthogonality. To some ex

tent the scheme compensates for this by allowing generalization on the basis 

of spatial location, i.e., items belonging to neighboring locations are stored 

nearby. Whether this is enough of an advantage to outweigh the orthogonality 

problem probably depends upon the functions the filing system is intended 

to serve, and on the power of the methods used to search the system. In 

any case, an address can always be turned into a unique label by adding 

disambiguating information to it, e.g., a name. 

When it comes to the usefulness of the system for content-addressable memory, 

the only things that count are the independence of the keys and the number of 

keys that can be maintained. Beyond these factors, the importance of the type 

of key used is that it determines whether the memory can be searched in other 

ways than by content. If, for example, a filing system is keyed by zip code, then 

neighboring files will tend to belong to people who live not very far apart. Thus 

one P9ssible significance of the hippocampal memory system being keyed by place 

is that it may allow generalization on the basis of spatial relations. Chapter 4 will 

review evidence that the hippocampal system may at least partially overcome the 

orthogonality problem by adding other information to the representation. 

The simplest imaginable method for allocating hippocampal representations is 

to create them in an entirely random way: when a new neocortical pattern is to be 
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stored, give each hippocampal cell a probability a of being activated, independent 

of what happens to any other cell, and use the set of activated cells as the repre

sentation. This method actually works quite well, so long as a is small, because 

the expected overlap of two patterns generated in this way is only a2 • If in CA3 

a were as high as 0.01, then each cortical pattern would be represented by some 

-3000 CA3 cells, and any two CA3 representations would be expected to have on 30 

cells in common. Almost never would two representations have more than 45 cells 

in common. For lower levels of a, the situation is even better. 

If it were up to us to design a representation scheme, based purely on the criteria 

discussed in this chapter, this-let us call it "random representation"-is no doubt 

the one we would choose. But, as we have argued, it is not the only one that would 

work, and there are reasons for suspecting that the hippocampus actually uses a 

different one, based on a "cognitive mapping" strategy. The reasons derive from 

studies of the activity of hippocampal neurons in behaving animals, particularly 

rats, which have shown that cell firing is very strongly determined by an animal's 

spatial location. These findings will be discussed in detail in chapter 4. 

2.4 The Problem of Time 

The material in the earlier parts of this chapter, while speculative in many ways, 

is a more or less straightforward descendant of Marr's theory of archicortex, and 

differs only in details from other current theoretical approaches, e.g., those of Mc

Clelland et al. (1995) or Treves and Rolls (1994). The present section goes beyond 

this, to consider a problem that the theory described thus far does not deal with: 

time. A memory based on M-nodes is arguably capable of storing large numbers of 

neocortical activity patterns with minimal interference, after a single presentation; 

but it does not automatically store any information about the order in which the 

patterns were presented. For human memory, at least, information is this type is 

clearly there: an episodic memory is a sequence of events in a specific order; it is a 

- story. 

There are two general ways a network could store information about the order 
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in which events occur: one is by "timestamping", the other is by storing them as 

a linked list. Timestamping means associating each memorized pattern with the 

output of a clock. We could imagine, for example, that some area of the brain 

changes its activity state in a regular, systematic, and predictable sequence, never 

repeating the same state twice; these are the essential features of a clock. If this area 

is connected to the hippocampal system and its activity pattern is stored together 

with that of the neocortex, then each stored pattern contains a time signature, and 

the order of any two events can be computed by comparing their time signatures. 

Unfortunately, there is little evidence that the brain contains a clock of this type 

(but see Gallistel, 1990, chapters 7-9). 

The other method-storing events as a linked list-requires forming an asso

ciation between each event and the events coming immediately before or after it. 

By means of these associations the whole sequence can be recalled, one element at 

a time. In principle there is no difficulty in seeing how this could be done with a 

neural network: after all, associating the states at two consecutive times is a simple 

problem of hetero-association. As illustrated in figure 2.7, the requirement is that 

synapses be strengthened whenever the presynaptic unit is active at time T and 

the postsynaptic unit is active at time T + /::iT, where /::iT is the time step. Quite 

simple in principle: but in practice there are difficulties. 

It is important to note that the method only works if associations are made 

across a substantial time step. One might hope, naively, that it would be possible 

to just run the networ:k through a sequence, and apply the rule stated above with 

an infinitesimal time step-but this invariably fails. It leads to fixed attractors, 

rather than replay of the sequence. 2 

It is also important to note that the time step must be chosen correctly. If the 

time step is too small, then there will be multiple (T, T + /::iT) pairs with similar 

first and second elements. Thus the stored patterns will not be orthogonal, and 

2The network does not necessarily have to be discretized explicitly. The sequence storage 
method of Kleinfeld and Sompolinsky (1989), for example, requires fast and slow synapses: the 
dynamics effectively make the network pass through a sequence of quasi-discrete states corre
sponding to attractors stored by the fast synapses, with a time step set by the slow synapses. 
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Figure 2.7: Basic method of forming associations across time. Patterns present in 
a network at times To and Tl = T + D..T are linked by strengthening all connections 
whose presynaptic elements are active at time To and whose postsynaptic elements 
are active at time T1 • Later, if everything works correctly, imposition of the first 
pattern upon the network will cause the second to be evoked via the strengthened 
connections. 

will interfere with each other. The smaller the time step, the worse the problem 

will be. If the time step is too large, the stored sequence will skip over some of 

the elements. On the whole, the best performance should be achieved if the time 

step D..T is just large enough to make the states at times T and T + D..T nearly 

orthogonal, but no larger. 

These considerations immediately suggest the possibility that the hippocampal 

theta rhythm exists in order to discretize time. There are, however, two serious 

problems with this hypothesis: 1) the theta cycle is too short; and 2) the theta 

cycle is too long. 

2.4.1 The theta cycle is too short 

As has been pointed out, the time step must be long enough to make the associ

ated patterns orthogonal or nearly so; but an examination of the firing patterns of 

hippocampal cells under natural conditions indicates that the duration of a single 
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theta cycle is an order of magnitude too short to do this. Fig. 2.8 shows a typical 

example of the firing activity of a group of simultaneously recorded hippocampal 

pyramidal cells, in a rat running for food reward on a small triangular track. Many 

of the cells are almost entirely silent; even the active cells are silent most of the 

time, and fire only for brief periods as the rat passes through their place fields. The 

duration of activity for a given cell depends largely on the rat's behavior; the more 

rapidly he passes through the place field, the briefer the period of activity. Even so, 

the duration is never shorter than a few hundred milliseconds. Consequently, the 

patterns of hippocampal firing at time-points separated by 130 msec-the duration 

of a theta cycle-would appear to be very similar. If a cell is active at time T, it 

has a high probability of remaining active at time T + 130 msec. The spike trains in 

Fig. 2.8 are quite irregular on a short time scale (",,100 msec), but there is no obvi

ous sign that this irregularity is anything other than noise. It might be possible to 

reduce the magnitude of interference by using a special learning rule that only pays 

attention to the pattern elements that change, but again an examination of natu

ral firing patterns indicates that this would give rise to a very poor signal-to-noise 

ratio: even in the best cases, hippocampal firing activity is not all that reliable on 

a theta-cycle-to-theta-cycle basis. It appears that a time step considerably longer 

than the theta cycle is needed. 

2.4.2 The theta cy:cle is too long 

This argument is based on the premise that long-term potentiation (LTP) is the 

mechanism of synaptic weight change in the hippocampus. LTP can in fact form 

links between cells that are active at different moments in time: due to the proper

ties of the NMDA receptor, LTP is probably capable of making associations across 

a time span approaching, but not much longer than, 50 msec (Levy et al., 1990). 

This can occur because inflow of calcium through the NMDA receptor occurs when

ever there is a conjunction of two circumstances (Brown et al., 1991): i) glutamate 

must be bound to the NMDA receptor, in order to open the channel, and ii) the 

postsynaptic cell membrane must be depolarized, in order to remove magnesium 
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Figure 2.8: Raster plot of 20 seconds of spike activity for a group of 60 simulta
neously recorded CAl pyramidal cells, in a rat running for food reward on a small 
triangular maze. Each horizontal trace shows spikes coming from a single cell; 
each vertical line segment represents a single spike. The true level of population 
activity is considerably lower than this picture suggests, because many cells silent 
everywhere on the maze were omitted in constructing this raster plot. 

that otherwise clogs the open channel. Movement of magnesium in and out of the 

channel probably occurs very rapidly, on a sub-millisecond time scale, but binding 

and unbinding of glutamate occurs much more slowly, on a time scale approaching 

100 msec (Brown et al., 1991). The consequence of these factors is that, in order to 

achieve the necessary conjunction, presynaptic glutamate release must occur before 

postsynaptic depolarization, but it may in principle occur as much as 100 msec 

before. These theoretical predictions have to some extent been experimentally con

firmed: experiments performed by Levy and Steward (1983), and by Gustaffson and 

Wigstrom (1986) have' demonstrated that LTP may be achieved when the presy-
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naptic fibers are stimulated as much as 40 msec before postsynaptic depolarization 

is induced. If the order is reversed, no potentiation is seen. Additional support is 

provided by results of Larson and Lynch (1989), who showed that the sequence in 

which a set of afferents to CAl are stimulated determines the degree to which they 

potentiate; the first and last elements of the sequence were separated by 70 msec. 

It appears, then, that LTP is capable of making associations across time, but 

the time span it can bridge is only 40-50 msec, which substantially shorter than 

the duration of a theta cycle; this makes it difficult to see how LTP could be used 

to form associations between the patterns occurring in subsequent theta cycles. 

2.4.3 Resolution? 

One possible resolution is of course that firing patterns could effectively be dis

cretized by something other than the theta rhythm, and associated by something 

other than LTP. But there is no hint of what these mechanisms might be. An

other possibility is that the hippocampal memory system simply does not form 

associations across time. Neither of these is very satisfactory. 

A third possibility is suggested by data that will be presented in chapter 7 of 

this thesis. It will be shown that phase precession of spike activity (O'Keefe and 

Reece, 1993) inevitably leads to compression of temporal sequences, so that activ

ity patterns occurring several hundred milliseconds or more apart are replicated 

within tens of milliseconds inside individual theta cycles. The consequence of this 

is that the firing patterns present in the hippocampus at the beginning and end of 

a theta cycle correspond to events hundreds of milliseconds apart in time, and are 

nearly orthogonal to each other. This compression, it is suggested, may afford the 

opportunity for LTP to bridge the gap between orthogonal elements. 

This hypothesis will be discussed at length in chapter 11, after the relevant data 

have been presented. 
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2.5 Conclusions 

As has hopefully been made clear throughout this chapter, hardly any aspect of 

the theory developed here is novel. It may be useful, though, to explicitly spell out 

the lines of descent. Marr (1971) was certainly the first to co~e up with a model 

of this type, and while many of the details have changed on the road from his 

theory to this one, he would probably not see very much to be astonished about. 

Hirsh (1974) laid out some of the reasons for thinking that the hippocampus is 

particularly involved in memory by way of representing context. 

The idea that the hippocampus uses spatial representations to label memories 

sounds superficially similar to the "memory indexing" theory of Teyler and Discenna 

(1986), but the similarity does not actually run very deep. Rather than thinking 

of hippocampal activity patterns as representing points in space-time and linking 

them to arbitrary activity patterns in the neocortex, as the theory presented here 

does, their theory proposes that each cell in the hippocampus represents activity 

at a particular point in the neocortex. It is left to the reader to judge how similar 

the two theories are. 

Certainly a significant part of the present theory has been anticipated by 0 'Keefe 

and Nadel's concept of the locale learning system, which they contrast with the 

taxon learning system (O'Keefe and Nadel, 1978). The locale system was taken 

to have the properties of: "(1) preservation of spatio-temporal context; (2) single

occurrence storage; (3) minimal interference between different representations of 

the same item; (4) multiple channels of access for the retrieval of any, or all, of the 

relationships embodied in the map." (O'Keefe and Nadel, 1978, p. 384) They were 

not, however, very explicit about how the hippocainpus might actually implement 

this sort of memory, at least not explicit in a way bearing much resemblance to the 

ideas presented in this chapter. 

As might be expected, the theory developed here borrows many elements from 

ideas that McNaughton has argued for over the past few years (e.g., McNaughton 

and Morris, 1987, McNaughton and Nadel, 1990), and differs only in relatively mi-
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nor details from the theories presented by McClelland, McNaughton, and O'Reilly 

(1995) and by 'I'reves and Rolls (1994). 

2.5.1 The possibility of other hippocampal functions 

It was pointed out earlier in this chapter that, although a hippocampal "cognitive 

map" of space is more or less adequate for the role in memory postulated here, 

it is not necessary and probably not optimal. This raises the possibility that the 

hippocampal memory system may simply be taking advantage of a structure that 

is also required to exist for other reasons. There are many things to be said in favor 

of this notion: perhaps the most obvious is that a map is a very useful device for 

navigation. The ramifications of this are so extensive that discussion is deferred to 

a later time. 



CHAPTER 3 

ANATOMICAL ORGANIZATION OF HIPPOCAMPAL 
CIRCUITS 

"Its flavour when cooked is more exquisite far 
Than mutton, or oysters, or eggs: 
(Some think it keeps best in an ivory jar, 
And some, in mahogany kegs:) 

"You boil it with sawdust: you salt it in glue: 
You condense it with locusts and tape: 
Still keeping one principal object in view
To preserve its symmetrical shape." 

The amount of information available about the anatomy and connectivity of 

the hippocampal formation has increased vastly over the past two decades-indeed, 

over the past five years-as well as the information about the neurotransmitters 

and receptors involved in various projections within it. This chapter will review 

what is currently known, concentrating upon the aspects that seem most relevant to 

the role of the hippocampus in memory and the representation of place. The data 

cited will be drawn largely from the rat, which has been the subject of the majority 

of experimental studies; howevJ3r, the structure seems to be similar in the primate, 

albeit with numbers scaled up and some of the layers more convoluted. Perhaps 

the most important qualitative differences are that in primates the commissural 

connections are weaker and the neocortical connections are much more extensive 

(Amaral, 1987). For the rat, detailed recent reviews can be found in Swanson et al. 

(1987), Lopes da Silva et al. (1990), Amaral and Witter (1995), and Patton and 

McNaughton (1995). The cell counts given below apply to the rat and refer to a 

single hemisphere-for the full hippocampus they should be doubled. 
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3.1 Overall structure 

Fortunately for anatomists, the hippocampus is one of the most regularly structured 

parts of the brain, perhaps exceeded in this respect only by the cerebellum and 

a. few sensory areas such as the retina and olfactory bulb. Unfortunately, this 

regular structure is distorted by evolution and ontogeny into a series of curved layers 

whose relations can be difficult to appreciate. The shape of the whole hippocampus 

(figure 3.1) is somewhat reminiscent of the horns of a mountain sheep, one horn for 

each side of the brain. Early anatomists, struck by this resemblance, referred to 

the hippocampus as the Cornu Ammonis, or "Amon's horn", after the ram-headed 

Egyptian god Amon. At the front, where the two horns nearly come together, is 

the septal region. The horns diverge from the midline at almost a 45 degree angle 

as they curve back, finally coming to an end in the temporal region. Thus the two 

ends of the hippocampus are known as the septal pole and the temporal pole. 

It is helpful, when considering hippocampal anatomy, to think alternately in 

terms of two pictures, the lamella and the Swanson diagram. The lamella (Fig

ure 3.1) is a cross-section through the horn, transverse to the (curved) septo

temporal axis; or rather, parallel to the mossy fiber axons of the dentate gran

ule cells, which is almost but not quite the same thing. This cross section cuts 

through several layers of cells which lie curled within the horn. Cross sections 

taken anywhere along the septotemporal axis look similar, differing in the relative 

size of various regions and in the sharpness of curvature, but not in the general 

arrangement. This is 'not quite true for the regions adjoining the hippocampus: 

the entorhinal cortex lies at the temporal end of the horn, along with much of the 

subiculum. 

Some of the most important hippocampal connections run parallel to a lamellar 

section, but others do not, and for appreciating these "logitudinal" connections it 

is most helpful to think in terms of another kind of picture, introduced by Larry 

Swanson (1978; Figure 3.2). A Swanson diagram shows the hippocampus with the 

cell layers unrolled and flattened. 
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Figure 3.1: Top: Three-dimensional structure of the rat hippocampus and septal 
region, as seen from the front. (Adapted from Gray, 1982, p. 53). Bottom: section 
through the hippocampus, at the indicated level. 

The Swanson diagram may in some ways be misleading. As illustrated schemat

ically in figure 3.3, there is a striking analogy between the structure of standard, 

six-layered homotypical neocortex and the structure of the hippocampus. In the 

neocortex, (glossing over complications), external input comes to layer IV, which 

sends its output largely to layers II/IIIj layers II/III are the source of an extensive 

intracortical association system, and send their output ultimately to layer Vj and 

layer V is the major source of output to subcortical areas. In the hippocampus, 

input comes first to the fascia dentata, which sends its output to CA3j CA3 is the 

source of an extensive intrahippocampal association system and sends its output 

to CAl and thence to the subiculumj and CAl and the subiculum are the great

est sources of output to extrahippocampal areas. Thus, the way to transform the 

neocortex into the hippocampus is to make a break in layer I, slide layer IV across 
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Figure 3.2: Anatomical structure of the hippocampal formation as drawn by Swan
son (1987). Pre: presubiculum, Para: parasubiculum, Post: postsubiculum, MEA: 
medial entorhinal area, LEA: lateral entorhinal area, IB: inner blade of the fascia 
dentata, OB: outer blade of the fascia dentata. 

and wrap it around the dangling edge of layer I, and then wrap layer I around and 

connect it to layer V. Whether this hodological analogy extends to a functional 

homology is a question for the future. 

3.2 Cells and Local Connections 

By general (but not universal) agreement, the hippocampal formation consists of 

the hippocampus proper (the CAl, CA2, CA3, and perhaps CA4 regions), the 

fascia dentata, subicular complex, and entorhinal cortex. It could be argued that 

certain other areas are so intimately connected with these that they ought also 

to be considered part of the hippocampal system: these include the medial septal 

area, the mammillary nuclei of the hypothalamus, the anterior nuclei and perhaps 
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Figure 3.3: Schematic comparison of neocortex and hippocampus. The upper di
agram illustrates the architecture of ordinary six-layered neocortex; the lower dia
gram illustrates the architecture of the hippocampal formation. 

the nucleus reuniens of the thalamus, and the perirhinal and retrosplenial cortices. 

Several of the components of the hippocampal formation can themselves natu

rally be subdivided, on the basis of cytoarchitecture or other considerations. Thus, 

the entorhinal cortex is divided into lateral and medial parts, which differ in a 

number of ways; and the subicular complex is divided into the presubiculum, para

subiculum, and the subiculum proper. (The "postsubiculum" is the dorsal part of 

the presubiculum, and the "prosubiculum" is a transitional area between CAl and 

the subiculum proper.) 

In each region of the hippocampal formation, the most numerous type of cells 

secrete glutamate as neurotransmitter and have dendrites densely covered with 

spines. In every region except the fascia dentata, the principal cells are pyramidal in 

form, though there are characteristic variations in detailed aspects of their dendritic 
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arbors. In the fascia dentata and CA regions, the cell bodies of the principal neurons 

are packed into a single dense layer, which shows up starkly when Nissl-stained. 

In the subiculum the cells also form a single layer, but it is more diffuse. The 

presubiculum, parasubiculum, and entorhinal cortex are conventionally divided into 

six layers each, in analogy with the archicture of classical neocortex, but it should 

not be inferred that the layers in these regions are similar in any functional respect. 

In addition to the principal cells, each region of the hippocampal formation 

contains a diverse assortment of interneurons, the great majority of which are 

GABAergic. These can be divided into subpopulations by several criteria, including 

morphology and colocalization of transmitters other than GABA. A particularly im

portant distinction is between two groups of GABAergic interneurons that contain 

different calcium-binding proteins. One group contains parvalbuminj it includes 

basket cells, whose axons twine in "baskets" around the somata of principal cells, 

and chandelier cells, which make synaptic contact exclusively with the axon initial 

segments of principal cells. The other group contains calbindinj it includes mostly 

cells residing in the molecular layers of CAl, CA3, and the fascia dentata, whose 

axons make most of their contacts with distal dendrites of principal cells, and prob

ably activate mostly GABAb receptors, in contrast to the parvalbumin cells, whose 

effects are likely to be mediated mainly by GABAa receptors. 

3.2.0.1 The pentasynaptic loop 

Probably the most important connections are a sequence of five that we shall call the 

"pentasynaptic loop", w~ich is of course an extension of the well-known "trisynaptic 

loop" (Andersen et al., 1971). It consists of 1) the perforant path projection from 

the entorhinal cortex to the dentate gyrus, 2) the mossy fiber projection from the 

dentate gyrus to CA3, 3) the Schaffer collateral projection from CA3 to CAl, 4) the 

unnamed projection from CAl to the subiculum, and 5) the unnamed projection 

from the subiculum to the entorhinal cortex. These projections have at least three 

important things in common: 

• Each is the numerically predominant output from its source. 
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• Each uses glutamate as its main neurotransmitter. 

• Each terminates primarily on dendritic spines in its target region. 

These connections will now be described in detail. 

.---.... EC deep ECsup ........... 

CA1 .... -----... CA3 ..... --

Figure 3.4: The dominant excitatory connections within the hippocampal formation 
are arranged in a "pentasynaptic loop", leading from the superficial layers of the 
entorhinal cortex (EC sup), to the fascia dentata (FD), to the CA3 layer, to the 
CAl layer, and then back to the deep layers of the entorhinal cortex (EC deep). 

3.2.1 The Entorhinal Cortex 

The entorhinal cortex (EC) is the source of all neocortical input to the hippocampus. 

It can be divided, on the basis of cytoarchitecture, connections, and physiology, into 

two portions, the medial and lateral entorhinal cortices (MEC and LEC). Each has, 

by convention, six layers, but neither can be classified as typical "isocortex". The 

two portions taken together contain a total of approximately 200,000 neurons per 

hemisphere, in the rat· (Amaral et al., 1990). The entorhinal cortex receives input 

from a large fraction of the neocortex, not including primary sensory areas, and 

sends output to virtually the entire neocortex. 
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The entorhinal cortex gives rise to a powerful projection to the hippocampus, 

known as the perforant path. Fibers from the superficial layers of the EC run 

through the pre- and parasubiculum before perforating the fissure that separates 

the dentate gyrus from the subicular complex, whence the name. These fibers arise 

from layers II and III of the EC. The projection from layer II is apparently stronger, 

and goes to the dentate gyrus and CA3j most single axons project to both regions. 

The projection from layer III of the EC goes to CAl and the subiculum. There is 

an interesting topography in these projections. In the dentate gyrus, afi'erents from 

the medial entorhinal cortex project to the middle third of the molecular layer, 

whereas afi'erents from the lateral entorhinal cortex project to the outer third. The 

boundary between the MEC- and LEC-recipient zones of the molecular layer may 

be revealed sharply by staining for zinc, which is contained in afi'erents from the 

LEC but not the MEC. On the other hand, the projections to the dentate gyrus 

and CA3 are highly divergent along the septo-temporal axis. A single small region 

of the EC projects ipsilaterally to a substantial fraction of the dentate gyrUSj there 

is also a weak contralateral projection. There is some evidence that the projections 

from MEC do not diverge as much as those from LEC. In contrast, all perforant 

path input to CA3 arrives on the distal portion of the dendrites. (The proximal 

portion is reserved for intrinsic connections.) A single granule cell receives in the 

neighborhood of 4000 inputs from the perforant pathj an average entorhinal cell 

projects to in the neighborhood of 18,000 granule cells, or somewhat less than 2% 

of the entire populatio'n. A single CA3 cell may also receive in the neighborhood 

of 3500 inputs from the perforant path, on the part of its dendritic tree lying in 

stratum lacunosum-moleculare. 

3.2.2 The Fascia Dentata 

At the medial edge of the Swanson diagram lies the fascia dentataj in a lamellar 

section it curls around the end of the CA3 layer like a sheath. The region lying 

within the sheath but beyond the end of CA3 is called the hilus. The fascia dentata 

is superficially the simplest cortical structure in the mammalian brain, consisting of 
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a single layer of granule cell somata lying between a "molecular" layer largely taken 

up by granule cell dendrites (together with a sparse population of interneurons) 

and the hilar region, which is populated by diverse potpourri of cell types (Amaral, 

1978), much fewer in total number than the granule cells. The dentate cell body 

layer runs the length of the rat hippocampus, curling around the edge of the CA3 

cell-body layer, and in a transverse cross-section it varies in shape from a wedge, 

to a squared-off box-end, to something like a semicircle, depending on the septo

temporal level of the section. In the rat, the fascia dentata in each hemisphere 

contains approximately one million cells (Amaral et al., 1990, West et al., 1991, 

Bayer, 1982, Boss et al., 1985, Madiera et al., 1988, Seress, 1988), most of them 

granule cells; this is comparable to the number of cells contained in all the other 

parts of the hippocampal formation put together. Each granule cell has a small 

soma lying in the granule layer, and a cone-shaped dendritic tree radiating into the 

molecular layer (Desmond and Levy, 1982, Claiborne et al., 1990). The dendrites 

are densely covered with spines, around 5000 per granule cell (Desmond and Levy, 

1985, Amaral et al., 1990). 

The best-studied interneurons are basket cells, whose cell bodies lie in the gran

ule cell body layer or slightly above it in the molecular layer (Ribak and Seress, 

1983). They make up roughly one-half of one percent of the cells in the granule 

layer (Seress and Pokorny, 1981); ifthere are 1,000,000 granule cells in the rat fascia 

dentata, there are probably 5000 - 10,000 basket cells. Basket cells are the only 

non-granule cells in the granule layer (Seress and Ribak, 1983). They have been 

divided on structural grounds into several subtypes, but all are very similar (Seress 

and Pokorny, 1981, Ribak and Seress, 1983). The most superficially located have 

dendrites restricted to the molecular layer, while the others have at least some den

drites extending into the hilus, at least some of which receive contacts from mossy 

fibers (Ribak and Seress, 1983, Amaral, 1978). This could indicate varying pro

portions of feedforward versus feedback input in the basket cell population (Ribak 

and Seress, 1983). The axons of basket cells ramify in or near the granule layer 

(Seress and Ribak, 1983). They extend up to 1 mm from the somata, and form 



59 

characteristic "baskets" around the cell bodies and proximal dendrites (the first 

50 J1,m) of granule cells. Each basket cell may contact approximately 500 granule 

cells; the total number of granule cell contacts arising from a single basket cell is on 

the order of 1000-5000. Granule cell bodies are thickly covered with GABAergic 

terminals, which do not all arise from the same basket cell; for the numbers to be 

consistent, each gr·anule cell should be contacted by 3-5 basket cells. 

The molecular layer of the fascia dentata also contains a population of GABAer

gic axo-axonic cells, known as "chandelier" cells (Kosaka, 1983, Somogyi et al., 1985, 

Soriano and Frotscher, 1989, Halasy and Somogyi, 1993). The axons of these cells 

terminate exclusively on the initial segments of the axons of granule cells; it seems 

that virtually every granule cell receives a substantial number of such contacts. It 

is natural to conjecture that these cells are in a good position to "veto" firing of 

granule cells, by suppressing action potentials at a point where a relatively small 

inhibitory conductance could have a relatively large effect. 

Inside the dentate wedge lies the hilar region, a diffuse agglomeration of many 

different types of cells, the most notable of which are a group of mossy cells, so 

called due to the large number of complex thorny excrescences that adorn their 

dendrites (Amaral, 1978, Ribak et ai., 1985, Frotscher et ai., 1991). Hodologically 

the hilus belongs to the fascia dentata: it receives most of its input from and sends 

all of its output to cells in the granule layer. The hilar region contains on the order 

of 50,000 neurons, of which some 80% are mossy cells (West et ai., 1991, Amaral et 

ai., 1990). The hilus also contains a substantial population of GABAergic neurons 

(Amaral, 1978, Seress and Ribak, 1983), some of which are immunoreactive for 

somatostatin and project specifically to the outer portion of the dentate molecular 

layer, where they contact the dendrites of granule cells (Morrison et ai., 1982, Bakst 

et ai., 1986, Halasy and Somogyi, 1993). 

3.2.2.1 Mossy Cells and the Dentate Association System 

Mossy cells, also known as polymorph cells, are the most numerous cells in the hilus. 

They are characterized by a triangular or multipolar soma 20-25 J1,m in diameter, 
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an extensive dendritic arborization restricted primarily to the hilus, and numerous 

thorny excrescences (mosses) on the somata and proximal dendrites (Ribak et al., 

1985, Frotscher et al., 1991); The mosses are complex in shape and may branch 

into three or four smaller spines. The mossy regions extend 100-500 /-Lm along the 

proximal dendrites; the distal dendrites are thinner, and are studded with small 

spines like those typical of pyramidal cells. 

Mossy cells receive their most important input from the axons of granule cells; 

these axons, confusingly, are known as "mossy fibers". The granule cell axons 

are quite unusual in appearance, with alternating long narrow sections and large 

varicosities, resembling a snake that has swallowed a few rabbits. They are also 

chemically unusual, containing opioids and large quantities of zinc. Mossy fibers 

are so strikingly different from the usual type of axon that one cannot help but 

suspect that they playa special role in the function of the hippocampus. In any 

case, each mossy fiber, as it passes through the hilus on the way to CA3, sends 

out five or six collaterals that make a total of about fifty very large ("mossy") 

synapses with mossy cells (Claiborne et al., 1986). The mossy cells in turn recipro

cate this projection by sending their axons back to the fascia dentata, where they 

make synapses onto granule cell dendritic spines throughout the inner third of the 

dentate molecular layer (Blackstad, 1956, Zimmer, 1971, Laurberg, 1979, Laurberg 

and Sorensen, 1981, Swanson et al., 1978, Swanson et al., 1981), and also onto' 

GABAergic interneurons (Frotscher and Zimmer, 1983, Seress and Ribak, 1984). 

This is a very ext.ensive and broadly divergent projection: a single mossy cell axon 

can make contacts dispersed across two-thirds of the septotemporal extent of the 

hippocampus ipsilaterally, and a similar range contralaterally (Zimmer, 1971, Ribak 

et al., 1985, Frotscher et al., 1991). By means of the mossy cell projections (known 

as the "commissural/association" pathway), each dentate granule cell is connected 

disynaptically with a large subset of the entire granule cell population. These con

tacts have been shown to be susceptible to long-term potentiation (Hetherington et 

al., 1994), raising the possibility that the dentate gyrus may have a special memory 

system all its own, involving several billion modifiable synapses (Buckmaster and 
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Schwartzkroin, 1994). 

3.2.3 CA3 

Next to the fascia dentata on the Swanson diagram lie the CA3 and CAl layers. 

Their designations derive from Lorente de No (1934), who described regions CAl 

to CA4; "CA" stands for Cornu Ammonis, or "Ammon's horn". CA2 is a small 

transitional region on the border between CA3 and CAl, often omitted in modern 

anatomical studies; CA4 is roughly identical to the hilus. CA3 and CAl are each 

defined by a single thick layer of pyramidal cells, quite similar in shape to the 

pyramids of the neocortex. Their apical dendrites extend into the stratum radiatum, 

and their basal dendrites into the stratum oriens. There are estimated to be around 

300,000 pyramidal cells in CA3 (Amaral et al., 1990, West et al., 1991, Boss et al., 

1987, Seress, 1988), along with a much smaller number of interneurons, which are 

difficult to distinguish from the interneurons seen in the fascia dentata or CAL 

CA3 is generally divided into five layers: stratum oriens, corresponding to the 

basal dendrites of the pyramidal cells; stratum pyramidale, the pyramidal cell body 

layer; stratum lucidum, a thin layer containing most of the mossy fiber afferents 

from the fascia dentata; stratum radiatum, corresponding to the termination field 

of the intrinsic CA3 association system; and stratum lacunosum-moleculare, corre

sponding to the termination field of afferents from the perforant path (Ramon y 

Cajal, 1911, Lorente de No, 1934). 

Each CA3 pyramidal cell receives about 200 mossy fiber synapses, and about 

10,000 other excitatory inputs. A single mossy fiber probably makes mossy synapses 

on about 14 CA3 pyramidal cells; each pyramidal cell is contacted by about 46 

granule cells (Claiborne et al., 1986). The mossy fiber terminals are located on 

complex "thorny excrescences"; their size, and proximity to the soma, suggest that 

these inputs could be very powerful-physiological studies, however, indicate that 

the mossy fiber inputs, while substantially stronger than ordinary synapses, are 

not nearly strong enough to make a single input capable of driving a cell, as for 

example occurs with climbing fiber inputs to Purkinje cells in the cerebellum. Some 
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2000 of the other excitatory synapses come directly from the perforant path, from 

collaterals of the same fibers making synapses onto granule cells. The remaining 

8000 come from other CA3 pyramidal cells. A typical CA3 pyramidal cell axon 

diverges very broadly, sending branches to more than half the extent of CA3 on 

both sides of the brain, making contact with about 2% of the entire population 

of CA3 pyramidal cells. Each CA3 pyramidal cell thus receives some 80% of its 

input from other CA3 pyramidal cells: this predominance of recurrent excitation is 

a distinctive feature of CA3, and motivates the hypothesis that CA3 can function 

as an attractor network. 

The extent of arborization for CA3 pyramidal cells is remarkable. Each indi

vidual cell sends recurrent collaterals through a large portion of CA3 (as already 

noted); it also sends a "Schaffer collateral" that makes about 10,000 connections to 

CAl pyramidal cells, and another collateral that makes a large number of synapses 

in the lateral septum (Swanson et al., 1980, 1981). 

3.2.4 CAl 

Architectonically CAl is similar to CA3, except that the cell body layer is somewhat 

thinner and the cells more densely packed. A narrow transitional region called CA2 

also exists, whose most distinctive feature is that mossy fibers turn sharply there, as 

though prohibited from entering into CAl, and then run longitudinally, sometimes 

for significant distances. There is thus a possibility that cells in CA2 could form 

associations between granule cells from different septotemporallevels, but there is as 

yet no evidence that this is anything more than a possibility; in fact, the pyramidal 

cells in CA2lack thorny excrescences, so they may not even receive input from the 

mossy fibers (Lorente de No, 1934, Tamamaki et al., 1988). CAl receives no input 

from mossy fibers, and therefore lacks a stratum lucidumj otherwise it contains the 

same set of layers as CA3. In the rat, the total number of CAl pyramidal cells 

is probably about 400,000 per hemisphere (Boss et al., 1987, Amaral et al., 1990, 

West et al., 1991). 

CAl receives some input from layer III of the entorhinal cortex, via the perforant 



63 

path, and more extensive input from CA3, via the Schaffer collaterals. Unlike 

the projection from CA3, the projection from the entorhinal cortex is strongly 

topographic. In contrast to CA3, CAl possesses only a weak system of recurrent 

collaterals. Most of the output from CAl goes to the subiculum and entorhinal 

cortex; it also projects rather strongly to the lateral septum. 

3.2.5 The Subiculum 

Some authors have de~cribed a zone between CAl and the subiculum, called the 

prosubiculum; however, the recent consensus is that this is merely a transitional 

region, not worthy of independent consideration (Amaral and Witter, 1995). The 

subiculum proper contains a single diffuse layer of cells, mostly pyramidal cells 

with a less numerous population of interneurons mixed in. The cell packing is 

much less derise than in CAlor CA3. Above the cell body layer lies a molecular 

layer containing mostly apical dendrites of pyramidal cells. An intermediate cell

sparse layer is also identified by some authors (Swanson et al., 1987). The total 

number of pyramidal cells in the subiculum of the rat has been estimated at 128,000 

per hemisphere (Amaral et al., 1990). The subiculum receives its strongest inputs 

from CAl and from layer III of the entorhinal cortex; both of these projections 

appear to be strongly topographic (Swanson et al., 1978). 

The subiculum provides perhaps the most important output from the hippocam

pal formation, projecting to a wide variety of areas. These projections have a rather 

complex topographic organization (Witter and Groenwegen, 1990). The portion of 

the dorsal subiculum lying next to CAl projects to the infralimbic cortex, the 

perirhinal cortex, the lateral entorhinal cortex, the lateral septum, the nucleus ac

cumbens, the midline thalamus, and the medial mammillary nuclei. The portion 

lying farther from CAl projects to the retrosplenial cortex, the anterior nuclei of 

the thalamus, and the medial mammillary nuclei. The ventral subiculum projects 

to the medial entorhinal cortex, the lateral septal complex, the nucleus accumbens, 

the basolateral amygdala, the ventromedial hypothalamus, and the midline thala

mus. Several of these projections seem to be topographic, in particular those to the 
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septal area, mammillary bodies, and entorhinal cortex. 

There is a very extensive projecton from the subiculum via the fornix to the 

mammillary bodies and anterior thalamus, and thence to the posterior cingulate 

cortex. This is part of the circuit that Papez (1937) proposed to be the basis of 

emotion. There is, on the other hand, some evidence for a role for the mammillary 

bodies in memory, and at least one report that damage to the posterior cingulate 

cortex causes deficits in spatial learning in rats (Sutherland et ai., 1988). Recent 

evidence suggests the intriguing possibility that the Papez circuit may be related 

most strongly to the maintenance of a sense of spatial orientation, since head di

rection cells have now'been described in several parts of the circuit (Chen et al., 

1994b, Taube, 1995). 

There is a massive projection from the subiculum to the nucleus accumbens 

(Raisman et al., 1966, Swanson and Cowan, 1977, Kelley and Domesick, 1982, 

Groenewegen et al., 1987). Since the nucleus accumbens in known to playa key 

role in drug addiction and in mediating the rewarding effects of medial forebrain 

bundle stimulation, this pathway may provide a route by which the hippocampus 

could exert rather direct effects on motivation. 

3.2.6 The Presubiculum and Parasubiculum 

Nomenclature can have unfortunate consequences. It is natural to expect that 

things with similar names will behave similarly. But in the brain things have al

most invariably been named on the basis of structure or contiguity, rather than 

function, so such an expectation is often disappointed. This may not be as severe 

a problem in the hippocampus as in some other parts of the brain (e.g., the basal 

ganglia), but it is severe enough to be a nuisance. The most serious example is 

the pre- and parasubiculum. From their names, it is natural to think of them as 

mere adjuncts of the subiculum, and hence not worthy of much attention, but this 

would be a mistake. In terms of structure, function, and connections they are very 

different from the subiculum, and it is necessary to treat them separately. The 

subiculum proper is continuous with the deep layers of the the medial entorhinal 
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cortex and merges continuously with the CAl layer, while the pre- and parasubic

ular complex are distinctly separate: if anything, they appear more closely related 

to the superficial layers of the entorhinal cortex. Functionally, the subiculum serves 

primarily as an output from the hippocampal formation, whereas the presubiculum 

and parasubiculum should probably be thought of as primarily input-related, since 

their strongest projections go to the adjacent entorhinal cortex. In terms of physiol

ogy, the deep layers of the dorsal presubiculum contain numerous "head direction" 

cells (Taube et al., 1990a, Taube et al., 1990b), but nothing of the sort has ever 

been seen in the subiculum proper. 

3.2.7 Subcortical projections 

In addition to the pathways already described, a number of subcortical areas send 

projections to all or part of the hippocampal formation. It is likely that all of 

these should be classed as modulatory inputs, rather than pattern-bearing inputs. 

(The difference between a modulatory input and a pattern-bearing input is that 

a modulatory input comes from an area of the brain that functions by changing 

the firing rates of all of its principal cells in the same way, either raising the firing 

rate of every cell or lowering the firing rate of every cell. A pattern-bearing input, 

in contrast, functions by creating different patterns of activity within the pool 

of principal cells, in such a way that knowing which subset of cells are active 

conveys important information. Thus, the functional state of a modulatory area 

can effectively be described by specifying the mean firing rate of the principal cells 

in the area, whereas much more information is necessary to fully describe the state 

of a pattern-bearing area.) These subcortical afi'erents include: 

• A noradrenergic 'projection from the locus coeruleus, to all portions of the 

hippocampal formation (Blackstad et al., 1967); these fibers are especially 

dense in the hilus of the fascia dentata and along the course of the mossy 

fibers (Pickel et al., 1974, Swanson and Hartman, 1975, Koda et al., 1978, 

Moore et al., 1978, Haring and Davis, 1983). 
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• A serotonergic projection from the midbrain raphe nuclei, to all portions of 

the hippocampal'formation (Kohler, 1982); the most dense projections are to 

a narrow zone just below the granule cell layer of the fascia dentata, to the 

superficial layers of the pre- and parasubiculum and to the lateral entorhinal 

cortex. Freund et al. (1990; see also Halasy, 1992) found that the serotonergic 

inputs terminate very strongly on GABAergic interneurons, but specifically 

on the subclass of interneurons immunoreactive for calbindin, and not at all 

on those immunoreactive for parvalbumin. 

• A dopaminergic projection from the ventral tegmental area to the subicular 

complex and entorhinal cortex (Fallon et al., 1978, Swanson, 1982). This 

projection appears considerably stronger in the lateral entorhinal cortex than 

anywhere else; and dopaminergic fibers and receptors are very sparse in the 

hippocampus proper. 

• A projection from the midline nuclei of the thalamus, especially the nucleus 

reuniens, to the entorhinal cortex, portions of the subicular complex, and 

stratum lacunosum-moleculareof CAl (Herkenham, 1978, Wyss et al., 1979b, 

Wouterlood et al., 1990, Wouterlood, 1991). Neither the neurotransmitter nor 

the functional significance of these projections are known, but the fact that 

many of these fibers make asymmetric synapses onto dendritic spines suggests 

that the transmitter may be glutamate. 

• A projection from the thalamic anterior nuclei (anteroventral, anterodor

sal, and laterodorsal) to the presubiculum (Van Groen and Wyss, 1990a, 

Van Groen and Wyss, 1990b). It might actually be more appropriate to 

consider this as an intrinsic connection of the hippocampal formation, since 

the anterior nuclei receive input directly from the subiculum (Swanson and 

Cowan, 1977, Sikes et ai., 1977), and indirectly via the mammillary bodies 

(Seki and Zyo, 1984, Shibata, 1992). This connection may playa role in the 

head-direction system, since head direction cells have been found both in the 

anterior nuclei and in the dorsal presubiculum (which is also known as the 
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postsubiculum) . 

• A projection from the supramammillary nucleus of the hypothalamus, termi

nating most densely in the granule cell layer and lower molecular layer of the 

fascia dentata (Wyss et al., 1979a). This is described more extensively in the 

next section . 

• Projections from the lateral and basolateral nuclei of the amygdala to the 

lateral entorhinal cortex and portions of the subicular complex (Krettek-and 

Price, 1978). 

3.3 Septum 

In the rat, the septum is a constellation of nuclei located at the midline of the 

brain, near the point where the two horns of the Cornu Ammonis come together 

(fig. 3.5). It sends strong projections to every part of the hippocampal formation, 

and these inputs are critically important: an animal in which the septo-hippocampal 

pathway has been inactivated is difficult to distinguish from an animal without a 

hippocampus. It also plays a critical role in driving the hippocampal theta rhythm. 

Three regions of the septal complex are particularly important with respect to 

the hippocampus: these are the medial septal nucleus (MS), the nucleus of the ver

tical limb of the diagonal band of Broca (vDB), and the lateral septal nucleus (LS) 

(Swanson and Cowan, 1979, Jakab and Leranth, 1995). MS and vDB are located 

one on top of the other, and by all indications are very similar both cytoarchitec

tonically and functionally; henceforth they will be referred to en bloc as MSDB 

(in this chapter). MSDB provides strong input to the hippocampal formation but 

receives no direct exci~atory output; LS serves mainly to receive output and sends 

no direct input. There is a very extensive, topographically organized projection 

to the lateral septal area, arising from pyramidal cells in CA3, CAl, and parts 

of the subiculum. This is likely to be a rather important output pathway from 

the hippocampus: Swanson (1987) concludes that virtually every pyramidal cell in 

CA3 and CAl sends an axon collateral to the lateral septum. It is, though, com-
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Figure 3.5: Horizontal section through the rat brain, at the level of the septal 
nuclei, 0.2 mm posterior to bregma. The shaded region sends projections to the 
hippocampus that are involved in controlling theta. MS, medial septal nucleus, 
VDB, vertical limb of the diagonal band, HDB, horizontal limb of the diagonal 
band, LSD, dorsolateral septal nucleus, LSI, intermediate lateral septal nucleus, 
LSV, ventrolateral septal nucleus, cc, corpus callosum. Redrawn from figure 1 of 
Jakab and Leranth (1995). 

pletely ignored by most theoretical accounts of hippocampal function; an exception 

is Gray (1982), who relates it to a proposed role of the hippocampus in influencing 

the brain's "behavioral inhibition system". 

The nature of connectivity between MSDB and LS is not yet completely settled. 

Early studies reported a "massive" projection from LS to MS (Swanson and Cowan, 

1979), but more recent anatomical work has indicated that any such projection is 

either absent or very weak. If a projection exists, it is probably GABAergic. 

With Golgi methods, two fundamentally different types of cell can be distin

guished in MSDB: (1) large and medium sized cells whose axons leave in the dorsal 
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direction, and (2) small cells somewhat resembling Golgi type II neurons (Tombol 

and Petsche, 1969). Immunochemistry and other methods indicate that many of 

these cells are cholinergic, but a large fraction are GABAergic. Cholinergic and 

GABAergic cells are thoroughly intermingled (Panula et al., 1984, Amaral and 

Kurz, 1985, Brashear et al., 1986), and each type receives abundant input from the 

other type (Bialowas and Frotscher, 1987, Leranth and Frotscher, 1989). 

3.3.1 Septo-hippocampal connections 

The best studied, and probably the most important, of all subcortical inputs to 

the hippocampal formation arise from the medial septal area, together with the 

vertical limb of the diagonal band of Broca. This input is known to be critical to 

the functioning of the hippocampus: if it is removed (which can easily be done by 

sectioning the fornix), hippocampal electric activity is severely disrupted. The na

ture of septal influences on the hippocampus will be examined more thoroughly in 

chapter 5. Considering for the moment only the anatomical facts, the MSDB com

plex projects to all portions of the hippocampal formation, including the entorhinal 

cortex, subiculum, fascia dentata, and Ammon's horn (Swanson and Cowan, 1979). 

These projections contact both principal cells and interneurons. Some of the septal 

afi'erents are cholinergfc, but many of them are GABAergic. 

The septohippocampal projection is strong enough to have been detected using 

degeneration methods by Daitz and Powell (1954); this was confirmed by Raisman 

(1966). Lewis and Shute (1967) demonstrated that at least a large portion of 

the projection is cholinergic. For many years it was generally believed that the 

projection is entirely cholinergic, but in the early 1980's several studies found that a 

substantial fraction (30-50%) of septohippocampal neurons did not contain ChAT, 

and that many of these were probably GABAergic (Kohler et al., 1984, Baisden et 

al., 1984, Wainer et al., 1985). 

Septohippocampal fibers terminate on interneurons as well as principal cells 

(Lynch et al., 1978). These come from both cholinergic and GABAergic cells. 

Freund and Antal (1988) showed that the GABAergic septohippocampal contingent 
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terminates almost entirely on interneurons; Leranth and Frotscher (1987) showed 

that several classes of interneurons also receive cholinergic inputs. 

There is at least a broad topography in the septohippocampal projection. Af

ferents to the CAl region come mostly from vDB (Swanson and Cowan, 1979), and 

afferents to the fascia dentata come mostly from MS (Chandler and Crutcher, 1983, 

Monmaur and Thomson, 1983). Amaral and Kurz (1985) found that progressively 

more lateral cells in the septum project to progressively more caudal portions of 

the hippocampus. 

In the rat hippocampus, cholinergic fibers are densest in the vicinity of the 

pyramidal and granule layers, but are also dense everywhere else (Frotscher and 

Leranth, 1985). Cholinergic terminals can be found on small spines in all areas, 

and also onto pyramidal and granule cell bodies and dendritic shafts. In the fascia 

dentata, cholinergic fibers can be seen to make symmetric contacts with the stalks 

of large dendritic spines (Frotscher and Leranth, 1986). This sort of contact can 

be seen in many parts of the brain; it suggests that the cholinergic inputs interact 

in some specific way with the excitatory, presumably glutaminergic inputs that 

invariably terminate on the heads of such spines. The cholinergic receptors in the 

hippocampus are almost entirely muscarinic. 

The projections from the septal area to other parts of the limbic system have 

been less extensively studied. Alonso and Kohler (1984) found that the septo

entorhinal projection, iike the septo-hippocampal projection, has both cholinergic 

and noncholinergic components, and consists at least partly of collaterals of fibers 

projecting to the hippocampus. These projections terminate in both superficial and 

deep layers of the entorhinal cortex, being mostly concentrated in layers II and IV. 

There is also a direct projection from the hippocampus to MSDB (Swanson 

and Cowan, 1977, Gaykema et al., 1991), terminating both on cholinergic cells and 

GABAergic cells (Leranth and Frotscher, 1989). It has recently been shown that 

most of these fibers arise from a special type of GABAergic interneuron found in 

stratum oriens of CAl and CA3 (calbindin-immunoreactive cells, T6th et al., 1993, 

T6th and Freund, 1992). It seems likely that these provide some type of feedback 
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inhibition from the hippocampus to MSDB, but this remains to be confirmed. 

3.3.2 The supramammillary nucleus and posterior hypothalamus 

Among the areas interconnected with the septum, special attention should be paid 

to the posterior region of the hypothalamus, because a number of lines of evidence 

implicate it in the genesis of the theta rhythm. This evidence will be reviewed 

in chapter 5; the current section considers only the anatomical connections of this 

region. 

Vertes (1992) showed, using anterograde tracing methods, that the supramam

milIary nucleus (SUM) projects heavily to the hippocampus, nucleus reuniens of 

the thalamus, medial and lateral septum, entorhinal cortex, and endopyriform nu

cleus; also less heavily to the dorsal raphe nucleus, midbrain central gray, fields 

of Forel/zona incerta, dorsomedial hypothalamus, some thamamic areas, etc .. The 

direct projections to the hippocampus come mostly from the lateral SUM; the pro

jection to the fascia dentata is particularly strong, and terminates in a narrow zone 

including the outer half of the granule layer and adjacent molecular layer (Segal and 

Landis, 1974, Wyss et al., 1979a, Stanfield et al., 1980, Dent et al., 1983, Haglund 

et al., 1984). Because stimulation of the supramammillary area causes a substantial 

amplification of the population spike evoked in the dentate gyrus by perforant path 

stimulation, without itself causing any evoked potential (Mizumori et al., 1989a, 

Carre and Harley, 1991), until recently it was considered likely that the projection 

acted by inhibiting interneurons, as is the case with the septohippocampal projec

tion. It now appears, though, that this projection terminates largely on granule 

cells (Magl6czky et al.; 1994). 

Afferents to the SUM have only been examined very recently. In a retrograde 

tracing study, Hayakawa et al. (1993) found that the SUM receives major descend

ing afferents from the infralimbic cortex, dorsal peduncular cortex (these are part of 

the medial prefrontal cortex), septal complex, and the medial and lateral preoptic 

nuclei. Major ascending fibers come from the pars compacta of nucleus centralis 

superior, the ventral tegmental nucleus of Gudden, and the laterodorsal tegmen-
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tal nucleus (LDT). The projection from the LDT is particularly interesting, both 

because it is reported to be quite extensive, and because the LDT has long been 

known to be an essential part of the ascending cholinergic reticular formation. This 

point will be discussed further in chapter 5. 



CHAPTER., 4 

FIRING CORRELATES OF HIPPOCAMPAL CELLS 

He had bought a large map representing the sea, 
Without the least vestige of land: . 
And the crew were much pleased when they found it to be 
A map they could all understand. 

"What's the good of Mercator's North Poles and Equators, 
Tropics, Zones, and Meridian Lines?" 
So the Bellman would cry: and the crew would reply 
"They are merely conventional signs! 

"Other maps are such shapes, with their islands and capes! 
But we've got our brave Bellman to thank" 
(So the crew would protest) "that he's bought us the best
A perfect and absolute blank!" 
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As reviewed in chapter 3, each region of the hippocampal formation contains 

several types of neuron. In each of the layers-CAl, CA3, and the fascia dent at a.

principal cells make up the great majority of the population, ranging from about 

95% to more than 99% of the whole. In the fascia dentata the principal cells are 

granule cells; in CA3 and CAl they are pyramidal cells. Luckily, this numerical 

predominance of principal cells can be exploited to allow us to recognize them 

physiologically, on the basis of extracellular recording, because it turns out that, 

in sleeping animals, the great majority of cells recorded in any of the three layers 

have very similar spike train properties, which contrast sharply with the spike train 

properties of another, much smaller set of cells. The correspondence of numbers 

virtually forces us to conclude that the large, homogeneous groups of cells are 

principal cells (Le., pyramidal cells and granule cells), while the small, distinctive 

groups of cells consist of interneurons, mostly GABAergic. 
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This argument was first made, in a somewhat different way, by Ranck and his 

coworkers (Ranck, 1973, Feder and Ranck, 1973, Fox and Ranck, 1975, Fox and 

Ranck, 1981), who classified hippocampal cells into two main types, which they 

called "complex spike cells" and "theta cells". Complex spike cells, they said, 

could be recognized by the fact that they occasionally fire stereotyped bursts of 

two or more spikes with interspike intervals of 4-6 msec and declining spike height, 

and can often be activated antidromically by stimulation of the fimbria. Theta 

cells lack these bursts, cannot be antidromically activated by distant stimulation, 

fire rapidly whenever a theta rhythm is present in the hippocampal EEG, and 

are modulated in synchrony with the theta rhythm. This terminology is badly 

misleading in one respect, because it has become clear that virtually all complex 

spike cells are strongly modulated by the hippocampal theta rhythm, while some 

"theta" cells are only weakly theta-modulated, but it is too well-established and 

time-honored to be changeable. The validity of the division into two classes is 

unquestionable; only their names are unfortunate. 

Fox and Ranck (1975) were the first to argue that complex spike cells are iden

tical with pyramidal cells of the CAl and CA3 layers, and that theta cells are 

GABAergic interneur~ns. The argument was based on anatomical analogies: an 

electrode passing through the hippocampus usually encountered complex spike cells 

densely clustered at two levels, corresponding to the CAl and CA3 cell body lay

ers, while theta cells were more broadly scattered, in a profile that roughly matched 

the density distribution seen in hippocampal sections stained with GABA-selective 

dyes. This is of course only circumstantial evidence, but nothing later has contra

dicted it, and there is much to support it. In this dissertation the validity of this 

argument is taken for granted, and we shall often speak of "pyramidal cells" and 

"interneurons" rather than "complex spike cells" and "theta cells" . 

The experiments discussed in this chapter mostly use rats as subjects. A consid

erable number of studies have been done on hippocampal cell activity in primates, 

but methodological difficulties generally make these hard to interpret. It is usually 

not possible in a monkey experiment to be absolutely certain that a given cell was 
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actually in the hippocampus at all, much less to say what layer it was in. Also, 

because monkey experiments are commonly done by placing an electrode in the 

brain at the beginning of a recording session and advancing it until cells are ob

tained, low rate cells will usually be bypassed, hence the great majority of cells 

recorded are likely to be interneurons, unless the firing properties of hippocampal 

pyramidal cells in the monkey are very different from what they are in the rat. A 

small number of published records from primates are superficially similar to what 

would be expected for .hippocampal pyramidal cells, but speculation on this basis 

is probably not very useful. 

4.1 Behavioral correlates of CAl and CA3 pyramidal cells 

The earliest unit recording studies in the hippocampus date back to the 1950's 

(Green and Machne, 1955), but all such studies were performed in animals that were 

either paralyzed or anesthetized or both, until approximately 1970. Vindogradova 

in the late 1960's recorded single units in rabbits confined inside a small box; the 

first studies in freely moving animals, though, were apparently published in 1971 

by O'Keefe and Dostrovsky and by Ito and Olds. 

The first description of hippocampal firing properties in freely moving rats came 

in the form of a "short communication" in Brain Research (O'Keefe and Dostrovsky, 

1971). It was not especially convincing. Hippocampal units were recorded from 

rats on a small (24x36 cm) raised platform. Out of 76 units recorded from CAl, 

CA4, and the dentate gyrus, eight responded "solely or maximally when the rat was 

situated in a particular part of the testing platform facing in a particular direction." 

(Italics in original.) Of the other 68 cells, 14 were "arousal" or "attentional" units; 

21 were "movement" units; two had "interesting properties related to the animal's 

expectations"; 15 were virtually silent; and the other 16 were inconsistent and 

uninterpretable. Some evidence was presented that the eight place units were not 

directly controlled by individual sensory cues. Upon this slender foundation of eight 

cells the Cognitive Map hypothesis was erected. 

Ranck (1973), in a very lengthy and detailed report, described the behavioral 
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correlates of hippocampal complex spike cells in quite different terms. He found that 

no two complex spike cells were entirely alike, but classified the majority of them as 

"approach-consummate", "approach-consummate-mismatch", or "appetitive" cells. 

These terms were intended to be behavioristic, but are not very easy to understand 

in a concrete way. Approach-consummate cells fired during "certain consummatory 

behavior and during some appetitive behaviors associated with the consummatory 

behavior." Approach-consummate-mismatch cells were similar, except that they 

"also fired, and often most rapidly, during unsuccessful behavior which had the same 

specificity as the approach-consummate behavioral correlate of the cell." Appetitive 

cells "never fired during a consummatory behavior except for sleep, and fired during 

some orienting or approach behaviors." Several other, less frequently occurring, 

classes were also described. Interestingly, Ranck found substantial differences in 

the laminar distribution of these types, with approach-consummate-mismatch cells 

relatively more common, and appetitive cells relatively less common, in CAl than 

in CA3 or the dentate gyrus. 

In an attempt to decide which explanation (place or behavior) was correct, 

by reducing the impact of experimenter subjectivity on the interpretation of the 

behavioral relationships, Best and Ranck (1975, 1982) showed videotapes of rat 

behavior to groups of 15-20 "naive" observers, in parallel with audio records of 

cell activity. The result was an unequivocal triumph for the spatial interpretation. 

Out of 15 hippocampal complex spike cells, 9 were judged, with high agreement 

among observers, to be related to the animal's spatial location, 2 were thought to 

be related to turning movement, and 1 to drinking. 

The spatial firing properties of hippocampal cells were described much more 

thoroughly and persuasively five years after the original report (O'Keefe, 1976). 

Units recorded in the CAl layer were classified as Place cells, Displace cells, or 

Other. The "place" cells were all complex spike cells (as described by Ranck, 1973), 

as were most of the "other" cells; the "displace" cells were theta cells. A subgroup 

of "place" cells were further classified as Misplace cells; these fired most vigorously 

when the rat was at a particular location and engaged in exploratory sniffing. In 
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some cases the "misplace" cells responded best to sniffing of a particular object, 

e.g., a toy rubber crocodile. Three of the "other" cells responded during sniffing 

of hands, regardless of where the hand was located. Most of the "other" cells were 

virtually silent. 

The cells were studied on a distorted T-maze, consisting of a circular 35 cm 

diameter central platform and three removable 38x15 cm arms, all made of white 

perspex. The "place" cells had fields of varying sizes, scattered broadly across the 

apparatus; some cells had multiple place fields. Some of the "place" cells were 

sensitive to the direction the rat was facing, others were not; many could not be 

examined in this respect because their fields were located in places where the rat 

could only face one direction. Many of the "place" cells maintained their fields if 

the room lights were turned out while the rat was on the maze. In a number of 

cases the fields were absent during the first experience in the dark, but reappeared 

during later dark tests. A variety of unsystematic manipulations ruled out control 

of many of the "place" cells by odor, auditory, or other simple sensory cues. One 

cell ceased to fire in its field if the experimenter was standing next to the maze. 

O'Keefe (1979) wrote a very useful review of what was then known about the 

spatial correlates of hippocampal cells, on the basis of studies by himself, his col

leagues, and others. One aspect of the paper is particularly worthy of note. The 

question O'Keefe was considering was whether the data were strong enough to sup

port the theory that the rat hippocampus is a spatial map and nothing else. He 

argued, quite reasonably, that if the earliest investigations were left out, all recent 

studies had found spatial correlates for the great majority of complex spike cells 

they recorded. Since the great majority of principal cells in the hippocampus are 

place cells, he went on, it is likely that the function of the hippocampus is entirely 

related to space. The unjustified leap of reasoning here is from "place fields" to 

"place cells". The data of O'Keefe and Conway (1978) had already demonstrated 

that the correlates of a cell in one task, or environment, did not predict what the 

cell would do in a different environment. It is not appropriate to call a unit a 

"place cell" unless its function is to represent place in every task in which the unit 
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is active, and this inference was going well beyond the evidence. O'Keefe him

self had presented evidence that a fraction of cells had non-spatial correlates (e.g., 

hand-sniffing, O'Keefe, 1976), and so had Ranck (1973). One of the arguments 

made in the 1979 review was that studies that found no spatial correlates may have 

used paradigms in which the animals could not move in extended regions; this is 

as much as an admission that spatial correlates are not the only ones that can be 

found. It is a very tricky move to use a term such as "place cell" before it has been 

compellingly demonstrated that the function of the cell is in fact to represent place: 

it begs the question. 

4.1.1 General features of CAl and CA3 place-related firing 

It is certainly not true that place is the only factor associated with the firing of 

CA3 and CAl pyramidal cells. For one thing, the hippocampus shows a variety of 

activity-modes, depending on behavioral state. During slow-wave sleep, or when 

a rat is quiet and alert, there are irregular ripples of nearly simultaneous firing of 

large numbers of cells, visible in an EEG record as large irregular activity (Vander

wolf, 1969, O'Keefe and Nadel, 1978). In a moving rat, or during REM sleep, cell 

firing is modulated by a 6-10 Hz theta rhythm, probably controlled by cholinergic 

and GABAergic projections to the hippocampus from the medial septal area. Re

straining a rat by wrapping it in a towel appears to dramatically reduce the firing 

rates of hippocampal pyramidal cells, and abolishes the place-dependence of their 

activity (Foster et al., 1989). As a rule place-dependent firing is seen only when 

the hippocampus is in the theta state. 

Theta, and therefore place-dependent firing, are seen most robustly when rats 

engage in locomotion, especially when they are exploring. Even then, though, 

place is not the sole determinant of firing. There appears to be an overall positive 

correlation between the firing rates of pyramidal cells and the running speed of 

the animal (O'Keefe, 1976, McNaughton et al., 1983a, Leonard, 1990). In many 

experiments firing clearly depends upon which direction the animal is facing as 

well as upon where it is (McNaughton et al., 1983a). In addition, there have been 
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reports of activity correlated with odors, with the direction in which the animal is 

turning, or with the presence or absence of a reward. 

Wiener et al. (1989) claimed that the CAl pyramidal cells they recorded were 

optimally tuned to specific values of place, direction, running speed and turning 

direction. This result cannot be taken very seriously, though. In order to properly 

disentangle variables, it is necessary to vary one while holding all the others con

stant. Thus, in order to disentangle place from running speed as a causal factor, 

it is necessary to examine the association between firing rate and running speed 

while the animal is within the place field, or rather, while the animal is within a re

gion across which the spatial firing rates are approximately constant. In paradigms 

where the animal is free to move at will, a great deal of data is usually required; 

for example, Muller et al. (1994), attempting to disentangle head direction from 

place for rats foraging inside a small cylinder, found it necessary to record each cell 

for a full hour. To disentangle four separate factors, as Wiener et al. claimed to 

have done, would require virtually impossible quantities of data, and in any case 

they did not even attempt the proper kind of analysis. This point is of some theo

retical importance, because Cohen and Eichenbaum (1993) have taken the results 

of Wiener et al. (1989) as an indication that hippocampal pyramidal cells encode 

every aspect of ongoing behavior. There is really no good evidence for such a claim. 

In any given enviropment, the majority of hippocampal complex spike cells will 

be virtually silent. A small fraction may fire at low rates without showing distin

guishable place-specificity (though questions about unit isolation make it difficult 

to be sure about this), and a smaller fraction will have identifiable place fields. 

Thompson and Best (1989) estimated that only 20% of the CAl pyramidal cells 

they recorded showed appreciable activity on a 6-arm radial maze, and even smaller 

fractions in two simpler environments (a box and a drum). Based on a large number 

of recordings made in our own laboratory in a variety of paradigms, these fractions 

seem a bit too low, perhaps by a factor of two, but the general conclusion that a 

large percentage of cells are inactive in any given environment is clearly correct. 

When these cells are active, though, they can be highly active. The rate of a CAl 
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pyramidal cell at the center of its place field can go as high as 40 Hz (averaged over 

multiple visits); this is exceptional, but rates in the neighborhood of 20 Hz are not 

uncommon. In most cases there appears to be a roughly exponential distribution 

of maximal firing rates, so that 10 Hz is more commonly seen than 20 Hz, and 5 Hz 

more commonly still (Skaggs, unpublished observations). These are the maximal 

rates; the mean rates are much lower. In most paradigms, even cells with place 

fields usually fire at mean rates under 1 Hz. Mean rates in the 1-3 Hz range are 

not too rare, but a mean rate above 5 Hz in a well-isolated CAl pyramidal cell is 

a one-in-a-thousand event. 

It should also be pointed out that during times when the animal is in the LIA 

state (i.e., during eating or grooming; see fig. 1.1), all pyramidal cells fire at low 

rates, averaging somewhere in the vicinity of 0.5 Hz in CAl, and somewhat lower 

in CA3. This may lead to the appearance of substantial amounts of background 

activity in paradigms where an animal spends a large amount of time in the LIA 

state. 

When a sufficient number of cells are recorded in a given environment, place 

fields are found to occur everywhere (Muller et al., 1987, Wilson and McNaughton, 

1993). The centers of the fields (Le., the points at which firing is most rapid) are 

broadly scattered", but sometimes seem to be concentrated more thickly near bound

aries and interesting objects (O'Keefe, 1976, O'Keefe and Conway, 1978, Breese et 

al., 1989, Leonard, 1990). There are also indications that place fields may some

times cluster together" (Tsodyks and Sejnowski, 1995, predict this on theoretical 

grounds), but as yet this has not been clearly demonstrated with statistics. As 

an example, fig. 4.1 shows firing rate maps for 76 CAl pyramidal cells recorded 

simultaneously in a rat running for food reward on a triangular track. 

Kubie and Ranck (1983) suggested that the background firing levels of hip

pocampal pyramidal cells (Le., the firing rates when the animal is not within the 

place field of a cell) are also specific to individual environments, and that knowing 

the background rate in one environment does not seem to help predict it in an

other. In the light of later studies employing tetrodes, it seems more likely that 



81 

Figure 4.1: Firing rate maps for 76 CAl pyramidal cells recorded simultaneously in 
a rat running for food reward on a triangular track; the methodology is described in 
chapter 6. The track is mapped to the interval 0-1, such that 0 and 1 correspond 
to the same point, at one of the corners of the triangle. Y axis: firing rate in 
Hz. Note that firing fields are scattered along the full length of the triangle. The 
fields appear to be clustered at several points, but we have not as yet been able to 
demonstrate statistically that this is a genuine phenomenon. 

this "background" firing actually consisted of misclassified spikes emitted by other, 

nearby cells: when tetrodes are used, cells that appear well isolated generally show 

extremely low levels of activity outside their place fields (Recce, 1994). 

The reliability of firing within place fields varies between environments. In an 

apparatus where motion is not greatly constrained, i.e., an open field, even when 

an animal enters a region of elevated firing (that is, elevated when summed over the 

duration of the experimental session), it is uncertain whether the cell will fire on 

that particular entry (Muller et al., 1987, Leonard, 1990). When the animal travels 

along stereotyped trajectories, as on a radial maze or linear track, the reliability of 

firing within a field is substantially greater (Leonard, 1990, Markus et al., 1995). 

It is not yet clear to what extent place-related firing occurs in primates, or 

indeed in any animals other than rats. Virtually ·all primate studies have required 

the subjects to be tightly restrained in special, immovable chairs: obviously it 

is difficult to see place fields under these conditions. The only exceptions have 

appeared very recently, in studies by Ono et al. (1991) and by O'Mara et al. 

(1994). In the latter, a special mobile recording chair was constructed so that 
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neural activity could be recorded as macaques were wheeled around inside a large 

chamber. Most of the cells recorded in the region of the hippocampus were found 

to be sensitive to whole body motion of one sort or another; this is perhaps not 

surprising inasmuch as most of them showed firing rates indicative of theta cells. 

(The authors argued that most of their units were probably pyramidal cells because 

they had "relatively low" firing rates av~raging 12.9 Hz!) In fact only one of the 

illustrations in the paper shows a cell with the kind of mean firing rate and sparse 

firing pattern that would be expected from a hippocampal pyramidal cell (figure 7 

of O'Mara et al.), and very interestingly, this cell appears to have had a strong 

place field. It fired at a mean rate of 6 Hz when the monkey was moving along Wall 

Two, about 1.5 Hz when the monkey was sitting still facing Wall Two, and below 1 

Hz the remainder of the time. Two cells of this type were said to be recorded, out 

of 45. The authors emphasize the motion sensitivity of these cells, but it should be 

pointed out that rat hippocampal pyramidal cells also show rather strong motion 

sensitivity. While two cells are of course not enough to prove any kind of case, the 

question of place fields in the monkey hippocampus should certainly remain open. 

4.1.2 Sensory control of place-related firing 

Because the hippocampus is so far removed from the sensory periphery, the task of 

trying to understand the genesis of hippocampal firing patterns by tracing the flow 

of information from sensory areas inward has seemed too daunting. An alternative 

approach, less conclusive but far less challenging, is to try manipulating the envi

ronment or the animal's behavior in various ways, while examining the effects on 

hippocampal activity patterns. Quite a number of experiments of this type have 

been performed. These studies (which will be reviewed in this section) combine to 

show that place fields are not a straightforward reflection of sensory input. They 

are strongly influenced by visual cues, but they persist, often virtually unchanged, 

when the lights are turned out. In a visually symmetric environment, place fields 

are usually not symmetric, and when animals are disoriented, place fields can move 

with respect to fixed visual cues. There are indications that when a rat makes a 
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navigational error, place fields reflect the rat's performance rather than what the 

rat can see. Altogether the results indicate that the hippocampal "map" is a dy

namically stable entity, with considerable inertia, rather than being constructed on 

a moment-to-moment basis from the immediately available sensory cues. 

Not counting the unsystematic probes tried by O'Keefe and Dostrovsky (1971) 

and O'Keefe (1976), the first systematic study of the sensory control of place fields 

was performed by O'Keefe and Conway (1978). These experiments were performed 

in the same room as shown in figure 4.2, and used a similar apparatus, the main 

exceptions being that the curtained area was square, the maze was a T-maze rather 

than a plus-maze, and there were four distal cues, a light, a card, a fan, and a buzzer. 

Hippocampal units were recorded both in the controlled cue area and also on the 

nearby platform. The first important finding was that many cells with fields in 

the controlled cue area lacked fields on the platform, and vice versa; when cells 

had fields in both, they bore no recognizeable relation to each other. The second 

important finding was that fields in the controlled cue area usually persisted at the 

same absolute location if the T-maze was rotated, and for the most part remained 

intact if any two of the four distal cues were removed. This suggested that place 

fields are more strongly influenced by distal visual cues than by nearby cues, and 

that it is the global configuration of cues that counts, rather than anyone individual 

cue. 

O'Keefe and Speakman (1987) performed a series of experiments to examine 

the roles of sensory cues and short-term memor):, in controlling place-related firing. 

The experiments were conducted on a plus-shaped maze, in a cue-controlled envi

ronment, as illustrated in figure 4.2. The maze was surrounded by ceiling-to-floor 

curtains, and within the curtains were a set of sensory cues-a light, a fan, a white 

card, a cage containing two rats, a smelly towel, and a marker pen-each having a 

constant relation to the arm of the maze on which the rats received a food reward 

(the "goal" arm). 

In one set of experiments ("reference memory" trials), the rat was brought 

inside the curtains for each trial, placed on one of the maze arms (which had been 
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Figure 4.2: Cue-controlled environment in O'Keefe's laboratory, redrawn from 
O'Keefe and Speakman (1987). The maze was surrounded by curtains, within 
which were six controlled cues: a light, a marker pen, a towel, a cage with two rats, 
a white card, and a fan. These could be removed, or rotated by multiples of 90°, 
but when present always had the same relation to the goal arm, on which the rat 
received food reward. Between trials the rat was held on a small platform, a short 
distance outside the curtains. 

pulled back so that the rat could not cross to the central platform), and allowed 

to look around for 30-120 sec; then the arm was pushed forward to the central 

platform and the rat was allowed to choose its goal, and consume the reward if the 

choice was correct. Between trials, the rat was held on a small platform outside the 

curtained enclosure, while the controlled cues were randomly rotated (but always 

by a multiple of 90°). The inter-trial period was never shorter than 5 minutes. 

Complex spike cells, mostly in CAl but a few in CA3 or CA4, were recorded using 

stereotrodes. 

Each arm of the maze was divided into four radial bins, and the firing of each 

cell was analyzed, using ANOVAs, for dependence on arm, relative to the controlled 

cues (CC); on arm, relative to the static background cues, i.e., relative to the world 

outside the curtains (SBC); and on arm location, i.e., radial distance along the arm 

(AL). The results were complicated and not easy to interpret. It may be helpful, 
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before describing them, to consider what the results would have been, on various 

hypotheses. Suppose a cell had a place field on a portion of a single arm, defined 

with respect to the controlled cues; then with adequate sampling an ANOVA would 

show an interaction between CC and AL, but no strong main effects of CC or AL, 

and no effects at all involving SBC. Suppose the cell had a place field on an arm, 

defined with respect to the world outside the curtains; then the ANOVA would 

show a strong interaction between SBC and AL but no effects involving CC. 

The actual results showed main effects and interactions of every kind. On the 

whole, the influence of the controlled cues on cell activity was greater than the 

influence of the outside world, but many cells showed strong main effects and/or 

interactions involving SBC. 

In the light of present knowledge, the firing of the cells is likely to have been 

influenced strongly by a factor that O'Keefe and Speakman did not give much 

consideration to, namely the head direction system. It is likely that the rats formed 

strong bindings of the head direction system-i.e., of their "sense of direction"

to the features of the recording room outside the curtains, and relaxed to these 

bindings each time the rat sat on the platform between trials, because the intertrial 

intervals were quite lengthy, a minimum of five minutes. If the rat possessed a 

"map" of the controlled-cue area, recent findings (Knierim et al., 1995) suggest 

that this map would have been bound to a particular setting of the head direction 

system; therefore each time the rat was brought into the controlled cue area, he 

would have experienced a different relation between his head direction system and 

the controlled cues. There are at least two ways the hippocampal mapping system 

may have responded in this situation: (1) it may have rotated the head direction 

system into alignment for each trial, or (2) it may have formed four separate maps, 

one for each possible rotation of the controlled cues. In-between scenarios also 

cannot be ruled out; for example, the system may have formed two maps, and 

aligned on each trial to the one that was closest to the initial state. Moreover, 

there is no reason why different rats would necessarily have responded in the same 

way, or even that the same rat would have responded consistently across sessions. 
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It is not, therefore, all that surprising that the influence of the static background 

cues shows up in a complex and sometimes apparently inconsistent way. 

O'Keefe and Speakman also reported a second experiment, whose results are 

much easier to interpret. Following the "reference memory" trials, they performed 

a set of "working memory" trials, in which the controlled cues were removed while 

the rat was sitting on the start arm. The rat was left in this state for up to two 

minutes before the start arm was pushed up to the central platform, at which time 

he was permitted to choose his goal. The finding was that removal of the controlled 

cues in this situation, while the rat was waiting on the start arm, had very little 

effect on the firing of ·hippocampal cells. The great majority of units continued 

to fire in the same locations as they did on the reference memory trials. This is 

evidence that the hippocampal map may be controlled by sensory cues when they 

are present, yet remain stable in their absence. 

Muller et al. (1987) performed the first of a long series of studies of the correlates 

of hippocampal pyramidal cells in rats foraging for scattered food pellets inside a 

76 cm diameter plywood cylinder, with 51 cm high walls painted gray except for a 

white cue card occupying 100° of arc (henceforth the "MKR cylinder"). They found 

that place fields were distributed in a roughly homogeneous manner throughout 

the inside of the cylinder; however, a crude calculation based on inspection of their 

figure 11 suggests that there was a marginally significant tendency for place field 

centers to be more densely concentrated near the edge of the cylinder, as found 

by Leonard (1990). The authors observed that occasionally cells with strong, well

defined place fields failed to fire at times when the rat passed directly through the 

center of the place field. This is very rarely seen when cells are recorded on linear 

tracks; the difference in reliability between these two types of environment has been 

confirmed statistically by Leonard (1990). 

In a companion article, Muller and Kubie (1987) examined the effects of various 

manipulations on place-related firing within the MKR cylinder. They found that 

rotating the cue card caused fields to rotate equally (it should be noted that the rats 

were introduced into the cylinder at different points on each trial). Changing the 
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dimensions of the cue card had no noticeable effect on place fields, except occasional 

small rotations. Complete removal of the cue card left the shapes and radialloca

tions of the fields unchanged but caused them to rotate unpredictably. Doubling 

the size of the apparat1,1s caused about one third of place fields to scale correspond

ingly, and most of the others to change in unpredictable ways. Transforming the 

cylinder into a rectangle led to place fields that bore no apparent relation to the 

originals. 

Muller and Kubie (1987) also experimented with placing barriers on the floor of 

the cylinder: these consisted of either an opaque sheet of fiberboard or transparent 

sheet of plexiglass set into a lead base. In almost every case where the barrier was 

placed at the center of a field, firing within the field was abolished, even if only a 

small portion of the field was rendered inaccessible. The lead base alone had no 

effect; and the barrier itself had no effect if it was located outside the place field. It 

is interesting to note that Hill (1978) also performed a few similar manipulations, 

and described one case in particular, in which a 3 cm high hurdle was put in the 

middle of the place field of a cell. On trials when the rat jumped without hesitating 

over the hurdle, the cell did not fire at all; but if the rat paused to investigate the 

hurdle or the floor of the maze next to it, the cell fired robustly. These results raise 

the possibility that a representation of possible routes through the immediately 

adjacent space may have some influence over the construction of place fields. 

Sharp et al. (1990) performed an interesting experiment in which rats were 

trained to forage for scattered food inside an MKR cylinder, and then tested with 

a second identical cue card placed on the wall diametrically opposite the first, thus 

rendering the cylinder visually symmetric. Thirteen out of eighteen CAl and CA3 

pyramidal cells maintained asymmetrical fields in the symmetrical environment; 

the location of the field could often be controlled by the point at which the rat 

was placed into the cylinder. The other five cells showed complex changes over 

time, with one of them developing a doubled field that persisted even into the 

subsequent single-card period, and another immediately showing a doubled field 

which then gradually reverted to a single field over time. Two other cells showed 
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apparent "remapping". It would be useful to repeat this experiment with parallel 

recording methods, with the aim of finding out whether all cells in a population 

show the same type of behavior (symmetrical or asymmetrical fields) at the same 

time. 

It has repeatedly been demonstrated that visual cues are not necessary to main

tain place-specific firing. Most, but not all, place fields are maintained if the lights 

in the recording area are turned out while the rat is on the apparatus (O'Keefe, 

1976, O'Keefe and Speakman, 1987, Quirk et al., 1990, Leonard, 1990), though 

there is some evidence that the tightness of spatial tuning is reduced under these 

conditions (Markus et al., 1994). Hill and Best (1981) found that even rats that 

had been blinded and deafened showed spatially specific firing. Quirk et al. (1990) 

found that if the rat is brought into the recording apparatus in the dark, then place 

fields are not maintained, but rather a new "map" is formed which then persists 

even after the lights are turned on. In an attempt to replicate this in one rat, with 

several dozen CAl pyramidal cells recorded in parallel, we have collected data that 

make it appear that the situation is even more complicated: Many of the cells in 

this rat could be followed through four days of recording. On the first day, the rat 

was allowed to forage for food in the apparatus (a plywood box) with the lights 

on, so that place fields could be mapped. On the second day, the rat was brought 

into the room and pla~ed in the apparatus in complete darkness. In this session, 

none of the cells showed significant spatial specificity, nor did any place fields ap

pear for 10 minutes after the lights were turned on. The next (third) day, the cells 

were recorded in a light-dark-light sequence, and place fields were seen, persisting 

through all three conditions, mostly matching the fields observed on the first day. 

On the fourth day, another dark-light sequence was done, but this time the cells 

showed place fields both in the light and in the dark, which matched the fields seen 

the day before. It seems likely that uncontrollable factors play an important role 

in these effects. Perhaps the safest overall conclusion is that visual cues are not 

necessary to maintain place-specific firing, so long as nothing happens to destabilize 

the hippocampal "map"; but if it is once destabilized, it, it tends to remain con-
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fused even when sensory cues are once more made available. This question clearly 

requires further examination. 

Sharp (1995) .went on to perform a rather complicated study using an MKR 

cylinder constructed so that either the wall or floor, or both, could be independently 

rotated while the rat was inside. She studied the effects on place fields of eight 

different manipulations: rotating either the [wall OR both wall and floor] [fast 

OR slow], with the room lights [on OR off]. (Choose one from each slot.) The 

"slow" rotations were below the threshold of detection for the vestibular system. 

The results are difficult to summarize, but overall they indicated that both visual 

and vestibular systems influence place fields, and that when these corroborated 

each other, the great majority of cells behaved consistently with them, but when 

they gave conflicting information, the vestibular signal usually but not always took 

control. 

The results of a number of these studies are clarified by the findings of Knierim 

et aI. (1995), who discovered that the amount of control visual cues have over place 

fields is dependent on the perceived stability of the cues. The authors trained rats 

to forage for scattered food in an MKR cylinder in a cue-controlled environment; 

during training, half of the rats were brought into the environment without any 

kind of disorientation, being simply picked up and carried in; the other half were 

systematically and thoroughly disoriented before being brought into the apparatus. 

After electrode implantation, the rats were tested for four fifteen minute sessions 

each day, and all rats ,were disoriented before recording. The general finding was 

that the cue card had much weaker control over place fields (and also over the firing 

of thalamic head direction cells) in the rats that were disoriented while training. 

Thus apparently, for the rats that did not experience the cue card as stable, it had 

no control over the location of place fields. This conclusion is further supported by 

the observation that even for the rats that were trained without disorientation, the 

cue card lost its control over place fields over the course of several days of recording. 

A simple computational model of this phenomenon has been proposed by Skaggs 

et aI. (1995); but regardless of the explanation, the data clearly show that repeated 
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manipulations of environmental cues are likely to result over time in those cues 

losing their ability to control the hippocampal place representation, and while this 

is happening, very confusing things are likely to be seen. This goes a long way 

toward explaining some of the puzzling data of O'Keefe and Speakman (1987), and 

also of Sharp (1995). 

4.1.3 Task dependence of pyramidal cell firing 

Eichenbaum et aI. (1987) introduced a paradigm in which a rat was trained to go 

back and forth between a sniff port and a water reward site located at the opposite 

end of a 73x84 em arena. The rats were rewarded both at the sniff port and the 

other site, but only if the odor presented belonged to a "positive" set and only if 

they completed a full two-second nosepoke at the sniff port. In this task, three 

groups of cells were characterized: (1) cue-sampling cells, which fired during the 

nose-poke, time-locked to its onset; (2) goal-approach cells, which fired time-locked 

to arrival at the sniff port or water cup; and (3) place cells. The goal-approach 

cells could easily have been cells with place fields at the reward locations, so there 

is nothing obviously special about them. The cue-sampling cells, though, all were 

active while the rat had its nose poked into the sniff port, but with variable latencies 

from the onset of the nose-poke. These are difficult to consider as place-related. 

It is interesting that 95% of them were reported to fire only in relation to positive 

odors, and in cases where multiple odors were positive, these cells did not distinguish 

between them. Positive odors, but not negative ones, required the rat to sustain the 

nose-poke for two seconds in order to be rewarded; thus it is possible that the cells 

were firing in relation to the task of timing this interval. Cue-sampling correlates 

were also seen in other studies using similar paradigms (Wiener et aI., 1989, Otto 

and Eichenbaum, 1992). The latter of these employed a delayed-non-match-to

sample task, and a number of cells were seen to fire differentially to matching vs. 

non-matching odors. 

Markus et aI. (1995) have provided evidence that hippocampal representations 

are affected by the task that an animal is performing. In two different types of 
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environment-a plus maze and an open platform-they alternated rats between. 

two tasks, one that required them to move along fixed trajectories to find food at 

specific locations, the other requiring them to forage for randomly scattered food. 

No sensory aspect of the environment was altered: nevertheless, a fraction of cells 

gained or lost place fields when the task was changed, and a greater percentage of 

cells were highly directional when the task required moving along fixed trajectories. 

This finding is probably consistent with the results obtained by Wible et al. 

(1986), who examined the correlates of CAl pyramidal cells in two memory-related 

tasks on a T-like maze with black and white goal boxes at the ends of the T, as 

illustrated in figure 4.3. The two goal boxes were randomly alternated between 

the left and right sides of the T. The first task was a variant of delayed-match-to

sample: there were two types of trial, sample and choice. In sample trials, the rats 

were forced to go to one of the two goal boxes; in the immediately following choice 

trial, they were required to go to the same-colored box, regardless of whether it 

was at the same location. Pyramidal cells were found that showed main effects of 

location (left vs. right), color (black vs. white), and phase (sample vs. choice), 

as well as all possible two-way interactions between these factors. Of these cells, 

70% showed either a main effect of phase or an interaction involving phase. The 

second task consisted of 80 cue trials followed by 80 spatial trials. In the cue 

trials, the rat was always rewarded for going to a particular-colored goal box; in 

the spatial trials, it was rewarded only if it went to a particular side of the T. 

~n this task, pyramidal cells were found that showed main effects of location (left 

vs. right), color (black vs. white), and task (cue vs. spatial), as well as all 

possible two-way interactions. Of these cells, 50% were affected in some way by 

task. Because the data for these experiments were presented only in terms of mean

firing-rate histograms, it is impossible to know whether the effects of phase and task 

consisted of appearance and disappearance of place fields, or only of within-field 

rate modulations, but· assuming the former, this is essentially the result seen by 

Markus et al. (1995). 
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Figure 4.3: T-maze apparatus used by Wible et al. (1986). Two goal boxes, one 
painted black and the other white, were alternated randomly on each trial between 
the two possible sites. The rules determining which goal box the rat was required to 
choose varied according to the task the rat was performing; see text for description. 

4.1.4 Development and evolution of place fields 

Experience is probably not required for the formation of place fields. They appear 

the first time an animal is placed in a novel environment (Hill, 1978), and they 

remain in roughly the same spot for periods extending substantial fractions of the 

lifetime of a rat (Thompson and Best, 1990). On the other hand, there are many 

suggestions that experience can gradually change some of the properties of place

dependent firing. For example, in animals familiar with the environment, place 

fields often persist when the lights in the room are turned out (O'Keefe, 1976, 

O'Keefe and Speakman, 1987, Chen et al., 1994a, Leonard, 199~). 

Hill (1978) made a careful study of the development of place fields during a 

rat's very first experience in an environment. Rats were initially trained to run 

for food reward in a shuttle box (because untrained rats tend to freeze for long 

periods of time when placed in a novel environment), and then placed for the 

first time in a plexiglass T-maze. The firing of hippocampal cells was recorded 

for over an hour, while the rats explored the maze and learned to run on it for 

food reward. The important finding is that, of 12 cells that showed clear place 

fields on the T-maze, 10 fired on the very first passage of the rat through the 

place field, and the characteristics of their fields did not change appreciably with 

experience. The other two cells developed their place fields during the first fifteen 

minutes of experience; during the remainder of the session, the hippocampal activity 

pattern was apparently quite stable. Because there was no precise tracking of the 
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rat's location from moment to moment, modest quantitative changes in field shape 

would probably not have been recognized; nevertheless the data indicate that place

dependent firing does J;lot require extensive experience in an environment. 

The only other published study of the initial development of place fields is ap

parently that of Wilson and McNaughton (1993). In this experiment, using parallel 

recording techniques, rats were trained, over several weeks, to. forage for randomly 

scattered food pellets in one half of a rectangular box, which was separated from 

the other half by an opaque barrier. The barrier was then removed, and the rats 

were permitted to enter the other half of the box, into a region completely novel 

to them. The development of the hippocampal place representation was examined 

by measuring the accuracy of position reconstruction on the basis of the activity of 

80-150 simultaneously recorded CAl pyramidal cells. It was found that the accu

racy of reconstruction gradually improved over the course of the first 5-10 minutes 

in the environment. These results are not in any way inconsistent with those of 

Hill, because cells were not examined individually, only as a population. 

Once place fields have developed, they can be extremely stable. Thompson and 

Best (1990) recorded cells for periods as long as several months (a heroic feat), and 

found that their place fields remained constant throughout. Unpublished data from 

our own and other laboratories indicate that place fields can in fact shift under a 

variety of conditions, but the factors that control this are undoubtedly complex 

and remain to be clarified. Studying long-term changes in place-related firing is 

made difficult by the fact that individual cells cannot usually be identified with 

confidence on separate days. As a rule the strongest indication that the same cell 

is being recorded is the observation that it has the same place field, but obviously 

this is not very helpful in the case of place fields that change. Therefore the only 

available method is to study changes in properties averaged over the population, 

and this often requires large samples. 

One such study was performed by Bostok et al. (1991), who experimented 

with replacing the white cue card of the MKR cylinder with a black cue card of 

equal size (recall that the wall of the cylinder was gray, with the cue card covering 
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100° of arc). They found that the first few times this was done, place fields were 

identical for the black and white cards, but eventually a "remapping" occurred 

such that anew, unrelated field appeared for the black card. Once remapping was 

detected for any cell, all subsequently recorded cells also showed it; this indicates 

that remapping -occurred for the whole hippocampal population simultaneously. 

Knierim et al. (1995) demonstrated that visual cues can lose their ability to control 

place-dependent firing if the rat is repeatedly disoriented before being placed in the 

apparatus (so that the cues are presumably perceived as unstable), but this is only 

one of several possible influences. 

There are no published data to support it, but over the course of studying 

thousands of hippocampal pyramidal cells in roughly a dozen spatial paradigms, 

we have many times observed cells suddenly developing or losing place fields in 

the midst of performing a stereotyped and repetitive task, with no evidence of 

instability in the recordings. This happens most commonly during the early days 

of an animal's training on an apparatus, but it is seen occasionally even after weeks 

of experience. Usually no obvious event can be found in the experimental notes to 

associate with the change; but this does not necessarily mean that nothing actually 

occurred. 

4.1. 5 Directionality 

The rate of firing in a place field often depends not only on place but also on 

the direction the rat is facing. The degree of directionality can vary dramatically 

between different environments, and even within a single environment as it function 

of the task that the rat is performing. O'Keefe and his coworkers (O'Keefe and 

Dostrovsky, 1971, O'Keefe, 1976) described directional firing qualitatively; the first 

quantitative results were those of McNaughton et al. (1983), who showed that 

on an eight-arm radial maze, many CAl and CA3 complex spike cells had place 

fields confined to a single arm, and fired only when the rat was moving in one 

direction, inward or outward. In contrast, most cells recorded in an open field, 

such as the cylinder of Muller et al. (1987), appear to fire to some degree for 
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all directions of motion through the place field; this observation was supported 

quantitatively by Muller et al. (1994), who showed that in the MKR cylinder, the 

overall directionality of a cell could be predicted rather accurately on the basis of 

the amount of time the rat spent facing in different directions while it was inside 

the place field. Even so, no specific measure of prediction accuracy was used, and 

a close examination of the data suggests that at least one of the cells (unit L in 

figure 3 of Muller et al.), had a field near the edge of the cylinder and fired much 

more rapidly in one direction than the opposite. For a variety of technical reasons 

it is quite difficult to estimate directionality accurately in an open field paradigm. 

Markus et al. (1995), making an effort to control for as many confounds as possible, 

came to the conclusion that the main factor controlling directionality is the nature 

of the task that is being performed. When the task involves stereotyped motion 

along specific trajectories, directionality is greater than when the task permits the 

rat to go along any path it chooses. Sharp (1991) has attempted to account for 

these facts in her computational model of place cells by means of a competitive 

learning mechanism; but this is difficult to reconcile with the finding by Markus et 

ai. (1995) that place field properties can change almost instantaneously when the 

rat switches back and forth between two tasks, both of which have been prelearned. 

4.1.6 Non-place-related correlates of complex spike cell activity 

As previously mentioned, Ranck (1973) described the behavioral correlates of hip

pocampal cells in terms that made no mention of spatial location. This work, 

though, was performed before O'Keefe's findings were widely understood, and in 

retrospect it became clear that many of Ranck's cells would probably have been 

classified as place-related had such a category been available in his system. Even so, 

most of the early reports described small numbers of complex spike cells that did 

not appear to be place-related, for example, the three cells described by O'Keefe 

(1976) that fired whenever the rat sniffed the experimenter's hand, regardless of 

spatial location. Nevertheless, such "anomalies" were scarce enough that O'Keefe 

(1979) could reasonably argue that they would form a negligible component of the 
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hippocampal population activity pattern. 

Later findings of non-place-related correlates could not be so easily dismissed. 

As previously described, Wible et al. (1986) found cells that fired in relation to the 

"color" of a goal box, rather than (or in addition to) the current spatial location; 

and Eichenbaum et al. (1987) recorded cells that apparently fired in relation to 

the act of sniffing an odor cue. In a recently completed experiment (Gothard, 

Skaggs, McNaughton, ,Barnes, and Moore, in preparation), several hundred CAl 

pyramidal cells were examined in a paradigm in which rats were required on each 

trial to travel from a small cardboard start-box, across a large arena to a pair of 

landmarks, then back to the start-box. The landmarks and start-box were moved 

from trial to trial. The majority of active cells had spatially stable place fields, but 

a large fraction fired when the rat entered or exited the start box, and a smaller 

fraction fired in relation to the landmarks, most of these in the vicinity of the reward 

location. Again it should be noted that not all cells bound to the same feature were 

equivalent: different start-box-related cells, for example, were time-locked to the 

event of entering or exiting the box with different latencies, i.e., were tuned to fire 

at different distances from the box. 

Watanabe and Niki (1985) recorded a large number of hippocampal units in 

restrained macaques, while they were performing a complicated delayed response 

task. Most of their units were probably interneurons or cells from parahippocampal 

areas, but a few show baseline firing rates consistent with what one would expect 

from pyramidal cells, and each of these, in the illustrated examples at least, was 

very sharply tuned to a specific temporal phase of the task. The authors say that 

units they observed to fire complex spikes had little or no correlation with any 

aspect of the task; however, units were isolated and recorded during performance 

of the task, so it is possible that the low-rate cells with behavioral correlates were 

observed mostly in single-spike mode (rather than in LIA). It should be noted that 

these monkeys were restrained in primate chairs: in rats, whole-body restraint has 

powerful effects on the firing of hippocampal pyramidal cells, virtually abolishing 

spatial specificity (Foster et at., 1989). 
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4.1.7 Topography of the hippocampal "map" 

Place fields (i.e. the regions within which cells show elevated firing rates) vary 

enormously in size and shape (Muller et al., 1987). In some cases the shapes 

seem related to aspects of the geometry of the environment. For example, in a 

rectangular box many fields have more or less straight edges, which are less common 

in a cylindrical environment. 

A cell can have two or more unconnected place fields in the same environment, 

and when this occurs, the fields are not obviously related to each other (Muller 

et al., 1987). This conclusion is not quite certain, since it is always conceivable 

that the two fields are associated with different cells having indistinguishable spike

waveforms, but even with the stereotrode or tetrode methods, which minimize the 

likelihood of confusing different cells, multiple fields are often seen. 

When a cell is tested in multiple environments, it typically does not show a 

place field in all of th~m (Kubie and Ranck, 1983, O'Keefe and Conway, 1978). 

When a cell does have place fields in more than one environment (e.g. in a cylinder 

and also in a rectangular box), the shapes of the fields usually seem completely 

unrelated (O'Keefe and Conway, 1978). In every case that has been examined, the 

occurrence of fields in different, dissimilar environments seem to be independent 

(O'Keefe and Conway, 1978, Muller and Kubie, 1987, Thompson and Best, 1989). 

Given the extensive evidence for topographic mapping in several areas of the 

neocortex, it would obviously be interesting to know whether there is any relation

ship between the place fields of cells located next to each other in the hippocampus. 

Several studies have demonstrated that if any such relationship exists, it is not very 

powerful. When multiple cells are recorded simultaneously from a single stereotrode 

or tetrode (which implies that they are very near each other), their place fields do 

not as a rule have any recognizeable relationship (O'Keefe and Speakman, 1987, 

Wilson and McNaughton, 1993). Fig. 4.4 shows a typical example of 8 cells recorded 

simultaneously by a single tetrode: their place fields cover more than 80% of the 

environment, without extensively overlapping. 

There is, however, some evidence for topographic structure of the hippocampal 
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representation on a much larger scale. The great majority of rat hippocampal 

recordings have been done in the dorsal hippocampus, for technical reasons. Two 

recent studies, though, have examined the spatial correlates of pyramidal cells in 

the ventral hippocamp.us. The first, by Poucet et al. (1994), involved rats foraging 

for scattered food in an MKR cylinder; cells were located according to their activity 

in the maze. The general finding was that ventral hippocampal cells show spatial 

selectivity similar to that seen in the dorsal hippocampus. The other study, by 

Jung et al. (1994), also involved rats foraging for scattered food (in a rectangular 

fiberboard box), but cells were located according to their activity during sleep 

prior to the recording session. It was found that a larger fraction of dorsal than 

ventral cells were active in the maze, and that the dorsal cells showed significantly 

greater spatial selectivity. Notably, the population average firing rates in the dorsal 

and ventral areas did not appear to be very different-this was because, although 

fewer cells were active in the ventral region, the cells that were active fired over 

larger fields. The finding that ventral cells are less sensitive to spatial factors than 

dorsal cells raises the possibility that they are correspondingly more sensitive to 

non-spatial factors, but this has yet to be investigated. 

4.1.8 Summary 

Hippocampal complex spike cells often have place fields, but they are not "place 

cells". A place cell, by the strictest definition, is a cell that fires if and only if the 

animal is located at a particular place, regardless of what the animal is doing there. 

It might be reasonable to relax this definition to some extent, but not enough to 

agree with the data reviewed in this chapter. We have seen that (1) in several 

paradigms, a significant fraction of cells have non-place-related correlates; (2) the 
" 

correlate of a cell in one paradigm is usually dissimilar to its correlates in other 

paradigms, therefore a cell with a place field on one apparatus can presumably have 

a non-place-related correlate on a second apparatus; (3) within a single apparatus, 

changing the task without changing any perceptible feature of the environment can 

alter the place fields of cells. 
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Figure 4.4: Place fields of 8 CAl pyramidal cells recorded from a single tetrode, in a 
rat running clockwise around a triangular track, stopping at the center of each arm 
to consume food reward. Gray squiggles represent locations visited. Each colored 
dot represents the location of the rat at the moment a spike was fired; different 
colors indicate different neurons. 

It may be useful to contrast this with the evidence regarding the "head direction 

cells" of the postsubiculum and anterior thalamus. In each of these areas, the 

evidence (Taube et ai., 1990a, Taube et al., 1990b, Taube, 1995, Knierim et ai., 

1995) indicates that (1) a head direction cell fires as a function of head direction 

in every environment in which it is recorded; (2) the directionality of firing is not 

affected by the animal's behavior; and (3) when two head direction cells are tuned 

to headings ()1 and ()2 in one environment, and ()~ and ()~ in another environment, 

then ()1 - O2 = ()~ - ()~; that is, the relations between head direction cells are 

preserved in different environments. Thus the relation of a "head direction cell" 

to head direction is much more straightforward than the relation of a hippocampal 

pyramidal cell to spatial location. 
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IT hippocampal pyramidal cells are not place cells, then what are they? The 

answer is not yet clear, but it seems reasonable to suggest that they form a rep

resentation of context, in which spatial location is often a dominant component. 

This is an old idea, dating back to Hirsh (1974), and is also somewhat similar to 

Solomon's concept of "temporal mapping" (Solomon, 1979). O'Keefe et al. (1979) 

argued strongly against theories of this type, chiefly because they have much less 

predictive power than the spatial theory. Indeed, this is a valid criticism, and it 

must be admitted that. the spatial theory continues to have better predictive power 

than any alternative; but the only good way of resolving this issue is to gain a 

better understanding of which aspects of the world are and are not represented 

by hippocampal cells. For the moment, it is reasonable to hypothesize that the 

hippocampal firing pattern encodes where the animal is and what it is doingl but 

not what is happening to it. 

This being said, it should also be added that nevertheless there seems to be 

something special about the hippocampal representation of place. Not only is it 

extremely robust, so that in many paradigms hardly anything else can be detected; 

it also seems to be pre-established. As Hill (1978) found, and we also have repeat

edly observed, many cells fire on the very first traversal of a place field. Though 

there are other possibilities, this suggests rather strongly that place correlates are 

in some sense built into the hippocampal network before the places have ever been 

experienced.1 It is di~cult, however, to see how sequence-related correlates could 

be present from the start, because many of these involve changes in ~ell firing dur

ing intervals where there are no changes in sensory input. It seems more likely that 

s~quence-related correlates are developed in a similar way to firing in the dark or 

asymmetric firing in a symmetric environment. 

In any case, given that place fields are the most commonly observed correlates 

of hippocampal pyramidal cells, it makes sense to try to understand the factors that 

1 Many people express incredulity at this suggestion, but it really is not at all difficult to see 
how it could happen. The computational models of place fields developed by Sharp (1991) and by 
Skaggs and McNaughton (1989) both show place-dependent firing in the absence of any learning
though in Sharp's model learning is present that causes the shapes of the place fields to evolve 
over time. 
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cause and control them. The evidence reviewed here indicates that these factors are 

complex. Visual cues are dominant if they are plentiful and reliable, but most of 

the data indicate that it is the global configuration of visual cues that is important, 

rather than any individual cue. Since place fields usually remain when the lights are 

turned out, nonvisual cues are also adequate to control them, presumably tactile, 

auditory, or olfactory cues in most cases. The preservation of place fields in the 

dark in open field paradigms, far from any walls or other tactile cues, suggests that 

"path integration" also plays a role in controlling them (McNaughton et al., 1991). 

The data of Knierim et al. (1995) indicate a strong interaction between the head 

direction system and the hippocampal place representation, but the nature of this 

interaction remains to be clarified. 

4.2 Behavioral correlates of dentate granule cells 

Granule cells of the dentate gyrus are difficult to record using extracellular tech

niques, probably in part because of their small size. Ranck (1973) considered them 

to be complex spike cells, like the pyramidal cells of CA3 and CAL Rose et al. 

(1983), however, on the basis of an extensive study using anatomical and physio

logical criteria, concluded that granule cells are theta cells, firing at high rates and 

modulated by the theta rhythm. His sample of cells recorded in the dentate granule 

layer did include a number of complex spike cells with low firing rates, but these 

were considerably outnumbered by theta cells. 

This conclusion was challenged by Mizumori et al. (1989), who found, using 

stricter electrophysiological criteria, that the only cells in the granule layer that 

met the criteria were cells with very low resting firing rates. More convincing 

evidence was obtained by Jung and McNaughton (1993), who recorded cells in or 

near the granule layer using tetrodes, in rats running for food reward on an eight

arm radial maze. Cells were isolated during sleep before the maze session, so that 

units would not be missed if they happened to be silent on the maze. With these 

precautions, two tightly clustered groups of low rate complex spike cells were found, 

corresponding to the upper and lower blades of the fascia dentataj a smaller number 
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of theta cells were more broadly distributed; therefore the low rate complex spike 

cells were considered to be granule cells. These putative granule cells were either 

silent on the maze or had place fields, usually rather small. There was a suggestion 

that granule cells tended to have multiple place fields significantly more often than 

CA3 cells. 

Even though it is now evident that granule cells commonly have place fields 

similar to those of pyramidal cells in the CA3 and CAl regions, it is unlikely that 

these downstream regions inherit their place-dependency in any straightforward 

way. McNaughton et al. (1989) used multiple injections of colchicine to lesion 

away virtually the entire fascia dentata, and found that spatial firing of CAl cells 

was not severely affected. (Spatial learning ability, on the other hand, was greatly 

diminished.) The properties of dentate granule cells will be re-examined in greater 

depth in chapter 8 of this dissertation. 

4.3 Behavioral correlates of theta cells 

The clearest correlate of theta cells is the theta rhythm; whence their name. Ranck 

(1973) first defined theta cells as a category, and found them to be largely homo

geneous in their properties, approximately doubling in rate whenever theta was 

present in the hippocampal EEG (Ranck, 1973, Feder and Ranck, 1973). (The 

conditions under which this occurs will be discussed at length in chapter 5.) 

Sinclair et al. (1982) examined the activity of groups of theta cells recorded 

in the CAl and dentate cell body layers, in freely moving rabbits. The reason for 

using rabbits is that, unlike rats, they display easily observed type 2 theta when 

they are in a still-alert state (see chapter 5). All of these theta cell groups increased 

their firing rates at the onset of locomotor behavior, commonly by a factor of about 

2; during type 2 behavior, on the other hand, the cells became rhythmic but did 

not increase their overall firing rates. The main caveat for this study is that the 

unit isolation was very crude, and it is not clear that the "theta cell groups" did 

not actually include substantial numbers of pyramidal cells. 

McNaughton et ai. (1983) examined the correlates of theta cells (as well as 
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pyramidal cells) in CAl, CA3, and the fascia dentata, in rats running a forced

choice task on an eight-arm radial maze. The general finding was that theta cells 

had much lower spatial selectivity than pyramidal cells, but reproducible differences 

between firing rates on different arms could be seen in some cases, which were 

unlikely to be due to variations in behavior. The average firing rate of theta cells 

increased as a function of running speed; the precise nature of the dependency could 

not be made out very clearly, though, because of fluctuations. 

Kubie et al. (1990) carefully examined the spatial firing characteristics of theta 

cells in the CAl and CA3 regions, in rats foraging for randomly scattered food 

reward inside a small opaque cylinder with a cue card on one of the walls. They 

found that most of these cells showed clear spatial modulation, which could not be 

explained on the basis of variations in behavior. The av~rage ratio of maximum 

to minimum spatial firing rates was about 2.5, which is of course far less than the 

ratio for most pyramidal cells; nevertheless the modulation was highly significant 

and reproducible. When the cue card on the wall was rotated, the pattern of spatial 

peaks and valleys for the theta cells rotated correspondingly, just as the place fields 

of pyramidal cells have been shown to do in the same paradigm. It should be noted 

that theta cells lying within the CAl and CA3 cell body layers were specifically 

excluded from this experiment, to avoid the possibility of contamination of the 

spike trains by spikes from nearby pyramidal cells. 

These spatial patterns are probably consistent with the idea that theta cells 

are largely driven by pyramidal cells having place fields, as argued originally by 

McNaughton et al. (1983). If theta cells integrate input from sets of pyramidal 

cells selected essentially at random, then their firing rates will be determined by 

the summed firing rates of the pyramidal cells. By the Law of Large Numbers, if 

Vp is the spatial variance for pyramidal cell firing rates, and a theta cell integrates 

input from N pyramidal cells, then the spatial variance for a theta cell will be 

Yo = Vp/-IN. It is difficult to provide precise estimates of Vp or N, but we 

have observed that adding up the firing rates of approximately 100 simultaneously 

recorded CAl pyramidal cells usually leads to spatial modulation ratios well in 
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excess of 2.5 for the sum (Skaggs and Tsodyks, unpublished observations). Muller 

et al. estimated the convergence of pyramidal cells onto theta cells at 4 on the basis 

of their data, but this is clearly a huge underestimate: the data may be compatible 

with a convergence as high as 1000. 

Anatomical evidence (reviewed in chapter 3) indicates that interneurons in the 

CAl and CA3 regions fall into a number of distinctive subclasses, receiving different 

proportions of input from the various possible sources, which include feedback from' 

recurrent collaterals of pyramidal cells or other interneurons, feedforward input 

from CA3 pyramidal cells to CAl interneurons, feedforward input from perforant 

path fibers, and modulatory input from the medial septum and other areas. As a 

consequence, it might be expected that different types of theta cells will vary in the 

relative extent of spatial versus behavioral modulation. Some evidence that this is 

in fact the case will be given in chapter 5.7 of this dissertation. 

Wilson and McNaughton (1993) made the intriguing finding that some theta 

cells are strongly modulated by novelty. They recorded simultaneously from sev

eral CAl theta cells (together with dozens of pyramidal cells) in rats foraging for 

scattered food in an environment half of which was familiar, and half of which 

was completely novel. (During training in the familiar area, the novel area was 

screened off by an opaque barrier, in such a way that the rats were never given 

any hint that it existed.) In this paradigm, 10 out of 15 theta cells decreased their 

firing rates abruptly when the rat entered the novel area. Fig. 4.5 illustrates the 

firing pattern for one such cell, together with another theta cell that did not show 

novelty-related modulation. As the authors pointed out, this observation raises the 

possibility that the overall level of hippocampal inhibition may be reduced in the 

presence of novelty, perhaps giving rise to increased susceptibility of the system to 
, 

synaptic modification. 

4.4 Place specificity of entorhinal unit activity 

To date there appear to have been three studies of the spatial firing properties of 

cells in the entorhinal cortex of the rat, by Mizumori et al. (1992), Barnes et al. 
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Figure 4.5: Spatial firing rate maps for two simultaneously recorded CAl theta 
cells, in a rat foraging for scattered food pellets on an open rectangular platform. 
The scale runs from blue (O Hz) to red ,20 Hz or higher). The bottom half of the 
platform was familiar to the rat, but the top half was novel, having been revealed 
at the start of the recording session by removal of an opaque barrier. One of the 
cells reduced its firing rate dramatically whenever the rat entered the novel half of 
the environment; the other showed little if any modulation. Data courtesy of M. 
A. Wilson. 

(1990), and Quirk et al. (1992), of which the study by Quirk was certainly the 

most extensive. 

Quirk et al., recording in rats foraging for scattered food in an MKR cylinder, 

found that entorhinal cells show place specificity, but not as much as hippocampal 

pyramidal cells. A particularly interesting finding is that, when the rats. were 

moved from the cylinder to a square box with similar features, most entorhinal 

cells maintained similar firing fields, whereas most hippocampal cells did not. This 

indicates a large increase in "orthogonality" going from the entorhinal cortex to the 

hippocampus. 

Miller and Best (1980) found that, after either fornix lesions (which disconnect 

the hippocampus from theta-driving septal afferents), or entorhinal cortex lesions, 
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spatially varying activity can still be seen in the hippocampus, but not as readily. 

The results are meaningful but not very strong, because the degree of spatial firing 

was not measured with any precision, and no attempt was made to group cells into 

types (Le., complex spike vs. theta). 

4.5 Conclusions 

Overall, hippocampal representations seem to have at least approximately the prop

erties required by the intermediate-term memory theory set forth in chapter 2. The 

most essential of these properties are (i) sparsity, and (ii) orthogonality: sparsity 

is required for high storage capacity, and orthogonality to avoid interference. The 

statistics for size and distribution of place fields suggest sparsity levels of 1-5% 

in CAl, and perhaps half as much in CA3. These numbers provide a remarkably 

strong confirmation of a prediction by Marr, that optimal performance would be 

obtained if the auto-associative part of the network (i.e., the part corresponding to 

CA3) had an activity level of 3/1000 cells. Since this prediction was made before 

any recordings had been done of hippocampal activity in freely moving animals, 

it surely consititutes one of the great theoretical truimphs in the history of neuro

science. 

Orthogonality within an environment is assured by the small size of place fields, 

and orthogonality between environments by the fact that place fields in" different 

environments are unrelated. As pointed out in chapter 2, this still leaves the prob

lem of distinguishing between memories of different events that occur at the same 

place. A possible solution might be found in the cells with non-place-related cor

relates, or in the ventral hippocampus: it may be that when these are taken into 

account, the hippocampal representations are distinct at any two different points 

in space-time, or at least distinct so often that the exceptions are negligible. This 

question requires further investigation. 

This still leaves the problem of understanding how place fields, or other hip

pocampal correlates, are constructed. The obvious approach is to backtrack through 

the system, studying the properties of cells at each level. This was done systemati-
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cally by Barnes et al. (1990), back to the level of the entorhinal cortex, using data 

recorded on an 8-arm radial maze: the general conclusion was that the tightest 

place fields were seen in CA3, with CAl fields nearly twice as large and entorhinal 

fields twice as large again. The only thing to add is the finding by Quirk et al. 

(1992) that firing in the entorhinal cortex is more consistently related to individual 

sensory cues than firing in CAlor CA3. These results obviously do not take us 

nearly far enough, and it can be anticipated that the effort to understand place 

fields will occupy our attention for a few more years. 



CHAPTER 5 

THE HIPPOCAMPAL THETA RHYTHM 

"Corne, listen, my men, while I tell you again, 
The five unmistakable marks 
By which you may know, wheresoever you go, 
The warranted genuine Snarks. 

"Let us take them in order. The first is the taste, 
Which is meagre and hollow, but crisp: 
Like a coat that is rather too tight in the waist, 
With a flavour of Will-o-the-wisp. 

"Its habit of getting up late you'll agree 
That it carries too far, when I say 
That it frequently breakfasts at five-o'clock tea, 
And dines on the following day. 

"The third is its slowness in taking a jest. 
Should you happ~n to venture on one, 
It will sigh like a thing that is deeply distressed: 
And it always looks grave at a pun. 

"The fourth is its fondness for bathing-machines, 
Which it constantly carries about, 
And belives that they add to the beauty of scenes
A sentiment open to doubt. 

"The fifth is ambition. It next will be right 
To describe each particular batch: 
Distinguishing those that have feathers, and bite, 
From those that have whiskers, and scratch. 

"For, although common Snarks do no manner of harm, 
Yet I feel it my duty to say, 
Some are Boojums-" The Bellman broke off in alarm, 
For the Baker had fainted away. 

108 
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5.1 Overview 

This section is a brief summary of what is currently understood or believed about 

the hippocampal thetC!t rhythm, its properties and mechanisms, with references to 

the literature omitted for the sake of readability. The evidence for the picture 

presented here is reviewed in greater detail in the remainder of the chapter, with 

appropriate citations. 

Theta, or rhythmic slow activity (RSA) as it is sometimes called, is an oscil

latory EEG pattern of frequency 4-12 Hz that occurs when animals make gross 

bodily movements (especially locomotion), when they are still and attentive, and 

when they are in a state of paradoxical sleep (REM). The rhythm during locomo

tion is different in several ways from that which occurs during the still-alert state: 

it has a higher frequency and different pharmacological dependencies. Movement

related theta is correlated with planning or initiation of movement, not with sensory 

feedback from it. The correlates of non-movement-related theta are less well under

stood, and may vary across species. REM theta is very similar to movement-related 

theta. 

Two decades ago there seemed to be good reason to believe that there are sub

stantial species differences in the properties of theta. Most of the major apparent 

discrepancies have now been resolved, and it appears that relatively minor quanti

tative differences can account for the rest. Primates are an exception: there is as 

yet no absolutely convincing evidence for theta in primates in natural conditions. 

(But there is convincing evidence for primate theta under urethane anesthesia.) 

Figure 5.1 shows a highly selective and schematic view of the brain circuitry 

that produces theta, according to the currently available information. The circuit 

begins in the laterodorsal tegmental nucleus of the brainstem, a key element of the 

ascending cholinergic reticular activating system. This projects to the supramam

millary area of the hypothalamus, which apparently serves as the pacemaker for 

the theta rhythm, at least in some conditions. This in turn projects to the medial 

septal nucleus and vertical limb of the diagonal band of Broca, neighboring areas 
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that are the source of widespread projections to virtually every part of the limbic 

system. The central role of the medial septal area is very well established; the 

importance of the supramammillary area has only recently emerged and remains 

somewhat controversial. 

CA1 FD 
LS 

CA3 MM 

EC RPO 

CC 

SUM 

LOT 

Figure 5.1: Schematic diagram of the brain circuitry that produces theta. The 
diagram is highly selective: many more connections exist among these areas. The 
main pathway runs from the cholinergic laterdorsal tegmental nucleus (LDT) of the 
brainstem, to the supramammillary area (SUM) of the hypothalamus, to the medial 
septum/diagonal band (MD/DB), and thence to almost every part of the limbic 
system, including the cingulate cortex (00), entorhinal cortex (EO), subicular com
plex (SUB), OA1 and OA3 regions of the hippocampus, fascia dentata (FD), lateral 
septal area (LS), dorsal raphe nucleus (DR), and the nucleus reticularis pontis oralis 
(RPO). 

The projection from the laterodorsal tegmental nucleus to the supramammillary 

area is cholinergic. The transmitter of the projection from the supramammillary 

area to the medial septum is not known; in any case it is not acetylcholine. The 

medial septum/diagonal band sends both cholinergic and GABAergic projections 
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to its targets. 

The laterodorsal tegmental nucleus probably does not oscillate, though this has 

not been specifically examined. Neurons in a portion of the supramammillary area 

do oscillate at theta frequency, and these oscillations survive inactivation of the 

medial septal area. They are conveyed to the medial septum, and thence broadcast 

to the entire limbic system. (The supramammillary area itself projects to several 

parts of the hippocampal formation, but these direct projections are apparently not 

capable of sustaining theta in the hippocampus.) 

Within the hippocampal formation, theta-frequency EEG oscillations are gen

erated mostly by CAl and the fascia dentata. The entorhinal cortex and cingulate 

cortex are also generators of lower-amplitude theta. The mechanisms giving rise to 

the EEG oscillations are complex, involving cholinergic and GABAergic projections 

to both principal cells and interneurons, as well as modulation of the input coming 

from the entorhinal cortex. 

5.2 Technical issues 

In considering the meaning of each of the studies reviewed here, it is important to 

keep in mind the preparations used. The great majority of theta experiments have 

employed one or more of the following: 

• Chronic recording in animals that have been implanted with electrodes and 

then allowed to recover. 

• Animals anesthetized with urethane or ether, which, with proper dosage, give 

rise spontaneously. or as a consequence of stimulation to long-lasting trains of 

low-frequency hippocampal theta waves. 

• Animals paralyzed with curare or similar drugs. 

• Animals with brainstem transections. 

Obviously it is least problematic to draw functional implications from chroni

cally recorded animals, because there is much less danger that the technique for 
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studying the system will seriously perturb the system being studied. In the case of 

theta this danger is not just theoretical: it is quite clear that the oscillations seen in 

anesthetized or paralyzed animals are different in important ways from those seen 

in undrugged, unrestrained animals. In any case, a concerted effort will be made 

in this review to make apparent the preparation employed for each experiment 

discussed. 

5.3 Location of the pacemaker for theta 

An important and difficult question about the theta rhythm is which part or parts 

of the brain control its frequency. As later sections of this chapter will make clear, 

there is substantial evidence that several parts of the limbic system, in certain con

ditions, are intrinsically capable of generating oscillations in the theta frequency 

range. This does not, however, necessarily mean that they are part of the pace

maker for theta in ordinary, behaving animals. The pacemaker is the mechanism 

that controls the pace, and the only genuine proof that something is part of the 

pacemaker is to show that perturbing it changes the frequency of the rhythm. If 

perturbing something abolishes the rhythm completely, this is not compelling evi

dence that the thing is part of the pacemaker. It might be, but it might also be 

upstream or downstream from the pacemaker. Lesioning something that activates 

the pacemaker but does not influence its frequency, or lesioning something that 

connects the pacemaker to the field generators, will each potentially abolish the 

EEG oscillations. But there is no way to change the frequency of the oscillations 

without either perturbing the pacemaker or else replacing it with a new pacemaker. 

The most important question we need to pursue, then, when we search for the 

pacemaker of theta, is, which perturbations affect the frequency of the theta rhythm 

without abolishing itq Perturbations that cause lasting phase-shifts in the oscilla

tion also provide evidence that something is part of the pacemaker, and in many 

cases are easier to perform. (On the other hand, if an area can be lesioned without 

affecting the frequency or phase of theta, this is very strong evidence that it is not 

part of the pacemaker.) 
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It is not difficult in principle to understand how the frequency and amplitude 

of an oscillation could be independently controlled. A good analogy is a man 

speaking into a public address system: the frequency of the output is determined 

by the man's voice, but the amplitude is also affected by the setting of the volume 

control knob. 

It may be useful to consider as an example the vertebrate heart, which is prob

ably the most thoroughly understood complex biological oscillator. Several types 

of heart tissue will oscillate all by themselves if properly warmed and nourished: 

the pacemaker of the heartbeat, though, is the sinus node, a small region in the 

upper right atrium. The reason for this is simply that the sinus node oscillates 

intrinsically a little bit more quickly than any other part of the heart, and pulls 

the remainder along with it by means of resistive electrical coupling. Consequently, 

the heart as a whole beats at a frequency identical to the intrinsically determined 

frequency of the sinus node. The amplitude of the heartbeat, on the other hand, is 

determined by a number of completely unrelated factors, including the metabolic 

status of the tissue. 

When oscillators with varying but similar frequencies interact reciprocally, some

times the one with the highest frequency will set the pace for the system as a whole. 

It is not all that difficult to arrange systems that work differently, though, and there 

is no way of being sur~ that this rule will apply to theta. The only really reliable 

method for locating the pacemaker of theta is to search for the most localized possi

ble manipulations that alter the frequency of theta without eliminating it, or evoke 

a global phase shift of the theta cycle. It turns out that a variety of systemic ma

nipulations are capable of changing the frequency of theta, for example, stimulation 

of the brainstem at varying amplitudes; administration of drugs that interact with 

GABA or dopamine receptors, etc .. These are valuable clues, but because these 

manipulations are applied to the whole brain, they do not serve very well to localize 

the pacemaker. To obtain a more precise picture, it is necessary to consider the 

effects of localized stimulation, or localized application of drugs, in various parts of 

the brain. 
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Another important point to keep in mind is that there are two possible general 

types of oscillator in neural tissue: single cell oscillators and network oscillators. A 

single cell oscillator is one in which an isolated neuron is capable of oscillating even 

if nothing around it does so, usually because of a combination of voltage-dependent 

membrane channels. (The sinus node is a single cell oscillator, though coupling 

between cells has an important effect on its behavior.) A network oscillator is 

one in which the system as a whole oscillates even though no individual portion 

is capable of doing so in isolation. The simplest form of network oscillator is a 

ring of neurons with directionally specific connections, such that a wave of activity 

can propagate continuously around the ring (fig. 5.2). Note that it is possible for 

a system to function as a network oscillator even if some of the neurons have the 

potential to be single cell oscillators. In the ring oscillator, for example, it might 

happen that each cell will intrinsically fire again at a certain latency after a spike, 

but that the wave of activity sweeping around the ring reactivates it more quickly 

and therefore controls the frequency of the system. In certain forms of arrhythmia, 

the heart is transformed from a single cell oscillator to a network oscillator, with 

potentially disastrous consequences (Winfree, 1987). 

Figure 5.2: A simple ring oscillator, in which activity propagates endlessly around 
the circuit. This is the simplest example of a network that shows periodic activity 
patterns even though the individual units have nonperiodic dynamics. 

The question of the pacemaker for theta will be taken up again at the end of 



115 

this chapter. The tentative conclusion will be that there are probably two distinct 

pacemaker mechanisms, each controlling the frequency in a specific set of conditions, 

one located in the supramammillary nucleus of the hypothalamus, the other not 

yet pinned down but possibly located in the same area. There is little evidence 

concerning whether either of these is a single cell or network oscillator, and no 

hypothesis will be put forth. 

5.4 A brief history 

The first report of the existence of large regular oscillations in the hippocampus was 

apparently that of Jung and Kornmiiller (1938), who encountered the hippocampal 

slow waves in the course of a systematic survey of EEG properties in different 

parts of the rabbit brain; but the groundbreaking studies, because of their depth 

and thoroughness, were done by Green and Arduini (1954). These experiments 

involved three species-rabbits, cats, and monkeys-in both acute (curarized) and 

chronic conditions, and established a number of important facts: 

1. The hippocampal EEG shows extremely regular oscillations under some con

ditions (in rabbits and cats, at least), with a frequency range of 3-6 Hz in 

acute animals and 5-7 Hz in chronically implanted animals. 

2. There is a systematic relation between hippocampal EEG and neocortical 

EEG, with synchronized hippocampal activity (i.e., theta) corresponding to 

fast, desynchronized cortical activity, and irregular hippocampal activity cor

responding to cortical spindling. 

3. Many types of sensory stimulation evoke rhythmic activity in the hippocam

pus, with thresholds that vary as a function of alei-tness, type of stimulation, 

and species (for example, in cats auditory stimuli are relatively more effective 

and olfactory stimuli less effective than in rabbits). 

4. In monkeys, rhythmic responses are much weaker and much briefer than in 

rabbits or cats. 
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5. Electrical stimulation of a number of brain areas, including the midbrain 

tegmentum, preoptic hypothalamus, intralaminar thalamus, and septal re

gion, evoke rhythmic hippocampal activity in curarized rabbits. 

6. In rabbits, lesions of the septal area eliminate the theta produced by brainstem 

stimulation; and in cats, cutting the precommissural and dorsal fornix (which 

disconnects the hippocampus from its septal afferEmts) does the same thing. 

7. Removal of the entire neocortex by suction does not eliminate the hippocam

pal theta produced by brainstem stimulation. 

Green and Arduini considered their most important finding to be that " ... any 

afferent stimulus leading to desynchronization of the electrocorticogram invariably 

induces a concurrent sequence of undulating waves in the hippocampal record of 

rabbits and cats." In other words, desynchronized activity in the neocortex goes 

together with synchronized activity (t4eta) in the hippocampus. Later studies 

have for the most part confirmed this finding, at least under natural conditions, 

but have also shown that the relation between cortical desynchronization and hip

pocampal synchronization is not causal. Weiss and Fifkova (1960) showed that 

bilateral inactivation, by spreading depression, of the entire neocortex had no effect 

on hippocampal theta in curarized rats, and bilateral inactivation of the hippocam

pus did not prevent de~ynchronization in the neocortex. A number of studies have 

shown that lesions of the entorhinal cortex (which is virtually the exclusive source 

of cortical input to the hippocampus) do not eliminate theta (Adey et al., 1956, 

Vanderwolf and Leung, 1983), though they do greatly reduce its amplitude and 

make it susceptible to elimination by muscarinic antagonists (discussed below). 

The Green and Arduini study, by relating hippocampal slow activity to arousal 

and thus linking it with the fascinating findings of Moruzzi and Magoun a few years 

earlier, caught the imagination of the scientific community and opened the door to 

a wide range of investigations in the following years. By 1965 it was possible for 

Stumpf to write a "brief" review of drug action on the electrical activity in the 

hippocampus covering 61 pages, with 190 references (Stumpf, 1965). 
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A number of important studies were performed by Green and his colleagues 

. in the ten years after 1954. Green et al. (1960), working with curarized rabbits, 

localized a sharp phase reversal for theta to stratum radiatum of CAl, and also 

found that many CAl units tended to fire preferentially at particular phases of 

the theta cycle, thus indicating that the CAl layer is a generator of theta. Green 

and Petsche (1961) showed that the point of phase reversal for theta matched 

the reversal point for electrical potentials evoked by stimulating the fornix or the 

contralateral hippocampus, and Green et al. (1961a) adduced further evidence that 

theta in the hippcampus is produced by the summed activity of slow potentials in 

CAl neurons. These results added up to a strong case that theta EEG waves are 

generated by synaptic currents flowing within the dendrites of CAl pyramidal cells. 

During approximately the same time period, a group of Austrian investigators, 

led by Ch. Stumpf and H. Petsche, made numerous inroads into the physiology and 

pharmacology of theta. They demonstrated the crucial role of the medial septum, 

finding cells there that fired rhythmically, sometimes even in circumstances where 

the rhythmicity of the hippocampal EEG was suppressed. They also demonstrated 

the important role of acetylcholine in producing theta, and mapped out the phase 

relations between EEG oscillations recorded at different locations. 

A strong correlation between theta and movement emerged in some of the ear

liest studies. Green and Arduini (1954) did not specifically discuss movement, 

focusing instead on arousal, but Grastyan et al. (1959), working with chronically 

implanted cats, claimed that theta was specifically associated with orientir,tg move

ments. Their results ru:e discussed at some length in section 5.7; briefly, they found 

that t~eta was seen together with movement during the intermediate stages of 

learning a task, and was absent both during the early period when the animal's 

behavior was essentially random, and during the late period after performance be

came automatic. A later study done by Adey et al. (1966), however, came to a 

different conclusion even though the preparation was very similar: these investi

gators found that the strongest and most reliable theta occurred at the beginning 

of an approach movement, after the task was well learned. They also found that 
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the anatomical distribution of theta changed over the course of learning. In the 

early stages, theta was constantly present, and equally strong in ventral and dorsal 

hippocampus; once learning was complete, theta occurred only during approach 

movements, and was practically absent in the ventral hippocampus. Because the 

electrode placements were not very precisely controlled in either the Grastyan et 

al. (1959) or Adey et al. (1966) studies, it is possible that the seemingly discrepant 

results are not actually incompatible, and are simply describing the properties of 

theta recorded at different locations. 

Pickenhain and Klingberg (1967) went a step farther, suggesting that hippocam

pal theta is specifically related to what they called "motivated" behavior. Working 

with chronically implanted rats learning a shock-avoidance task, they had observed 

that undirected thrashing did not coincide with theta, but directed jumping did so 

(Pickenhain and Klingberg, 1965). The concept of C1motivated" behavior was not 

very clearly defined, but it was obviously similar to the idea of Vanderwolf (1969), 

who suggested that theta is related to "voluntary" movement. In this very influen

tial work, Vanderwolf observed chronically prepared rats in a variety of behavioral 

states, and found that the strongest theta was seen during locomotion, weaker theta 

during sniffing, head movements, paw movements, or grooming, and the weakest 

theta during eating or drinking. Even so, the relationship was not quite as simple 

as might be hoped: vigorous movements were often preceded by several seconds 

of theta. These findings motivated a number of studies during the 1970's, many 

by Vanderwolf, Black, Whishaw and their colleagues, aimed at pinning down more 

precisely the relations between theta and ongoing behavior; these studies will be 

reviewed in section 5.7. 

Until the early 1970's theta was for the most part treated as a unitary phe

nomenon, though there were occasional exceptions, e.g., Elezar and Adey (1967). 

Two complicating hypotheses were introduced in the 1970's: first, that theta has 

multiple generators within the hippocampal formation (specifically, the CAl layer 

and the fascia dentata); second, that there are multiple types of theta. The hypoth

esis of multiple generators was first proposed by Winson (1974), and supported soon 
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afterward by data from Bland et al. (1975), and later by a host of other studies. 

The hypothesis that there are two types of theta, distinguishable by their sensi

tivity to the cholinergic antagonist atropine, was put forth by Kramis, Vanderwolf 

and Bland (1975), on the basis of a variety of behavioral and pharmacological dis

tinctions. Atropine-sensitive theta has a relatively low frequency range (below 7 

Hz in rats) and is associated either with states of still alertness or with light anes

thesia induced by low levels of dissociative anesthetics such as ether or urethane; 

atropine-resistant theta has a higher frequency range (from 7 Hz to as high as 14 

Hz in rats) and is associated specifically with movement. 

On the anatomical front, considerable progress was made during the 1980's. 

The existence of a massive projection from the septal area to the hippocampus had 

been known since the early degeneration studies of Daitz and Powell (1954); and 

Lewis and Shute (1967) had shown that this projection has a prominent cholinergic 

component. For many years thereafter it was generally considered, for reasons of 

parsimony more than anything else, that the projection was likely to be entirely 

cholinergic, but a number of studies during the early and mid 1980's provided evi

dence that this is not the case. When retrograde tracing was combined with staining 

for choline acetyltransferase (ChAT) or glutamic acid decarboxylase (GAD), a ma

jor fraction of retrogradely labeled cells were found to be GABAergic rather than 

cholinergic (Kohler et al., 1984, Baisden et al., 1984, Wainer et al., 1985). Physio

logical studies also revealed that cholinergic antagonists did not abolish the effects 

of septal stimulation upon hippocampal field potentials, which were in any case too 

fast to be due to muscarinic receptor activation (Alvarez-Leefmans and Gardner

Medwin, 1975, Fantie and Goddard, 1982, Bilkey and Goddard, 1985). Freund 

and Antal (1988) made the very interesting discovery that the GABAergic septo

hippocampal projections terminates largely on GABAergic interneurons within the 

hippocampus. 

The 1990's have seen important developments relating to the causation of theta. 

As has been mentioned already, the importance of the medial septal area in con

trolling theta was clear even in the early studies of Green and Arduini (1954), 
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and for many years it appeared that lesions of the medial septum eliminate theta 

throughout the brain. A continuing puzzle, though, was the fact that while septal 

lesions could eliminate theta, no direct manipulation of the medial septum, phar

macological or otherwise, seemed to have any effect on the frequency of theta. A 

possible answer to this conundrum emerged with the discovery by Kirk and Mc

Naughton (1991) of cells in a small region of the hypothalamic supramammillary 

nucleus that fire at theta rhythmicity even after complete septal inactivation. Kirk 

and McNaughton (1993) provided evidence that these cells normally control the 

frequency of oscillation in the medial septum, at least under conditions of urethane 

anesthesia; and it now. appears likely that the effects of brainstem stimulation in 

driving theta are mediated by the supramammillary nucleus (the evidence for this 

is reviewed below). 

An additional important development in the 1990's was the discovery by O'Keefe 

and Recce (1993) of a strong interaction between the theta rhythm and the place

dependent firing of hippocampal pyramidal cells; but this is the major topic of this 

dissertation, and will be discussed at great length in later chapters. 

5.5 Two types of theta 

Elezar and Adey (1967), studying the electrical activity of the hippocampus in 

cats learning a cued food-reward task, found that during learning and during most 

portions of asymptotic performance, the peak of the hippocampal EEG power spec

trum was at 4-5 Hz, but specifically during the approach to the goal after a high 

level of performance had been achieved, the peak shifted to around 6 Hz. This led 

them to raise the possibility that there are two types of theta, one with frequency 6 

Hz corresponding to goal-approach, the other with lower frequency having a more 

general function. Several years later, Kramis, Vanderwolf, and Bland (1975; see 

also Vanderwolf et al., 1975) made a much more definitive case for classifying theta 

into two distinct types, on the basis of several considerations. They found that the 

theta rhythm seen in the hippocampus of actively moving animals (rats and rab

bits) was higher in frequency than the rhythm seen in anesthetized, curarized, or 
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motionless animals. Moreover, the rhythm seen in the absence of movement could 

be eliminated by large doses of atropine; the movement-related rhythm could not. 

The terminology varies, but the atropine-resistant and atropine-sensitive forms of 

theta are often referred to as type 1 and type 2, respectively. 

This division of theta into two types has not been universally accepted. It is 

difficult to argue forcefully about questions of classification, because in principle 

any arbitrary phenomenon can legitimately be classified in any desired way, so 

long as the definition of the classes is clear: a classification scheme can never be 

criticized as wrong, only as lacking in utility. Indeed, the only truly compelling 

objection to a classification scheme is a demonstration that one of the classes is 

actually nonexistent. Along these lines Stewart and Fox (1989) have raised the 

possibility that atropine-sensitive theta really does not exist, because they were 

able to able to detect rhythmicity in the hippocampal EEG of rats that had been 

administered both urethane and atropine, by performing spike-triggered averaging 

of the EEG, triggered by cells in the septum that continued to burst rhythmically. 

This rhythmicity is difficult to see in the raw EEG because of large irregular slow 

waves present in this condition. In fact, it appeared that atropine only reduced the 

amplitude of oscillations by 59% in CAl and 70% in the fascia dentata. These are 

certainly interesting results, but should not be allowed to obscure the fact that the 

theta rhythms seen in waking and urethane-anesthetized animals differ in a number 

of important ways. 

Vanderwolf and colleagues claimed that type 2 theta, while commonly present 

in the rabbit and some other species under conditions of still alertness, is difficult 

to observe in the rat except under anesthesia. Sainsbury et aI. (1987), however, 

demonstrated that type 2 theta can reliably be elicited in rats as well, when they 
, 

are exposed to a conditioned stimulus that they have been taught to associate with 

shock. The increase in theta was found not to be due to any kind of association 

with the stimulus, but rather to the high state of arousal in which the shocks placed 

the animal. 

The physiological distinctions between type 1 and type 2 theta are not yet en-
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tirely clear, but some progress has been made. It has been found that entorhinal 

cortex lesions do not eliminate theta, but render it atropine sensitive (Montoya and 

Sainsbury, 1985); that is, the theta remaining after the lesion is type 2. Ylinen et 

al. (1995b) have shown that the depth profiles of theta in entorhinal-Iesioned and 

urethane-anesthetized rats are similar in shape; see also Hagan et al. (1992). These 

results suggest that type 2 theta is akin to type 1 th~ta with the entorhinal contri

bution removed, and therefore is presumably mediated largely by direct projections 

from the medial septal area to the hippocampus. 

Vanderwolf and his colleagues have suggested that type 1 theta is mediated 

by serotonin, but this seems likely to be an overstatement. The importance of 

serotonin to theta has been clear since Stumpf et al. (1962), working with curarized 

rabbits, found that LSD abolished slow wave activity in the hippocampus without 

affecting the rhythmicity of cells in the medial septal area; this indicated to them 

that the effect was somewhere downstream from the septum, possibly within the 

hippocampus itself. Yanderwolf and Leung (1983) found that PCP (a serotonin 

antagonist) specifically suppressed type 1 theta; in combination with atropine it 

eliminated all theta. PCP did not, however, change the frequency of the (type 

1) theta that appeared during walking: this shows that its effect was downstream 

from the pacemaker for type 1 theta. On the whole the data are consistent with 

the hypothesis that serotonin is required for the integrity of the pathway conveying 

theta from the septal area to the hippocampus via the entorhinal cortex. There is 

no proof that rhythmic firing of serotonergic neurons is involved in driving type 1 

theta. (On the other hand, Kocsis and Vertes (1992) found that 55% of recorded 

cells in the dorsal raphe nucleus were theta-modulated, some as strongly as the 

best hippocampal interneurons.) It is clear that serotonin plays an important role 

in the generation of theta, but this role has not yet been completely explained. 

5.6 Generators of theta 

Green et al. (1960), in the first study of the anatomJcal sources of the theta rhythm, 

found that the hippocampal slow waves (in curarized rabbits) showed amplitude 
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maxima near the dorsal surface of stratum oriens of CAl, and near the boundary 

between CAl and the fascia dentata, with a null point and phase reversal in stratum 

radiatum of CAl, 50-100 JLm below the pyramidal cell layer. They also observed 

that single units recor'ded in the CAl layer tended to favor particular phases of 

the theta cycle.' These observations, confirmed a year later by Green and Petsche 

(1961), suggested that the profile of theta could be explained entirely in terms of 

a single generating dipole located in the CAl cell layer. At approximately the 

same time, Petsche and Stumpf (1960) examined the distribution of theta phase 

and amplitude across a wide area of the brain in curarized rabbits, using a three

dimensional grid of electrode locations. Consistent with the other studies, they 

found that theta recorded in the neocortex was generally phase reversed relative to 

theta inside the hippocampus. They also found more subtle phase shifts between 

different locations that they interpreted as evidence that theta consists of traveling 

waves spreading from the septal pole of the hippocampus toward the temporal poles, 

at mean velocities on the order of 300 mm/sec. Later studies were not successful 

in replicating this effect. Bland et ai. (1975) found a constant phase relationship, 

and Green & Rawlins (1979) found constant phase in stratum oriens of CAl, but 

shifting phase near the fissure. It should be noted that this type of experiment 

is very difficult, because even if the phase were constant throughout the length of 

the hippocampus, small variations in electrode placement could give the impression 

of a phase shift, especially near the hippocampal fissure, where there is a gradual 

phase shift with depth even at a single point on the septo-temporal axis. 

For the first two decades after 1954, most of the evidence seemed to be consistent 

with, the hypothesis that theta is generated entirely by the CAl cell layer. Not 

until 1974 was it proposed, by Winson, that theta is also generated by the fascia 

dentataj and this was followed up with additional evidence from Bland et ai. (1975). 

Interestingly, though the two-generator hypothesis turned out to be correct, the 

argument given by Winson (1974), and much of the argument given by Bland et 

ai., were inadequate. Winson based his argument on the fact that there are two 

maxima of theta amplitude, 180 degrees out of phase with each other, one in stratum 
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oriens of CAl, the other in the superficial dentate molecular layer, near the fissure 

separating CAl from the fascia dentata. The fact that the lower maximum was 

located below the bottom of the CAl dendrites was taken to imply that it was 

not generated by CAl, but rather by the fascia dentata. This argument shows a 

serious misunderstanding of the biophysical basis of extracellular electrical fields, 

as will be explained momentarily. Bland et al. (1975) relied heavily on the same 

argument, but they also brought up the fact that theta can still be seen in the 

fascia dentata after manipulations that eliminate theta in CAl, and the fact that 

cells recorded in both regions are strongly modulated by theta. Another piece of 

evidence is apparent in figure 5 of Bland et al. (1975), though it was not mentioned 

by them: the existence of a third amplitude peak in the molecular layer of the lower 

blade of the fascia dentata. 

5.6.1 The relationship between generators and amplitude maxima 

Before delving into the details, it may be useful to point out an error that has 

led to a substantial amount of incorrect reasoning about this topic. The error 

is to identify amplitude maxima with generators. As will be discussed presently, 

under most conditions .hippocampal theta oscillations show two obvious amplitude 

maxima, the first in stratum oriens of CAl, and the second, and larger, in the 

dentate molecular layer near the boundary between CAl and the fascia dentata. 

There is also good evidence that hippocampal theta has two generators, the first 

in CAl and the second in the fascia dentata. But these facts do not imply that 

the CAl amplitude maximum is caused by the CAl generator, and the dentate 

amplitude maximum by the dentate generator: such an arrangement is physically 

impossible. Because no closed region can serve as a net current source or sink in an 

essentially aqueous medium such as neural tissue, the simplest possible extracellular 

field in the brain is a dipole. Therefore even a single generator must give rise to a 

field having two amplitude maxima, corresponding to the two poles of the dipole. 

If CAl and FD both contain generators for theta, one's initial expectation would 

be that the resulting field would have four amplitude maxima, two for each dipole. 
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Because of the geometry of the layers and the relative phases and amplitudes of the 

two generators, though, this is not quite what happens. 

Figure 5.3 illustrates the amplitude and phase profile of theta, on the basis of the 

studies that will be reviewed in this section, together with a plausible decomposition 

in terms of CAl and dentate components. The CAl contribution is shown in red, 

and the dentate contribution in green. The sum of the two, which is the signal 

that would be observed by an electrode, is shown in purple. If the decomposition 

is correct, then it is indeed true that the signal observed in stratum oriens of 

CAl comes almost entirely from the CAl generator; on the other hand, the signal 

observed in the dentate molecular layer is a sum of large components from both 

generators, which happen to align at that level. If it were desired to observe the 

dentate generator in isolation, the best place to record would be the molecular layer 

of the lower blade of the fascia dentata; but this prescription has apparently never 

been followed. 

The figure illustrates how identifying amplitude maxima with generators can 

easily lead to confusion. Note that little theta is present in the hilus of the fascia 

dentata, probably because the dentate and CAl components are out of phase at 

that level, and similar in strength. Theta in the dentate gyrus would be difficult 

to discern unless it were rather large, because of the strong gamma-frequency os

cillations present there (Whishaw et al., 1978a, Bragin et aI., 1995). (Feenstra and 

Holsheimer (1979), recording theta from urethanized rats, only occasionally found 

phase reversals in the dentate granule layer, but often not. On the other hand, 

Buzsaki et al. (1983), using spike triggered averaging, found that theta in the 

granule layer was phase-advanced by 90° with respect to theta in stratum oriens of 

CAl.) 

The relative predominance of CAl over the fascia dentata in generating theta 

is supported by the findings of Whishaw et al. (1978), who recorded from freely 

moving rats that had been treated neonatally with X radiation to prevent devel

opment of granule cells. In these rats, normal-looking theta was seen for several 

hundred microns above and below CAL The main differences were that the zone 
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Figure 5.3: Contributions of CAl and fascia dentata to the overall phase profile 
of hippocampal theta, as reconstructed from studies reviewed in this chapter. The 
dotted line represents a track through the dorsal hippocampus, along which the 
depth profiles are computed. The CAl layer generates a dipole field (red curve) 
whose amplitude is stronger below the layer than above, because of curvature. Each 
blade of the fascia dentata also generates a dipole field (green curve). The CAl 
and dentate contributions are in phase in the region between stratum radiatum of 
CAl and the granule layer of the fascia dentata, as well as below the lower blade 
of the fascia dentata; they are out of phase everywhere else. The purple curve 
shows the sum of the CAl and dentate contributions. It is strongest in the region 
midway between CAl and the fascia dentata. In the hilus the two contributions 
nearly cancel, leaving behind only a small remnant field whose presence is usually 
obscured by strong gamma waves, which are generated abundantly in the dentate 
region. Note that this is only a first order approximation of the true phase profile; 
among other things, it ignores evidence for a second, weaker dipole in the CAl 
region, offset spatially and about 90° out of phase with the one illustrated. 
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of fast activity in the ~ilus was gone and the amplitude of theta was substantially 

reduced where the lower blade of the fascia dentata would normally have been. 

It has been well established that the slow waves generated in different areas 

of the hippocampal formation-CAl, fascia dentata, and entorhinal cortex, in 

particular-are strongly locked in phase, but there has been little or no attempt 

to systematically correlate their amplitude variations. There is some evidence for 

at least partial independence of different generators. . For example, Adey et al. 

(1966) found that over the course of learning a food reward task, the anatomical 

distribution of theta changed: in the early stages it was as strong in the ventral hip

pocampus as in the dorsal hippocampus or entorhinal cortex, but once learning was 

complete, theta was practically absent in the ventral hippocampus but as strong as 

ever in the other areas. Because of uncertainties regarding electrode placements, 

these anatomical identifications should probably not be taken all that seriously, but 

nevertheless it is impossible for the relative amplitudes at different sites to change 

without corresponding changes in the relative amplitudes of generators somewhere. 

It is certainly possible to detect theta in the CA3 region (Petsche and Stumpf, 

1962, Feder and Ranck, 1973), but most investigators have recorded only weak theta 

signals there, and found no evidence for a phase reversal (Bland and Whishaw, 

1976). This is somewhat surprising, because CA3 cells are clearly modulated by 

the theta rhythm, and theta is present in both of the major inputs to CA3, from the 

fascia dentata and the entorhinal cortex. It may be that these afi'erents terminate 

on the somata of CA3 pyramidal cells in such a way that the dipoles they produce 

cancel out, at least approximately; or it may be that the inputs are not spatially 

arranged in such a way as to produce strong dipoles. 

As mentioned previously, Green and Arduini (1954) found that removal of the 

entire neocortex by suction did not prevent brainstem stimulation from evoking 

theta in curarized rabbits. Similarly, Adey et al. (1956), working with curarized 

phalangers (an Australian marsupial), found that after complete bilateral removal 

of the entorhinal cortex, low frequency hippocampal theta could still be evoked 

by an auditory stimulus. Weiss and Fifkova (1960) found that inactivation of the 
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entire neocortex by spreading depression had no effect on hippocampal theta, in 

curarized rats. Note that these results were all obtained in paradigms in which only 

type 2, atropine sensitive, theta is present. Later studies found that in freely moving 

animals, the neocortex does playa role in the generation of theta. Vander wolf and 

Leung (1983) found that entorhinallesions specifically suppress type 1 theta; that 

is, they eliminate all theta in the presence of atropine. However, they do not alter 

the frequency of theta when atropine is absent: this suggests that their effect is not 

directly on the pacem~er for type 1 theta, but rather downstream of it. 

Winson (1974, 1976) found that the relation between theta phase and electrode 

location is different in freely moving animals and paralyzed or anesthetized animals. 

In constrast to the null point below CAl described by earlier authors (who mostly 

used curarized or anesthetized animals), Winson found in freely moving rats a 

gradual phase reversal over a distance of some 150 J1.m, with no null point. This 

difference in phase profiles has also been confirmed by later investigators, e.g., 

Buzsaki et al. (1983), Buzsaki et al. (1986). 

Leung (1984) constructed a compartmental model of a CAl pyramidal cell, in 

order to explore the origins of the laminar profile of theta under various conditions. 

The model consisted of 17 passive compartments, arranged in a tree structure whose 

general shape was more or less realistic but whose details seem somewhat arbitrary. 

The general conclusion was that the gradual phase shift seen in type 1 theta could 

best be accounted for by postulating two spatially distinct but partially overlap

ping dipoles, phase shifted by 30°-90° from each other. The first dipole could be 

generated by inhibitory input arriving at the soma, and the second, delayed dipole 

could be generated by excitatory input arriving at the distal dendrites. During 

urethane theta, in accordance with data recorded by Leung and Vim (1986), only 

the first dipole would be present, and this would give rise to a sharply defined null 

point of the theta rhythm. 

The essential features of this model are rather strongly supported by recent 

data from Heynen et al. (1993) and Ylinen et ai. (1995). The first group found, 

using electrical stimulation of various points in rat hippocampal slices, that rhyth-
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mic stimulation applied to stratum lacunosum of CAl (near the distal tips of the 

dendrites) produced aD. amplitude and phase profile similar to that of naturally 

occurring theta, whereas similar stimulation in stratum radiatum or stratum oriens 

did not. This supports the hypothesis that rhythmic excitation of the distal den

drites of pyramidal cells plays an important role in theta. Ylinen et al. found that 

the theta recorded after bilateral entorhinal cortex lesions lacks the usual large am

plitude peak at the level of the hippocampal fissure, and has a profile consistent 

with rhythmically varying inhibition at the level of the CAl cell bodies. This con

clusion was supported by intracellular recordings during urethane-induced theta: 

the phase profile in this condition is very similar to that associated with entorhinal 

lesions, and rhythmic variations in membrane resistance could be seen, consistent 

with the properties expected from GABA,,-mediated inhibition. 

5.7 Relations between hippocampal theta and movement 

As previously mentioned, Grastyan et al. (1959), working with chronically im

planted cats, claimed that theta was specifically associated with orienting move

ments. They taught their animals two kinds of tasks, one a tone cue-food reward 

association (which they called an "alimentary conditioned reflex"), the other a 

two-way active shock avoidance task (which they called a "defensive conditioned 

reflex"). For the tone-food task, once the animals had thoroughly learned it, a 

second tone, nonpredictive of reward, was introduced; and later still, a sequence of 

extinction trials was performed. The chief result of all of this was that hippocam

pal slow waves were seen in response to the tone cue only at interm~diate stages 

of learning. At the beginning, when the tone was meaningless, it evoked only a 

"desynchronization" of the hippocampal EEG, and the same thing happened at 

the end, when the task was so thoroughly learned that the response was automatic. 

Only in the middle stages, when the cats reacted to the tone cue by orienting to 

it before performing tlie conditioned response, were hippocampal slow waves seen. 

Even after the response had become automatic, changes in the contingencies of the 

task would once more cause the cue to evoke theta. 
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The interpretation favored by the authors was that hippocampal slow activity 

indicates the presence of an initial, particularly labile, memory trace, and is replaced 

by desynchronization once the learning has stabilized. This theory is difficult to 

reconcile with the results of other studies; indeed, the very data of the study seems 

difficult to fit in. If we are allowed to make a few plausible assumptions, though, 

it may be possible to come to a reasonable compromise. The first point is that the 

amplitude of the hippocampal EEG was not very large, rarely above 100 ""V. As 

Robinson (1980) has pointed out, this is an indication that the recording.electrodes 

were not well positioned: in the cat, optimally positioned bipolar electrodes can pick 

up slow waves approaching 2000 ""V in amplitude. It is a common experience, both 

in cats and rats, to see theta apparently vanish on a poorly positioned recording 

electrode while still being easily detectable on a better positioned one, e.g., a bipolar 

electrode whose tips lie on opposite sides of stratum radiatum of CAL If we are 

allowed to reinterpret the "disappearance" of theta seen by Grastyan et al. as 

really just a reduction in amplitude, then most of the apparent contradictions can 

be reconciled. A careful review of the paper suggests that slow waves were only 

seen when the cats were moving in one way or another-the chief result of the study 

then becomes a finding that the amplitude of theta is highest when animals are in 

the process of learning a response, i.e., that the amplitude of theta is influenced 

by attentional and/or motivational factors. This does not seem to be inconsistent 

with any of the numerous later studies that found strong relations of theta to 

movement (including, as previously described, Adey et al., 1966): none of these 

studies provided evidence for an invariant relationship between the amplitude of 

theta and the amplitude of movement. 

The next major development in the story of theta and movement came with the 

publication of Vanderwolf (1969). Vanderwolf abandoned the technique of studying 

theta in animals performing stereotyped, conditioned tasks, and instead allowed his 

rats to do a wide variety of things, while he recorded EEG and took notes. He found 

that the occurrence of theta could be predicted very accurately on the basis of what 

the animal was doing, regardless of why it was doing it. The strongest theta was seen 
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during locomotion, weaker theta during sniffing, head movements, paw movements, 

or grooming, and the weakest theta during eating or drinking. Vanderwolf suggested 

the group of behaviors associated with theta formed a coherent class, which previous 

investigators, on the basis of findings unrelated to theta, had termed "voluntary 

behavior" , and he proposed to appropriate this term. 

An objection frequently raised to the "voluntary movement" hypothesis is that 

it is circular-that voluntary movement cannot in the final analysis be defined as 

anything other than that which is associated with theta. This objection has some 

validity, but to some degree it reflects a misunderstanding. There is no reason 

why a physiological event such as theta should correspond perfectly with any folk 

psychological concept. Nevertheless it is helpful to get as close as possible. Van

derwolf's intention was to argue that theta occurs if and only if one of a certain 

group of behaviors is present, and to use the word "voluntary" purely as an easily 

memorable label for this group of behaviors. As an avowed behaviorist, Vander

wolf certainly did not intend any mentalistic definition for the term. Many readers, 

though, perhaps naturally assumed that the usual connotations of the word applied, 

and criticized the hypothesis on this basis. As Vanderwolf later admitted, the use 

of the word "voluntary" was a serious tactical error, and in later work he referred 

instead to "type I" and "type II" behavior, a distinction that is more difficult to 

remember but less provocative. 

Vanderwolf's experiments, while very useful, were quantitative only in terms 

of measuring the frequency of theta: they involved recording the EEG on a pa

per tape while the experimenter watched the animal and made notes about its 

behavior. Using this technique Vanderwolf was able to make a very strong case 

for a general relationship between theta and certain types of movement, but it was 

obviously impossible for him to quantify the precise temporal relationships. Later 

investigators have been able to pin down these down with greater precision. Klemm 

(1971), working with chronically implanted rats prepared with EMG electrodes as 

well as theta-recording electrodes, found that hippocampal theta rhythms were trig

gered during movements of any sort, and also during any phasic increases in muscle 
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electrical activity, even if these did not lead to movement. Several studies have 

examined the relationship between theta and the magnitude or intensity of move

ment. McFarland et al. (1975) derived a roughly linear relation between treadmill 

running speed and the frequency of theta observed near CAL In dogs running on a 

treadmill, Arnolds et al. (1979) found a similar effect: theta increased in frequency 

from 4.2 Hz to 4.5 Hz as the speed of the treadmill was increased from 6 m/sec to 

18 m/sec. Reece, in his Ph.D. thesis (Reece, 1994), found an approximately linear 

relationship between theta frequency and running speed in rats running for food 

reward on a linear track. It should be noted that in none of these studies was the 

observed range of frequencies very large. Whishaw and Vanderwolf (1973) found 

that a rat required to make a jump would show theta beginning a few seconds be

fore takeoff, and increasing sharply in frequency at the moment of jumping. Morris 

and Hagan (1983), using a similar task but with small weights attached to the rats, 

found that the frequency was more strongly correlated with the height of the jump 

than with other possible variables, for example the force required. 

Given the observed general relationship between theta and movement, the ques

tion arises whether theta comes logically before or after movement, i.e., whether it 

reflects the "intent" to move or the sensory consequences of movement. Vander

wolf's observation that theta often preceded movement suggests the former, and a 

number of other experiments provide strong support for this conclusion. Arnolds et 

al. (1979) looked at slow wave activity in the hippocampus of chronically recorded 

dogs, while they were towed around in carts. They found that passive displacement, 

in and of itself, did not evoke theta; theta was only seen when the dogs reacted 

to acceleration with postural adjustments. In a very clever experiment, Black et 

al. (1970) trained two groups of dogs to avoid shock while paralyzed with flaxedil: 

one group was required to produce theta in response to a cue in order not to be 

shocked, the other to refrain from producing theta. When the paralysis wore off, 

the dogs were given the cue again: it was observed that the first group showed more 

movement than the second. The interpretation, of course, is that the first group 

learned to produce theta by "trying" to move. 
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Komisaruk (1970), working with chronically implanted rats, described an inter

esting relationship between hippocampal EEG and the movement of a rat's vibrissae 

during sniffing. Previous work had made it clear that the vibrissae move rhythmi

cally back and forth in a cycle synchronized with respiration, which, during sniffing, 

often has a frequency similar to that of theta. Komisaruk reported that in many 

cases the two are synchronized, but with different phase relations on different occa

sions .. A similar tendency to synchronize was reported for theta and the heartbeat. 

There are good reasons to be suspicious of these results. No quantitative evidence 

was presented, only side-by-side traces of EEG and vibrissal EMG (or EKG). Even 

if theta and vibrissal motion were actually unrelated, the similarity of frequencies 

would make them seem to synchronize some fraction of the time. Moreover, the 

description of different phase relationships between theta and vibrissal motion on 

different sniff cycles is worrying. In all simple types of oscillator models, weak cou

pling causes a tendency for a pair of oscillators to phase lock when their frequencies 

happen to momentarily coincide, and stronger coupling causes them to frequency 

lock. It would be quite surprising for a pair of oscillators to frequency lock without 

phase locking, as Komisaruk suggested. 

Fortunately this question was reinvestigated more quantitatively by Macrides 

(1975), using hamsters, though, instead of rats. With extensive averaging, Macrides 

found that the cycle-to-cycle frequencies of vibrissal movement and hippocampal 

theta were largely independent, but that there was a substantial tendency for the 

two rhythms to exhibit a fixed phase difference, which for a given animal was 

constant across all types of stimuli. This is precisely what would be expected if the 

hippocampal and vibrissal oscillators were weakly coupled. Macrides argued that 

his data favored an influence of the hippocampal system upon the vibrissal system, 

rather than vice versa, because when, as often happened, a sniff cycle began in the 

middle of a bout of theta, no perturbation of the hippocampal EEG was apparent. 

The argument is not necessarily valid. If the coupling between the two systems were 

weak, such a perturbation might exist but be too gradual to be visually obvious. 

These findings were replicated using rats in a later study by Macrides et al. (1982). 
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Along the same lines, Semba and Komisaruk (1978) examined the relationship 

between theta phase and the precise moment of onset of a limb movement, in 

rats. They made the interesting observation that lever-pressing and lever-releasing 

movements were each tuned to specific phases of the theta cycle, but the phases 

for these two different movements were 1800 apart. Theta 'phase was estimated in 

this study by visual inspection, which is not especially reliable, but it is difficult to 

imagine any kind of systematic error that would have assigned different phases to 

different movements. These observations were partially supported by the results of 

Buiio and Velluti (1977), who found, using chronically implanted rats bar-pressing 

for brain stimulation reward, that the moment of pressing the bar tended to be 

time-locked to a particular phase of theta. Bar-releasing events, though, were not 

in general found to be time-locked. 

5.8 Theta in hippocampal slices 

Recently, Bland and his colleagues, as well as other investigators, have established 

that it is possible to induce rhythmic slow waves in several parts of the limbic system 

by direct injection of carbachol, a general cholinergic agonist, or muscarinic agents 

(Malisch and Ott, 1982, Rowntree and Bland, 1986, Colom et al., 1991, Monmaur 

and Breton, 1991, Monmauret al., 1993, Konopacki et al., 1992, Lawson and Bland, 

1993). In fact, under certain conditions, carbachol is capable of inducing oscillations 

in isolated in vitro slices of hippocampus (MacIver et al., 1986, Konopacki et al., 

1987, Konopacki et al., 1988, Leung and Desborough, 1988, MacVicar and Tse, 

1989). 

Traub et al. (1992) have argued, based on. simulation studies, that the slow 

oscillations seen in slices may have little functional relation to the theta patterns 

seen in intact animals. Using a biophysically realistic computational model of the 

in vitro CA3 region, they found that the model was capable of producing 5 Hz 

oscillations, when altered in ways corresponding to the known effects of carbachol on 

CA3 pyramidal cells, but only if certain conditions were met. The most important 

of these is that inhibition was required to be completely absent. In the oscillations 
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produced by the model, each pyramidal cell fired a burst of spikes during every 

cycle. 

The prediction that inhibition must be absent was supported by data from 

MacVicar and Tse (1989), indicating that bicuculline (a GABAa antagonist) and 

phaclofen (a GABAb antagonist) had no effect on the theta seen in slices. Other, 

more recent, findings also support the prediction. The development of inhi~itory 

interneurons in the hippocampus is known to lag behind the development of pyra

midal cells; and the original carbachol findings were made in slices taken from 

juvenile rats. Heynen and Bilkey (1991) found that no oscillations were induced by 

carbachol in slices taken from adult rats, unless bicuculline was also added. 

Traub et al. (1992) were also able to simulate a different kind of oscillation, 

without removing inhibition from their model. This was a higher frequency oscilla

tion (around 10 Hz), in which each pyramidal cell would fire a burst on only a small 

fraction of cycles. They suggest that, with the addition of a few external inputs, 

representing the afferents from the medial septum and/or entorhinal cortex, this 

second type of oscillation reproduces many of the features of the naturally occur

ring in vivo theta rhythm. Clearly it would be wrong to rely excessively on such 

simulation results, without physiological corroboration, but they do suggest that 

the question of theta in the isolated hippocampus requires further investigation. 

5.9 Hippocampal unit activity in relation to theta 

It was obvious from the earliest studies that theta must somehow be associated 

with oscillations in neural act,ivity, at some level of the nervous system; and such 

oscillations were not very difficult to find. Green and Machne (1955) observed 

rhythmically firing cells in the hippocampus of paralyzed rabbits; this was confirmed 

by Green et al. (1960) and many later groups of investigators. 

As described in more detail in chapter 4, the majority of cells in the hippocampus 

change their activity in some way as a function of the presence or absence of theta. 

The difference is particularly dramatic for some types of interneurons, which can go 

from near silence in the absence of theta, to rates exceeding 20 Hz in its presence. 
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Several studies have also found small numbers of cells within the hippocampus that 

decrease their rates in the presence of theta; these have been called "anti-theta" 

cells (Fox and Ranck, 1975, Buzsaki et al., 1983) or "theta-off" cells (Colom and 

Bland, 1987, Mizumori et al., 1990). These cells are rare in CAl, but somewhat 

more common in the fascia dentata and/or hilus. 

Fujita and Sato (1964), recording intracellularly from CAl pyramidal cells of 

curarized rabbits, found an intracellular theta rhythm, phase locked to the local 

EEG rhythm, with amplitude ranging from 3 to 36 m V (mean 12 m V). As would 

be expected, cells had greatly increased probability of discharging at the peaks of 

the intracellular waves. Artemenko (1973) also observed preferential firing of CAl 

pyramidal cells on the positive phase of local theta, as did Fox et al. (1986). 

Several intracellular recording studies have indicated that interneurons in the 

CAl cell body layer fire most strongly on the negative phase of local theta, in 

curarized (Artemenko, 1973), and in urethanized animals (Fox et al., 1986). The 

relationships during atropine-resistant theta, in freely moving animals, may be 

somewhat different. Fox et al. (1986) found that pyramidal cells and interneurons 

in all hippocampal regions, as well as putative granule cells (but, again, these were 

probably in fact interneurons) fired most near the positive peak of theta waves 

recorded in the dentate molecular layer. 

Buzsaki et al. (1983) made an extensive and careful study of the relations of unit 

activity to theta for pyramidal cells and interneurons in CAl, for putative granule 

cells in the fascia dentata, and for interneurons in the fascia dentata and hilus. In 

the light of later findings, the criteria for identifying granule cells were probably 

inadequate (see chapter 4), so this portion of the results will be passed over. Using 

spike-triggered averagi'ng, theta modulation was examined in relation both to a 

reference signal recorded in stratum oriens of CAl and to EEG recorded from the 

electrode on which the unit was isolated. Most the recordings were made from 

animals running for water reward on an activity wheel, but some recordings were 

also made under urethane anesthesia for comparison. The main finding was that 

CAl pyramidal cells fired preferentially on the negative phase of locally recorded 
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EEG waves, and interneurons on the positive phase. These relations held for both 

running theta and urethane theta. The finding that CAl interneurons maintained 

the same phase relations to both types of theta contradicts the reports of other 

groups, notably Artemenko (1973) and Fox et al. (1986). 

In summary, the data are consistent in finding that CAl pyramidal cell activity 

is concentrated near the positive peak of theta recorded in the dentate molecular 

layer, which corresponds to the negative peak of theta recorded in stratum oriens 

of CAlor in the CAl cell body layer. This is true both for type 1 and type 2 theta. 

The data are less consistent for interneurons, both in terms of the phase of maximal 

activity, and in terms of differences between the two types of theta. Recent studies, 

however, have made it increasingly clear that hippocampal interneurons are diverse 

in a number of ways, and their relations to theta will probably not be clarified until 

usable physiological criteria are found for dividing them into classes. 

There are at least three distinct inputs to CAl potentially capable of rhythmi

cally influencing the firing of units: 1) GABAergic input from the medial septum, 

terminating largely on interneurons (Freund and Antal, 1988); 2) excitatory input 

from the Schaffer collaterals of CA3 pyramidal cells; and 3) excitatory input from 

pyramidal cells in layer III of the entorhinal cortex. For the fascia dentata, there 

are GABAergic septal inputs and inputs from the "star pyramid" cells of the su

perficial entorhinal cortex. For both areas there is also cholinergic input from the 

medial septum, but this acts exclusively through a muscarinic second messenger 

system and probably does not work quickly enough to cause modulation at theta 

frequencies. In any case, the phase relations of septal firing to hippocampal theta 

have not been systematically quantified, so it is difficult to predict how different 

patterns of input will influence the phases of firing of hippocampal cells. More

over, recent theoretical studies (Tsodyks, Skaggs, Sejnowski, and McNaughton, in 

preparation) have demonstrated that the phase relations of interneuron firing can 

be quite difficult to predict, even if the properties of the inputs are completely 

understood. 

Theta waves recorded inside the hippocampus are considerably stronger than 
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anywhere else in the brain, but other generators have been demonstrated to exist, in 

the entorhinal cortex (Mitchell and Ranck, 1980, Alonso and Garda-Austt, 1987a, 

Alonso and Garda-Austt, 1987b) and posterior cingulate cortex (Holsheimer, 1982, 

Leung and Borst, 1987, Borst et al., 1987). Stewart et al. (1992) found that in 

walking rats, the activity of entorhinal cells peaked at very nearly the same phase 

of the theta cycle as activity in dentate and CAl cells. They suggested that medial 

entorhinal cells are the'principal determinant of theta-related firing in hippocampal 

neurons, i.e., that theta is imported into the hippocampus from the medial entorhi

nal cortex, via the excitatory projections. This is largely consistent with recent 

results of Ylinen et al. (1995), who found that bilateral removal of the entorhinal 

cortex greatly reduced the magnitude of hippocampal theta waves, and eliminated 

the usually very strong amplitude peak in the outer dentate molecular layer. In

triguingly, Stewart et al. (1991) suggested that cells in the lateral entorhinal cortex 

tended to fire in the opposite phase from hippocampal pyramidal and granule cells 

(and therefore from cells in the medial entorhinal cortex), but the sample only 

contained 8 cells and these were recorded under urethane anesthesia. 

It has long been clear that unit activity in the medial septal area is related to 

the hippocampal theta ~hythm. Petsche et al. (1962) recorded unit activity in the 

medial septal area in curarized rabbits, during theta induced by reticular or sensory 

stimulation, or by eserine. They distinguished two types of units in the septum: A 

units, which fired at random, and B units, which fired in bursts synchronized with 

theta. Each B unit had a constant phase relation to hippocampal theta, but the 

relation was often different for different units. They also observed that the B units 

in the septum would sometimes maintain rhythmic firing even when no rhythm 

was discernable in the hippocampal EEG, which suggests that septal rhythmicity 

causes hippocampal rhythmicity rather" than vice versa. 

Apostol and Creutzfeld (1974), working with curarized rabbits, classified cells 

in the septal nuclei into three types. The first, A units, fired at relatively constant 

rates with no theta modulation; but these were seen only in the lateral septum, 

not in the medial septum. B units fired irregularly, and constituted about 40% of 
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the cells recorded in the diagonal band region; C units fired in bursts at definite 

portions of the theta cycle, and constituted 60% of diagonal band cells. Both B 

and C units had stable phase relations to the hippocampal theta rhythm, but the 

preferred phases were different for different cells. 

There is apparently a certain amount of topography in the phase relations of 

septal cells to the th~ta rhythm. Petsche et al. (1965) found that in curarized 

rabbits, there is some tendency for neighboring septal cells to fire at similar theta 

phases. 

Bland and his colleagues have over the past few years published an extensive 

series of studies of theta-related firing in several parts of the limbic system, reviewed 

recently by Bland and Colom (1993). Unfortunately, many of these are difficult to 

interpret, because the cells they record are only classified as theta-on or theta

off, tonic or phasic, linear or nonlinear, which are not easy to match with other 

criteria. As an illustration of the difficulties this can create, we have observed in 

preliminary experiments that under urethane anesthesia, the CAl pyramidal cell 

population enters a state in which a small fraction of cells are active for periods 

that can exceed an hour, while the majority are silent. Using the procedures of 

Bland's group, the active cells would be classified as theta-on cells and grouped 

together with the GABAergic interneurons, while the silent cells would either be 

missed entirely or classified as theta-off cells. This observation may, in fact, explain 

the repeated assertion by Bland that in the hands of his group, CAl complex spike 

cells are theta cells (Bland et al., 1980, Bland and Colom, 1989, Bland and Colom, 

1993). 

5.10 Medial septum 

Figure 5.1 shows schematically the brain areas that are most critically involved in 

producing theta. Only a subset of connections between these areas are illustrated; 

in fact each of them areas is connected directly to many of the others. The anatomy 

of this circuit was reviewed in chapter 3; in the current section only the physiology 

will be considered. 
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The two most important areas are the medial septum and supramammillary 

nucleus. The importance of the medial septum has been clear for a very long time: 

Green and Arduini (1954) showed that lesioning the medial septum eliminated 

theta in both freely moving and paralyzed animals, and this has been abundantly 

confirmed many times since. Allen and Crawford (1984) went beyond this to show 

that infusion of muscimol (a GABAa agonist) into the septum of waking rats also 

eliminates theta in the hippocampus: this demonstrates that the effect of septal 

lesions is not due to interruption of fibers of passage. (In this context the term 

"medial septum" also includes the nucleus of the vertical limb of the diagonal band 

of Broca (vDB). As pointed out in chapter 3, septal projections to CAl come mostly 

from vDB, while the projections to the fascia dentata come largely from the medial 

septum proper. Accordingly, there is evidence that selective lesions of portions 

of the septal area can ,differentially affect theta recorded in CAl versus the fascia 

dentata (Sainsbury and Bland, 1981, Monmaur, 1982).) 

As reviewed in the previous section, many cells in the medial septal area show 

rhythmic bursting in synchrony with hippocampally recorded theta, and these can 

even, under the influence of certain drugs including LSD, maintain their rhythmicity 

under circumstances where theta is absent within the hippocampus (Stumpf et al., 

1962, Roig et al., 1970). Stewart and Fox (1989) showed that disconnecting the 

hippocampus from the medial septum by cooling the fornix abolishes the theta 

rhythmicity of hippocampal cells but has little or no effect on the rhythmicity of 

septal cells. 

The role of the lateral septal nuclei in controlling theta has been the subject 

of some controversy. As reviewed in chapter 3, early anatomical studies reported 

a "massive" projection from the lateral septum to the medial septum, but more 

recent anatomical evidence has indicated that any such projection is minor at most. 

McLennan and Miller (1974) observed that electrical stimulation of the fimbria led 

to an inhibition of spike activity in the medial septum, and interpreted this as 

evidence for activation of an indirect pathway leading from the hippocampus to 

the lateral septum, and then, via a GABAergic projection, to the medial septum. 
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In the light of more recent data indicating a direct GABAergic projection from 

the hippocampus to the medial septum (see chapter 3), this interpretation should 

probably be reconside~ed. In any case, there is evidence that theta survives after 

lesions of the dorsolateral septal area (Rawlins et al., 1979). 

Electrophysiologically, stimulation of the medial septal area does not give rise 

to any evoked potential in the hippocampus, but it causes an increase in the popu

lation spike resulting from subsequent stimulation of the perforant path; that is, it 

increases the excitability of dentate granule cells (Alvarez-Leefmans and Gardner

Medwin, 1975, Fantie and Goddard, 1982, Bilkey and Goddard, 1985). This in

crease in excitability appears within 4 msec after septal stimulation and lasts for 

around 150 msec; it is blocked by infusion of picrotoxin (a GABAa-antagonist) into 

the hilus but not by cholinergic antagonists. The explanation for these phenomena 

was provided by the discovery by Freund and Antal (1988) that the GABAergic 

septohippocampal projection terminates mostly on interneurons. Stimulation of the 

septum therefore leads to inhibition of hippocampal interneurons, and consequently 

to disinhibition of prin'cipal cells. 

5.11 The supramammillary areal posterior hypothalamus 

In their original studies, Green and Arduini (1954) found that rhythmic hippocam

pal activity could be evoked by electrical stimulation of a number of brain areas, 

including the midbrain tegmentum, preoptic hypothalamus, intralaminar thalamus, 

and septal region. These results were obtained in curarized rabbits and confirmed 

by Sailer and Stumpf (1957); similar effects were seen in paralyzed cats by Yokota 

and Fujimori (1964). Studies of the circuitry involved in these responses have homed 

in on the neighborhood of the posterior hypothalamus, particularly the supramam

millary nucleus. Bland and Vanderwolf (1972), working with freely behaving rats, 

found that theta (and movement) could easily be evoked by low-amplitude electri

cal stimulation of the posterior hypothalamic area. Ka.wamura and Domino (1968) 

found that theta could be evoked by stimulation of the posterior hypothalamus of 

cats, even when the brainstem was sectioned directly posterior to the site of stim-
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ulation; this indicates that brain areas below the diencephalon are not strictly nec

essary for the production of theta. Gottesmann (1992) reviewed a group of studies 

that combine to indicate that, in a variety of species, transections of the brainstem 

below the hypothalamus leave theta intact, whereas transections at midhypothala

mic level and above eliminate it. In further confirmation of the importance of the 

posterior hypothalamus, Bland et al. (1994) found that microinfusion of either at

ropine or procaine there, in urethane-anesthetized rats, blocked the theta produced 

by brains tern stimulation, and also blocked any rhythmic activity in cells in the 

medial septal area. 

Vertes (1981) discovered that stimulation of the brainstem, in the vicinity of nu

cleus reticularis pontis oralis (RPO), could evoke strong theta in the hippocampus, 

and performed a series of anatomical and physiological studies exploring the possi

bility that this is the origin of the theta-producing circuit. These studies revealed 

that the supramammillary area (or nearby posterior hypothalamus) is a critical link 

in the pathway by which RPO stimulation leads to theta. A set of recent findings, 

however, make it appear unlikely that RPO itself is critical. Faris and Sainsbury 

(1990) found that lesions of RPO had no effect on theta recorded in the hippocam

pus. They also found that theta oscillations could be recorded in RPO itself, raising 

the possibility that stimulation of RPO antidromically activates a theta-producing 

circuit located elsewhere. Moreover, Hayakawa (1993), in an anatomical study of 

the afferent projections to the supramammillary area, found that RPO does not 

give rise to such a projection, but that other parts .of the brainstem give rise to 

afferents passing not far from RPO. 

Kirk and McNaughton (1991) made the very important discovery that theta 

rhythm can be recorded in the supramammillary nucleus, with unaltered frequency, 

even after the medial septum has been inactivated by a local anesthetic. Thus the 

supramammillary nucleus, in contrast to every other part of the limbic system that 

has been examined, does not depend on the medial septal area to pace its rhyth

micity. In a later series of experiments (Kirk and McNaughton, 1993), they injected 

procaine into the brains of urethane-anesthetized rats at various points along the 
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axis leading from nucleus reticularis pontis oralis of the brainstem, through the 

supramammillary area, to the medial septum. Injections below or including the 

supramammillary nucleus affected both the amplitude and frequency of evoked 

theta, while injections above the supramammillary nucleus (including injections 

into the medial septum) affected the amplitude but not the frequency. These ex

periments provide strong evidence that the supramammillary nucleus, but not the 

medial septum, is part of the pacemaker for theta; or at least, for type 2 theta. Law

son and Bland (1993) performed a similar experiment with chronically implanted, 

conscious rats, using rather large injections of procaine into the medial septal area, 

and found that during the period while the procaine was wearing off, the frequency 

of hippocampal theta !ecovered much more rapidly than the amplitude; in fact it 

appeared that as soon as theta was detectable at all, its frequency was in the nor

mal range. This occurred for movement-related theta as well as carbachol-induced 

theta; the fact that it occurred for movement-related theta is apparently the only 

evidence thus far that the supramammillary area (or at least something outside the 

medial septum) also controls the frequency of type 1 theta. 

The supramammillary nucleus projects heavily to the hippocampal formation, 

especially the granule cell layer and lower molecular layer of the fascia dentata 

(Vertes, 1992). These projections are presumably not capable of driving theta, 

though, because theta is abolished in the hippocampus by medial septal lesions 

(and, more convincingly, by intraseptal injections of muscimol (Allen and Crawford, 

1984), which rules out an effect of fibers of passage traveling from the supramam

milIary area to the hippocampus via the septum). In fact, the direct projections 

to the hippocampus come largely from the lateral supramammilIary area, whereas 

the cells whose rhythmicity survives septal inactivation were mostly found in the 

medial region. The supramammillary nucleus also sends a strong direct projection 

to the medial and lateral septum (Vertes, 1992); it is this that most likely controls 

the frequency of theta in the remainder of the limbic system. 

Anchel and Lindsley (1972), working mostly with paralyzed cats, had investi

gated the pathways mediating subcortical control of theta. Using electrical stimu-
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lation with 100 Hz trains of brief pulses, at varying intensity levels, they delineated 

two pathways, the first a medial system extending from the dorsolateral reticular 

formation to the postero-medial hypothalamus and farther rostrally, which evoked 

synchronous theta in the hippocampus when stimulated; the other a lateral system 

extending from the reticular formation (a neighboring but different part) to the 

postero-Iateral hypothalamus and farther, probably through the medial forebrain 

bundle, evoking fast desynchronized EEG in the hippocampus when stimulated. At 

certain sites where the two systems came close together, it was possible for stimu

lation at one intensity to evoke synchronized theta, while stimulation at a higher 

intensity evoked low-amplitude fast activity. With the advantage of hindsight, these 

observations can be explained as follows. The medial, synchronization-evoking sys

tem consists of afferents to the supramammillary area, which when stimulated ac

tivate the SUM pacemaker. The lateral, desynchronization-evoking system consists 

of points on the pathway from the SUM to the medial septal nucleus. Since these lie 

downstream from the normal pacemaker (the SUM), stimulation at high frequency 

leads to a low-amplitude, high frequency response in the hippocampus. 

Afferent projections to the supramammillary area have been examined only very 

recently. In the first such study, Hayakawa et al. (1993) traced major descending 

afferents from the infralimbic cortex, dorsal peduncular cortex (these are part of 

the medial prefrontal cortex), septal complex, and the medial and lateral preoptic 

nuclei. Major ascending fibers were found to come from the pars compacta of nu

cleus centralis superior, the ventral tegmental nucleus of Gudden, and particularly 

from the laterodorsal tegmental nucleus of the midbrain. No afferents were seen 

to arise from the pontis oralis region. Most of these findings were confirmed by 

Thinschmidt et al. (1994). 

The projection from the laterodorsal tegmental nucleus is particularly interest

ing, because this is the source of a major cholinergic projection to several parts of 

the thalamus, as well as other areas (Satoh and Fibiger, 1986, Wainer and Mesulam, 

1990), and has been extensively investigated as part of the ascending cholinergic 

activation system which controls the EEG of the neocortex (Steriade and Buzsciki, 
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1990, Pare et al., 1990a, Pare et al., 1990b, Leonard and Llinas, 1990). This connec

tion therefore provides the first clear hint of an explanation of the relation between 

neocortical desynchronization and hippocampal theta, as observed by Green and 

Arduini so many years ago. Much more work will be needed to pin this down, of 

course. 

5.12 Pharmacology of theta 

5.12.1 Acetylcholine 

Not long after the pioneering studies of Green and Arduini (1954), Sailer and 

Stumpf (1957) found that systemic administration of eserine produces strong and 

continuous hippocampal theta. This finding has been confirmed repeatedly (e.g., 

Petsche and Stumpf, 1960), and several other cholinergic agents have the same 

effect, e.g., carbachol and physostigmine. Conversely, cholinergic antagonists inter

fere with theta, at least in certain conditions. In curarized rabbits, scopolamine 

in low doses slows eserine-induced theta in both hippocampus and septum, and in 

high doses abolishes it (Briicke et al., 1957, Stumpf et ai., 1962). 

The effect of nicotinic agonists on theta is somewhat curious. Peripheral injec

tions of nicotine induce trains of theta lasting for a few minutes (Stumpf et al., 

1962, Stumpf and Gogolak, 1967, Bland and Colom, 1988), but the mechanism of 

this has apparently never been explained. It is almost certainly not due to acti

vation of nicotinic receptors within the hippocampal formation or septum; direct 

application of nicotinic agonists to these areas is without effect. Along the same 

lines, Longo et al. (1954), working mostly with encephale isole rabbits, found that 

systemic administration of nicotinic antagonists eliminated the theta induced by 

sensory or electrical stimulation. 

The hippocampus itself contains few if any cholinergic neurons; the great ma

jority of its cholinergic innervation arises in the medial septal area (Lewis and 

Shute, 1967). In the hippocampus, ChAT (the only completely reliable marker of 

cholinergic fibers) is localized in discrete layers. The highest activity is in a narrow 

infrapyramidal zone in the hippocampus proper, and in a narrow supragranular 
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zone in FD and in the hilus (Fonnum, 1970). 

The effects of acetylcholine on the physiology of hippocampal cells are manifold 

and complex. All of the direct effects are apparently excitatory, but indirect inhi

bition can arise via excitation of GABAergic interneurons (Bird and Aghajanian, 

1976, Krnjevic and Ropert, 1981, Stewart et ai., 1992a). These effects include: 

1. A slow, long-lasting depolarization of pyramidal cells in CA3, commonly 

known as the "slow cholinergic EPSP". This is most likely due to blockade of a 

voltage-independent resting potassium current (Bernardo and Prince, 1982a, 

Cole and Nicoll, 1983, Segal, 1986, Madison et ai., 1987). 

2. Reduction of the M-current, a voltage-sensitive potassium current named for 

its sensitivity to muscarinic agents (Adams et ai., 1981, Halliwell and Adams, 

1982, Bernardo and Prince, 1982b). 

3. Reduction of a calcium-activated potassium current, sometimes referred to as 

IAHP, in CA3 pyramidal cells (Cole and Nicoll, 1983, Madison et al., 1987). 

4. Increases in the excitability of interneurons (Bernardo and Prince, 1982a, 

Reece and Schwartzkroin, 1991, Brunner and Misgeld, 1994, Pitler and Al

ger, 1992). On the other hand, in the latter study, carbachol also caused a 

reduction in the monosynaptic IPSP evoked by stimulation of stratum oriens 

in the presence of CNQX and APV (which together would block all fast glu

taJI?inergic responses). This suggests that the inhibitory neurons, though 

more active, may somehow be weakened, possibly by a presynaptic effect. 

5. Reduction of feedforward IPSPs evoked by stimulating afferents. 

It is likely that all of these effects are mediated by muscarinic receptors; none 

are altered by infusion of nicotinic antagonists into the hippocampus (this was a 

standard test in many.of the studies cited). 
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5.12.2 GAB A 

GABA is the principal inhibitory neurotransmitter in the central nervous system, 

and alterations of GABAergic function can be expected to affect almost everything 

to some degree. Theta is no exception. 

As a rule, agents that increase the effectiveness of GABAergic inhibition, corre

spondingly reduce the frequency and amplitude of theta, both the atropine-sensitive 

and the atropine-resistant types. Muscimol (a GABA,,-agonist), infused directly 

into the septum, eliminates theta in chronically recorded rats (Allen and Crawford, 

1984). Also, barbiturates, benzodiazepines, and alcohol all reduce or eliminate 

theta rhythmicity in the hippocampus and medial septum (Weiss and Fifkova., 1960, 

Stumpf et al., 1962, Bland et al., 1981, Gray, 1982, Dutar et al., 1986, McNaughton 

et al., 1986, Bassant et al., 1988). A possible exception may be atropine-sensitive 

theta in the rabbit, which has been reported to be easily evoked by sensory stimu

lation even in the presence of anesthetic doses of pentobarbital (Bland et al., 1981). 

In any case, these effects are likely to be mediated at some level prior to the medial 

septum, because pentobarbital or baclofen applied directly to the medial septum 

decrease the firing rate of septal neurons without altering their rhythmicity (Dutar 

et al., 1986, Dutar et al., 1989). These drugs also affect the ease of inducing theta 

by direct stimulation of the medial septum; this effect will be discussed in some 

detail in section 5.13. 

In addition to its global role in modulating theta, GABA also plays a more direct 

role in implementing the effects of theta. The projection from medial septum to 

the hippocampus contains a GABAergic component in addition to the cholinergic 

component; this may actually make up more than half of the cells contributing to 

this projection (Kohler et al., 1984). Freund and Antal (1988) demonstrated that 

GABAergic fibers from the septum innervate most of the GABAergic neurons in the 

hippocampus, making many contacts with each of them. This makes it likely that 

the septum is capable of exerting a strong suppression of inhibitory function in the 

hippocampus. This suggestion is supported by phsyiological evidence: septal stimu

lation leads to a short-latency enhancement of perforant-path-stimulation-induced 
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population spikes in the fascia dentata (Alvarez-Leefmans and Gardner-Medwin, 

1975, Fantie and Goddard, 1982); Bilkeyand Goddard (1985, 1987) provided evi

dence that this enhancement is due to inhibition of hippocampal interneurons. 

In CAl pyramidal·cells of urethane-anesthetized rats, Leung and Yim (1986) 

recorded an intracellular theta rhythm, phase locked to the extracellular rhythm. 

Several manipulations that caused chloride-dependent IPSPs to reverse, also re

versed the relation between the intracellular and extracellular theta. Moreover, 

there was a high correlation between the amplitude of the intracellular IPSP and the 

amplitude of intracellular theta. These results were taken to suggest that theta un

der urethane is primarily caused by rhythmically modulated IPSPs. Note, though, 

that these findings contrast with those of Fujita and Sato (1964), whose rabbits 

were merely paralyzed, rather than anesthetized. If both are correct, there must 

be substantial differences in the relative contributions of excitation and inhibition 

in the two conditions. 

5.12.3 Serotonin 

There are numerous signs of a close relationship between the raphe nuclei of the 

midbrain and the theta-producing areas of the forebrain. The relationship goes in 

both directions: on the one hand, several of the raphe nuclei project to the medial 

septum and/or hippocampus (reviewed in chapter 3); on the other hand, Kocsis and 

Vertes (1992) found that 55% of the cells they recorded in the dorsal raphe nucleus 

were theta-modulated, many quite strongly. The role of serotonergic transmission 

in the production of theta is undoubtedly complex. Both the median and dorsal 

raphe nuclei seem to be involved, but in different ways. 

Segal (1975) found that serotonin applied iontophoretically to the hippocampus, 

or electrical stimulation of the dorsal or median raphe areas, all have inhibitory ef

fects on hippocampal pyramidal cells, which are blocked by drugs that interfere with 

serotonergic transmission (Segal, 1975). Interesting, it seems likely that the direct 

effects of serotonin are largely mediated by an action on hippocampal interneurons 

(Freund et al., 1990, Halasy et al., 1992). 
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As mentioned previously, LSD has been reported to abolish theta in the hip

pocampus without affecting rhythmicity in the medial septum (Stumpf et al., 1962), 

while PCP in combination with atropine abolishes all hippocampal theta (Vander

wolf and Leung, 1983). Both of these findings suggest that the locus of action for 

serotonin is downstream from the medial septum, somewhere along the septum

entorhinal cortex-hippocampus route. On the other hand, Segal (1986) found that 

serotonin caused hyperpolarization of cells when applied to in vitro slices of medial 

septal tissue. In the same vein, Assaf and Miller (1978) found that repetitive stim

ulation of the median raphe had a disruptive effect on the rhythmicity of septal 

units, which was blocked by the serotonin synthesis inhibitor PCPA. Maru et ai. 

(1979) found that lesions of the median raphe area in freely moving, chronically 

prepared rats caused a great increase in low frequency theta during immobility, 

which was eliminated by atropine; that is, they seemed to release type 2 theta. 

There was no effect on movement-related theta. These results all indicate that the 

median raphe exerts a suppressive influence on type 2 theta. Graeff et al. (1980), 

in direct contradiction to these findings, reported that stimulation of the median 

raphe area elicited type 2 theta in the hippocampus, though this effect was not 

blocked by serotonergic antagonists. 

Peck and Vanderwolf (1991) examined the effects of stimulation in dorsal or 

median raphe on freely moving, chronically implanted rats. They found that stim

ulation of the dorsal raphe, and of some sites in the median raphe, produced 

theta accompanied by locomotion; neither the theta nor the locomotion were sup

pressed by scopolamine. In contrast, stimulation of many sites in the median raphe 

produced freezing accompanied by low-frequency theta, which was suppressed by 

scopolamine. These findings suggest that the dorsal raphe is involved in producing 

type 1 theta and the median raphe type 2, but the presence of locomotion and 

freezing mean that the mechanisms may be very indirect; in any case considerably 

more work will be required to clarify what is happening here. 
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5.12.4 Dopamine 

Drugs that augment dopaminergic transmission also tend to augment theta (Briicke 

et al., 1957, Bradley and Nicholson, 1962), probably at least partly through an 

action in the medial septum (Day and Fibiger, 1994), but dopamine probably does 

not playa critical role in the production of theta. Whishaw et al. (1978) found 

that both type 1 and type 2 theta survived after systemic injections of 6-0HDA 

that depleted the brain of both dopamine and norepinephrine. McNaughton et al. 

(1986) found that antipsychotic drugs had no effect on theta evoked by reticular 

stimulation. 

5.12.5 Norepineph'ine 

As with dopamine, norepinephrine is probably not required for the production of 

theta (Whishaw et al., 1978b), but there is some evidence that it plays an impor

tant role in some circumstances. Gray et al. (1975) found that 6-0HDA injections 

into the dorsal nor adrenergic bundle reduce the ability to drive theta with direct 

electrical stimulation of the septum; see section 5.3 for further discussion of this 

point. Several manipulations that are likely to activate the locus coeruleus lead to 

increased appearance of theta (Berridge and Foote, 1991); however, manipulations 

that should inactivate the locus coeruleus do not seem to lead to decreased appear

ance of theta (Berridge and Foote, 1991, Sainsbury and Partlo, 1993). Sainsbury 

and his colleagues have presented evidence that alpha2 agonists, when injected di

rectly into the hippocampus, reduce the amplitude of type 1 theta, and of the theta 

evoked by hypothalamic stimulation (Heynen and Sainsbury, 1991, Sainsbury and 

Partlo, 1993). 

5.12.6 Glutamate 

Given the tremendous importance of glutamate-it is the transmitter at well over 

90% of the synapses in the brain-it is astonishing how little it has been investi

gated in connection with theta. It is even more astonishing when one considers 

that the pharmacology of type 1 theta remains virtually a complete mystery. An 
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investigation of the role of glutamate in this respect would seem to be very promis

ing. 

The only study we are aware of was performed by Leung and Desborough (1988), 

who infused APV (an NMDA receptor antagonist) into the lateral ventricle of 

chronically implanted rats. This led to a reduction in theta, but only at a dose' 

that made the rats ataxic. Some evidence was presented that atropine-sensitive 

theta specifically was reduced; under urethane, APV eliminated all theta. Thus, 

it appears that the effect of APV was similar to that of atropine. The role of 

AMPA receptors in the production of theta has apparently not been examined at 

all, though such experiments would be rather straightforward to perform. 

5.13 The 7.7 Hz Minimum for Septal Driving of Theta 

Gray and Ball (1970) were the first to report that hippocampal slow waves could 

be driven by direct electrical stimulation of the medial septum at frequencies lying 

within the theta range. It is perhaps not surprising that rhythmic stimulation of an 

area would lead to res~onses at the same frequency in a target area; the interesting 

thing is that in some situations there was a pronounced minimum in the stimulus 

intensity required to produce detectable hippocampal oscillations, at a frequency 

of 7.7 Hz. This finding gave rise to an extended series of studies by Gray and his 

colleagues, many aimed at establishing a relationship between the 7.7 Hz minimum 

and anxiety. Some of the results are extremely interesting. The relation of this 

phenomenon to anxiety, however, is not well established, and may in the long run 

have distracted attention from the aspects that are most significant. 

The first important point is'that the number 7.7 is only an approximation. In 

most or all of the published studies (reviewed below), the only frequencies tested 

were 5.9, 6.9, 7.7, 9.1, and 10.0 Hz. In many cases the threshold for induction of 

hippocampal slow waves was lowest at 7.7 Hz, with 6.9 Hz and 9.1 Hz significantly 

higher; but obviously the only safe conclusion from this is that the minimum lies 

somewhere in the neighborhood of 8 Hz. Nevertheless, this is a very interesting 

number, because it is right at the frequency where a sharp peak in EEG power 
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is found in actively moving rats; in other words, it is right at the characteristic 

frequency of type 1 theta. It is natural, then, to speculate that this direct septal 

stimulation activates the type 1 theta system: if so, it is clearly worthy of investi

gation, because the only other known circumstances in which the type 1 system is 

activated are REM sleep and "voluntary" movement (see section 5.7). 

Another important point is that the phenomenon is not all that robust. It 

occurs in male but not female rats, of most but not all strains (James et al., 1977), 

is eliminated by fimbria sections (Rawlins et ai., 1979), and is affected by a variety 

of drugs. There may be a rather simple explanation for this. In many areas of the 

brain, stimulation of afferents evokes feedforward inhibition as well as excitation, 

and at some or all stimulus intensities the inhibition may outweigh the excitation 

and prevent the target from being activated. In the perforant path projection to the 

fascia dentata, for example, high intensities of stimulation are required to evoke a 

granule cell-mediated population spike; lower intensities only activate interneurons 

(e.g., Mizumori em et al., 1989b). When the commissural connections of the fascia 

dentata are stimulated, interneurons are activated but no population spike is evoked 

regardless of the stimulus intensity (Douglas et al., 1983). It may be that the 

excitation and inhibition evoked by septal stimulation are nearly in balance, so 

that subtle factors are 'capable of determining which one dominates. 

Some support for this theory may be.found in the fact that drugs that augment 

GABAa-mediated inhbition (in particular, benzodiazepines, barbiturates, and al

cohol) invariably eliminate the 7.7 Hz minimum for septal theta-driving (Gray and 

Ball, 1970, McNaughton et al., 1977, Gray, 1982). This is in fact the heart of Gray's 

argument that the 7.7 Hz minimum is related to anxiety, because each of these drugs 

is also anxiolytic. This is not, however, a very strong argument: GABAa-mediated 

inhbition is ubiquitous in the brain, and the fact that two systems are both affected 

by GABAergic manipulations does not at all imply, or even suggest, that they share 

a common neural substrate. In any case, other studies found that the 7.7 Hz mini

mum is abolished by depletion of forebrain norepinephrine with 60HDA injections 

into the dorsal noradrenergic bundle (Gray et al., 1975), and by system administra-
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tion of ~-9-THC, but not by cholinomimetic, anti-cholinergic, anti-serotonergic, or 

anti-dopamine drugs (McNaughton et al., 1977). The lack of effect of anticholiner

gic drugs is additional evidence that the theta evoked by direct septal stimulation 

is type 1 rather than type 2. 

Some of the properties of septal stimulation-driven theta are reminiscent of a 

harmonic oscillator, which is mathematically the simplest type of oscillator but not 

commonly found in brain (springs, pendulums, ocean waves, and vocal cords are 

approximate harmonic oscillators at low amplitudes). A harmonic oscillator has a 

well-defined natural frequency, and oscillates at that same frequency regardless of 

its amplitude; this frequency invariance is its clearest defining property. If a har

monic oscillator is driven rhythmically, it shows a sharp peak in response amplitude 

where the driving frequency matches the oscillator's natural frequency; this peak 

is called a "resonance". The mechanism activated by septal stimulation cannot be 

a perfectly harmonic oscillator, because the power spectrum of such an oscillator 

always shows two sharp peaks, at the natural frequency and the driving frequency; 

septal stimulation-driven theta only seems to show a peak at the driving frequency 

(though this may not have been carefully examined). Addition of a small non

linearity to a harmonic oscillator can, however, cause it to lock together with a 

driving force over some range centered on the natural frequency, while still showing 

a strong resonance. We speculate that this may be the explanation for the 7.7 Hz 

mInImum. 

A straightforward prediction of this hypothesis is that stimulation of the septum 

at half the natural frequency (i.e., about 4 Hz) will evoke hippocampal slow waves 

at the natural frequency (",,8 Hz). Given the marginal nature of septal theta driving 

even with optimal stimulation, it would not disprove the hypothesis if the prediction 

turned out to be wrong, but in fact it seems to be true at least occasionally (N. 

McNaughton, personal communication); however, any such frequency-doubling has 

never appeared striking enough to compel attention. 
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5.14 Species Differences 

It was apparent even from the early study by Green and Arduini (1954) that there 

are species differences in the properties of theta, but it has not been easy to decide 

whether these differences are qualitative or merely quantitative. Many apparently 

discrepant findings have been obtained using different preparations, and in many 

cases, when different species have been treated in as nearly as possible the same 

way, their theta properties have turned out to be quite similar. In particular, all 

species of mammals show similar patterns of theta during REM sleep, with the 

apparent exception of primates (see Winson, 1972 for a review that is still useful). 

No theta rhythm has apparently been found in any non-mammalian species to date. 

The early studies of theta were done almost entirely using rabbits and cats, both 

of which show theta during movement and also sometimes during still, alert states. 

Rats seemed initially to be different: they showed obvious theta only during move

ment (Pickenhain and Klingberg, 1967, Vanderwolf, 1969). The distinction between 

atropine-resistant (type 1) and atropine-sensitive (type 2) theta went a long way 

toward clarifying the situation, as reviewed in section 5.5. Further reconciliation 

was provided by the finding that rats could indeed produce robust type 2 theta in 

certain situations, i.e., when thoroughly frightened (Graeff et al., 1980, Sainsbury 

et al., 1987). 

Primates seem to be the major exception to the rule. Green and Arduini (1954) 

examined theta rhythms in monkeys, but did not discuss them very extensively, 

hardly more than to note that their hippocampal rhythms were much less strong 

and regular than in the other species they examined. Scattered items can be found 

in the literature that might be interpreted as evidence for theta in primates, for 

example, a report by Adey et al. (1963) of 6-8 Hz rhythmic waves recorded from 

electrodes in the amygdala of chimpanzees during REM sleep. Watanabe and Niki 

(1985) showed activity traces for two macaque hippocampal units with very clear 

and strong rhythmic modulation, but the frequency of the rhythmicity for such 

units was apparently rather variable, ranging from 2 to 5 Hz. On the whole there is 
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nothing very convincing, except in the case of urethane anesthesia, where Stewart 

and Fox (1991) found that theta could indeed be clearly seen. They examined 

macaques and squirrel monkeys, and observed short but strong bursts of theta 

with a frequency range of 7-9 Hz, which is substantially higher than the frequency 

of urethane theta in rats or rabbits. 

Occasionally thetalike oscillations have been recorded in the hippocampus or 

temporal lobe of humans, usually young children or patients with epilepsy, but 

these seem to have qualitatively different properties from the theta seen in animals. 

In one epileptic patient, hippocampal slow waves at 5-6 Hz were seen while he was 

resting, but disappeared whenever he was aroused; in particular, they were absent 

when he moved, and during REM sleep (Halgren et ai., 1978). 

5.15 A hypothetical model 

The evidence reviewed in this chapter seems to be best explained by postulating two 

independent oscillation mechanisms, as illustrated in figure 5.4. The first, oscillator 

A, can be activated by "voluntary" movement, REM sleep, and direct stimulation 

of the medial septum. It has a relatively fixed frequency, in the neighborhood of 

8 Hz. It is suppressed by anesthesia and by drugs that increase the strength of 

inhibition, including benzodiazepines, barbiturates, and alcohol. The pacemaker 

may be located in the supramammillary nucleus, but the evidence for this is not all 

that strong. It is most likely (by default) that glutamate and GAB A are the ma

jor neurotransmitters involved in this oscillator, though other substances certainly 

exert an influence. 

The second, oscillator B, can be activated by systemic administration of choli

nomimetics such as eserine, by brainstem stimulation, and by sensory stimulation 

during a state of still.alertness. The frequency of this oscillator is highly labile: 

increasing intensities of brainstem stimulation can drive it from 4 Hz up to 12-14 

Hz or even higher. The pacemaker for this oscillator is probably located in the 

supramammillary nucleus of the hypothalamus. 

In type 1 theta, oscillators A and B are both active; in type 2 theta, only 
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Figure 5.4: Schematic model of theta generation by two interacting oscillators. 
Oscillator A has an intrinsic frequency near 8 Hz and is active only during type 
1, movement-related theta. Oscillator B is active during both type 1 and type 2 
theta, and has a highly labile frequency, ranging from 4 to over 14 Hz. Oscillator 
A sends much direct input to the entorhinal cortex but little to the hippocampus, 
while oscillator B sends direct input to both. 

oscillator B is active. In most cases of type 1 theta, oscillator A determines the 

frequency of the system as a whole, because it has a higher intrinsic frequency than 

oscillator B. In cases of intense activation (e.g., during a long jump), oscillator B 

might be driven to a higher frequency than oscillator A and thus take control of the 

system; on the other hand, it is possible that oscillator A itself is intrinsically driven 

to a high frequency. (An examination of the effect of atropine on theta frequency 

during jumping might shed light on this question.) 

Oscillator A exerts much of its effect through the pathway traveling from the 

septum to the hippocampus via the entorhinal cortex. When this pathway is broken 

(e.g., by entorhinal lesions or serotonergic antagonists), the system as a whole 

behaves much like oscillator B in isolation (Le., much like type 2 theta), except 

that the frequency is still controlled by oscillator A. 

This model appears to be consistent with most of the existing data, but obvi

ously several aspects of it are highly speculative. In spite of forty years of contin

uous investigation, the theta system has not by any means exhausted its capacity 
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to puzzle and confound us. 

5.16 Theta and learning 

Even a complete understanding of the physiological mechanisms of theta would not 

necessarily imply an understanding of its functional role, assuming it has one. The 

relation of theta to the initiation of movement naturally suggests that it might have 

some kind of role in motor control, but this is belied by the common observation that 

septal lesions cause no obvious motor deficits, leading to hyperactivity if anything. 

Apparently a more subtle function must be sought, and one that has been proposed 

many times is a relation of theta to attention, arousal and/or learning. 

There is some circumstantial evidence relating the theta rhythm to learning. 

Landfield et al. (1972), examining hippocampal EEG in rats learning a cued foot

shock avoidance task, found that the amount of theta present after learning was 

positively correlated with the degree of subsequent retention. Berry and Thompson 

(1978) found that the efficacy of conditioning of the nictitating membrane reflex 

in rabbits, using a delay paradigm, was positively correlated with the amount of 

theta in their EEG's. Winson (1978) observed that septal lesions interfered with 

performance of a spatial memory task (running to the correct one of eight cups 

on an elevated circular track) if and only if the lesions also eliminated the theta 

rhythm in the hippocampus. Givens and Olton (1990) found that either muscimol 

or scopolamine, microinfused into the septum, impaired performance on a spatial 

alternation task, and the degree of impairment correlated strongly with the amount 

of reduction in hippocampal theta. Unfortunately, correlations do not prove causa

tion: it is always possible that some third mechanism, perhaps related to arousal, 

acts to increase theta and also, by an independent pathway, to improve learning. 

The observation that septal lesions interfere with spatial learning has been re

peated so many times that it would be a waste of space to list the evidence: see 

O'Keefe and Nadel (1978), or Gray (1982), for reviews. In fact, fimbria/fornix le

sions, which disconnect the hippocampus from the septum, are commonly used as 

substitutes for full hippocampal lesions, because they have many of the same ef-
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fects. As reviewed in chapter 2, hippocampal lesions cause severe memory deficits, 

whose full extent is currently controversial. The problem is show that these deficits 

are specifically due to the elimination the the theta rhythm, not some other aspect 

of the septo-hippocampal projection, such as a tonic background excitation. 

A different line of evidence relates the theta rhythm to long term potentiation 

(LTP), which is widely thought to be involved in memory. In the early experiments, 

LTP was induced by rather long-lasting trains of stimuli, at frequencies of 100 Hz 

or higher. Rose and Dunwiddie (1986) were the first to demonstrate that it is 

possible to induce LTP of the Schaffer collateral inputs to CAl (or at any rate a 

form of synaptic enhancement with very similar properties) using two brief bursts 

of stimuli, if these ware separated by a time interval of around 200 msec, which 

is approximately equal to the duration of a theta cycle. This phenomenon was 

dubbed "theta burst potentiation" or "primed burst potentiation", and has been 

replicated many times, both in CAl (Larson and Lynch, 1986, Larson et aI., 1986, 

Diamond et aI., 1988), and in the perforant path projection to the fascia dentata 

(Greenstein et aI., 1988). Most likely it occurs because the first burst leads to 

a temporary suppression of feedforward inhibition, allowing the second burst to 

evoke greater than usual postsynaptic activation (Mott and Lewis, 1991). In any 

case, these observations led to considerable speculation that theta might serve to 

optimize the induction of LTP in the hippocampus. A closer examination of the 

data casts doubt on this idea, though: when different interburst intervals were 

tried, maximal potentiation was obtained at an interval of 200 msec (Larson and 

Lynch, 1986, Larson et aI., 1986, Greenstein et aI., 1988), and considerably less at 

an interval of 100 msec, which is closer to the actual period of theta in a freely 

moving rat. 

An experiment performed by Pavlides et aI. (1988) provides more direct evi

dence of a connection between theta and LTP. These authors found that LTP of the 

perforant-path to dentate gyrus projection could more easily be induced if stimuli 

were made to coincide with the positive phase of locally recorded theta than if 

they were delivered on the negative phase. Some additional support for this can be 
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found in a recent abstract by Huerta and Lisman (1994), who were able to evoke 

LTP with very low frequency stimulation (0.1 Hz) during cholinergically induced 

theta in hippocampal slices, if the stimuli were timed to coincide with the peaks 

of the theta waves, but not if they coincided with the valleys. A later study using 

the same preparation found that a single burst of stimulation could induce either 

potentiation or depression, depending on which phase of the theta cycle it was 

delivered at (Huerta and Lisman, 1994). 



CHAPTER 6 

RECORDING METHODS 

"Taking Three as the subject to reason about
A convenient number to state-
We add Seven, and Ten, and then multiply out 
By One Thousand diminished by Eight. 

"The result we proceed to divide, as you see, 
By Nine Hundred and Ninety and Two: 
Then subtract Seventeen, and the answer must be 
Exactly and perfectly true. 

"The method employed I would gladly explain, 
While I have it so clear in my head, 
If I had but the time and you had but the brain
But much yet remains to be said . 

160 

. The data for these studies were recorded from male Fischer 344 rats, ranging 

in age from nine to over thirty months. The rats were maintained on a 12:12 hour 

light-dark cycle, with most recordings made during the dark portion of the cycle. 

During recording, three of the rats foraged for scattered food pellets in an open 

arena; the others ran for food reward on a triangular track. The mazes used for 

these experiments are depicted in figure 6.1. To motivate behavior, the animals were 

food-deprived to approximately 85% of their ad libitum weights before training. 

Three of the rats rats, prior to electrode implantation, were extensively trained 

to forage for randomly scattered food pellets. For two of the rats, the apparatus 

was a 60 cm square box with high, opaque walls. For the third rat, the apparatus 

was an open rectangular platform, 80 cm long and 30 cm wide, with an opaque 

barrier at one end. After surgery, the rats were retrained in the task; by the time 

the data used here were recorded, each rat was prepared to spend well over half an 



161 

110 em 

A 
B c 

Figure 6.1: Environments in which the data for the studies described here were 
recorded. (A) 60 cm square plywood box with high, opaque wall, distinguished by 
differently colored and textured surfaces. (B) Open rectangular platform, 80 cm 
long and 30 cm wide, with a high, opaque barrier at one end. (C) Triangular track, 
75 cm long and 8 cm wide. The rats were required to run around the triangle in 
one direction only, receiving food reward at the center of each arm. Each corner of 
the triangle was covered with a distinctively textured surface (screen mesh, silver 
duct tape, and rubber carpet padding). 

hour foraging, with few pauses. The other rats were also extensively trained prior 

to surgery; the maze was an elevated wooden triangle, with .each side 75 cm long 

and 8 cm wide. The rats were given food reward at the center of each side, and for 

a given se"ssion (training or recording), they were required to move only in a single 

direction (clockwise or counterclockwise). 

For electrode implantation, the rats were deeply anesthetized with Nembutal 

and placed in a stereotaxic apparatus. All surgical procedures were performed in 

accordance with NIH guidelines. The skin over the skull was incised and retracted. 

Several holes were drilled for jeweler's screws; then a circular hole was drilled over 

the dorsal hippocampu"s on the right side of the brain, at coordinates approximately 

3.5 mm posterior to bregma, 2.0 mm lateral to the midline. The dura was slit and 

retracted, and the electrode array was positioned with the electrode tips a short 

distance into the brain, and cemented in place with dental acrylic. 

The electrode array consisted of thirteen or fourteen independently movable 

"tetrodes", twelve of which were used for unit recording and one as a reference for 
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differential recording. In the fourteen-tetrode arrays (used in three rats), the ex

tra tetrode was used specifically for recording EEG. Each tetrode consisted of four 

polyimide-coated 13-J.Lm nichrome wires, twisted together and cut so that the tips 

were parallel. The tips were then gold-plated, usually yielding resistances in the 

range 300-600 k!1. Each tetrode was inserted into two nested plastic support can

nulae, 78 and 110 J.L~ in diameter, which were themselves inserted into a 30-gauge 

stainless steel cannula. The stainless steel cannula was bent at a 30° angle near the 

end; this allowed the tips of all the tetrodes to be placed within an area less than 2 

mm across, while the other ends fanned out into a cone, giving enough separation 

so that the tetrodes could be individually manipulated without interference. Each 

30-gauge cannula was attached, using a "nut" made of dental acrylic, to a metal 

screw, which could be turned to raise or lower the corresponding tetrode. One 

turn of the screw equaled approximately 320 J.Lm in depth. Each tetrode wire was 

attached with silver paint to a contact point on a multiple-pin connector plug. 

Figure 6.2: Photo of rat with implanted electrode array (within protective cone) 
and headstage attached. Extending from the headstage are two arrays of LEDS, 
a large array in front, and a smaller array about 15 cm behind. The headstage is 
plugged into a suspended multistrand fine-wire cable during recording. 
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For recording, the connector plug was attached to a custom-built headstage (Fig

ure 6.2) containing two commercially available microchips (Multichannel Concepts, 

Inc., Gaithersburg, MD), each with 25 unity-gain FET amplifiers, for impedance 

reduction. The headstage was in turn attached to a multistrand, fine-wire cable, 

which carried the signals to a set of seven custom-designed, eight-channel, software

controlled amplifiers, and thence to a group of seven 80486-based microcomputers. 

The signal from each tetrode wire was amplified by a factor of 2000-10,000 and 

filtered with a bandpass of 600-6000 Hz, before being sent to AID cards (Data 

Translation, Inc., Marlboro, MA) on the microcomputers. The data were recorded 

using Discovery data acquisition software (BrainWave Inc., Broomfield, CO). Each 

tetrode channel was monitored at a rate of 32 KHz, and whenever the amplitude of 

the signal exceeded a predetermined threshold (which could be set independently 

for each tetrode channel), a one-millisecond sample of data was acquired from all 

four channels of the tetrode. These spike samples were time-stamped and stored 

on hard disk. The timestamp clocks had a resolution of 100 j.tsec, and were syn

chronized by a clock signal emitted from one of the seven computers, which served 

as master controller. Signals from eight of the tetrode channels (which could be 

chosen arbitrarily) were additionally sent to another eight-channel amplifier, where 

they were amplified by a factor of 2000 and filtered with a bandpass of 1-100 Hz 

or 1 Hz - 3 KHz, then sampled continuously at a rate of 250 Hz or 1000 Hz, and 

stored on hard disk. These additional channels were used to record EEG. 

Also attached to the headstage were two small arrays of infrared LEDs, used 

for position tracking. The front diode array was located in front of the rat's nose, 

approximately five centimeters up. A second, smaller diode array extended about 

15 cm back from the headstage on a small "boom". The two sets of diodes taken 

together allowed both the location and head direction of the rat to be tracked. Po

sition data were acquired by a video camera mounted in the ceiling of the recording 

area, and sent to a tracking device (Dragon Tracker model SA-2, Boulder, CO), 

which extracted and stored the coordinates of all pixels whose intensity exceeded 

an adjustable threshold, at a resolution of 256x256 pixels. This information was 
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sent, at a rate of 20 frames per second, to one of the microcomputers, in which 

the Discovery software calculated the coordinates of the largest and second-largest 

"blobs" of active pixels, which were taken to represent the front and rear diode ar

rays, respectively. These data were recorded on disk, and later reprocessed off-line, 

with custom-written software on a Sun workstation, to correct or delete occasional 

points in which the two diode arrays were reversed, or otherwise misidentified. The 

video camera placement for these experiments gave a resolution of 1.S pixels/cm for 

the rectangular boxes, and 2.3 pixels/em for the triangle maze; however, the average 

uncertainty in position tracking, due to the size of the diode arrays, the distance of 

the diodes above the rat's head, and variations in posture, was estimated at about 

5 cm in both environments. 

At the conclusion of a recording session, the data were transferred from the seven 

microcomputers to a Sun workstation for further processing steps, including unit 

identification and isolation. The principle of tetrode recording was proposed by Mc

Naughton et al. (19S3b) as an extension of the stereotrode recording method, and 

is described in detail by O'Keefe and Recce (1993). Briefly, a tetrode is an electrode 

consisting of four micr~wires twisted together and cut in parallel, resulting in tips 

so closely spaced that most cells picked up by any of the wires will simultaneously 

be picked up by one or more of the other wires. Different cells are distinguished 

on the basis of the relative amplitudes of their spikes on the four wires, with the 

largest signals appearing on the wire whose tip lies nearest to the soma of a cell. 

Using this principle, as many as twenty cells can be isolated from tetrodes placed 

in the CAl layer of the rat hippocampus, where the tight packing of cells makes it 

difficult to separate units using conventional single electrode recording methods. 

Unit identification and isolation were performed using a technique called "cluster

cutting" (McNaughton et aI., 19S9), by means of custom-written software employ

ing an X-window based graphical interface. The method of isolation was to calculate 

for each spike a small set of N waveform parameters (the peak heights on the four 

tetrode channels being the most important), thus deriving from each spike a point 

in N-dimensional parameter space. The cluster-cutting software allows the set of 
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parameter points to be projected onto two-dimensional subspaces, and displayed 

as scatterplots on the computer screen. When this is done, points deriving from a 

single cell tend to form recognizable clusters. The user isolates these clusters by 

defining polygonal borders around them, with a mouse. Typically a cell is identi

fied by drawing a border around it in the two-dimensional projection in which it is 

most clearly distinguishable from other cells, and then it is isolated more cleanly 

by adding boundaries in other projections. At the end of this process, a unit is 

defined by the conjunction of boundaries drawn in several planes of projection. 

After the rats had recovered from surgery, the twelve tetrodes were gradually 

lowered, over the course of several days, into the CAl cell body layer of the dorsal 

hippocampus. This was recognized by several criteria, including the presence of 

100-300 Hz "ripples" in EEG recorded from the tetrodes (O'Keefe, 1976, O'Keefe 

and Nadel, 1978, Buzsciki et al., 1992, Ylinen et al., 1995a), "sharp waves" in the 

EEG which reverse polarity about 50 J-Lm below the CAl layer (Buzsciki et al., 1986, 

Suzuki and Smith, 1987), and most importantly, the sudden appearance, at a depth 

about 2mm below the dura, of large numbers of simultaneously recorded cells firing 

complex spikes. Because of the size of the multiple tetrode array, a small fraction 

of the tetrodes are likely to have passed through CA3c rather than CAl. 

Pyramidal cells were distinguished from theta cells in the hippocampus by a 

number of criteria (Ranck, 1973, Fox and Ranck, 1981, Buzsciki et al., 1983, Mc

Naughton et al., 1983a). To be classified as a pyramidal cell, a unit was required 

to (i) fire at least a small number of complex spike bursts during the recording 

sessionj (ii) be recorded simultaneously with other complex spike cells (in the CAl 

layer)j (iii) have a spike width (peak to valley) of at least 300 J-LseCj and (iv) have 

an overall mean rate below 5 Hz during the recording session. To be classified as a 

theta cell, a unit was required to (i) fire no complex spike burstsj (ii) have a spike 

width of less than 300 J-LseCj and (iii) fire with a mean rate above 5 Hz during the 

recording session. 
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6.0.1 Quantification of theta rhythm 

Ideally EEG would have been recorded in all cases from an electrode placed near 

the hippocampal fissure, or else 200-300 J-Lm above the CAl layer, because theta 

recorded at these locations is large in amplitude and relatively insensitive to small 

variations in electrode position. The extra recording channel necessary to accom

plish this was not, however, available in the first three animals used in this study; 

nevertheless with appropriate measures (described in the following), it has proven 

possible to obtain meaningful results with the lower quality theta signal that can 

be recorded in the vicinity of the CAl pyramidal layer. 

In the first three datasets used for these studies (those involving foraging in a 

rectangular arena), EEG was recorded continuously from eight tetrodes, selected 

from among the twelve used for recording unit activity. For one of these sessions, 

the EEG signals were filtered with a bandpass of 1-100 Hz and sampled at 250 Hz; 

for the other two sessions the signals were filtered at 1-3000 Hz and sampled at 

1000 Hz. (No intermediate filter settings were available with our apparatus.) The 

latter settings will have caused power in the 500-3000 Hz range to be aliased into 

the sampled data, but this is unlikely to have caused significant distortion in the 

theta band. In general, only a small fraction of the total EEG power falls within 

the 500-3000 Hz band. In the last three datasets (those involving running on a 

triangle-maze), the fourteenth electrode was exploited to record EEG approximately 

300 J-Lm below the CAl cell body layer, near the fissure dividing CAl from the fascia 

dentata. These signals were filtered with a bandpass of 1-100 Hz and sampled at 

250 Hz. 

During locomotor behavior and REM sleep, a theta rhythm at a frequency of 

approximately 8 Hz could usually be observed on all channels. The amplitude of 

the signal varied considerably between sites, and so did the phase, but the phase 

difference between any given pair of channels appeared consistent over time. The 

channel having the strongest and least noisy theta component was determined, and 

digitally filtered, using an FFT, into the 6-10 Hz band. (For the triangle maze 

data, the EEG electrode near the CAl-dentate fissure was always used.) Fig. 6.3 
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shows examples of raw and filtered EEG. There is no generally accepted criterion 

for determining when a theta rhythm exists; for our purposes theta was deemed to 

exist at any point at which the preceding and following peaks of the filtered signal 

were separated by between 100 and 200 msec, with each peak exceeding a specified 

threshold. The threshold was such that, for the most part, theta was only deemed 

to be present when a theta-frequency oscillation in the EEG was obvious to the eye. 

In any case the pattern of results we observed was not substantially altered even by 

rather large changes in the threshold. The frequency range for theta during maze

running is commonly stated as 7-12 Hz, or even 7-14 Hz, so it might be thought 

that a significant fraction of theta would be lost or distorted. In our data, however, 

only a small fraction of theta oscillations fell outside the range 7-9 Hz. 

Each spike, if theta existed when it occurred, was assigned a nominal phase, 

according to the fraction of the time between the preceding and following theta 

peaks at which it occurred. Precisely, the phase assigned to an event at time t was 

360 . (t - to)/(t1 - to), where to and tl are the times of the preceding and following 

peaks of the filtered reference EEG signal. Note that the phase is always a number 

between a and 360. 

. To make the phas~ data comparable across animals, it was necessary to ad

just these nominal phase values. The necessity arises from the fact that theta 

waves recorded at different points in the hippocampal formation, while always very 

strongly phase-locked, do not always peak simultaneously. In our data, the peaks 

were sometimes shifted by as much as 45° even for electrodes all located near the 

CAl cell body layer. This is probably a consequence of the existence of multiple 

generators that summate in different ways at different locations (Buzsctki et al., 

1983, Leung, 1984). To compare phases across animals, we made use of the fact 

(established in chapter 7 of this dissertation; see also Fox et al., 1986, and Buzsctki 

et al., 1983) that hippocampal pyramidal cell population activity is modulated in 

a consistent way by the theta rhythm, with the peak occurring simultaneously 

throughout the dorsal hippocampus (CAl and probably CA3 as well). We define 

global phase zero to be the point in the theta cycle corresponding to maximal pyra-
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A 

Figure 6.3: Examples of raw and filtered EEG. (A) A typical example of EEG 
recorded simultaneously from eight electrodes in or near the CAl cell body layer, 
in a moving rat. The left side shows 2 seconds of raw EEG, recorded with a 1-100 
Hz bandpass; the right side shows the same signal, digitally filtered with a bandpass 
of 6-10 Hz. For this dataset, the third channel from the bottom was chosen as the 
reference channel, and used to calculate theta phases. (B) EEG recorded from one 
electrode located several hundred /l.m below the CAl layer (top trace), and seven 
other electrodes located in or near the CAl layer. Filter settings as in A. Scale bar: 
1 mY, 200 msec. 

midal cell activity. Thus, we measured the theta rhythm using EEG, and used 

population pyramidal cell activity, integrated across an entire dataset, to decide 

which point on the EEG wave to call phase zero. 

In chapter 8, a different convention is used. One of results obtained in chapter 7 

is that phase precession begins at very nearly the same point the theta cycle for all 

CAl pyramidal cells. This fact can be exploited to give a reference for theta phase 

using a much smaller sample of CAl cells than is required to accurately locate the 

peak of population activity. In chapter 8, therefore, phase zero is defined as the 

point in the theta cycle at which CAl pyramidal cells show their first spikes when a 

rat enters a place field. This falls 90°-120° after phase zero as defined in chapter 7. 
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6.1 Spatial firing measures 

Three measures are used to quantify the sharpness of spatial tuning of a spike train, 

spatial information per spike (Skaggs et al., 1993), sparsity, and selectivity. 

The spatial information per spike is derived by considering the cell as a com

munication channel whose input is the rat's location and whose output is the cell's 

spike train; the derivation assumes that all of the information is conveyed by the 

cell's instantaneous firing rate. Intuitively, if a cell fires across half of an environ

ment, then the occurrence of a spike conveys one binary bit of information about 

the rat's location. If the cell fires in one quarter of the environment, a spike conveys 

two bits of information, and so on. The formula is: 

where the environment is divided into nonoverlapping spatial bins i = 1, ... , N, p, 

is the occupancy probability of bin i, A, is the mean firing rate for bin i, and A is 

the overall mean firing rate of the cell. 

The sparsity measure is an adaptation to space of a formula invented by 'I'reves 

and Rolls (1991); the adaptation measures the fraction of the environment in which 

a cell is active. Intuitively, a sparsity of, say, 0.1 means that the place field of the 

cell occupies 1/10 of the area the rat traverses. The formula is: 

. (A)2 (Ep,A,)2 
Sparstty = (A2) = Ep,Ar ' 

where the angle brackets ((.)) denote the expected value averaged over locations. 

The sparsity of a firing rate map is closely related to the spatial coefficient of 

variation of the firing rates; if 0 is the coefficient of variation, then the relation is 

Sparsity = 1 +1 0 2 • 

The selectivity measure is equal to the spatial maximum firing rate divided by 

the mean firing rate of the cell. The more tightly concentrated the cell's activity, 

the higher the selectivity. A cell with no spatial tuning at all will have a selectivity 
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of 1; there is in principle no upper limit. A similar measure was used by Barnes et 

al. (1983), except that the "out-of-field" firing rate was used instead of the mean 

rate. The present definition is preferable because it does not depend on identifying 

a "place field" , and because it is much less sensitive to noise. 

The information and sparsity measures have much in common-usually the 

information per spike is approximately equal to minus the logarithm (base 2) of 

the sparsity. Both of them tend to be more reliable than the selectivity measure, 

because the spatial maximum firing rate is difficult to measure with great accuracy. 

The spatial firing rates .x, were calculated using an "adaptive binning" technique 

designed to optimize the tradeoff between sampling error and spatial resolution. 

The data were first binned into a 64x64 grid of spatial locations, and then the 

firing rate at each point in this grid was calculated by expanding a circle around 

the point until the fo1l9wing criterion was met: 

a 
Nspikes > N2 2' 

oeer 

where Noee is the number of occupancy samples (sampled continuously at 20 Hz) 

falling within the circle, Nspikes is the number of spikes emitted within the circle, 

r is the radius of the circle in bins, and a is a scaling parameter, set at 1.0 X 106 

for these datasets; the firing rate assigned to the point is then 20 . Nspikesl N oee. 

Since the proportional level of error of this technique is influenced by the overall 

firing rate of a cell (higher rates mean proportionately less error), when comparing 

specificity between different portions of the theta cycle, we used only a subset of 

spikes from the portion with higher activity, so that the sizes of the two samples 

were equalized. Empirical testing has indicated that the spatial information and 

sparsity measures are usually reliable to within 20% if the sample includes at least 

50 spikes and every po!tion of the environment has been visited several times; but 

the validity of the current results do not depend on this. 
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CHAPTER 7 

RELATIONS BETWEEN THE THETA RHYTHM AND 
SPATIAL FIRING OF CAl COMPLEX SPIKE CELLS 

"Just the place for a Snark!" the Bellman cried, 
As he landed his crew with care; 
Supporting each man on the top of the tide 
By a finger entwined in his hair. 

"Just the place for a Snark! I have said it twice: 
That alone should encourage the crew. 
Just the place for a Snark! I have said it thrice: 
What I tell you three times is true." 

The data for this chapter were recorded from three rats running for food reward 

in a rectangular arena, and another three rats on a triangular track. The number 

of cells from each rectangular arena dataset used for spatial specificity comparisons 

were 8, 13, and 26, respectively. Many more complex spike cells were recorded 

from each dataset, but were not considered sufficiently active for accurate spatial 

specificity measures to be calculated during the less active portion of the theta 

cycle. From the triangle maze datasets the number of cells used were 47, 53, and 

17, respectively. It was much easier to obtain adequate sampling for these cells, 

because the rats traversed each point on the maze many times, always facing in 

approximately the same direction. 

7.1 Theta modulation of complex spike cell population 
activity 

In these tasks, a strong, regular theta rhythm was invariably present when the rats 

were engaged in locomotion. As illustrated in Fig. 7.1, the population activity of 
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CAl complex spike cells was continuously modulated by the theta rhythm. The 

modulation is often difficult to see in a raster plot of complex spike cell activity, and 

even in a plot of the summed activity of more than 100 cells, but it can easily be 

seen when the summed activity trace is filtered such that only the theta-frequency 

components remain . 

. . 

A " : .... - .. 

.,-- ... 

n 

c 

D 

Figure 7.1: CAl complex spike cell activity in relation to the theta rhythm. (A) 
Raster plot of two seconds of spike activity from 117 simultaneously recorded CAl 
complex spike cells, in a rat foraging for scattered food pellets. Many of the cells 
are silent. (Silent cells in this and subsequent figures were isolated on the basis 
of activity during sleep before and after the maze-running session.) (B) Summed 
activity of the complex spike cells, using a bin size of 20 msec. (C) The trace 
from B, filtered with a 6-10 Hz bandpass and amplified by a factor of 2. (D) The 
reference EEG signal, filtered with a 6-10 Hz bandpass. Note the strong coherence 
between the signals in C and D. 

A clearer picture of theta modulation of complex spike cell population activity 

can be obtained by summing over a large number of theta cycles. Fig. 7.2 plots 

the overall firing rates- of two sets of simultaneously recorded CAl complex spike 

cells, as a function of phase of the theta cycle. The first set were recorded during 
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quasi-random foraging on a rectangular platform, the second set during running on 

the triangular track. In the rectangular platform data, virtually all of the active 

cells show peak activity at approximately the same point in the theta cycle. There 

are a few small, but reliable discrepancies, and two apparently otherwise normal 

complex spike cells that show peak activity 1800 opposed to the population. In 

the triangle data there is considerably more variability; nevertheless the majority 

of cells show peak activity clustered near one particular phase of the theta cycle. 

These differences in consistency of tuning are seen as well in data recorded from 

other rats in the rectangular box and triangle environments, and may be due to 

differences in behavior. On the triangle maze, the majority of a rat's time is spent 

consuming the food reward at the goal locations, whereas in the rectangular box, 

the majority of time is spent searching for food. In any case, regardless of the 

apparatus, the phase of peak population activity is well-defined, and is consistent 

across different tetrodes which are spread over an area about 2 mm in diameter. 

Most datasets included a few theta cells, in addition to complex spike cells. Be

cause of the smaller number of theta cells in a given sample, it was not possible to 

reconstruct the phase relation of the population of theta cells in the same manner 

as was done for complex spike cells (i.e., using only cells recorded simultaneously). 

However, if the peak of CS cell population activity is used as a reference for com

parisons across animals, it appears that the relations of theta cells to the theta 

rhythm are less consistent than for complex spike cells (Fig. 7.3). For a sample of 

37 theta cells lying in or near the CAl pyramidal layer, the distribution of peak 

phases was skewed such that activity overall was low early in the theta cycle, and 

increased progressively over the second half of the cycle. The depth of modulation, 

and some of the behavioral correlates, for theta cells were highly variable. The ac

tivity of theta cells varied approximately sinusoidally across the theta cycle. If this 

group of cells forms a representative sample, then the peak activity in the theta cell 

population probably occurs approximately 600 phase advanced to the peak of the 

pyramidal cell population; however, although many individual cells were strongly 

modulated, the estimated depth of modulation for cumulative inhibitory cell pop-



m 
U 

.... • ... _._ ..... __ .. _._ •• __ .. ~_ ........ ___ •• M __ ......... _ ....... " ....... . 

rn:".:~·.:::::."'!'·.~::.:::.:.'..:.:::.r.:~'!:::-.::=~~::_7.:!::::. .. .:~::.:::_~·..:.::~r.':~:::::::.';~. 
1 ... ''''' ..... -._. __ ....... - ... , ... ,''"" ... ,."-_ ••• _--••• - .............. , ... " . . , ........... ."., .......... ,,_, ••.•• ,_ ••..•. .... w,,·.· ......... ,",. .... • .. ·,.·· .. , .. .,_·,·· •. ........ ......... '0' ............. _ ........... __ • ___ •••• 00 ............ _. __ ......... .. 

::::::::::.::::r::.::~··~:~:'!:~-..::"~==:::::r:r:E:m=5:;,~=:· .. ·~~:-~:'.:::~::=::::::::::::1 
:i~ .. "·.~ ............ _ ...... : ... t;-~;;,~_; • .::~.·"·.~ ... _ ............... : ... .;:.;,:;'.,i::.·, .. ~: .......... -..................................... _ ...... _ ....... _ ...... -.................. . 
• "::~:~ •• !r..:.:.. r.o . ~':~.: .:. ~. ~::~~:~;,':r..~1:nm·.::::~.!:~·.-:..r .•. ~.:!.:.:.:.: .~.:.:~~':~~ .. :::::: 

;'.r.~:-.. _".: ..... •. ~.: .... :.::.::: ~:::: :;:::: :;~ .. r.~! ....... ,:...... . .~.: ... .:.::: :::~::::: ::::::: 

................. _ ... _ .................... _ ......... _-_ .. _ .. _-_ ................ -.. . 0.... .. •• 0 ... to ••••• 

?··t. .. ··:P:~~:":::.~!':~::::· .... ·'!+iH::::f.t. .. _:~~~:·!::.~:!'!~:::: ...... ,&.~~ 
:::!:;:':'~. ..." • '. •• '.':o:.'::::::::::::::::::!.'.':':'!:. ••••• . .. •. ';t'::::::m::m:~: 
:i::.~r .. ,.· .......... _ ............. r.:::::::'_-::::::::,~e; ............. _ ......... : .. ;.:::::::::::: 
_;,·.· ••• ~: .... f ... _~ ............. i ... ~ .. ·, .. O;: ........... ·~· .... ••• .. • .. i ... ............ 

~·.·'!·~·~·· .... · .. ·· .... -... ·!".':::u:n::!~"!!.:-:-:-":":"'· .. ··········-· .. ·::::::r:"a:~:: . ............................ ~.. -..... , ............. ~ .. --···· ..... " ....... "" ......... ·.,_ ........... ·· .. ···n ........... ·, .... " ..... , .................. . .. ........ .. ..... .. ............ ........ .. ....... ......... . ......... _ ... _ ....................... -... _ ................................................... . 

, ......................................... _ ... , ..................... ••••••• .. • .. ""1 ...... _.11 . . ... . .. 

~ 0.1 

! .. 0.10 
m 
c. 
en 
~ 
'Q. 
(/) 

A 

180 360(=0) 180 360 

Theta phase 

174 

.... co I .. •• .. ""., ......... ·~ ...... " .................... "-... u ...... _ .... .,_f# ......... " .... M_ 

;;:::::;:;:;.:::::;:;:::::::::~::m!m!i:;;:,:~:;::;::;:;:;.::::;::;::::~:::::'ii::!~:!m:::.:-. 
.......... .. .. _ ..... .:: .... I. .. ...... 
:~::.':' .. .:.: ... ~::::::::::::m::::::::::::::::::::::. .. ":.';:' ... ~.:.·.~:::::;::;::=~:::::::::::::::::::: 
-=:::::::::u::::::::::::::::=--

.-=.~ ........... '_.', .... , ....... _,.....w.~.~ •.•.. _ ..... _ ....... tl.' •••• _.~ 

u:l!;;ui··· ...... • .. N ................. ~ ... _ ...... N ......... "N ...... -

~~im~i:i::iiJi;m:w~l:Ul~im~iii!~UY;giiir= 
......... . ..... .. ::!'!'!!::::~:m:::!:::o: ...... !...... . ....... :::'!'.-.:::::~:~!::::::~= 

~ ............ " ..................... _ .................. to ....... .. 

o 180 380 (a 0) 180 360 

Theta phase 

B 
Figure 7.2: Theta modulation of CAl complex spike cell firing rates. (A) Data from 
117 simultaneously recorded cells, averaged over 10 minutes of foraging for scat
tered food pellets on an open platform. (B) Data from 61 simultaneously recorded 
cells, averaged over 55 minutes of running for food reward on a narrow triangular 
track. Top: Each horizontal trace represents a single cell, with the size of the black 
rectangle proportional to the firing rate of the cell. The X axis represents phase, 
measured according to the peaks of the filtered reference EEG signal. (Note that 
in all later figures, but not this one, phase is measured with respect to the point 
of maximum CS cell p~pulation activity.) The full theta cycle is repeated twice, so 
that edge effects will not obscure the pattern. Bottom: complex spike cell popula
tion firing rate as a function of phase of the theta cycle. Each histogram represents 
the same data as shown on top, summed across cells. 
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ulation activity is less than 20%, at least for those classes of interneurons whose 

somata are located in or near stratum pyramidale. 
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Figure 7.3: Relations between the theta rhythm and firing rates of inhibitory in
terneurons. (A) Examples of theta modulation of CAl theta cell firing rates, for 5 
theta cells recorded simultaneously in or near the CAl cell body layer. (B) Distri
bution of maximal-firing phases for a set of 37 theta cells recorded in or near the 
CAl cell body layer, from several datasets. Each bar shows the number of cells 
whose maximal firing rate occurred at that phase of the theta cycle. The depth 
of modulation for these cells was highly variable. (C) Estimated theta modulation 
of total CAl theta cell activity, calculated by combining the phase data plotted 
in A with the measured depth of modulation of each cell. The estimated phase of 
maximal theta cell population activity is 580 in advance of the phase of maximal 
CS cell activity, and the estimated depth of modulation is 17%. 

7.2 The O'Keefe-Reece phase precession effect 

O'Keefe and Recce (1993), examining EEG and single unit activity in rats running 

for food reward on a linear track, found a systematic relation between phase of 
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the theta cycle and the part of a cell's place field in which the rat is located at 

the moment the cell fires. Specifically, they reported that spikes advance to earlier 

phases of the theta cycle as the rat passes through the place field. On linear 

mazes, where rats move along constrained paths, the basic observation is quite 

robust and easy to replicate, as illustrated in Fig. 7.4. In our data, whenever place 

fields are located in portions of the environment where the rat moves consistently 

and reliably forward, e.g., the center of a linear runway, the phase shift effect is 

invariably present. 

Fig. 7.5 illustrates the phase precession effect in a different way. For each of four 

CAl complex spike cells active on the triangle maze, a point was chosen near the 

center of the cell's place field, and a histogram constructed to show the net activity 

of the cell in relation to the theta rhythm, aligned on the cycle during which the rat 

passed the chosen point. In accordance with Fig. 7.4, the illustrations show bursts 

of spike activity advancing to earlier phases as the rat passes through the place field. 

They also show that the true cycle-to-cycle depth of theta modulation of complex 

spike cell activity is much greater than the overall average, and that the bursts of 

spikes first broaden and then narrow. In addition, there is a tendency for some cells 

(e.g., Fig 7.5B, C, and D) to show a certain amount of bimodal activity near the 

center of their place fields. Note that the mean firing rates of these cells can exceed 

100 Hz at the optimal combination of spatial location and theta phase. This figure 

also makes another potentially important point: that the mode of firing precesses 

by considerably less th'an 360°. For each of the cells, the peak of firing begins near 

the tick marks, and precesses to a phase approximately halfway between the tick 

marks; thus the net precession of the peak is only about 180°. 

Figs. 7.4, 7.5, and 7.6 also illustrate an additional finding: every cell fires its first 

spikes, as the rat enters the place field, at approximately the same point in the theta 

cycle. This point invariably lies 90°-120° after phase zero (defined as the phase 

of peak population activity; see chapter 6), although there are small but reliable 

variations across cells (less than 30°). As Fig. 7.3 indicates, this is actually near 

the point where the estimated inhibitory cell activity is minimal, and, as Fig. 7.2B 
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Figure 7.4: Phase precession of spike activity, on a triangle maze. (A) Spatial 
distribution of theta peaks, in a rat running for food reward on the maze. Each 
point represents the location of the rat (front diode array) at the time of one peak 
of the recorded theta signal. The rat traveled for 55 minutes counterclockwise, 
completing 131 circuits of the maze. The three dense clusters of points represent 
reward locations, where the rat invariably stopped for a few seconds to eat. (B, C, 
D) Examples of theta-related shifts in spatial firing. Each panel represents data 
from one CAl complex spike cell; all three cells were recorded during the same 
session shown in A, arid had place fields on the triangular maze. Gray dots show 
the rat's trajectory! Each colored circle shows the rat's location at the moment 
of a single spike; the small line coming out of the circle indicates the rat's head 
direction. The key (lower left) gives the relationship between colors and phases of 
the theta cycle-Le., green and blue correspond to the phase with highest complex 
spike cell population activity. Reward locations are seen at the upper right in B 
and lower right in D. 
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Figure 7.5: Phase precession of spike activity for four CAl complex spike cells, 
recorded during the same session as those shown in Fig. 6. Each histogram was 
constructed by choosing a point near the center of the cell's place field, and aligning 
each spike fired by the cell in terms of its theta phase and the number of cycles 
before or after the rat passed the chosen point. Bin size = 0.05 theta cycles. Tick 
marks indicate the phase corresponding to maximal complex spike cell population 
activity. Note that in each example, the centers of the bursts precess steadily 
leftward with respect to the tick marks. The scale of the largest bar ranges from 
80 to 110 total spikes in these histograms (approximately 90-120 Hz). 

indicates, it is in some cases near to the point of minimum complex spike cell 

population activity. In the examples illustrated in Fig. 7.4, the cells fire their last 

spikes, as the rat exits the place field, approximately 1200 after phase zero, giving 

rise to a net phase shift approaching 360 0
, as reported by 0 'Keefe and Recce. This 

is not, however, an inevitable occurrence. As illustrated in Fig. 7.6, cells always 

begin firing at approximately the same theta phase, but some, particularly those 

with weak fields (e.g., cells 3, 6, 9, 10, 23, 25, 28, and 35), show only a small phase 

shift by the time firing ceases. Also apparent in Fig. 7.6 is the fact that when the 
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place field impinges on a reward location, where the animal typically stops for a 

few seconds; firing appears to spread across the entire theta cycle. It is difficult to 

rule out, however, that this effect may partly result from error in estimating phase 

as a consequence of lower amplitude or absence of theta waves while the animal 

eats. It could also partly reflect a tendency of the animal to swing his head from 

side to side while at a reward location. 

In contrast to O'Keefe and Reece (1993), we do not find that in the majority of 

cases it is adequate to describe the phase shift as a simple linear advance. Fig. 7.6 

shows a number of examples of phase-vs-Iocation plots, for a group of cells recorded 

simultaneously on the triangle. Clearly there is a. great deal of variability here; but 

several points deserve to be noted. First, the phase advance sometimes accelerates 

as the rat moves through the place field; i.e., the plotted points form a downward 

curve rather than a straight line, as in cells 1, 14, 18, and 34. Second, the precession 

of the onset of firing within each cycle occurs more rapidly than the precession of 

the termination of firing; i.e., the cluster of points broadens vertically as one passes 

through the place field from left to right, e.g., cells 4, 17, 30, and 36. At about the 

middle of the field, the firing of many cells spans the entire theta cycle. Third, as 

previously noted, weakly active cells often do not show as much phase precession 

as strongly active ones, e.g., cells 3, 6, 9, 10, 23, 25, 28, and 35. Fourth, in many 

cases the points are concentrated in two or more distinct clusters, corresponding 

to different theta phases and different locations, rather than shifting smoothly and 

evenly, e.g., cells 5, 13, 14, 18, 24, and 29. Fifth, in a number of cases the curve 

formed by the plotted points more closely resembles a "U" than a straight line ("!"), 

e.g., cells 12, 14, 22, and 27. Sixth, there are several cells for which a double phase 

advance pattern appe~s, e.g., cells 12, 29, 32, 33, 38, 39, and 40. It is possible 

that one or more of these represent two cells that could not be distinguished on 

the basis of their waveforms on any tetrode channel, with adjoining place fields; 

but it is extremely unlikely that this would happen seven times in a single dataset. 

(These cells could be said to show a phase advance greater than 3600
, but in every 

case it is a discontinuous phase advance.) A few of the patterns displayed here 
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Figure 7.6: Plots of theta-modulated shifts in spatial firing, for 40 CAl complex 
spikes recorded simultaneously on a triangle maze. Each plot shows data from a 
single cell; each point in the plot shows the location of the rat and the phase of 
the theta cycle at the moment a spike was emitted. To construct these plots, the 
triangle maze was "linearized" by projecting each recorded location to the nearest 
point on an equilateral triangle running down the center of the track, and then 
transforming this triangle into a line. The X axis represents the resulting point on 
this line, i.e., the rat's location on the maze; the Y axis represents theta phase. 
The range of X in each plot is 60 cm, which is slightly shorter than a single side 
of the triangle. The direction of motion is from left to right. The Y axis covers 
two full theta cycles, ranging from 0° at the bottom to 720° at the top, with the 
phase of maximum CS cell population activity at the center (360°). Boxes below 
the plots mark food locations, where the rat usually stopped for a few seconds; 
arrows mark the corners of the triangle. The rat often turned its head from side 
to side while eating; this may in part account for the "smudgey" appearance of the 
firing patterns at the food locations. These data represent 55 minutes on the maze, 
and 131 c;ircuits. Many other cells, recorded at the same time, were virtually silent 
on the maze, and are not shown. 
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might reasonably be described in terms of a linear phase advance (e.g., cells 4, 19, 

27, and 38), but the majority clearly show more complex dynamics. 

It might be supposed that the phase precession could be accounted for, at least 

in part, by a systematic relation between theta phase and the rat's spatial location. 

This is not an unreasonable conjecture: it has been reported that several types 

of movement are correlated with particular phases of the theta cycle (Macri des 

et al., 1982, Semba and Komisaruk, 1978, BUllo and Velluti, 1977); however, as 

illustrated in Fig. 7.4A, if any such effects occur in our data, they are beyond the 

resolution of the position-tracking system employed in these studies. The spatial 

distribution of theta peaks does not show any recognizable tendency to form distinct 

clusters (except at the reward locations, where the rat spends most of its time). 

Fig. 7.4A does not rule out a relation between theta phase and location, but it does 

demonstrate that any such relation cannot explain the phase precession of spatial 

firing. 

7.3 Two-dimensional environments 

The experiments described thus far, and those performed by 0 'Keefe and Recce 

(1993), used environments in which the rat was constrained to move along more or 

less specific trajectories: a linear track or a triangle maze. We have also examined 

the effects of theta phase on spatial firing in environments where the rat is permitted 

to move freely in a properly two-dimensional region of space. 

As Fig. 7.7 A illustrates, the pattern of phase shifting is much less obvious in 

this case. When the spatial firing pattern is plotted in the same way as before, 

it is difficult to discern any systematic differences in the distribution of colors. 

Nevertheless, a phase precessiqn effect can be demonstrated, by simplifying the 

color scheme. The remainder of the figures in this section use only two colors. Blue 

indicates the portion of the theta cycle beginning 60 0 before the peak of complex 

spike cell population activity and ending 1200 after the peak. This is the portion 

containing the earliest firing on a linear track. Red indicates the other half of the 

theta cycle, which contains the last spikes, as the rat leaves the place field, on a 
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Figure 7.7: Relations between theta phase and place-specific firing in a two
dimensional environment. (A) Place field of a CAl complex spike cell, in a rat 
foraging for randomly scattered food pellets inside a square wooden box. (Refer 
to Fig. 7.4 for the meaning of symbols and colors.) In this figure it is difficult 
to detect any relation between theta phase and spatial location; as the following 
figures show, such a relation is nevertheless present. (B) Effect of varying the LED 
location upon the spatial pattern of firing for the cell shown in A, using a simplified 
color code. In the upper left panel each spike is plotted as a point at the location 
of the front LED array (i.e., 3-5 em in front of the rat's nose) at the moment of 
the spike. In the next three panels the reference point for plotting spatial location 
is shifted respectively 3, 6, and 9 cm back toward the rear diode array, with the 
most posterior position corresponding approximately to the rat's ears or shoulders. 
The key describes the color code: blue corresponds to the half of the theta cycle 
beginning 60 0 before the peak of complex spike cell population activity and ending 
1200 after the peak, red to the other half of the theta cycle. 
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Figure 7.8: Spatial firing pattern for spikes occurring in different portions of the 
theta cycle, for two CAl complex spike cells (cell A is the same cell used for the 
previous figure). Each panel shows only samples during which the rat's head di
rection fell within a distinct 90 degree range of angles, indicated by the arrows. 
Thus, for example, the upper right panel shows all spikes and position points that 
occurred when the head direction was between due north and due east. 
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linear track. (These match the usage of blue and red in the earlier figures.) 

As demonstrated in Fig. 7.7B (illustrating a very strong, but not otherwise 

atypical, place field), there are clear differences in the spatial distributions of red 

and blue points. A complication arises, however: the nature of the pattern depends 

on how the rat's location is defined. A rat is not a point object, and there is no 

single, obviously correct point on the rat's body to take as the "position" of the 

rat. In the current paradigm, different choices lead to different patterns. If we take 

the rat's position to be the location of the front LED array (which is usually about 

5 cm in front of the rat's nose; see Fig. 6.2), the pattern appears to be a diffuse 

blue core surrounded by a sharp red ring. If each point is shifted 9 cm back toward 

the rear LED (which corresponds to taking the rat's position to be approximately 

midway between the ears), then the pattern appears as a sharp red core surrounded 

by a diffuse blue ring. 

The causes of these patterns are clarified by Figs. 7.8, in which A shows the 

same place field used for Fig. 7.7, but broken down into data points at which the 

rat's head direction fell within a limited (90 degree) range of compass headings. It 

can be seen that the phenomenon is actually similar to that which occurs on a linear 

track: the earliest spikes, as the rat enters the place field, occur during the portion 

of the theta cycle extending from 60 0 before to 1200 after the peak of complex spike 

cell population activity (i.e., the blue points). Something more can be seen as well: 

the blue points are more broadly scattered than the red points. The latter effect 

appears more clearly in Fig. 7.8B, which shows data from a different cell recorded 

at the same time; indeed most cells, when plotted in this way, are perceptibly more 

diffuse in the blue part of the theta cycle, but few show the effect as strongly as 

this one. (Note that Fig. 7.8A,B are plotted using the recorded positions of the 

front LED, which, as illustrated in Fig. 7.7B, actually maximizes the tightness of 

the blue points, not the red ones. If the points were all shifted 6-9 cm backward, 

the higher spatial specificity of the red points would become even more obvious.) 

The consequence of these effects is that the pattern of activity must be described 

differently, depending on which part of the rat's body is chosen as the spatial 
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location reference. If the front diode array is used, then the cell appears to fire 

only as the rat is moving away from the center of the place field, with blue spikes 

near the center and red spikes in a ring at the periphery. If the rat's ears are used, 

then the cell appears to fire only as the rat is moving toward the center of the place 

field, with blue spikes in a diffuse ring at the periphery and red spikes in a tight 

cluster at the center. If the rat's nose is used, then the cell appears to fire both as 

the rat approaches and leaves the center of the' place field, with blue spikes while 

he is approaching and red spikes while he is moving away. The reference point 

that leads to the tightest overall activity pattern is somewhere between the nose 

and eyes; the resolution of position tracking in these experiments does not permit 

greater precision. 

To confirm the reality and consistency of the perceived differences in spatial 

tuning, we compared place fields for spikes occurring at different parts of the theta 

cycle, using three measures of spatial specificity, information per spike, sparsity, 

and selectivity (see chapter 6). For each cell, equal-sized samples of spikes were 

taken from the red and blue halves of the theta cycle, by randomly deleting spikes 

from the portion in w~ich the cell was most active. Fig. 7.9 shows scatterplots of 

the spatial specificity measures from three datasets, involving three different rats, 

two running in the apparatus from which the previous figures were drawn, and 

another in which the rat foraged for scattered food pellets on a rather narrow open 

rectangular platform. In each of these datasets, the spatial specificity is significantly 

higher in the early (red) half of the theta cycle, on all measures (p < 0.001). The 

same test was performed on data taken from rats running on a triangular track, 

and a significant, but smaller, difference in spatial specificity was found in these 

circumstances as well. Fig. 7.10 shows scatterplots of spatial specificity measures 

for three triangle maze datasets. In two of these datasets the information per spike 

is higher for the early half of the theta cycle, p < 0.05, and in one of the datasets 

the selectivity is significantly higher as well. 
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Figure 7.9: Scatterplots of spatial specificity measures for activity during the early 
and late portions of the theta cycle (as defined for Fig. 9), for three rats foraging for 
food reward in a rectangular region. Each plot shows data taken from a single rat, in 
a single dataset. Each point is calculated on the basis of spikes occurring while the 
rat faced into a 900 range of head directions, with the X coordinate representing the 
late phase and the Y coordinate the early phase. The fact that most of the points 
lie above the main diagonal for the information measure, below the main diagonal 
for the sparsity measure, and above the main diagonal for the selectivity measure, 
indicates that firing is more spatially specific in the early portion of the theta cycle 
than in the late portion. All differences are significant, p < 0.001 (Student's t test, 
two-tailed). 
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Figure 7.10: Scatterplots of spatial specificity measures for activity during the early 
and late portions of the theta cycle, for three rats running for food reward on a 
triangular track. The differences in information per spike for datasets 1 and 2 are 
significant, p < 0.05, as is the difference in selectivity for dataset 1 (also p < 0.05). 
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7.4 Summary and Conclusions 

The foregoing results clarify the relationship between the hippocampal theta rhythm 

and the spatial firing of hippocampal cells, by establishing that: (1) The tendency 

of spikes to shift to earlier theta phases, described first by O'Keefe and Recce 

(1993), can be seen in almost every active CAl pyramidal cell. (2) Every cell shows 

its first activity, as the rat enters the place field, approximately 90°-120° Biter the 

peak of CAl pyramidal cell population activity, at about the point where inhibitory 

activity is least. In many cells the firing precesses through almost a full 360°. (3) 

The phase shift appears when rats move in irregular trajectories in two-dimensional 

environments, as well as when they move along stereotyped paths on linear tracks. 

(4) The spike precession is nonlinearly related to the position of the rat in the field. 

Specifically, the phase of the earliest firing within each cycle precesses more quickly 

than the phase of latest firing. This leads to an increase in the phase dispersion 

of firing in the center of the place field. (5) The nonlinearity of phase precession 

gives rise to a variation in spatial specificity as a function of phase; this effect is 

accentuated in two-dimensional environments by a tendency for trajectories passing 

through the margin of. a field to involve precessions that are smaller and confined 

to the early, linearly precessing portion of the place field. 

The pattern of activity as a rat passes through a place field in a single direction 

resembles the schema of Figs. 7.11A and B. For multidirectional place fields, though, 

the pattern is not so clear, because (Fig. 7.11C), it depends on which part of the 

animal's body is taken to represent its spatial location. Without a principled way 

of resolving this ambiguity, it seems impossible to say whether cells begin firing in 

the periphery of the field and cease firing in the center, or begin near the center 

and cease in the periphery, or something else. This uncertainty makes it difficult to 

determine what is represented by each phase of the theta cycle. Does the last part 

of the cycle represent memory, or does the first part represent anticipation, or both, 

or neither? These questions cannot currently be answered with any confidence. 

The present data are in agreement with earlier reports that CAl CS cells fire 
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Figure 7.11: Summary of results. ~A) Diagram of the general pattern of phase 
precession as a rat passes through the place field of a cell, with the theta cycle split 
into early (red) and late (blue) halves. The bulk of spike activity precesses in a 
gradually accelerating manner to earlier phases of the theta cycle. ~B~ Diagram 
of the relation between theta phase and spatial firing in a two-dimensIOnal envi
ronment, as found in these studies. In general, blue firing precedes red, but blue 
spikes are also more broadly dispersed laterally. This diagram can be thought of 
as the extension of A to two dimensions. (C) Illustration of the manner in which 
the observed phase-position relation depends on the part of the rat's body used to 
represent its spatial location, for a cell that fires during passes through the place 
field in opposite directions. In each case firing always precesses to earlier phases 
during a passage through the field, but the overall pattern depends strongly on how 
the patterns for the opposite directions are aligned. 
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maximally near the positive peak of the theta wave at the level of the dentate 

gyrus molecular layer (BuzsaId et al., 1983, Fox et al., 1986); there is, though, 

some variability, probably related to the way the animal behaves inside the place 

field. Our data further indicate that the depth of modulation for the CAl CS cell 

population is on the order of 50%. This value, however, results from two separate 

factors. The first is that the depth of modulation, averaged across many cells 

and/or cycles, contains a blurring effect due to the precession of firing. In addition, 

there is an increase in phase dispersion, as a function of position, such that near 

the center of a place field there is often significant firing throughout the cycle. The 

true cycle-to-cycle depth of modulation for individual cells is greater than 90%, 

(Fig. 7.5). Theta cells, on the other hand, are highly variable in their tuning to the 

theta rhythm, in terms of both depth of modulation and the phase corresponding to 

maximal firing. It appears, however, that inhibition is likely to be minimal 900 -1200 

after the peak of OS cell population activity. 
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CHAPTER 8 

INTERACTIONS BETWEEN THETA AND ACTIVITY 
OF DENTATE GRANULE CELLS 

He thought of his childhood, left far far behind
That blissful and innocent state-
The sound so exactly recalled to his mind 
A pencil that squeaks on a slate! 

"'Tis the voice of the Jubjub!" he suddenly cried. 
(This man, that they used to call "Dunce".) 
"As the Bellman would tell you,", he added with pride, 
"I have uttered that sentiment once. 

"'Tis the voice of the Jubjub! Keep count, I entreat; 
You will find I have told it you twice. 
Tis the song of the Jubjub! The proof is complete, 
If only I've stated it thrice." 

As reviewed briefly in chapter 4, the appropriate physiological criteria for rec

ognizing granule cells of the fascia dentata were for many years unclear, but the 

most widely accepted view was that they are theta cells, similar in most ways to the 

GABAergic interneurons of the CA3 and CAl regions. Two recent publications, 

by Mizumori et al. (1989) and by Jung and McNaughton (1993), have provided 

strong evidence that this view is incorrect-that granule cells are actually very 

quiet under most conditions, perhaps the quietest cells in the hippocampus, and 

that in spatial paradigms they often have place fields similar to those of CA3 and 

CAl pyramidal cells. One implication of this is that past conclusions regarding the 

relations between granule cells and the theta rhythm can no longer be accepted. In 

fact, this question is now completely open. 

This issue also has considerable relevance to understanding the mechanism of the 

phase precession studied in chapter 7. It was established there that the population 
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firing patterns in the early and late portions of the theta cycle are nearly orthogonal, 

at least in animals moving vigorously forward; that is, that it is rare for cells to 

fire strongly at both the beginning and end of a single theta cycle. If such a 

difference occurs in a brain area A, and another area B receives a strong input 

from area A, then it can be expected, all things being equal, that area B will 

"inherit" different firing patterns in the early and late parts of the theta cycle (see 

chapter 10 for a more extensive development of this argument). Therefore, the 

phase precession seen in CAl need not necessarily arise locally: it could simply be 

transferred from an afferent area, for which the most likely candidate is of course 

CA3. In fact, preliminary evidence, which will not be presented here, indicates that 

CA3 pyramidal cells show phase precession difficult or impossible to distinguish 

from that in CAL Applying the same reasoning once more, the phase precession in 

CA3 could be generated locally, or it could be transferred from an afferent area, for 

which the most likely candidates are the fascia dentata and the entorhinal cortex, 

each of which projectl3 strongly to CA3, as reviewed in chapter 3. Entorhinal 

cells are known to show spatial specificity (see chapter 4) and to be modulated 

by the theta rhythm (see chapter 5), but there is no data regarding any possible 

interactions between entorhinal place fields and theta phase. We have, however, 

collected a certain amount of data from granule cells, and it is exploited in this 

chapter. 

The aim of the studies performed in this chapter is to examine the relations 

between dentate granule cells and the theta rhythm, with two specific questions in 

mind: (1) Where in the theta cycle do granule cells fire?, and (2) Do granule cells 

show phase precession? 

8.1 Criteria for identifying granule cells 

Dentate granule cells are considerably more difficult to record, whether with sin

gle electrodes, stereotrodes, or tetrodes, than CAl pyramidal cells. Whereas a 

well-placed tetrode in the CAl cell body layer can record as many as twenty dis

tinguishable pyramidal cells (occasionally even more), of which an average of 3-6 
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have place fields in a given environment, it is quite rare to record from more than 

one or two active granule cells. The reasons for this are not entirely clear, but the 

most important factors are probably the overall low rate of these cells, and, even 

more importantly, thei~ small size, which is likely to imply extracellular spikes that 

are too small to detect over a very long range. 

The criteria for recognizing dentate granule cells are also not as well established 

as for CAl pyramidal cells. Rose et al. (1983) classified units recorded in the granule 

cell layer into three categories: class I, having very narrow spike waveforms and 

always firing in single spikes; class II, having slightly broader waveforms and also 

firing in single spikes; and class III, having the broadest waveforms and sometimes 

firing in complex spike bursts. The class I and II cells discharged at short latency 

in response to perforant path stimulation, but the class III cells were said not to 

discharge at all, though it is possible that their discharges were obscured by the 

population spike (Jung and McNaughton, 1993). Out of a sample of 63 cells, 52 

were in class I, 4 in class II, and 7 in class III. Based on the numbers and response 

properties, the authors concluded that the class I cells were granule cells, and went 

on to show that these had correlates similar to those of theta cells in other parts of 

the hippocampus. (Class III cells, incidentally, were found either to shut off when 

theta was present in the EEG or else to show place fields.) This conclusion was 

widely accepted for several years. 

However, a later study by Mizumori et al. (1989b), using stricter criteria, indi

cated strongly that it was not the class I cells that were granule cells, but rather the 

class III cells. The criteria they used were based on observation of the population 

spikes evoked in the dentate gyrus by perforant path stimulation; these population 

spikes are generally accepted to represent synchronous activation of large numbers 

of granule cells. It is noteworthy that, when two stimuli are given to the perforant 

path in quick succession, the population spike evoked by the second one is very 

much smaller, or even absent altogether. The criteria used by Mizumori et al. were 

that, in order to be classified as a granule cell, a unit was required to fire within 

the time period of the population spike, and not to respond to the second of two 
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perforant path stimuli given at a 14 msec interval. All of the units that met these 

criteria were found to fire at extremely low baseline rates. It was also found that 

many cells that would have been placed in class I by Rose et al. did not meet the 

more stringent criteria, in most cases because they fired earlier than the onset of 

the population spike. Therefore, Mizumori et al. concluded that granule cells were 

not, in fact, theta cells, but rather cells with very low mean rates, and suggested 

that Rose et al. might have greatly undersampled them because their recording 

techniques were not well suited to identifying cells on the basis of a small number 

of spikes. 

This conclusion was further supported by a study conducted by Jung and Mc

Naughton (1993), who used stereotrodes to record cells from the granule layer, in 

rats running for food reward on an eight-arm radial maze. The criteria they adopted 

as minimal were as follows: 

(1) In the dorsal blade of fascia dentata, the unit must be located within 

about 200 J.Lm below the point at which the perforant path-evoked field 

EPSP first exhibits a positive slope in its early phase; (2) A unit should 

not be driven with high probability below the threshold for a population 

spike; (3) When driven, a unit should not fire outside of the time interval 

of the populatio~ spike; and (4) The recording site must be verified by 

histological examination to be within the granular layer. 

In their study it was found that the 38/43 of cells recorded in the granule layer 

met the criteria for granule cells, and that these cells had low firing rates and sharp 

place fields on the maze. 

There are additional, less compelling, reasons for thinking that granule cells 

have low firing rates. If granule cells were theta cells, firing at rates of 10-20 Hz 

or higher, then an electrode penetrating the granule layer, where granule cells are 

packed together at extremely high density, would be expected to encounter a storm 

of activity. This does not occur; in fact the granule layer is much more difficult to 

recognize than the cell body layer of CAL In addition, the synapses that granule 
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cells make onto CA3 pyramidal cells are known to be quite strong, and it is difficult 

to see how they could be activated at such high rates without c~using pathological 

activity. 

For the purposes of this chapter, the criteria of Jung and McNaughton (1993) 

could not be employed, because no perforant path stimulating electrode was avail

able, and no histology has yet been performed. Instead a weaker set of criteria 

are employed, which make heavy use of the conclusions of Jung and McNaughton. 

These are: (1) The cell must have a low mean rate and fire complex spikes at 

least occasionally; (2) The recording electrode must have passed through the CAl 

layer-which was recognized according to criteria described in chapter 6-and then 

been lowered several hundred microns further; (3) EEG sampled from the record

ing electrode must show strong activity in the gamma band (30-80 Hz), together 

with a weak or absent theta signal; (4) At least one other low-rate cells firing some 

fraction of complex spikes must be recorded together with the cell in question, from 

the same tetrode. 

The results of Jung and McNaughton make it appear likely that granule cells 

will meet these criteria, but there is no proof that all other types of cells will fail 

to meet them. This is an important point, because the methods used here do not 

permit certainty regarding whether the recording electrode is in the granule cell 

layer, the hilus, or even CA3. Therefore the cells meeting the criteria will often 

be referred to in this chapter as putative granule cells. It is highly likely that the 

majority of them are genuine granule cells, but it is not certain that all of them 

are. 

8.2 Results 

The data for this chapter comprise 37 putative granule cells from three rats, in two 

of which granule cells were recorded simultaneously with CAl pyramidal cells. All 

data were recorded while the rats were running the triangle maze task, as described 

in chapters 6 and 7. Cells were isolated on the basis of activity during sleep before 

and after the maze session. Many more than 37 low-rate cells were isolated in this 
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way, but the only cells analyzed were those that showed activity on the maze, with 

a minumum of 100 spikes during a 20-30 minute recording session. 

For purposes of analyzing theta, EEG was recorded from an electrode several 

hundred microns below the CAl cell body layer. Important point: In this chapter, 

the convention for assigning phase zero of the theta cycle is different than in the 

previous chapter. There, the phase of maximum CAl population activity was called 

phase zero. In the current chapter, the finding of a fixed theta phase at which phase 

precession begins and ends is exploited, and phase zero is defined to be the transition 

point. Thus, in terms of the convention used in this chapter, CAl pyramidal cells 

show their first firing, as the rat enters a place field, at phase zero, and precess 

through the cycle, sometimes advancing to phase zero again by the time the rat 

leaves the place field. The advantage of this change is that the transition point 

can be determined on the basis of a considerably smaller sample of CAl pyramidal 

cells than the phase of maximum population activity. As previously mentioned, 

for two of the rats used here, CAl pyramidal cells were recorded together with 

putative granule cells; .for the third animal, CAl cells were recorded several days 

before the electrodes were lowered into the fascia dentata, and the position of the 

EEG electrode was not changed. 

Fig. 8.1 shows two examples of theta-phase-versus-Iocation plots for dentate 

granule cells and simultaneously recorded CAl pyramidal cells with place fields at 

approximately the same point on the maze. The first important point is that robust 

phase precession can indeed be seen in the granule cells. The second important point 

is that the patterns are different for the two types. The most salient difference 

between them is that for the CAl cells, the first spikes, as the rat enters the field, 

are blue. The granule cells, in contrast, show hardly any blue spikes at all: their 

first spikes are green. The last spikes for both types of cell are red, meaning that 

both types fire in the same part of the theta cycle as the rat passes out of a place 

field. 

Fig 8.2 shows these phenomena in a different way. Panel A plots location of the 

rat on the triangle maze against phase of the theta cycle, for each spike fired by two 
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Dentate Granule Cell CAl Complex Spike Cell 

.... 

Dentate Granule Cell CAl Complex Spike Cell 

Figure 8.1: Two examples of place fields for simultaneously recorded CAl pyrami
dal cells and dentate granule cells, on the triangle maze. Refer to fig. 7.4 for an 
explanation of the meaning of each element of these figures. 
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cells with nearby place fields, one a CAl pyramidal cell and the other a putative 

granule cell. Again, it is apparent that both cells show strong phase precession, 

and that the greatest difference between them is that the putative granule cell 

is nearly silent over a small portion of the theta cycle, that being the portion in 

'which the CAl cell shows its first spikes as the rat enters the place field. Panel B 

shows the same thing for another pair of cells, but in this case the putative granule 

cell was much more active than most, having in fact two very strong and adjacent 

place fields. In spite of this high level of activity, the cell is still almost completely 

suppressed during part of the theta cycle. 

Figure 8.3 shows the mean firing rates of 12 putative granule cells as a function 

of phase of the theta cycle. It can be seen that: (1) The peak firing for most of 

these cells occurs near the 1800 phase, though there is some variability; and (2) The 

depth of modulation for most of the cells is large, approaching 100% in some cases. 

In contrast, as shown in the previous chapter, the peal{ activity of CAl pyramidal 

cells is concentrated near the 2700 phase, and their average depth of modulation is 

only about 50%. 

As previously mentioned, the majority of cells isolated during sleep were virtu

ally silent on the maze; but even for those that had place fields, the overall firing 

rates were usually quite low, commonly on the order of 0.5 Hz. Out of 37 putative 

granule cells that were recorded, 3 seemed to be exceptionally active, with mean 

firing rates of 2.95 Hz, 3.55 Hz, and 3.98 Hz on the triangle. The first of these is 

the cell pictured in fig. 8.2B. This cell was examined in two separate environments 

and had a very strong place field in each; it also fired rather strongly during sleep. 

The other two cells had rates during sleep that fell within the range of variability 

of other putative granule cells; their spatial firing plots are shown in figure 8.4. 

In spite of their unusu.ally high firing rates, they appear in other ways similar to 

the other putative granule cells recorded here, showing the same patterns of phase 

precession and theta modulation. 
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Figure 8.2: Plots of theta phase vs. location on the triangle maze for two CAl 
pyramidal cell-putative granule cell pairs. The format is the same as in fig. 7.6. 
X axis: location of the rat on the triangle. Y axis: theta phase, with the full 3600 

range repeated twice. (A) The CAl pyramidal cell is brown; the putative granule 
cell is blue. (B) The CAl pyramidal cell is magenta; the putative granule cell is 
green. Note that the putative granule cell has two place fields, separated by a small 
gap, with somewhat different patterns of phase precession in each. The beginning 
of the green place fields corresponds to one of the food locations on the maze. 
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Figure 8.3: Firing rat~s of 12 putative granule cells, as a function of phase of the 
theta cycle. Mean firing rates: (A) 0.54 Hz (B) 0.20 Hz (0) 0.51 Hz (D) 0.19 Hz 
(E) 0.17 Hz (F) 0.30 Hz (G) 0.78 Hz (H) 0.56 Hz (I) 0.94 Hz (J) 0.45 Hz (K) 0.22 Hz 
(L) 1.12 Hz. All of these cells had tight place fields, inside which the firing rates 
were much higher; the maximum was 47.1 Hz at the center of the place field, for 
cell O. The fields for cells B, G, and 1 were at reward locations, where the rat spent 
much of the time either consuming food or turning his head from side to side. 
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Figure 8.4: Spatial firing plots for two highly active putative granule cells, recorded 
on the triangle maze. (A) This cell had an overall mean firing rate of 3.98 Hz, 
and a spatial maximum firing rate of 38.9 Hz. (B) This cell had an overall mean 
firing rate of 3.55 Hz, and a spatial maximum firing rate of 32.1 Hz. Note that 
both cells show phase precession, following essentially the same pattern as other 
putative granule cells recorded in this study. 

8.3 Theta cells 

As might be expected from the history of unit recording in the dentate gyrus, a 

substantial number of theta cells were encountered in the course of this study, some 

recorded together with putative granule cells, others separately. Figure 8.5 shows 

the tuning curves for 12 of these cells as a function of phase of the theta rhythm. 

As with CAl interneurons, there is considerable variability in these cells, but at 

least two classes suggest themselves, with members similar in terms of overall rate 

and in terms of theta tuning. The first contains cells A, C, D, and perhaps E and 

G. The second contains cells F, J, and H; note that each of these cells shows two 

peaks of activity during the theta cycle. The reality of these classes can of course 

only be confirmed with a larger sample. 
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Figure 8.5: Firing rates of 12 theta cells recorded in the dentate gyrus or hilar 
region, as a function of phase of the theta cycle. Mean firing rates: (A) 18.6 Hz 
(B) 5.7 Hz (0) 16.1 Hz (D) 14.4 Hz (E) 26.4 Hz (F) 15.9 Hz (G) 15.9 Hz (H) 15.5 Hz 
(I) 19.8 Hz (J) 17.5 Hz (K) 14.3 Hz (L) 12.8 Hz. Note that for more than half of the 
overall time that goes into these mean rates, the animal is consuming food at the 
goal locations. The maximum rates during running can be twice as high or more. 
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8.4 Exceptional Cases 

In one case a recording was made from two coupled cells, which almost always 

fired as a pair, the second about 0.2 msec after the first, as shown by the average 

waveforms on the four tetrode channels in fig. 8.6A. This cluster had two place fields, 

shown in fig. 8.6B. These might have corresponded to the two cells, respectively; 

however, the order of firing was not different in the two place fields. The interesting 

point is that the two fields show different patterns of phase precession. The field 

in the upper left shows the pattern seen commonly in granule cells, but the field 

at the lower corner shows quite a different pattern, with considerable activity in 

the last quarter of the theta cycle, where granule cells are normally very quiet, and 

very little activity in the first quarter of the theta cycle. No other pairs of coupled 

cells were recorded in this study, so it is difficult to know what to make of this. 

The cell whose firing rate map is shown in fig. 8.7 was recorded at a depth below 

several putative granule cells, and above several other putative granule cells, but 

no putative granule cells were recorded together with it. The cell appeared to be 

quite well isolated, and its mean rate over the maze session was 4.94 Hz; it hardly 

ever fired with an interspike interval less than 10 msec. It shows very strong spatial 

firing rate modulations, with rates varying from well under 5 Hz to approximately 

25 Hz-in fact, the firing rate map resembles a superposition of half-a-dozen granule 

cell place fields. We speculate that this is a mossy cell of the hilus. As reviewed in 

chapter 3, each of these cells receive input from approximately 1000 granule cells, 

in the form of mossy fiber synapses terminating on mossy excrescences. These 

synapses are individually strong enough to fire a mossy cell on the basis of a few 

spikes (Scharfman et al., 1990, Buckmaster et al., 1993). If the level of granule 

cell activity is around 1/1000, then mossy cells would be expected to show activity 

patterns resembling that of the cell in fig. 8.7. Consistent with this speculation, the 

cell shows peak firing at approximately the same point in the theta cycle as most 

granule cells do (fig. 8.7C). 

Figure 8.8 illustrates perhaps the most remarkable cell recorded in the dentate 
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Figure 8.6: Phase precession in a pair of coupled granule cells. ~ A) Average wave
forms for this cluster, on the four tetrode channels. This waveform indicates that 
two cells fired in a fixed sequence, approximately 0.2 msec apart, the first with 
largest spikes on channels 2 and 3 of the tetrode, the second with largest spikes 
on channel 4. (B) Phase-position plot for this cluster. The field in the upper left 
shows the pattern of phase precession seen in most of the other putative granule 
cells in this study. The field at the lower corner shows a different pattern, with the 
first spikes blue and only a few spikes red, in spite of a similar overall number of 
spikes. 

area. In addition to some background firing at the food locations, this cell fired 

when the rat was traversing one specific third of the triangle, but nowhere else. This 

goal-to-goal firing appeared about ten minutes into the recording session; before 

this, the cell only fired at the food locations. This cell was recorded on t~le same 

tetrode with several putative granule cells, but had a distinctive spike waveform 

and was differently modulated by theta (fig. 8.8B). The floor of the triangle maze 

was covered by a different material in each third, and it is possible that the cell 

was responding to this. Another, more interesting, possibility is that the cell was 

signalling a particular "component" of the triangle task. 
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Figure 8.7: Cell with multiple place fields, probably recorded in the hilus. (A) 
Inter-spike-interval histogram, indicating that the cell was modulated by the theta 
rhythm (peak at ",,120 msec) and almost never fired with interspike intervals less 
than 10 msec. Therefore it was not a complex spike cell. (B) Spatial firing rate 
map, recorded during a 24 minute session on the triangle maze. Scale: dark blue, 
o Hz, red, 25 Hz. (C) Firing rate as a function of theta phase. The maximum rate 
occurs at about 1800

, roughly as it does for the majority of putative granule cells. 

8.5 Conclusions 

The most important findings of this chapter are that (1) Dentate granule cells 

fire approximately 900 phase-advanced with respect to CAl pyramidal cells, and 

are more deeply modulated by theta, often being virtually silent during the last 

quarter of the theta cycle (summarized in fig. 8.9; and (2) Dentate granule cells 

show robust phase precession. As pointed out earlier in this chapter, though it 

cannot be claimed with assurance that every putative granule cell was a genuine 

granule cell, it is very likely that the majority of them were. The majority of 

interneurons showed peak activity at approximately the same point in the theta 

cycle as the granule cell population. Interestingly, some of the interneurons showed 

bimodal patterns of activity, with two peaks, approximately 1800 apart in the theta 

cycle. 
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Figure 8.8: (A) Spatial firing plot for a cell that fired as the rat went between 
two specific reward locations on the triangle maze, and while he was motionless 
at the reward locations, but almost nowhere else. This goal-to-goal firing did not 
commence until ten minutes into the recording session. Six putative granule cells 
were recorded on the same tetrode as this unit. (B) Firing rate of the cell as a 
function of theta phase. Note that, although the cell is rather sharply tuned, the 
maximum occurs at the opposite point in the theta cycle from the maximal firing 
of putative granule cells. 

Out of 37 putative granule cells examined, 3 showed unusually high levels of 

activity. If this distribution is representative, it suggests that the activity pattern 

in the fascia dentata may be extremely sparse: these three cells taken together 

showed nearly as much activity as the sum of the other 34. When this is put 

together with the fact that each fired on only a small portion of the maze (1/6-

1/3), and that these were only a fraction of the units isolated, it is easily possible 

that the effective sparsity could go as low as 0.001. 

One of the cells recorded here had some of the properties that would be pre

dicted for a hilar mossy cell. As reviewed in chapter 3, these cells are much less 

numerous than granule cells (a ratio of 1 mossy cell to 20 granule cells), but they 

form the basis of a very extensive intra-dentate association system, who synapses 

are capable of showing long-term potentiation. If this system is to be capable of 

storing memory, then mossy cells should show spatial patterns of activity, but be-
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Figure 8.9: (A) Relations of phase precession patterns of dentate granule cells 
and CAl pyramidal cells, based on the evidence presented in this chapter. (B) 
Comparison of theta modulation of CAl pyramidal cell and dentate granule cell 
population activity. (Both portions of this figure were drawn by hand.) 
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cause of the small number of mossy cells, these should be much broader than for 

granule cells. The same prediction can be made on the basis of the fact that each 

mossy cell receives "mossy" synapses from several hundred granule cells, which 

are each individually almost strong enough to fire the cell. The cell illustrated in 

fig. 8.7 has several disjoint place fields that together add up to 1/3-1/2 of the envi

ronment. Furthermore, this cell was recorded above and below groups of putative 

granule cells, but not together with them; which suggests that it was in the hilus. 

Obviously this possibility cannot be taken all that seriously unless further examples 

can be found. 



CHAPTER 9 

POPULATION ACTIVITY DURING REM SLEEP 

But the Barrister, weary of proving in vain 
That the Beaver's lace-making was wrong, 
Fell asleep, and in dreams saw the creature quite plain 
That his fancy had dwelt on so long. 

He dreamed that he stood in a shadowy Court, 
Where the Snark, with a glass in its eye, 
Dressed in gown, bands, and wig, was defending a pig 
On the charge of deserting its sty. 

The indictment had never been clearly expressed, 
And it seemed that the Snark had begun, 
And had spoken three hours, before anyone guessed 
What the pig was supposed to have done. 
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This chapter has two goals: (1) To describe a state of low-frequency, low

amplitude theta that appears in the hippocampal EEG during slow-wave sleep, 

intermixed with large irregular activity; and (2) To describe the pattern of CAl 

population activity during REM (paradoxical) sleep, and see whether any evidence 

can be found for phase precession in this state. 

It has been reported numerous times that strong slow waves can be seen in 

the hippocampal EEG during paradoxical, or REM, sleep (Rimbaud et al., 1955, 

Jouvet and Michel, 1959, Cadhilac et al., 1961, Grastyan and Karmos, 1961). Every 

species in which theta oscillations have been reported during behavior, shows theta 

during REM sleep (Winson, 1972). These range from a marsupial, the oppossum 

(van Twyver and Allison, 1970), to rats, rabbits, cats, and dogs. Theta has not 

been reported during REM sleep in primates, though an apparent theta pattern 

can be seen in at least one hippocampal trace taken from a chimpanzee (Adey et 
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aI., 1963); a strong theta-like EEG rhythm during REM sleep can also be seen in 

traces recorded from the amygdala in these chimpanzees. 

There is little apparent difference between theta (or in fact any other aspect of 

hippocampal physiology) during REM sleep and during states of active movement, 

except that the average frequency is commonly reported to be a slightly higher dur

ing REM. Harper (1971) found differences in the power spectrum of theta between 

movement states and REM sleep states: a prominent peak in the second harmonic 

during REM sleep which was not present during movement. This observation has 

apparently not been replicated or pursued. Even the usual correlation of theta with 

movement may apply to some extent during REM: Sano et aI. (1973) found that 

during REM sleep in rats, the frequency and amplitude of theta increase about 1/2 

sec before eye movements. It is common to see rats or other animals twitch during 

episodes of REM sleep; it has been reported that REM deprivation leads to fero

cious twitching when REM is finally permitted to occur. If certain brainstem nuclei 

are lesioned, animals can be seen to show very vigorous and organized movements 

during REM (Jouvet and Delorme, 1965). 

In the rat, REM sleep can be recognized by a continuous interval of regular 

theta waves in the hippocampal EEG, usually lasting between 10 seconds and 3 

minutes, with the eyes closed and the body relaxed and motionless, preceded by at 

least a few minutes of slow wave sleep. Often, but not invariably, the animal wakes 

up at the end of a REM episode. The EEG during REM is distinctive by virtue 

of the high amplitude and unbroken regularity of theta, but it is possible that the 

theta seen during active exploration would be equally regular were it not disturbed 

by movement artefact. 

When hippocampal complex spike cells are recorded during REM bouts, their 

patterns of activity are dominated by long periods of almost perfect silence, punc

tuated by brief bursts of activity usually lasting for a few seconds at most, at what 

seem to be completely random times. Little more can be determined from single 

unit recordings. Paral~el recording presents a more informative picture. Figs. 9.1 

and 9.2 show EEG and CAl population activity during. two typical 30 second sam-
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Figure 9.1: Example of 30 seconds of hippocampal EEG and CAl population ac
tivity during an episode of REM sleep. The top trace shows EEG recorded near 
the level of the hippocampal fissure, several hundred microns below the CAl cell 
body layer, and the bottom trace shows a record of movement, which is very small 
but not zero during this period. In between is a raster plot of activity from 58 
CAl complex spike cells. Each horizontal trace represents spikes coming from a 
single cell, and each vertical line segment represents one spike. Many of the cells 
are completely silent during this time interval. 

pIes of REM sleep. Most of the cells are silent over each interval, but a few show 

bursts of activity, not related to each other in any obvious way. In fact this is very 

reminiscent of the type of population activity seen in an animal moving actively 

through an environment, as may be seen by comparison with fig. 9.3, which shows 

EEG and population activity for the same group of cells, during a 30 second interval 

in which the rat is foraging for food inside a rectangular enclosure. 

It is natural to speculate that during this time the rat is dreaming, and that the 

bursts of cell activity correspond to place fields he is traversing in the dream. Such 

speculation is not very meaningful unless there is a way of testing it, and there 

seem to be at least two possible approaches. The first is to hope that occasionally 
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Figure 9.2: Another example taken from a later REM episode during the same 
recording session used for the previous figure. 

the rat dreams of an environment in which he has previously been recorded: in 

this case the active cells during the REM episode should be the same ones that 

had place fields during the recording session, and trajectory reconstruction on the 

basis of the observed place fields should yield consistent position estimates and 

continuous reconstructed trajectories. The second approach is to hope that oc

casionally the rat dreams of performing a stereotyped, repetitive action, in which 

case the hippocamp'al population might show a repetitive pattern of temporal ac

tivity (though it would be difficult to say more in this case than that something 

repetitive was happening). This may be thought of as an attempt to duplicate 

a well-known human dreaming study in which a subject was observed to show a 

lengthy bout of repetitive back-and-forth eye movement, and on being awakened 

reported dreaming about watching a tennis match. Unfortunately neither approach 

has had any success thus far, but the available data are not yet very plentiful, and 

it may reasonably be expected that successes will be rare even if the underlying 
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Figure 9.3: Example of EEG and CAl population activity, taken from the same 
recording session used for the previous two figures; in this one, though, the rat is 
awake and actively foraging for food inside a small rectangular enclosure. 

theory is correct. The strong tendency of the hippocampus to orthogonalize inputs 

(cf. chapters 4 and 2), when combined with the tendency of dreams to be bizarIe 

(Hobson, 1988), may add up to a serious problem here, because it suggests that, if 

the rat relives the observed experience albeit in a distorted way, the hippocampal 

representation may bear little resemblance to that which was observed during the 

recording session. 

9.1 The Intermediate Sleep State 

While studying changes in the hippocampal EEG and population activity patterns 

during transitions between waking, LIA, and REM states, we noticed the frequent 

appearance of a state with distinctive properties. It seems to correspond to the 

"intermediate stage" of sleep as described by Gottesmann (1992): in the cat, this 

stage is said to occur just prior to REM sleep (in 25% of cases), to last a mean 
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of 3 seconds, and to be characterized by spindles in the anterior cortex and low 

frequency (",5.4 Hz) slow waves in the hippocampus. These properties do not 

correspond precisely to the features we have observed in the rat, but they are close 

enough to make it likely that we are referring to the same thing. In any case, the 

aim of this section is to describe the EEG and CAl population activity patterns 

during the "intermediate sleep state" in the rat, and the relations of this state to 

the waking, LIA, and REM states. 

The intermediate sleep state is particularly distinguished by a striking change in 

the pattern of CAl population activity. The whole network of CAl pyramidal cells 

abruptly goes silent at the onset of this state, with the exception of a. small group 

of cells that begin to fire at moderate rates and sustain this activity as long as the 

intermediate state persists. Individual episodes of intermediate sleep rarely last for 

more than a few seco~ds, but when the next episode comes, the same group of 

pyramidal cells are once again activated. There is nothing obviously unusual about 

the cells that are active during intermediate sleep. They fire complex spikes, and 

during REM sleep they are silent except for brief bursts indistinguishable from those 

displayed by other pyramidal cells. Some, but not all, of them have place fields in 

the apparatus where the rat is sleeping. The constituency of the intermediate state 

appears to remain constant for periods exceeding an hour, but it might change on 

a longer time scale: in a single rat, recorded throughout a full night of sleep, one 

out of two of the cells originally active in the intermediate state shut off midway 

through the night and a new cell became active. There is no way to prove that the 

active cells are not some peculiar type of interneuron that fires complex spikes and 

shows many of the other properties of pyramidal cells, but this does not seem very 

likely. 

These phenomena may help to explain a heretofore puzzling observation by 

Ranck (1973), who claimed that for each hippocampal complex spike cell there is 

a threshold level of sleep, deeper than which the cell becomes active and remains 

active at a constant rate until the animal moves back to a lighter level of sleep. 

Our recordings do not show anything very closely resembling this behavior, unless 
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it refers to the cells that become active during intermediate sleep. It is not difficult 

to imagine, though, tl1at to an experimenter recording cells one at a time, the 

dynamics of intermediate sleep would be quite difficult to understand. 

In terms of EEG, the onset of intermediate sleep is often marked by a single 

large slow wave followed by a flattening that continues for 1-2 seconds. If the 

episode lasts longer than this (many do not), then the EEG evolves in a pattern of 

low-amplitude theta waves, with frequency around 6.5 Hz. These may persist for 

ten seconds or longer, though this is unusual. It seems natural to speculate that 

this theta is of type 2, because of its relatively low frequency, but this has not yet 

been demonstrated (the test would be to administer atropine). 

Figure 9.4 shows two examples of long-lasting intermediate sleep patterns de

veloping out of LIA. Episodes as robust as these can easily be distinguished from 

the EEG alone, with a modest amount of practice. Figure 9.5 shows two examples 

of shorter-lasting episodes of intermediate sleep, preceded and followed by LIA. In 

these cases clear changes can be seen in the EEG, but these would be difficult to 

pick out without the assistance of the spike rasters. Episodes of intermediate sleep 

as brief as 1/4 second are not uncommon; it would be absolutely impossible to 

distinguish these using EEG alone. 

As illustrated in figure 9.6, the end of a period of REM sleep is inevitably 

marked by an abrupt transition into intermediate sleep. In many cases this quickly 

gives way to a state of wakefulness with movement, but in some cases it persists 

for a short while and then gives way to LIA. The intermediate sleep that comes 

just after REM is often, but not invariably, marked by one or two very large sharp 

waves. It is also common for c: REM period to arise out of intermediate sleep, but 

occasionally REM appears to arise directly from LIA. 

The preceding figures are all made from data taken from a single rat. For the 

sake of demonstrating that intermediate sleep can be seen in more than one rat, 

figure 9.7 shows examples from two other rats. To date, similar patterns of EEG 

and population activity have been seen in every rat that has been studied. 

It should not be inferred from the brief duration of typical intermediate sleep 
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Figure 9.4: Two examples of transitions from LIA into intermediate sleep. Each 
plots shows 12 seconds of data. Top, EEG recorded near the hippocampal fissure 
from a sleeping rat. Middle, raster plot of spike activity from 58 simultaneously 
recorded CAl pyramidal cells. Each horizontal trace shows spikes from a single 
cell. Bottom, movement trace. In the left panel the rat was completely motionless 
throughout. 

I , .... "'" I A .. I 

, , 

, " 

" " 

I " J .. 
.",,'.'.11,\'" I 

• I" I , , 

" 

" . " 
" 

, , 
.. , 

I. I f 

',_"1111', . - ... ' 
" 

, , , 
.. , , 

, , , . 

Figure 9.5: Two brief episodes of intermediate sleep, with LIA before and after. 
See fig, 9.4 for explanation. 
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Figure 9.6: Two examples of the transition from REM sleep to intermediate sleep. 
See fig. 9.4 for explanation, In the right panel, the rat wakes up and begins moving 
approximately 2 seconds after the onset of intermediate sleep. 
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Figure 9.7: Examples of intermediate sleep from two other rats. Left: interme
diate sleep arising out of LIA. Right: in a different rat, transition from REM to 
intermediate sleep, with two strong sharp waves mixed in 
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episodes that these make up a negligible portion of the whole. This is far from 

the case. Figure 9.8 illustrates the occurrence of intermediate sleep over a typical 

five minute interval of slow wave sleep, using the pattern of population activity as 

the criterion for intermediate sleep. It can be seen that intermediate sleep episodes 

occur quite frequently. Over a thirty minute period, most of which was taken up by 

slow wave sleep, interIJlediate sleep occurred an estimated 23% of the time. (The 

criterion for intermediate sleep was that the population correlation value, defined 

in the caption of figure 9.8, exceeded 0.33.) A caveat is in order here, though: we 

have not yet examined rats sleeping for over an hour in environments they were 

thoroughly familiar with, so we may not have looked at the deepest stages of sleep; 

it is possible that the incidence of intermediate sleep will be different under such 

conditions. 

Figure 9.8: Incidence of intermediate sleep over five minutes of slow wave sleep. 
To construct this plot, time was divided into 0.5-second bins, and a 59-component 
population activity vector was constructed for each bin, by counted the number 
of spikes fired by each of 59 simultaneously recorded CAl pyramidal cells. This 
population vector was correlated with a vector representing the population activity 
pattern during intermediate sleep: this vector had two components equal to 1.0 
(corresponding to the two cells that were active during intermediate sleep in this 
animal), and the others equal to 0.0. For each point on the graph, the X axis 
represents time, and the Y axis represents correlation. The largest correlations are 
very close to 1. 

The onset of an episode of intermediate sleep nearly always appears to be quite 
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abrupt, with the active cells switching on in a burst. The offset, in contrast, is 

usually more gradual, and there is often an impression that the cells active during 

the intermediate episode continue firing for a second or two into the succeeding 

episode of LIA, REM, or even wakefulness. 

With samples of 50-100 CAl pyramidal cells, it appears typical for 1-2 to be 

strongly active during intermediate sleep, with perhaps another 1-2 weakly active. 

These figures suggest that approximately 5% of the population is active during 

intermediate sleep, but this is likely to be an overestimate. Because of their high 

levels of activity, the cells that fire during intermediate sleep are easier to isolate 

than other cells, and can be distinguished in cases where their spikes are lower in 

amplitude. The inflation of numbers due to this factor is not likely to be very 

large; probably a factor of two is a reasonable approximation. When this is taken 

into account, the fraction of cells active during intermediate sleep (i.e., the sparsity 

of the activity pattern) comes out similar to what is seen during active waking 

behavior or REM sleep. The greatest difference between intermediate sleep and 

these other theta states is that in intermediate sleep the set of active cells remains 

the same for a long period of time. 

It is importan.t to point out that there is no proof that these rats were actually 

asleep during the episodes of "intermediate sleep". This is the most likely situation, 

but it is possible that the rats were actually only drowsy, or else cycling back and 

forth between drowsiness and light sleep. The only sure way of resolving this 

question would be to have recordings of eye movement and EMG. Even so, the 

present results clearly point out that rats commonly experience a low-frequency, 

low-amplitude theta state in the complete absence of motion, and that this state is 

correlated with a distinctive pattern of population activity. 
, 

9.2 Phase Precession in REM Sleep 

If REM is a state of dreaming, and dreams involve movement (as they usually do 

in humans, Hobson, 1988); and if moving leads to phase precession in hippocampal 

cells, then it is natural to look for phase precession during REM sleep. If, however, 
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one sets out to do so by examining raster plots of theta phase versus time, it 

quickly becomes apparent that there is little visible evidence of structure. This is 

not necessarily utterly discouraging, though, because plots of the same sort made 

during waking activity, while the animal is moving in an unsystematic way in a 

fully two-dimensional environment, do not show much visible evidence of structure 

either. 

Examples of apparent precession do in fact show up every now and then; fig

ure 9.9 shows two of them. These were the two strongest examples extracted from 

an examination of a dozen cells over about 25 total minutes of REM, so it might be 

dangerous to read great significance into them. The first example, though, yields 

a correlation coefficient of -0.843 and a statistical significance level of p < 0.00001, 

meaning that the null hypothesis predicts that more than 100,000 samples would 

be required to yield such a strong effect. The number of samples examined was not 

counted, but could not have exceeded 1000. The second example is also significant, 

but not to a degree that means very much. It should also be noted that no exam

ples of phase drift in the opposite direction were seen that appeared comparable to 

these two in strength. 

o 0 

o 0 

Figure 9.9: Two examples of apparent phase precession during REM sleep. Each 
plot shows 3 seconds of data. Top, EEG recorded near the level of the hippocampal 
fissure. Bottom, raster plot of time versus theta phase for a CAl pyramidal cell. 
Both show statistically significant negative correlations (left: p < 10-5 , right: p < 
0.02, Fisher's Z test). 
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Still, a small number of isolated examples are not very convincing as evidence of 

a general effect, and a way should be sought to determine whether phase precession 

appears in a more widespread way, even if it is weak A natural approach would be 

to identify "bursts" of activity for each cell, and calculate the slope of the time-vs

phase plot for each burst. This proves to be surprisingly difficult, because in the 

majority of cases cells qo not switch abruptly on or off: at any rate, several attempts 

at developing criteria for burst led to no clear evidence for phase precession. This 

might be taken as negative evidence, except that the same criteria also failed to 

give any evidence when applied to activity collected while the rat was moving inside 

a two-dimensional box. 

The evidence presented here is not strong enough to allow it to be concluded 

that phase precession certainly exists during REM sleep, but the evidence does 

demonstrate that, for one rat at least, the phases at which consecutive spikes occur 

are not statistically independent, and the direction of the dependence is consistent 

with phase precession. 
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CHAPTER 10 

ON THE PHYSIOLOGICAL MECHANISM OF PHASE 
PRECESSION 

They sought it with thimbles, they sought it with carej 
They pursued it with forks and hopej 
They threatened its life with a railway-sharej 
They charmed it with smiles and soap. 

They shuddered to think that the chase might fail, 
And the Beaver, excited at last, 
Went bounding along on the tip of its tail, 
For the daylight was nearly past. 

"There is Thimgumbob shouting!" the Bellman said. 
"He is shouting like mad, only hark! 
He is waving his hands, he is wagging his head, 
He has certainly found a Snark!" 

The purpose of this chapter is to discuss the hypotheses that have been put 

forth regarding the mechanism of phase precession, and the constraints that can be 

placed on future hypotheses. Logically, there are two ways that phase precession 

could arise in an area X of the brain: by means of a mechanism intrinsic to X, or 

by "inheritance" from afferents to X. 

10.1 Inheritance of phase precession 

It is important to understand how "inheritance" could occur. Suppose there are 

two brain areas, X and Y, with Y receiving much of its input from X, so that the 

pattern of activity in Y is largely determined by the pattern of activity in Xj let us 

say that a pattern A in X gives rise to a pattern A' in Y. Suppose now that area 

X encodes a representation of spatial location, and that the animal passes through 
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a sequences of places represented by A, B, G, D, E. As pointed out in the following 

chapter, a phase precession effect in area X would cause the temporal pattern of 

activity there to be something like 

.. ·IABGIABGIBGDIBGDIGDEIGDEI···, 

where the vertical bars represent the beginning/end of the theta cycle. If the 

corresponding patterns induced in area Y are A ~ A', B ~ B', G ~ G', D ~ D', 

E ~ E', then the resulting temporal pattern of activity in area Y will be 

.. . IA' B'G'IA' B'G'IB'G' D'IB'G' D'IG' D' E'IG' D' E'I . ... 

Thus, area Y effectively inherits the phase precession effect from area X. 

It can be seen from this argument that two things are necessary for inheritance 

to take place: 1) the projection from X to Y must be strong enough for the activity 

pattern in X to determine the activity pattern in Yj and 2) the synaptic integration 

time scale in area Y must be much shorter than the theta cycle. If (1) does not 

occur, that is, if the projection from X to Y is relatively weak, then area Y may not 

inherit a full scale phase precession, but some degree of phase-position interaction 

in area Y can still be predicted. If (2) does not occur, then the phase precession 

could be "averaged out" in area Y. 

In the hippocampus, most of the principal excitatory pathways involve gluta

mate impinging on AMPA receptors. These receptors have time constants of less 

than 5 msec, and the membrane time constants of the neurons are probably con-· 

siderably less than 20 msec in natural conditions (with a constant background of 

GABAa-mediated inhibition impinging on the soma), so the time constant of in

tegration for most areas in the hippocampus is likely to be at least an order of 

magnitude less than the duration of the theta cycle. Therefore "averaging out" of 

phase precession is unlikely to occur. 

The status of requirement (1) in the hippocampus is not as clear. CAl receives 

a very strong input from CA3 via the Schaffer collaterals, but it also receives a 

substantial input from the entorhinal cortex (see chapter 3 and McClelland et al., 
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1995), so it is unlikely that CA3 has complete control over the pattern of activity 

in CAL Similarly, CA3 receives important inputs both from mossy fibers arising 

in the fascia dentata and directly from perforant path inputs. 

Even so, the possibility of inheritance certainly exists in each part of the hip

pocampus where phase precession has thus far been observed. In particular, if 

phase precession exists in layers II and III of the entorhinal cortex, it is very likely 

to be inherited in all layers of the hippocampus, and the subiculum and deep en

torhinal cortex as well. This reasoning suggests that the most straightforward route 

toward understanding phase precession may be to begin by backtracking through 

the system until we arrive at a point where no precession can be observed. Indeed, 

this was one of the chief motives for investigating phase precession in the fascia 

dentata in this dissertation. The fact that phase precession could be seen in the 

fascia dentata suggests. that either it, the entorhinal cortex, or an area even farther 

upstream, is the origin of the precession.1 

There are, however, at least two other possibilities. One is that phase precession 

is generated independently in each area where it is observed; but given the likelihood 

of inheritance, it seems more parsimonious to postulate a single mechanism. The 

other is that phase precession may be a network phenomenon, caused for example 

by a delay in signals traveling around the pentasynaptic loop (see chapter 3). If this 

were the case, backtracking would never lead to the origin of precession; in fact no 

unique origin would exist. This must certainly be taken seriously as a possibility. 

There are two counts against it, neither compelling: first, there is little evidence 

for the necessary delays anywhere along the hippocampal circuit; second, current 

opinion holds that there is little input from the deep layers of the entorhinal cortex 

to the superficial layers, and without this the loop is not closed. 

10f course, this only makes sense if phase precession also exists in CA3. The data were 
not presented in this dissertation because of a lack of verifiable unit identification, but we have 
recorded from several dozen complex spike cells we believed were located in CA3, and each of 
them showed phase precession indistinguishable from that seen in CAL Moreover, because of the 
size of the multiple tetrode array used in these studies, a few of the tetrodes aimed at CAl are 
likely to have passed through area CA3c instead; but no putative CAl cell with a robust place 
field on the triangle maze was ever found to lack phase precession. 
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Currently the bulk of the evidence appears to point to the entorhinal cortex 

as the site of origin for phase precession. It is unlikely to be present in afi'erents 

to the entorhinal cortex, because most parts of the neocortex do not show theta 

modulation (Vanderwolf, 1988, Skaggs, unpublished observations). Unfortunately, 

our knowledge of the relations between entorhinal activity and the theta rhythm 

is very sketchy. A small amount of evidence, reviewed in chapter 5, indicates 

that entorhinal cells are theta-modulated, with peak activity occurring at the same 

phase of the theta cycle as the peak population activity of CAl pyramidal cells; 

and there is also evidence, reviewed in chapter 4, that cells in the superficial layers 

of the entorhinal cortex show place-specific firing; but there is no data regarding 

interactions between the place-related firing and the theta rhythm. Further studies 

of this question are planned for the near future. 

10.2 Hypotheses regarding the mechanism of phase pre
cession 

O'Keefe and Recce (1993) suggested that the shift is produced by an interaction 

between extrinsic theta-frequency modulation of CAl pyramidal cells, and an in

trinsic tendency of these cells to oscillate at a slightly higher frequency. There are 

two counts against this hypothesis. The first is that it does not account for phase 

precession in the fascia dentata; however, this can be resolved by simply translo

eating the mechanism upstream, either to the fascia dentata, or if necessary, to the 

entorhinal cortex. The second is that the mechanism is at odds with the evidence 

presented by O'Keefe and Recce (1993) that the phase of firing is more closely re

lated to the location of a rat within the place field of a cell than to the total amount 

of time the rat ha;s spent within the place field. This evidence was not particularly 

strong, though, because of the difficulty of measuring time-in-field; and in any case 

interpretation is problematic unless the measurements are made in the part of the 

circuit where phase precession is first generated. This mechanism or a similar one 

therefore remain possible, though probably not intrinsic to CAL 

If phase precession turns out to originate in the entorhinal cortex, then there 
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may actually be some evidence to support a mechanism of the type proposed by 

O'Keefe and Recce (1993). Alonso and Llinas (1989) were able to observe sub

threshold oscillations at frequencies in the theta range (5.1-11.7 Hz), in cells from 

in vitro slices of entorhinal cortex. Most of these cells were identified by biocytin 

injection as stellate neurons from layer II; these are the source of the perforant path 

projection to CA3 a,nd the dentate gyrus. The oscillations were evoked by depolar

ization, and their frequency was dependent upon the amount of depolarization; this 

indicates that they were generated by individual cells, not by a network effect. It 

is conceivable that this mechanism could serve as the intrinsic oscillator proposed 

by 0 'Keefe and Recce. 

It is possible to think of variations on this theme. The observed differences in 

phase relationships between the excitatory and inhibitory populations in CAl sug

gest a mechanism that accounts for some features of the phase precession. A 60° 

phase lead in the inhibitory population gives rise to a ratio of excitation to inhi

bition that deviates fr~m a pure sinusoid in an asymmetrical fashion (Fig. 7.11E). 

Assuming that the stimulus function giving rise to a place field is approximately 

Gaussian, and that the input is in phase with the CS cell population, a simple 

model for the firing rate of a CS cell is, 

E(t) -(x(t) - /1-)2 
rate(t) = a let) (exp( 2u2 ) - T)a(t, . .. ), 

where a is a constant; E(t) = cos(.\t) + Eo and let) = cos('\t + B) + 10, with Eo and 

10 smaller than 1; .\ is the theta frequency; B ~ 60°; x( t) is the rat's position at time 

t; T is a small positive threshold, and a(t, . .. ) represents an "accomodation" factor 

dependent on the recent history of spike activity. If the rate comes out negative, it is 

set to zero. When let) leads E(t) by about 60°, their ratio is skewed towards larger 

values occurring late in the theta cycle. The addition of a frequency-dependent spike 

accomodation within each theta cycle would be sufficient to produce the observed 

trailing spike precession. Although this model provides a plausible account of the 

main phenomena". it is very sensitive to parameter values. Interestingly, though, 

the skewing of the excitation-to-inhibition on which the effect depends is maximal 
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when the inhibition leads the excitation by about the observed amount. 

Figure 10.1: . 

Behavior of the model of phase precession discussed here. The red curve shows 
postulated excitatory input to the system, and the green curve shows population 
activity of inhibitory interneurons, which peaks 60° before the excitation. The blue 
curve shows the ratio of excitation to inhibition; because of the phase lag, this 
peaks near the end of each theta cycle. The bell-shaped orange curve represents a 
gradual modulation of input as the rat passes through the place field of a cell, and 
the black curve represents the net drive onto the cell. It is further assumed that 
accomodation builds up over the course of several theta cycles ~not shown), and 
suppresses firing at the end of the theta cycles as the rat passes out of the place 
field. 

A very different sort of explanation was proposed by Burgess et al. (1994), 

who suggested that phase precession may be produced by cyclic modulations of the 

animal's focus of attention, sweeping from objects ahead of it at the beginning of 

the theta cycle to objects behind it at the end of the theta cycle. The locus at 

which this mechanism would be implemented is unclear. It would most naturally 

be placed in sensory areas of the neocortex, but, as previously mentioned, no theta 

modulation has been observed in most areas of the neocortex. It cannot entirely 

be ruled out, though: strong theta modulation has been observed in the olfactory 

cortex, and some degree of theta modulation is likely to occur in the vibrissal 

portion of the somatosensory cortex (Macrides et al., 1982), so it is possible that 

theta modulation will be found in other areas if carefully sought. Still, it would 

be quite surprising if any such effect were very strong. This leaves some sort of 

cyclic gating of inputs to the entorhinal cortex as the most reasonable alternative. 

Currently there is no evidence to rule out such an explanation or to support it. 
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Another very differ~nt sort of expIation can be formulated in terms of attractor 

dynamics (Tsodyks, Skaggs, McNaughton, and Sejnowski, in preparation). This 

model proposes that the population activity pattern is determined by external input 

near the beginning of the theta cycle, but by intrinsic connections near the end of 

the cycle. It is assumed that the intrinsic connections are directionally biased, 

such that the cells active at any given time make stronger connections with cells 

representing points lying ahead of the rat than with cells representing points lying 

behind the rat. With certain parameter choices, the biased intrinsic connections 

cause the location represented by the population activity pattern to shift forward 

over the course of the theta cycle. This causes the spike train of each individual cell 

to show a pattern of phase precession. This model faces a difficulty in accounting 

for phase precession in fully two-dimensional environments, where the evidence 

indicates that few if any place fields are directionally biased (see chapter 4). This 

can only be overcome by assuming that a small directional bias does exist, even if 

it is difficult to detect; the observation that phase precession appears considerably 

less robust in fully two-dimensional environments than on linear tracks is consistent 

with this explanation. 

10.3 Conclusions 

The mechanism of phase precession is not yet understood, and there is probably 

not yet enough data to enable us to figure it out. The most valuable single item of 

information would be a specification of the brain area in which precession originates 

(assuming there is one), but even when this is known, it is likely that a considerable 

amount of detailed information about the dynamics of neural activity will still need 

to be obtained. If the speculations in the following chapter turn out to be correct, 

then phase precession is an integral part of the function of the theta rhythm, and 

it is possible that a major portion of the theta circuitry is devoted to producing it. 

Given the daunting complexity of the theta system, this leaves room for considerable 

intricacy in the physiology of phase precession. 

Regardless of the mechanism of the phase shift, it should not escape our notice 
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there is clearly something special about one particular point in the theta cycle: this 

is the point we have been calling the "beginning" of the cycle. It can be identified 

as the phase where CAl pyramidal cells show their first spikes as the rat enters 

a place field, or as the phase approximately 90° after maximal CAl population 

activity, or as the downward zero-crossing of theta waves recorded at the level of 

the hippocampal fissure; these are all roughly equivalent. As figure 7.6 shows, a 

dramatic and rapid (",10 msec) alteration of population firing pattern occurs at this 

phase during each theta cycle. It might be useful to examine the activity patterns 

of cells in the medial septal area for changes focused at this phase: such data might 

give an indication whether the septum is specifically "commanding" the abrupt 

shift. 



CHAPTER 11 

THE THETA RHYTHM AND MEMORY FOR 
TEMPORAL SEQUENCES OF EVENTS 

Erect and sublime, for one moment of time 
In the next, that wild figure they saw 
(As if stung by a spasm) plunge into a chasm, 
While they waited and listened in awe. 

"It's a Snark!" was the sound that first came to their ears, 
And seemed almost too good to be true. 
Then followed a torrent of laughter and cheers: 
Then the ominous words "It's a Boo-" 

Then, silence. Some fancied they heard in the air 
A weary and wandering sigh 
That sounded like "-jumP' but the others declare 
It was only a breeze that went by. 
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It was pointed out in chapter 2 that there is some difficulty in understanding how 

a network with the structure of the hippocampus could use a mechanism BUch as 

long-term potentiation to store information about the temporal structure of events. 

The essence of the difficulty is that long-term potentiation is probably only capable 

of making associations across a time gap of 40 msec at most, whereas the neural 

representations present in the hippocampus appear to change on a time Bcale at 

least ten times as long. 

The data presented by O'Keefe and Recce (1993), and further developed in 

chapter 7 of this dissertation, reveal that this appearance is not the whole reality: 

hippocampus representations actually change very significantly over the course of 

a single theta cycle. The contention of the present chapter is that this phenomenon 

may give the hippocampus the ability to form links between events occurring at 
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different times, and thereby endow the brain with a capacity to memorize sequences 

of neocortical activity patterns, on the basis of a single exposure. 

The basis of this hypothesis is illustrated in figure 11.1. As the figure shows, an 

inevitable consequence of phase precession is that, when a rat passes sequentially 

through the place fields of a set of CAl pyramidal cells A, B, C, D, portions of 

the firing sequence ABCD will be replicated within individual theta cycles, com

pressed by an order of magnitude. Moreover, each portion will be repeated several 

times. That this compression actually occurs is confirmed by plots such as those in 

figure 11.2, which shows cross-correlation histograms for several pairs of cells with 

nearby place fields on the triangle maze. Such histograms commonly show strong 

theta modulation, with a peak offset from zero by a fraction of a theta cycle. 

Place fields 

A B c D 

AI AI ABI ABIABCIABCIBCOpCOICD ICD 10 10 

Theta cycles 

Figure 11.1: Illustration of how the phase precession effect leads to compression 
of temporal structure within individual theta cycles. The rat passes through four 
partially overlapping place fields A, B, C, Dj spikes from each cell precess gradually 
from the end to the beginning of the theta cycle. Consequently, portions of the 
sequence ABCD are replicated repeatedly within individual theta cycles. 

As discussed above, LTP does seem to have the temporal properties required 

for this scheme to work. There are also other interactions between LTP and the 

theta rhythm that may be relevant. A number of studies have demonstrated that a 

form of LTP can be induced by a very small number of stimulus pulses, if these are 
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Figure 11.2: Cross-correlation histograms for four pairs of CAl pyramidal cells 
with nearby place fields on the triangle maze, with a time base of 100 msec. Each 
histogram shows strong theta modulation, with a peak offset from zero by a fraction 
of a theta cycle. 

timed in two brief bursts separated by an interval of approximately 200 msec, which 

is not far from the period of the naturally occurring theta rhythm (Greenstein et 

al., 1988, Diamond et al., 1988, Robinson, 1986, Otto et al., 1991); and Pavlides 

et al. (1988) have shown that LTP is more easily induced in the fascia dentata 

if stimuli are delivered in synchrony with the positive phase of the local theta 

rhythm; also Huerta and Lisman (1994) have demonstrated a similar relationship 

during cholinergically induced theta in hippocampal slices. Even so, these results 

are not strong enough to ensure that the phenomena predicted here will in fact 

occur. 

Granger et al. (1994) have simulated the learning of brief temporal sequences 

in a neural network model of CAl, making heavy use of the results of Larson 

. and Lynch (1989). Their model is capable of memorizing sequences lasting up to 

70 msec, with each element taking 20-30 msec; they suggested that it might be 

applicable to learning of saccadic eye movements, but it seems much more natural 

to apply it to the within-theta-cycle learning required by the present theory. The 

model is very abstract; however, and it is not clear that it will continue to function 

if the assumptions are made more biologically realistic. Similar statements apply 

to a theory of short term memory presented recently by Lisman et al. (1995). 

The most obvious prediction of the current hypothesis is that the hippocampus 

will have a role in learning of sequences, especially when it is required to learn them 

on the basis of only a few exposures. The corrollary is that such learning should be 
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hampered in animals with hippocampal lesions. One might wonder whether there 

is any evidence related to this. 

There does not seem to be very much. It is important, before considering 

the evidence, to make a distinction between knowledge of temporal sequence (i.e., 

knowing the difference in time between two events) and knowledge of recency (i.e., 

knowing how long before the present an event occurred). Mathematically, the two 

are equivalent, in the sense that if one knows how recently two events occurred, 

one can easily calculate their sequential order. Practically, though, they are quite 

different. Recency can be judged by forming a "familiarity trace" of each event that 

occurs, and allowing i~ to decay in a stereotyped way: the time elapsed since the 

event can be calculated from the strength of the familiarity trace. The disadvan

tage of this method, for purposes of remembering the temporal order of events, is 

that if two events occurred a substantial time ago, in rapid sequence, a familiarity 

trace may be incapable of distinguishing them, but an explicit, relational temporal 

association could be more robust. 

It is important to make this distinction, because there is considerable evidence 

that hippocampal lesions have no great effect on recency judgements. This is true 

in rats (Meek et al., 1984) and human amnesics (Milner et al., 1990). There is also 

considerable evidence that neither animals nor humans with hippocampal damage 

are impaired in learning motor sequences, but .this does not speak to the present 

hypothesis either. The prediction that needs to be tested is that the hippocampus 

is required, or at least helpful, for learning the correct response to a sequence of 

stimuli. 

For this, there is a certain amount of evidence. The most direct test was an 

experiment performed by Leaton and Borszcz (1990), who trained rats to cease 

bar-pressing in response to a chain CS4-CS3-CS2-CSl of conditioned stimuli (CSl 

was a light, CS 2 a loud tone, CS3 a different light, and CS4 a different tone). 

Hippocampally lesioned rats and unlesioned controls responded equally well to CSl 

alone, but when additional stimuli were added to the chain, the performance of the 

lesioned rats dropped off much more rapidly than the performance of the controls. 
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Curiously, another piece of evidence is provided by an experiment carried out by 

Eichenbaum and his colleagues (Eichenbaum et al., 1988, Eichenbaum et al., 1989), 

though they gave a different interpretation of it. In the experiment, rats were 

presented with odors at two spatially separated odor ports, and rewarded only 

for certain specific combinations. It was found that hippocampally lesioned rats 

were greatly impaired at this task. The observation that relates this to temporal 

sequences, is that the unlesioned rats were found to show bimodal time-distributions 

of sniffing, indicating that they tested the odors by sniffing at .the two odor ports 

in a stereotyped sequence. The lesioned rats, interestingly, did not show such a 

bimodal distribution. This suggests that the lesioned rats were unable to learn 

which sequences of odors were associated with reward, even though they had no 

difficulty learning the correct responses when only single odors were involved. 

There is a great temptation to relate the hypothesis presented here to the data 

on conditioning of the rabbit nictitating membrane reflex. In this paradigm, a tone 

CS is presented to a rabbit, and then, after a delay, a puff of air is blown against the 

rabbit's eye. After this has been done numerous times, the rabbit learns to antici

pate the air puff by closing its nictitating membrane (which is a thin, translucent 

membrane that can be brought down over the eye). Two lines of evidence indicate 

that the hippocampus is involved in this type of learning: (1) hippocampal unit 

activity shows changes during learning that "model" acquisition of the response 

(Berger et al., 1983); and (2) if a delay of 500 msec or longer is imposed between 

the offset of the tone and the onset of the air puff, then hippocampal lesions abolish 

the conditioned response (Solomon et al., 1986, Moyer et al., 1990). These findings 

clearly implicate the hippocampus in learning of a rather precise temporal rela

tionship; moreover, as reviewed in chapter 4, there is evidence that the role of the 

hippocampus is time-limited. Further study will be necessary, however, to work 

out whether phase precession is occurring in this paradigm. If nothing else, it is 

at least clear that strong theta is present (Berry and Thompson, 1978, Berry and 

Swain, 1989). 

It rather straightforward to work out at least one way that the hippocampal 
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involvement in nictitating membrane conditioning could be explained in terms of 

phase precession. Zipser (1986) proposed that the role of the hippocampus could be 

easily understood, if it implemented delay lines, that is, units that become active 

a fixed time after some event. This proposal did not draw very much attention, 

because there seemed to be no evidence whatsoever for anything like delay lines 

in the hippocampus. The finding of phase precession, however, provides precisely 

such evidence: phase precession turns the theta cycle into a delay line. The activity 

pattern at the beginning of the theta cycle is a time-delayed version of the activity 

pattern at the end. This suggests that delay conditioning could be implemented by 

triggering the response whenever a specific set of cells fire at a specific phase of the 

theta cycle. It is of course not obvious how to make such an association, or that 

the hippocampal units are behaving in anything like the required manner during 

this task. 

An obvious test of the current hypothesis would be to use a delayed-match-to

sample paradigm, with sequential pairs rather than single items. It has been shown 

that hippocampally lesioned animals are not impaired at delayed-match-to-sample 

tasks with single items, if short intervals are used. The suggestion here is to use 

AB pairs rather than single items, and the prediction is that lesioned animals will 

not be able to differentiate between AB and BA. 



CHAPTER 12 

CONCLUSIONS AND DISCUSSION 

In the midst of the word he was trying to say, 
In the midst of his laughter and glee, 
He had softly and suddenly vanished away
For the Snark was a Boojum, you see. 
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The hippocampal theta rhythm has long seemed very mysterious. It dominates 

the EEG of a substantial portion of the brain of many mammals, and is controlled 

by a complex network of brain areas. There is every indication that it is doing 

something important, but in spite of decades of work it is not yet clear what this is, 

even in general terms. In service of the quest for an answer, the studies reported in 

this dissertation have ~dded the following items to our knowledge of hippocampal 

physiology and its relations with the theta rhythm: 

1. CAl pyramidal cell population activity is modulated in a consistent way by 

the theta rhythm, with a depth of modulation of about 50%. 

2. On a linear track, all CAl pyramidal cells show similar patterns of phase 

precession if the animal moves in a consistent way inside their place fields. 

3. All CAl pyramidal cells show their first spikes at the same phase of the theta 

cycle, approximately 90° after the phase of maximum population activity. 

4. Phase precession can be seen in two-dimensional environments in which ani

mals move along non-stereotyped trajectories. 

5. In both one- and two-dimensional environments, the firing fields are larger 

for spikes occurring near the end of the theta cycle than for spikes occurring 

near the beginning. 
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6. Granule cells of the fascia dentata show robust phase precession. 

7. Interneurons in CAl and the fascia dentata are highly variable in their tuning 

to the theta rhythm, both in terms of depth of modulation and phase of 

maximum activity. It is likely, in CAl, that maximum population activity 

of interneurons occurs approximately 60° ahead of the phase of maximum 

pyramidal cell activity. 

8. A subset of interneurons in the fascia dentata or hilus show two peaks of 

activity approximately 180° apart in the theta cycle. 

9. The peak of population activity for dentate granule cells occurs about 90° 

earlier in the theta cycle than the peak activity of CAl pyramidal cells. 

10. There is an interaction between theta phase and previous history of spike 

activity during REM sleep: this might be a sign of phase precession, but this 

has not been fully demonstrated. 

11. During sleep, in addition to REM and LIA, a third type of EEG and popu

lation activity pattern occurs, for which the name "intermediate sleep" has 

been taken. 

12. During intermediate sleep episodes that last for longer than about 3 seconds, 

low-frequency theta ( f'J 6.5 Hz) is present in the hippocampal EEG. 

In this dissertation, a novel theory of the function of theta has been proposed, 

which mayor may not be correct. Even if it turns out not to be correct, it is hoped 

that the results presented here may answer a few of the outstanding questions, and 

open up a few promising lines for future inquiry. 

Perhaps the clearest result to emerge from our data is that theta is a complex 

phenomenon. It is far more than a simple periodic waxing and waning of activity: 

it involves activity in a variety of brain areas being brought into play in an intri

cate, and rather precisely controlled, sequence. This high degree of structure has 

been difficult to see in experiments that could only acquire small amounts of data, 
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with one or two EEG electrodes and one or two unit electrodes; but it seems now 

that the richer the data, the more structure can be discerned. Where this trend 

will ultimately climax is not yet forseeable, but there is a strong impression that 

the EEG theta rhythm is the visible manifestation of a repetitive computational 

sequence, involving several steps of gated information" flow amongst several parts 

of the limbic system-much as the sound of a disk drive whirring is the audible 

manifestation of the computations taking place within. 

Several observations suggest that theta may not be a smooth oscillation, but 

rather an alternation between two quasi-discrete states, corresponding to opposite 

phases of the theta cycle. First, there is the appearance of bimodality in histograms 

of the type shown in fig. 7.5: this suggests that activity shifts in a continuous but 

abrupt way from one portion of the cycle to the other. Second, there is the fact 

that some interneurons in the fascia dentata have bimodal tuning curves. Third, 

the theta-tuning curves for population pyramidal cell activity often give an appear

ance of bimodality, as in fig. 7.2B. None of these is especially convincing, but it is 

worthwhile keeping our eyes open for further evidence. 

In addition to the results listed above, and largely as a consequence of them, this 

dissertation has put forth a novel hypothesis regarding the functional role of the 

theta rhythm: it has been proposed here that the function of the theta rhythm is to 

endow the hippocampal system with the capicity to memorize temporal sequences 

on the basis of a single exposure, using long-term potentiation; that is, to make 

associations across time. This is potentially such an important ability that it is 

arguably an adequate reason for the theta rhythm to exist. Even if this hypothesis 

turns out to be wrong, though, the data presented here have demonstrated that 

phase precession is an extremely robust phenomenon, permeating the activity of the 

hippocampus from the fascia dentata to CAl (at least), and causing CAl population 

activity patterns at opposite phases of the theta cycle to be virtually orthogonal. 

It seems almost inconceivable that such a pervasive effect could not have some 

functional relevance. 

The data presented here have not, unfortunately, been able to pin down the 
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mechanism of the phas~ precession in a convincing way. As discussed in chapter 10, 

a ra.ther broad variety of mechanisms are consistent with the existing evidence, 

ranging from an interplay between two oscillators with slightly different frequencies, 

to an interaction between excitation, inhibition, and adaptation, to the emergence 

of dynamical attractors that "pull" the hippocampal population activity vector 

forward along the animal's trajectory, to a periodic oscillation in the ~imal's focus 

of attention. Because the phase precession effect, if present in one area, can easily 

be inherited by areas downstream, the approach favored by this author is to first 

pin down the location at which phase precession originates, before attempting to 

formulate a physiological model. To do otherwise is "theorizing in advance of the 

data", which is a capital mistake (Holmes, 1892). It will obviously be important, 

for this and other reasons, to gain a better understanding of the relations of neurons 

in the entorhinal cortex to the theta rhythm. 

This dissertation closes with a list of suggestions for future approaches to the 

questions raised or left open by the results and ideas presented here: 

1. As already mentioned several times, the most important thing is to gain 

a better understanding of the entorhinal cortex, which provides the domi

nant input to all areas of the hippocampus. We need to work out rules for 

,recognizing pyramidal cells and interneurons there, and determine to what 

extent the essential properties of hippocampal cells are already present in en

torhinal projection cells of layers II and III. Barnes et aI. (1990) introduced 

the metaphor of the hippocampal formation as an assembly line: in order 

to understand what the hippocampus contributes, we need to know what is 

present in the hippocampus that is absent in the entorhinal cortex. Ideally 

this implies knowing as much about the entorhinal cortex as we do about the 

hippocampus. This goal is a long way off, but it is essential to begin. 

2. As discussed in chapter 10, the paradigm giving the strongest evidence for a 

role of the hippocampus in precise timing is conditioning of the nictitating 

membrane reflex in rabbits. It would be very interesting to study the relations 
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of unit activity to the theta rhythm in this task. 

3. If temporal sequence memory of the sort hypothesized here does in fact exist, 

it might be possible to see evidence of it during sleep after a session of maze 

running. Wilson and McNaughton (1994b) showed that correlations during 

sleep are higher for pairs of cells that had overlapping place fields on the 

maze than for pairs of cells whose fields did not overlap. The new prediction 

is that if two cells tend to fire in the order AB on the maze (more specifically, 

if they have an asymmetric cross-correlation peak less than 50 msec from 

zero), then they would have a tendency to fire in the same order during 

sleep afterwards. A preliminary report of this phenomenon has already been 

published in abstract form (Wilson and McNaughton, 1994a), but difficulties 

in eliminating potential confounds have made it possible that this work will 

not reach the final publication stage (M. A. Wilson, personal communication). 

Some of the triangle maze data used for this dissertation would be well suited 

for such a study. 

4. As mentioned in chapter 11, Granger et al. (1994) have formulated a compu

tational model of temporal sequence learning, based on the temporal asym

metries observed in long-term potentiation. Their results would nicely com

plement the hypothesis proposed here, except that the assumptions in the 

model are biologically very unrealistic. It would be interesting to see to what 

extent the high storage capacity of the model could be maintained using more 

reasonable assumptions. 

5. It would be useful, for many reasons, to have a better understanding of the 

role of the hippocampal formation in memory for the temporal structure of 

events. A number of interesting experiments are possible along these lines. 
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