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ABSTRACT

The behavioral and neuronal functions of the hippocampus, a
major component of the brain's limbic cortex, are not well understood.
One major clue to its role in behavior is that its gross electrical
activity (EEG) shows striking correlations with behavior. Special
significance has been attached to the hippocampal theta rhythm, but,
despite extensive research concerning the precise dimensions of
behavior correlated with theta, it is still not clear if the presence
of theta indicates that the hippocampus is actively involved in the
control of behavior. In an attempt to describe some of the neuronal
interactions that occur during theta, the activity of pairs of neurons
in the hippocampus and septum was recorded in rats paralyzed with
succinylcholine chloride.

In Section One it was seen that hippocampal EEG in paralyzed
rats was not substantially different from the normal. Long trains of
clear theta as well as irregular EEG were seen in the immobilized rat.
In Section Two cells in hippocampo-septal sites were categorized. One
of the neurons of the pair was usually in dorsal CAi1; the other was
located in the lateral septum (LSN) in a region shown to receive the
terminals of the hippocampal projection cell (P cell). Typical cell
types were seen in CA1: rhythmically bursting "theta” cells (B cells)
and complex-spike cells. The A cell was probably the CA! projection
cell (pyramidal cell). Cells in the LSN (C cells) were characterized

by a lack of bursting. The majority were slowly firing cells. In
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Section Three the sctivity of different cell types during different EEG
rhythms was described. Firing patterns of A and B cells were similar
to those describéd in other work: A cells tended to decline in rate
during theta, while B cells increased in rate providing an initial
indication that during theta hippocampal transmission to tafget zones
is attenuatedj The C cells did not generally show substantisl changes
in activity during EEG changes, although in some C cells & wesk theta

!
rhythm was detected.

In the last section (Section Four) an attempt was made to
detect correlations between hippocampal and septal spike trains which
could be indicative of & transsynaptic influence af P cells and to
determine if such correlations changed as a function of EEG state. The
cross-correlation of "naturally” occurring firing is not a standard
tool in the snalysis of complex mammalian forebrain circuits and so,
this study was also an exploration of whether such an approach was
practical in the analysis of complex circuits.”

In the croas-correlograms of an appreciable number of cell
pairs it was possible to detect changes in target cell firing which
appeared to be due to a direct influence of P cell populations. Most
of these changes consisted of increases in rates of septal neurons; for
a smaller number of pairs, the occurrence of a hippocampal event was
associated with a decrease in target cell firing. Most changes in
septal cell firing occurred during irregular EEG¢ patterns. During
theta, the firing of P cells was relatively ineffective in biasing the
state of the septal cell. These results were interpreted in terms of a

pogsible tendency for a greater number of P cella to fire more

synchronously during irregular EEG. It was also found, in agreement
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with other studies, that the activity of P cells was relatively
suppressed during theta, again suggesting that theta represents a state
of attenuated output.

On the basis of the present findings, it can be tentatively
cgpclude that, during theta, it is unlike;y that the hippocampus is
;ctively involved in behavioral expression; it is more likely that
hippocampal output function is exerted during irregular EEG and

associated behaviors, during which time it acts partially to excite

septal cells.
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GENERAL INTRODUCTION

Physiological psychology is an act of faith; it is the
illogical assertion that to proceed with faulty assumptions
is better than to do nothing at all and that, as knowledge
is acquired, the imponderable problems will disappear.
(Goddard, 1980)

I. Background and rationale.

For many people, the most“intriguiﬁg and easily identified
component of the human brain is its highly convoluted outer layer, the
neocértex. Beneath the neocortex, encircling the upper knod of the
brain stem, lies another, older type of cortex which, although less
known, is equally fascinating. Like neocortex it is layered, but its
layering scheme is simpler; while six or seven layers are recognized in
new cortex, the older cortex consists of three basic layers. The older
cortex has been given a vériety of'names.such as allocortex or paleo~
cortex. Because paleocortical tissue forms a border or limbus about
the brain stem, it has been called the limbic lobe. To the firsg
anatomists one portion of the limbié 1059, in certain views, looked ’
like a sea hors;. The Latin name hippocampus was assigned to this
structure, which, in later work, was idenﬁified as the oldest of all
cortical tissue, archicortex. It is with the functions of the hippo-
campus that this thesis is concerned.

Because in human and other primate brains there has been such a
disproporti;nately,large expansion of neocortical tissue, the hippo-

campus has been pushed towards the bottom of the brain where it lies
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alongside temporal neocortex (near th; ear). In the rat, the experi-
mental subject of this study, a relatively small portion of the hippo-
campus is found at the bottom of the brain. The rat hippocampus
continues to sweep upwards, curving like a slender banana, towards the
upper, midline regions of the brain. A view of the rat brain with
neocortical tissue peeled away so as to expose the hippbcampus can be
seen in Figure 1A. As indicated in the figure, the rat hippocampus
occupies a substantial volume of the brain; its relative size is
grea;er than that of man.

The rudimentary internal structure of the hippocampus has
attracted a great many researchers interested in understanding basic
properties of neural tissue or in constructing models which could
account for complex cortical phenomena. While these approaches have
been partially succeésful, they have not contributed substantially to
an understanding of ovérall hippocampalvfunction in behavior. As
Purpura (1959) has pointed out, the simplicity of hippocampal structure
is deceptive:

We are concerped about how easily one can be fooled about
"simplicity of structure”. Certainly structural homogeneity
means very little in terms of diversification of intrinsic
synaptic organization. (p. 185)

After about eighty years of intensive effort (measured from the
work of Ramdn y Cajal at the turn of the century), there is no consen-
sus concerning hippocampal function either at a physiological or
behavioral level. The presence of a number of comprehensive reviews
makes a detailed review of the literature superfluous here (see CIBA

Foundation Symposium 58, 1978; Isaacson & Pribram, 1975; 0'Keefe &
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Nadel, 1978). Briefly, the literature of the past two decades has
implicated the hippocampus in animals in such processes as arousal,
motivation, attention, habituation, memory, learning, voluntary beha-
vior, response inhibition, response to non-reward, spatial orientationm,
and so on. In man there have been two dominant views, one in which the
hippocampus is perceived as part of a system responsible for emotional
experience and behavior (MacLean, 1949; Papez, 1937) and one in which
the hippocampus is implicated in the formation of memory (Penfield &
Milner, 1958; Scoville & Milner, 1957).

A discussion Qf the reasons behind the divergence of viewpoints
would constitute a sizable treatise on conceptual, methodological, and
technical problems of physiological psychology. Some of these issues,
ag they relate to hippocampal function, have been considered by Nadel
and 0'Keefe (1974) and 0'Keefe and Nadel (1978). A major source of the
difficulty may be related to the isolation of the hippocampus from
primary sensory-motor areas. Anatomically, there are no direct outputs
to motor areas nor do primary sensory systems find their way directly
into the hippocampus. The information relayed to the hippocampus is of
a complex, multi-modal nature. Electrical stimulation of the hippocam-
pus does not elicit clear cut motor responses and it is difficult to
decide if those effects that are elicited are due to functions con-
trolled by hippocampus or to the propagation of abnormal seizure
activity to distal sites which are involved in the behavior. Destruc-
tion of hippocampal tissue produces a myriad of effects; there is
little agreement concerning the nature of the behavioral deficit

following a hippocampal lesion. Finally, the behavioral functions of



the major input and output areas of the hippocampus are also complex
and largely unknown. The hippocampus, then, has not typically been
related in any simple way to sensory or motor processes. Instead, it
is seen as a complex integrator of pre-processed information or as a
modulator of processes controlled at other levels of the nervous
system. The only view which had linked hippocampal function to first-
order sensory-motor processes was that of Ferrier (1876; discussed in
Brodal, 1947) which regarded the hippocampus as the olfactory cortical
receptive site, a view which became untenable after the publication of
Brodal's (1947) work.
0'Keefe and Nadel (1978), in the first book-length attempt to

integrate data from a variety of approaches into a theory of hippocam-
pal function, have proposed, mainly on the basis of observations of
single~cell activity, that the hippocampus is a necessary component of
neural circuitry responsible for a translation of the environment into
a spatial or cognitive map. It is still a speculative view, not
sufficiently substantiated to receive wide support. Vinogradova (1978)
has criticized it on several grounds, her most pointed objection being
that experimental findings are directly related to the expetrimenter's
expectations:

These are very interesting data, but it is curious how we find in

the brain what we are looking for! For example, in my earlier

experiments I was specifically interested in time perception in

the hippocampus and I have beautiful extrapolation in hippocampal

units. . . . So I suspect that space and time and in fact all
dimensiona of the world are going through the hippocampus' (p.197)



Present perspective. The present study takes as its starting

point what is probably the most generally agreed-upon phenomenon in the
literature concerned with hippocampal behavioral functions: in the rat
a specific class of behaviors are invariably accompanied by a readily
discriminated pattern of hippocampal electrical activity termed theta
rhythm. Other brain areas also give rise to electrical patterns which
vary as a function of the behavioral state, but none has shown. the
striking patterns which are characteristic of hippocampal EEG during
waking behaviors.

Despite the ease with which correlations between hippocampal
EEG and behavior are detected, they have not led to an unequivocal
inference about hippocampal function in behavior. Two problems have
contributed to the difficulty.  First, during behavior a large number
of processes, some observable, others not, co-vary; it has been diffi-
cult to establish which specific dimension of behavior relates to the
theta rhythm. Second, it is uncertain if theta represents an active
hippocampal state.

It is with the latter problem that this study is concerned and
a number of interrelated questions are pursued here: Does the occur-
rence of theta during certain behaviors reflect an active involvement
of the hippocampus in the control of those behaviors or do other BEG
patterns perhaps indicate a greater degree of hippocampal involvement?
What is the nature of hippocampal function during theta and non-theta
statas?.

For many years questions such as these have been posed by many

researchers, particularly during conference discussion sessions (see



CIBA 3ymposium, 1978, pp. 321-324 or Purpura, 1959, p. '77). Their
si1gnificance *to an understanding of hippocampal function in behavior
might best be discerned against 2 brief historical backdrop.

Tn one of the first observations of theta, Green and Arduin:
(1954) noted that in the excited, mobile rabbit or after presentation
of various sensory stimuli to the paralysed rabbit, theta rhythm, 5
slowly oscillating, nearly sinusoidal waveform, iominated *“he hippo-
campal EEG, while a small amplitude, high frequency "Jesynchronized”
pattern appeared in the neocorticazl EEG. That a specific, easily
1dentifiable component of hippocampal EEG was correlated wi*h a rela-
tively circumscribed behavioral state (arousal) motivated a large
number of similarly oriented studies in a variety of species. Infor-
tunately, these studies did not result in a unified view of ERG-
behavior relationships {see Black, 1975). Vanderwolf's (1969, 197!}
descriptions of hippocampal theta and 1ts behavioral correls*es in *he
rat have gained the widest support. Two o*ther major classes >f hippo-
campal EEG, each with its own set of behavioral -orrelates, wer= 1lso
described by Vanderwolf (1971). These patterns are iiscussed in more
detail in Section One.

The essential point here, and 1t is 3 point that cuts 2cross
species differences in EEG-behavior correlates {see Winson, 1972}, 13
this: regardless of the nature of the EEG-behavior correlation ob-
served, it was assumed by many workers, without direct evidence, jhat
one or another of the principal types of hippocampal EEG patterns
represented its functional state. In many cases no attempt was made *o

gpecify how activity in the hippocampus Juring some EEG pattern allow=d



the hippocampus to participate in the control of the behavior or
process in question. Arguments were invoked to support one or another
view, but most were without‘empirical foundation.

In the earliest views (Green & Arduini, 1954) it was proposed
that because theta waves were correlated with behavioral arousal (and
cortical desynchronization), and since theta could be induced by
activation of the brainstem retficular core, it represented an adtive
state of the hippocampus. Behavioral arousal, however, does not
necessarily require active participation of all neural areas, nor does
it specify in itself which neural areas should be active.

For Grastydn (1959) the presence of theta in the cat indicated
that the hippocampus was in an "inhibited functional state". Grastyén
(1959, p.120) noted that electrical stimulation of the hippocampus
inhibited various types of movements in anima ch a8 orienting
movements or conditioned responses, suggesting that the hippocampus
acted to inhibit movements. He also observed that during desynchroni-
zation of the hippocampal EEG the cat tended to be in a state of
aroused immobility while during theta it performed orienting movements.
These and other incidental observations indicated to Grastyén that the
hippocampus was functional during its desynchronized state, at which
time it acted to suppress a neural system involved in production of
orienting movement. During theta, the hippocampus was inactive or
suppressed, allowing for the orienting system to be released from
hippocampal inhibition and orienting movements to appear.

The results of other stimulation studies have not been consis-

tent. Also, the behavioral effects, in many cases, may have been due



to spread of afterdischarge. Furthermore, the parallels between
electrically-induced behaviors and natural behavior occurring during =
specifip”EEG pattern are questionable. For these, and other, reasons
1t 18 d1fficult to establish on the basis of stimulation evidence
whether the correlation between hippocampal EEG desynchrony and
"immobility" implies that the hippocampus is active during *the
1mmobillty.

If 1t were possible to reliably elicit an unambiguous behav-
1oral pattern with non-seizure producing hippocampal stimulation, our
understanding of hippocampal function might be appreciably sadvanced.

t might algo provide evidence that whatever EEG pattern appeared
during that behavior patterﬁ was i1ndicative of an active hippocampus.
Nevertheless, the evidence would be indirect; 1t would still be necess-
ary to show that the hippocampus was more active during this pattern
than other EEG patterns. As Grastyan (1959, p. 14§\ observed, "the
final solution of this problem can be obtained only from experiments
with microelectrodes”. 1

The traditional belief that regularly oscillating slow waves
1ndicated an inactive state was also influential in forming the view
that during theta the hippocampus was inactive. Douglas (1967), 1in a
major review article, expressed this bias:

It challenges belief that a brain structure could generate very
high-amplitude sine-like waves and yet be functioning 1in any
discrete fashion. . . .(p. 420)

For Adey (1966.), however, theta in ca%ts was a definite sign of

information processing.;n the hippocampus. In humans, Penfield and

Milner (1958) had written about the reliance of memory formation on

intact hippocampi. Adey's observations of EEG during learning proce-



dures 1in cats suggested that theta was essential to the formation and
recall of memory traces. These results and conclusions were directly
opposed to those of Grastyan and an attempt at reconciling the two
positions was made by Bennett (see Bennett, 1975). Despite Bennet*'s
original leanings towards Adey's views, his findings in the cat suppor-
ted those of Grastyan. That is, as learning progressed, theta did not
persist, as claimed by Adey, but was replaced by irregular EEG ac*tivi-
ty. DBennett, also tried to determine whether theta was necessary for
those behaviors 1t accompanied by administering 2 theta-blocking Arug
during a learning task. He found that the learning and performance of
acquired movements that were normally accompanied by theta were not
d1srupted, suggesting that hippocampal events giving rise to theta were
not essential to the task.

The opinion that theta rhythm signalled 3 non-functional s*tate
of the hippocampus became more widespread as the large volume of data
generated by the animal lesion research began to be :integrated. The
basic finding was that animals withou® 2 hippocampus were not impaired
in tasks which in intact animals were accompaniad by theta rhythm.
Douglas (1967) put 1t this way:

It is of some interest that both (Grastyan et al, 1952; Adey =*
al, 1960) found prominent theta rhythms during the learning or
performance of tasks which the lesion literature indicates do not
require hippocamgal functioning: . . . If one assumes that theta
indicates that the hippocampus is functioning. . . . then one
would be forced to predict that removal of the hippocampus shoull
result in a deficit on these problems. (p. 421-422)

Vanderwolf (1969), and others, found that)ﬁheta in the rat

accompanied "voluntary" movements { broad-ranging exploratory movements®

and studies of Black (see Black, 1975) demonstrated that i* was probabd-
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ly with movement itself and not some other process that occurred
concurrently with movement that theta was correlated. The lesion
research made it clear, however, that voluntary movements were not
disrupted by hippocampal damage; if anything, a large segment of the
literature suggested that the animal had difficulties in suppressing
such movements. Many researchers adhered to the hypothesis that the
hippocampus %E rats was involved in some sort of response inhibition
(Kimble, 1968; McLeary, 1966). The most parsimonious integration of
the data suggested that during theta and voluntary movement the hippo-
campus was inactive. Vanderwolf (1971) opposed both conclusions. With
respect to the former he suggested that the disinhibition of behavior
could be due to infringement of the damage on the dentate region since
he had noted that stimulation of the dentate area suppressed voluntary
movement, wﬁile hippocampal stimulation had no effect. Others, how-
ever, have found that mild hippocampal stimulation does produce sup-
pression (Grastydn, 1959, e.g.) and the findings of suppression with
dentate stimuiation have not been replicable (Kramis, 1972, cited by
Bennett, 1975 and Vanderwolf, 1976 personal communication). Vanderwolf
also felt that it was unlikely that the hippocampus was inactive during
theta because of observations that hippocampal units fired in phase
with theta. But, as will be noted later, ihferences about the state of
"activity " of a neural zone based on single cell firing, are highly
dependent on the type of cell which is active.

A unique attempt to reconcile the lesion studies with the EEG
data is that of Altman et al (1973). These workers have concluded from

the lesion literature that hippocampal tissue does in fact participate
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in a response "braking” function. Unlike other workers, they did not
8o on to make the inference that the hippocampus was suppressed during
movement (and theta). Instead, they proposed that, during movement
initiation and maintenance, there was a concurrent activation of a
septo-hippocampal braking system which was necessary to ensure that
“motor action can be delicately controlled”. When the aroused animal
was ready to engage in voluntary motor activity the septo-hippocampal
system was triggered into action and hippocampalytheta was seen. Theta
represented "the alerting of the braking system without engagement"” and
persisted throughout movement because, in their view, movement involved
repeated preparations to stop.

In Altman et al's view, theta is apparently an intermediate
level of hippocampal function. If the animal must stop its voluntary
movement, the hippocampus becomes maximally functional and generates
its most activated pattern, small amplitude irregular activity. On the
other hand, if the animal is quiescent; if it is not prepared to make a
voluntary act and is not in the process of moving, the braking system
is not required and large amplitude activity appears in the hippocampus

as it achieves its least functional state.

The foregoing analysis is by no means exhaustive or representa-
tive of positions taken with respect to the role of theta. The exam-
ples provided do serve to illustrate the major symptoms of the problem
that this thesis is concerned with: on the basis of the correlation of

hippocampal EEG and behavior any of a number of conclusions concerning

»
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the behavioral role of the hippocampus are possible. While findings of
lesion, stimulation, and other more analytic EEG studies (see Black,
1975) place constraints on the type of theory derived, the evidence
they furnish, as noted above, remains indirect.

The present study, by recording the activity of single cells in
the hippocampo-septal circuit, attempts to specify some of the neuronal
interactions that form the substrate of hippocampal action during theta
and non-theta states. Such descriptions potentially could clarify the
naturé of hippocampal involvement in those behaviors with which its EEG
patterns have been correlated.

Single unit activity in the hippocampus has been studied by a
large number of research groupsy but their observations do not readily
apply to the questions asked here. It is critical, in an analysis of
the relative staté of activity in the hippocampus (or any neural zone)
during a particular brain state, to identify the type of neuron giving
rise to the unit record; many studies have not done so. It is well
known that most neural regions contain interneurons (local circuit,
short-axon elements) which serve to modify the activity of the long-
axon projection neurons in the region. Some internmeurons will act to
suppress activity of the projection cells. 1In the ventral horn of the
spinal cord, for example, the local circuit Renshaw cell exerts inhibi-
tion on the motoneuron which projects to the muscle fibre. In the
hippocampus there is also a class of interneurons (the basket cells,
probably) which inhibit the activity of the hippocampal projection
cell. When recording single unit activity, mistaking one type of
element for the other could lead to opposing views of the function of

the area in question.
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Implicit in this approach is the assumption that it is the
activity of projection cells that forms the measure critical to inter-
preting whether an area is actively involved in, or "functional”
during, behavior. This assumption is held by many researchers; as will
be seen, those workers that do attempt to identify elements recorded in
the hippocampus, equate hippocampal function with the behavioral
correlates of the activity of what they believe to be the projection
cell. This assumption is also implicit in the present research. In
some views function is described in terms of the transformation per-
formed by the network, given certain inputs, by virtue of its internal
circuitry. In any case, it appears logical to assume that execution of
function can be measured most conveniently in terms of activity of
projection elements, since part of the circuitry constituting the
system is composed of elements that extend to other systems.

It is also assumed here that an important factor in defining
the functional state of a neural zone is whether activity in projection
elements is capable of affecting the target zone or of being decoded by
systems innervated by the output units. Thus, in this study, activity
of output elements of the hippocampus was monitored simultaneously with
the activity of septal target cells. This activity was subjected to a
cross~correlational analysis which provided a measure of hippocampal
influence on septal cells under different EEG conditions.

The recording of pairs of units would have provided maxiqal /
information in behaving rats. Pilot studies, using chronic microelect-
rode recording techniques, indicdated, however, that it would be diffi-

cult to isolate a reasonable number of cell pairs with usable signal-



14

to-noise ratios in the freely moving rat. For this reason microelect-
rode probes were done in rats immobilized with succinylcholine chlor-
ide, a neuromuscular blocking agent.

The approach used here waa not intended to provide a specific
test of any one hypothesis of hippocampal functioning in behavior. It
was partially an attempt to apply a methodology not often used in the
analysis of mammalian nervous system, the cross-correlation of pairs of
units, in order to evaluate some assumptions about the information-
processing state of the hippocampus during certain broad classes
of behavior (or EEG pattern).

In the yemalning portions of the Introduction some fundamental
anatomical and felectrophysiological characteristics of the hippocampo-
septal axis are described and further elaboration of the scope and

rationale of this study are provided.

II. Terminology and description of areas.
e
HIPPOCAMPUS

The term hippocampus has been used in a number of ways. Most
often it includes three areas: the subiculum proper, Ammon’'s horn
(cornu Ammonis), and the dentate region (fascia dentata in rodent or
dentate gyrus in primate). Occasionally, hippocampus has been used to
refer to Ammon's horn alone. The research here is concerned primarily
with Ammon's horn (which will be called horn); the term hippocampus
will be used to refer to a combination of all three areas. .

Internally the Hibpooampus is organized along both functional

and structural lines. Functionally, the electrophysiological evidence
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* indicates that the transsynaptic relay of information between hippo-

campal divisions is confined to a lamella, a thin section or slice of
hippocampus runningltransversely to the longitudinal axis (An?ersen et
al, 1971; Rawlins & Green, 1977). The approximate orientation of such
a slice 46 seen in Figure 1A in anterior and posterior hippo?ampns.
The lamellar prinéiple—of information flow is anafégous to columnar
organization in neocortex{ it hybothe%ically allows for adjacent

segments of hippocampus to carry out different functions with contrast

‘between those functions enhanced by a possible lateral inhibition.

If a slice of -hippocampus.is 'removed and magnified, its struc-
tural divisions can be discerned. Such a slice, depicted schematically

in Figure 2A, reveals two types of structural organization: one con-

gists of the major subdivisions and fields of the hippocampus; a second

is the layering schema. The most obvious division is that between
fascia dentata and the horn.

Hippocampal subdivisions.

-

Fagcia dentata. The dentate area, demarcated from the horn by

the hiépocampal fissure, is characterized by the alignment of granule
cells (g. cells) in a neaf V-formation. The g. cell, the domin;nt cell
type, has only an apical dendritic complex arising from the cell body;
it possesses at least two axonal branches, one of which is conveyed in
the mossy fibre system to adjacent horn and a second which innervates
local circuit interneurons. The portion of the dentate closest to the

fissure has bBeen tarmed the buried blade; that portion adjacent to

thalamus, the exposed blade (Andersen, cited by O'Keefe & Nadel, 1978).



The peripheral dendrites of the g. cell are found in the outer

rim of the dentate, near the fissure, and make up the stratum molecu-

lare. The tightly packed g. cell_gglies and the dense basket }ell

terminal plexus in which they are emmeshed, form the stratum granulo-
&

sum. The exiting g. cell axons and a variety of other elements such as

the basket cell soma and the pyramidal cells of the horn, comprise the

sﬁratum;polymo:ghe.

Pt

Ammon's horn. In remaining portions of the hippocampus the

pyrafiidal cell (p. cell) is dominant. Lorente de No (1934), noting
that in different parts of the hippocampus p. cells were morphologic-

ally i}ferent and were arranged differently, divided the horn into its

principal cell fields, CA1-4. Furthef subdivisions were made by him,‘
butihave not been widely used and are excluded from discussion here.
As indicated in Figure 2A,B, the p. cell bodies of CA1-3,
restrigted to a single layer, form a semi-circle the lower limb of
witich falls partially between the blades of the dentate. Pyramidal
cells are found in the polymorphe layer of the dentate (hilar region)
ad well, where they constitute area CA4, but they differ in several
respects from those of CA1-3. They are scattered, ns longer contained
in a thin sheet; morphologically they are modified, and according to
Swanson and Cowan (1977), the principal axon does not go out beyond the
hippocampal formation.

| The smallest, most densely packed p. cells are found in area
CA1, clustered in several rows. A number of CA1 p. cell axonal branch-

es were described by Lorente de Nb; in some figures the p. cell axon is

seen bifurcating with one branch directed rostrally toward septum, a

»
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second caudally toward subiculum. Recent studies to be discussed
shortly have indicated the presence of CA!1 terminal material in both
septum and subiculum, but it cannot be determined from these studies if
one cell projects to both, or if different populations of cells project
to different areas. It is also likely that another axon collateral
terminates locally in the vicinity of the basket cell.

Areas CA2 and CA3 are characterized by giant pyramidal cells,
arranged irregularly in several rows. A single CA3 p. cell has at
least tﬁb axons: a main, relatively thick axon, destined for the septal
area and a collateral axon going to area CA1 in the Schaffer collateral
system. Since CA3 projects to other areas within the hippocampal
formation (subiculum, entorhinal cortex, contralateral hippocampus, the
same as well as different CA3 segments), a single CA3 cell could have
as many as six or seven axon branches. VWhether a single cell projects
to all destinations or different groups project to different areas is
unknown. Not all CA3 p. cells have a Schaffer collateral; those
nearest CA2 are least likely to projecq to CAl and most likely to give
rise to a longitudinal association systém.

The CA3 and CA! p. cell are distinguished by a number of
morphological features other than gize. For example, the apical
dendritic shaft of the CA! p. cell bears a large number of side branch-
es; both soma and the proximal part of the shaft do not have thorms.

In éA} the apical shaft ddes not give off side branches, but does have
thorns and tends to divide into a number of vertical branches.

Blackstad (1956), following Ramén y Cajal, called the horn

sector adjacent to subiculum, corresponding to CA1, the upper region or



regi1o superior; the lower region encompassing CA2, TA? was called regio
:nferior. Blackstad could not iistinguish TA2 from 7TA% on *he basis >f
staining characteristics or interconnec*ions. Whether field TAZ should
be considered a separate field 1s uncertain., Swanson and Zowan f1am)
could not make the distinction on the basis of efference. On the other
hand, Chronister et al (1974) claimed 1t was a small, but -learly
delimited area. In Lorente de No's study the majer i1stinction between
CA2 and CA3% was that the CA2 apical shaft was devoid of thorns.

Subiculum. The term subiculum refers to the area bounded by
the CA! and presubicular border. The boundary between ZA! and subicu-
lum 1s defined partially by the fact that the Schaffer colla*erals come
o a halt at the beginning of the subiculum. The subicular p. celis
are loosely arranged, deviating from the stratification in CA'.

Hippocampal layering.

Although the horn, like the dentate area, consists of three
basic strata, 1t has been apportioned into seven different layers,
primarily on the basis of the structural characteristizs of the p. cell
(see Fi1g 2A).

1. The alveus is the first layer enéOuntered in 1 probe starting at the’
hippocampal surface. It consists primarily of p. cell axons although
incoming axons also run in the alveus. 2. Stiratum oriens consists of

i

the basal dendrites of the p. cell. 3. Stratum pyramidale -ontains the

p. cell bodies with the basket cell terminal plexus. 4. The main shai*

of the p. cell apical dendrite is found in stratum radiatum. 5.

Stratum lacunosum is seen mainly in CA! since 1t consists largely of

the collaterals of the CA® p. cell destined for the CA! cell. 5. The
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moat superficial layer, stratum moleculare, contains the p. cell apical

dendritic plexus. 7. Stratum lucidum is found only in CA3 and consists

mainly of g. cell axons travelling to CA3J.

The different strata, besides containing different p. cell (or
g. cell) components, are also characterized by a number of other
neuronal elements such as fibres and terminals associated with exirin-
sic and intrinsic efferent systems. They also contain different cell
types. Lorente de NS (1934) distinguished between 13 different cell
types in Ammon's horn alone on the basis of dendritic (input) and
axonal (output) characteristics and went on to note that his descrip-
tions were based upon a preliminary analysis. Three different types of
pyramidal cells were observed in the pyramidal layer and two different
types of basket cells were found in stratum oriens. Other cell types
were distributed in oriens, radiatum, and lacunosum-
moleculare. In the hilar region alone Amaral (1978) distinguished
between 21 different cell types.

Aside from the p. and g. cells, the most important type of cell
is the basket cell, a short-axon internuncial fOu;d in s. polymorphe of
the dentate, in s. lﬁcidum/molecularéiﬁg field CA3, and in s. oriens of
CA1. According to one estimate (Andersen et al 1963), in CAl1 there is
about one internuncial for every 200 to 500 p. cells; probably they are
gsparse in other areas as well. Nevertheless, these cells are supposed
to play an important role in hippocampal physiology because of their
ramifying termination on the p. and g. cells.

It appears that the only cell types projecting outside of their

respective regions are the granule cell and the pyramidal cell, al-



20

though a recent report by Chfonister,aﬁaﬁﬁgﬁfﬁneg\(1979) suggests that
cells projecting out of the hippocampus may de founé\}a\layers other
than the pyramidal layer. That g. and p. cells are domiﬁdnt numeri-
cally and project out of their respective areas justifies the emphasis
placed on their analysis; the basket cell, intimately involved in
regulating p. and g. cell activity also merits attention. In Lorente
de Nb's (1934) view:
The best and least commital method of describing Ammonshorn is to
consider it as composed of a layer of pyramidal cells, which are
the origin of the efferent pathways and a series of cells with
short axis cylinder, subordinated to the pyramidal cells. (p.122)
It is clear, however, at least according to a reductionist view, that a
complete account of hippocampal function must eventually take into

consideration the large assortment of other cell types found in the

hippocampus.
SEPTUM

As pointed out above, the hippocampus, a part of the limbic
lobe, is cortical tissue. The septal area, on the other hand, is a
major subcortical component of the limbic system. It is situated just
anterior to the hippocampus beneath the corpus callosum, extending
anteriorly toAfEBntal cdftéf. Ventrally, it is bound by the olfactory
tubercule and preoptic aré;; laterally it is limited by the lateral
ventricles. Like other gubcortical areas the septum is divided into a
number of nuclei, distinguished by conventional criteria such as

development, cytoarchitecture, connections, chemistry, etc.
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Recent work by Swanson (Swanson, 1978; Swanson & Cowan, 1976,
1979) has sﬁggested that rat septum can be divided into four principal
areas: lateral, medial, ventral, and posterior. A lateral-medial
distinction has long been recognized (see Fox, 1940). The medial
septal nucleus (MSN) and the nucleus of the diagonal band (DBB-vertical
1limb) make up the medial portion. According to Swanson (1978) the
distinctions between the MSN and DBB are arbitrary. A mixture of very
large and small cells are found in both and connections are similar in
both. The term medial septal nucleus will be used to apply to both
regions.

In the cat and opposum (Fox, 1940) the MSN consists of a
small-celled anterior portion and a large-celled posterior portion.
The small-celled portion according to Fox is closely related to the
anterior continuation of the hippocampus (HIA), another midline septal
nucleus found at the anterior border of the septum and which contains
small,s pyramidal-type cells. The large-celled posterior portion is
allied to the DBB. TFigure 2C shows a coronal section through the
septum at the level of the HIA.

The lateral septal nucleus (LSN) is the largest of septal
nuclei and, in the cat, appears anteriorly adjacent to HIA, just
dorsolateral to it, before the MSN has appeared (Fox, 1940); On the
bagis of cell density and size as well as connegtions, it has been
divided by Swanson into three parts: dorsal, intermediate and ventral.
Most of the lateral septum contains a medium sized cell; the dorsal
division contains the largest cells, most loosely arranged, while
ventral septum is composed of smaller, more tightly packed cells. A

section through the LSN is depicted in Figure 2D.
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The posterior septal nuclei are two in number: the septofim-
brial nucleus, which is a caudal continuation of the LSN (Fox, 1940-
cat), and which contains cells larger than LSN cells and more scattered
(Swanson, rat). The other is the triangular septal nucleus which
contains smaller, more densely packed cells.

The ventral sector of the septum is comprised of the bed
nucleus of the stria terminalis and of the anterior commissure and is a

heterogenous area.

III. Hippocampal outflow to septum: Anatomical organization.

Attempts to unravel the organization of the hippocampal effer-
ent gystem have frustrated the most determined of neurcanatomists.
Lorente de Nb (1934), somewhat despondently, stated:

The main efferent path of the Ammon's horn is the fimbria, a
bundle so extremely complicated that all my attempts to analyse it
completely have failed in the same way as the o0ld authors failed.
(p. 143)
Some of the reasons for the difficulties are hinted at in Figure 1A.
The hippocampus, a large neuronal mass, curves in several directions as
it ascends over the thalamus from its ventro-temporal position to its
dorso-septal location; naturally, the disposition of the p. cell fields
changes accordingly along with the tra&ectory of the fibres they give
rise to. These fibres, ensheathing the mass of the hippocampus, gather
rostrally at the septal bottleneck, converging on and perforating the
smaller, narrow septal volume, making a topographic analysis difficult

to achieve. Also, in order to reach the septal targets, axons from one

portion of the hippocampus must travel across the other hippocampal
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zones. Thus, septal sites of terminal degeneration seen after a lesion
of a particular hippocampal area will likely consist both of targets of
the zone lesioned as well as other zones giving rise to the damaged
fibres of passage.

The application of recently developed neuroanatomical tech-
niques (see Lasek, 1975), particularly autoradiography, has greatly
reduced the "fibres of passage” problem and has led to several impor-
tant revisions in conceptions of hippocampal outflow. A discussion of
these revisions follows a brief elaboration of the terms applied to the
major fibre systems carrying hippocampal output.

Depending on its position in the subiculum or Ammon's horm, the
p. cell will use one of three routes to arrive at the rostral pole of
the hippocampus - the alveus, fimbria, and dorsal fornix (see Fig. 1).
The fimbria is a thick bundle of fibres, running along the lateral edge

of the hippocampus, while the dorsal fornix, a thinner bundle,

runs along the medial or subicular edge. Alvear fibres, encasing the
hippocampus on its deep and superficial surfaces, run between the
fimbria and dorsal fornix, many merging with these latter systems in
their ascent towards the septal pole. Alvear and fimbral fibres
gradually lose their identity as they enter the septum, contributing
- fibres to the ventral hippocampal commissure and the body of the
fornix. The dorsal fornix also gives off fibres to the main fornix
body, but, according to several sources, portions of it continue
rostrally along a midline trajectory as a discrete fibre bundle
(Blackstad, 1956; Konig & Klippel, 1963; Raisman et al, 1966). There

are indications in older studies that the dorsal fornix or portions
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thereof may arise in non-hippocampal areas (Blackstad, 1956; Kdnig &
Klippel, 1963; Ramén y Cajal, 1955). It is clear, however, from more
recent work that a large portion of the dorsal fornix contains pyrami-
dal cell axons (Siegel et al, 1974; Swanson, 1978).

The body of the fornix continues rostrally dividing into two
major components: 1. the columns of the fornix which descend as compact
bundles just posteriorly to the anterior commissure and are often

termed the post-commissural fornix (POF) and 2. the pre-commissural

fornix (PRF) which is simply a rostral extension of the fornix body,
descending in diffuse fashion rostral to the anterior commissure. The
disposition of the POF and PRF is shown schematically in the sagittal
section of Figure 1B.

The work of Raisman et al (1966) initiated contemporary re-
search efforts to ascertain precisely which pyramidal cells connected
with which target areas via which of the aforementioned fibre systems.
Using conventional lesion-degeneration techniques, these workers found

that dorsal-anteridr CA1 projected primarily to anterior thalamus and

mamillary bodies through dorsal fornix and the POF. A slight ipsila-
teral projection to the midline portion of the medial septal nucleus
(as well as triangular and septo-fimbrial nucleus) was also seen.

Axons of p. cells in posterior CA1 took a more convenient route through

the dorsal fimbria to enter both pre- and post-commissural circuits.
The pre-commissural terminations were mainly in ipsilateral septum,
localized to an érea in medial and lateral septum just lateral to the
sparse terminal zone of the anterior CAt projections. Axons of more

posterior CA3, 4 cells were carried in the ventral fimbria and distribdb-
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uted bilaterally mainly to more lateral portions of the septal nuclei
not occupied by CA! terminals (see Fig. 3A).

While the Raisman et al work was incomplete with respect to
outflow from more dorsal CA3, 4 as well as the tempero-ventral hippo-
campus, the basic view of hippocampal efference to septum proposed by
these workers was that CA! projected unilaterally to more medial septum
while CA3, 4 projepted bilaterally to more lateral septal areas.

The lesion-degeneration study of Siegel et al (1974) in rat,
gerbil, rabbit, and cat was concerned solely with the topographical
nature of hippocampal outflow to septum. In general, their findings
agreed with those of Raisman et al. As Figure 3B shows, they found
that dorsal hippocampus projected to medial septum and ventral hippo-
campus to lateral septum in all species. However, while Raisman et
al's findings indicated a segregation of septal terminals according to
the CA field of origin, Siegel et al.'s results suggested that the
terminations were independent of CA field.

Recent studies using autoradiographic and horseradish peroxi-
dase tracing techniques have not only refined the older descriptions of
the topography of hippocampal impingement on septal neurons, but have
also presented a quite different view of the general nature of hippo-
campal efference, in the rat at least. Whether these findings will
hold in other species is an empirical question. . Swanson (1978, p.45)
has already reported that preliminary findings in monkey indicate
differences from the rat.

Probably the most striking observation disclosed by the newer

methods (Meibach & Siegel, 1977; Swanson & Cowan, 1975, 1976, 1977; see



2130 the lesion work of “hronister 2t al, !'775" was *hat ‘he primary,
1¥ not the sole origin of the PNF -ircuit was in cells o>f subicular
"subiculum, presubiculum, parasubiculum’® areas; zells :n Ammon' s horn
(CA1-%) projected exclusively “hrough the PRF. These “indings cons*i-
tuted the greatest upset to the belief that the origin of the POF was
in Ammon's horn proper, particularly in CA'. The reports of Raisman =*
al (1966), and earlier workers, of POF legeneration af‘er lesions of
Ammon's horn cells or fibre systems are easily explained by assuming
that all these workers severed fibres passing from the sub:icular area
rostrally to the POF circuxrt.

A second unexpected finding was that che “A1-3 p. cell axons
carried in the PRF terminated mainly in the lateral septal nucl=eus.
It could not be determined whether distribu“ion of radioactivity in ‘he
septofimbrial and triangular septal nuclei was terminal or fibrous
(Swanson & Cowan, 1977). In both Swanson's and Meibach's work *he
medial septal nucleus was devoid of radiosctive labelling, an
observation directly opposed to those of Raisman et a3l and Siegel =%
al. The most plausible explanation of the discrepancy 1s again 1n
terms of the disruption of fibres of passage. In this case, however,
it is unlikel& that the source of the passing fibres was subicular,
since amino acid injections in the subicular area, while leading %o
radioactivity in the lateral septal area, did not produce radioactive
labelling in MSN. It 1s possible that the MSN degeneration produced by
the antero-dorsal lesions of Raisman et al and the Siegel group was due
to disruption of dorsal fornix fibres originating in extra-hippocampal

areas, perhaps the cingulate cortex.
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A thaird major reconceptualization of hippocampal efference,
derived principally from Swanson and Cowan's (1977) work, concerns the
relative importance of the caudally-directed output of fields CA1-3 to
subicular, perirhinal and entorhinal cortices. While the work of
Hjorth-Simonsen (1971, 1977) and Andersen et al (1973%) has resulted in
a growing awareness of the presence of non-fornical, caudally-directed
efference from Ammon's horn, Swanson and Cowan's (1977) findings
emphasized the importance of this projegtion. In discussing their
results, Swanson and Cowan (1977) pointed out that while approximately
450,000 cells are found in the pyramidal layer of CA1-3 in the rat,
only 50,000 to 100,000 fibres enter Phe PRF. Given that some of the
PRF fibres are subicular in origin, and that CA1-% does not enter the
POF, the possibility that axons of horn cells are mainly caudally
directed is not an unlikely one.

Details of hippocampal (CA1-3, subiculum) outflow to the
lateral septal nucleus, as described by the autoradiographic atudies of
Meibach and Siegel (1977) and Swanson and Cowan (1977) will now be
considered (see Fig. 3C,D). Both groups of workers agree that zones of
termination of CA1,2 and 3 in the septum are ordered partially
according to the dorsal-ventral (septo-temporal) position of the p.
cell. Dorsal p. cells, regardless of their CA field, project to dorsal
septum, while cells in temporasl hippocampus project to ventral septum.
Swanson's work also provides direct evidque of a medial-lateral
organization, at least as far as anterior hippocampus is cencerned:
medial lying CA1 or CA3 cells of dorsal hippocampus will project to

more medial septum, while lateral CA! and CA3 cells will terminate in
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more lateral septum (dorsal septum in both cases). On the surface
Meibach and Siegel's findings are not in accord with this principle.
They showed that both dorsal CA1 and CA3 terminals were confined to
dorsomedial septum. Diagrams in Meibach & Siegel indicated, however,
that dorsal CA' and CA3 infusions were restricted to more medial
portions.

A medial-lateral organization principle may also apply to
dorsal versus ventral hippocampal output. As Fig. 3C indicates, not
only do progressively more postero-temporal hippocampal areas project
to more ventral septum, but they also tend to terminate more laterally.
A septo-temporal and medial-lateral topographic organization of hippo-
campal outflow to septum is not surprising in view of the fact that tSe
hippocampus, in curving ventrally over the thalamus, is also progress-
ively displaced more laterally.

The two research groups also agreed that: 1. each level of the
hippocampus p;ojects to septum through a specific portion of the
fimbria-fornix complex. CA! utilizes both dorsal fornix and fimbria to
enter the septum; CA3 is conveyed in fimbria. 2. CA! projections are
strictly ipsilateral, while CA3 output is approximately homotopically
bilateral. 3. All parts of the subiculum, besides projecting to the
POF, enter the PRF to terminate in the ipsilateral LSN. Dorsal subicu-
lum, like dorsal CA1-3, projects to dorsal septum; ventral subiculum
projects to ventral septum.

A major area of disagreement between the two research groups
concerned the relative density and extent of subicular, CA1, and CA3

termination. In Meibach & Siegel's view, the dominant source of PRF
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é
termination in the LSN was the subiculum. The ipsilateral termination
of CA1 was relatively light, with the bilateral termination of CA3
lzghggr still. Also, the termination of Ammon's horn in septum was
seen to be confined to the posterior half, while subicular terminals
were distributed throughout the rostro-caudal extent of the septum.

Swanson & Cowan agreed that subicular termination in septum was
extensive; however, their findings showed that CA! termination was
also substantial and extended rostrally to the level of the anterior
continuation of the hippocampus. And, while Swanson's findings indica-
ted that CA3 terminals did not extend as far rostrally as those of CA1,
the distribution of CA% in more caudal septum was fairly heavy, cover-
ing the entire lateral septal complex. Although Swanson & Cowan
suggested that, for a given level of hippocampus, CA1 and CA3 terminals
were similarly distributed in septum, their figures indicated that CA3
distribution was more extensive than that of CAl.

In summary, it appears that some aspects 6f the distribution of
hippocampus to septum are dependent on the cell field of origin and not
on ihe particular }ocation of that cell field in space. The greater
rogstro-caudal extent of CA1 termination as well as the bilateral
termination of CA3 compared to CAl's ipsilateral termination are
examples. On the other hand, the topographic arrangement of the p.
célI terminals within theilateral septum appears to depena on the —
location of the p. cell within the hippocampus and not on the CA/area
they fall in. Additionally, Swanson & Cowan found that CA2 projection
was similar to that of CA3 while CA4 did not project to areas outside

hY

the hippocampus. -
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The results of lesion studies as well as transport studies, and
as will be noted later, of electrophysiological studies do not support
Andersen et al's contention that CA! projects exclusively to subiculum.
While the rostral contribution of CA1 may be small relative to its
caudal outflow (Swanson, 1978, p.46), the recent tracing studies
indicate'that it is clearly present. It should be again recalled that
the more recent studies have reported data based only on the rat.
Andersen's observations were made in rabbit. Species differences are

clearly possible.

IV. Hippocampal outflow to septum: Electrophysiological aspects.

Several groups of researchers have recently demonstrated that
the principal effect of electrical stimulation of hippocampus on cells

in LSN is an early short-latency excitation followed by an inhibition

of variable duration (E-I response - DeFrance et al, 1971, 1973a,b,c;

£l

Edinger et al, 1973; Gutnick & Feldman, 1977; Mclennan & Miller,
1974). The following discussion first cons&ders the excitatory compo-
nent, then the inhibitory component.
Excitation.
DeFrance et al (1971, 1973b), stimulating in various hippocam-
pal cell fields and fibre systems (dorsal fornix, anterior fimbria,

anterior and posterior CA!1, and anterior CA3-4), concluded that the

early negative-going extracellular field response they recorded from
the LSN of rats and later cats reflected excitation of septal target

cells. Intracellular recordings revealed graded depolarizations

(EPSP's) and action potentials at latencies corresponding to the

extracellular negativity.
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Depending on the stimulation locus, different zones within the
LSN were activated, the locations of which closely corresponded to many
of the neuroanatomical findings cited in the previous section. For

example, stimulation of dorsal fornix and anterior CA! yielded an E-I

pattern confined to dorsal portions of the medial part of the LSN,
maximizing about 250 um from the midline, while stimulation of posteri-
or CA1 evoked responses throughout dorsal LSN, maximizing more lateral-

ly and ventrally. Stimulation of anterior fimbria (ipsi- and contra-

lateral) as well as anterior CA3-4 also produced potentials maximizing

more laterally (about 750 uM from the midline), although contralateral
effects failed to extend as far rostrally as ipsilateral effects. With
contralateral CAJ stimulation, responses were fgund mainly in dorso-
lateral LSN. These latter findings do not agree with Meibach and
Siegel's view that both anterior CA1 and CA3 project to dorso-medial
LSN.

The latencies to the peak of the initial extracellular negati-
vity for all areas stimulated ranged from about 4 to 7 msec, and were
related to proximity of stimulating and recording‘sites. (DeFrance
estimated velocities of 1-3 m/sec in fimbria-fornix fibres; distances
from sites stimulated to recording sites ranged from about 3 to 6 mm.)
The application of a number Af standard electrophysiological procedures
(resistance tQ anoxia, response recovery after paired pulses, correla-
tion of response latencies with conduction velocities and distances)
helped establish the monosynaptic basis of these responses.

Long-latency responses were also detected by DeFrance et al

(1973b latencies of 15-20 msec). These responses, evoked with stimula-
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tion of anterior fimbria, were confined to more postero-ventral levels
of the LSN.

In the work of McLennan & Miller (1974) medial and lateral
septal responses to stimulation of fimbria and fornix were examined in
the rat. In contrast to DeFrance's findings these workers claimed-.that
no responses were evoked in the LSN following stimulation of dorsal
fornix. They did report, however, that with fornical st}mulation, a
short-latency negative extracellular field potential was evoked at
maximum smplitude in "a restricted zone of the medial septum”. Since
this response was nearly identical to the dorsomedial response des-
cribed by DeFrance et al (1973b) after stimulation of the dorsal
fornix, it is conceivable that the area defined as MSN by McLennan &
Miller included overlying dorsomedial LSN. Given that DeFrance's
studies were performed in rats with hippocampo-septal areas exposed,
while Mclennan & Miller's rats were intact, it is likely that
DeFrance's estimafes of the microelectrode tip position were more

-

accurate.
4 ; .

In agreement with DeFrance's work, McLennan & Miller observed a
short-latency discharge (4-7 msec latency) in the dorsal half of LSN,

following stimulation of anterior fimbria and maximizing about 0.75 mm

from the midline. The latter workers also stimulated posterior fimbria

and besides the early response in dorsal LSN, observed a long-latency
responge of 12-16 msec in ventral LSKN which appears to correspond to
the long-latency response seen by DeFrance. With frequency following
procedures, Mclennan & Miller determined that the early, dorsally
situated, response was probably monosynaptic, while the later, ventral

response was polysynaptic.
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Edinger at al (1973) investigated extracellular unit responses
in medial and lateral septum of the cat to stimulation of dorsal and
ventral hippocampus. Responses to dorsal stimulation, irrespective of
CA field, were distributed in more dorso-medial septum , while ventral
stimulation produced responses localized to more ventro-lateral septum.
In a general way these data conformed to the anatomical facts. That
cells in the medial septal nucleus responded at all is in apparent
disagreement with the newer studies, but not with the lesion data.
DeFrance et al (1978) also reported excitation of cells in the MSN of
cats following fimbria and fornix stimulation. There are three
possible explanations of the discrepancy between the newer anatomical
findings and the physiological data. Firstly, there may in éact be a
sparse hippocampal projection to the medial septal nucleus which is not
detected by autoradiography. Second, the dendrites of cells in MSN may
extend into the LSN (DeFrance et al, 1978; Swanson, 1978), and thirdly,
in the cat there may be projections to the MSN.

The latencies to initial excitation of medial and lateral
septal units in Edinger et al (1973) fell into two classes. Most units
were activated at 10-30 msec latencies; f;r a much smaller number of
units with no discernible topographic distribution, latencies ranged
.between 30-60 msec. Frequency following techniques suggested to
Edinger et al that the short-latency responses were monosynaptic.

Inhibition.

The following discussion reviews evidence which suggests that

within the lateral septum there is a widespread group of inhibitory

elements which might be activated by two sources: collaterals of
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primary inputs (hippocampal) to the septum and recurrent collaterals of
septal cells.

In DeFrance et al's (1972, 1973b) investigations the conclusion
was reaéhed that the extracellular positivity following the initial
negative deflection was probably due to synaptic inhidbitory processes
(IPSP's). Intracellularly, these potentials were accompanied by graded
hyperpolarizations, which continued to appear even in the absence of
prior action potentials. Increasing the membrane potential by chloride
diffusion resulted in a reduction and eventual reversal of the
stimulus-evoked hyperpolarization. During the hyperpolarization,
spontaneous discharges were suppressed, again without necessarilf being
preceded by a stimulus-evoked discharge, stporting the view that the
inhibition was externally and synaptically imposed and not due solely
to refractory processes intrinsic to the neuron.

The evocation of suppression without preceding discharge also
suggested that the inhibition was more spatially diffuse than excita-
tion, a suggestion supported by the finding that with low intensities
of stimulation the IPSP could occasionally be evoked without preceding
EPSP's; presumably the recording electrode was situated outside the
excitatory focus‘in such cases. The latency of the IPSP in such cases
was about 4.5 msec longer than EPSP latency, indicating a polysynaptic-
ally produced inhibition mediated by intermeurons. Mclennan and Miller
(1974), recording from spontaneously active septal cells, reported,
however, that stimulus-produced inhibition of units was never seen
without their prior excitation and suggested that the suppression of

unit activity was due to recurrent collateral inhibition. The differ-
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ence between the two studies may lie in stimulation intensity (number
of hippocampal elements activated).

More direct evidence in sﬁpport of a recurrent collateral
inhibitory network in LSN comes from McLennan & Miller's findings that
stimulation of MSK produced a short-latency antidromic activation of
LSN cells followed by suppression of spontaneous activity. Similarly,
DeFrance found that stimulation of MSN antidromically suppressed
responding of LSN neurons to fimbrial stimulation.
© That inhibition is mediated by a population of inhibitory cells
different from cells initially activated is supported by observations
of DeFrance et al (1972) and Mclennan and Miller (1974) that in extra-
cellular recordings a smalier amplitude, unitary discharge would
sometimes rapidly follow (by 1-3 msec) the initial large amplitude
discharge produced by hippocampal stimulatiog. In McLennan and
Miller's work, these events were seen as ripples or a brief burst which
followed initial excitation by 1-2 msec. They never occurred sponta-
neously and were observed throughout the LSN but were most often seen
in more medial sites. DeFrance et al (1972) also noted the occasional,
burst-like property of these discharges and found that-the responses of
the early discharge to pulse pairs differed from thoge of the smalier
amplitude discharées. Also, their analogues céuld not be recorded
.intracellularly.

The duration of the;post-excitatory inhibition was variable.

In DeFrance the intracellularly recorded hyperpolarization lasted from

40 to 120 msec regardless of fibre pathways activated; concomitant

suppression of discharges lasted about 50 msec. In Edinger et al,
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suppression of extracellularly recorded spikes persisted for 50-500
msec, while in the McLennan & Miller study it ranged from 50-700 msec.
The-latter researchers alsc noted that the duration of inhibition was
longer when spontaneous discharge rates were low. Both McLennan and
Miller (1974) and DeFrance et al (1973b) observed a rebound excitation
following the inhibition.

Edinger et al (1973) reported that in about 100 cells located
throughout the s;ptum of their cats, hippocampal stimulation produced a
phre suppression of discharge activity lasting anywhere from 50-500
msec (a duration equal to that of the post-excitatory inhibition seen
in other septal cells). While these cells did not display the well-
defined topographical organization seen in cells responding with
initial excitation, there was a slight tendency for cells inhibited by
dorsal hippocampal stimulation to lie more laterally than cells excited
by dorsal stimulation. Conversely, cells suppressed by ventral stimu-
lation tended to fall more medially than cells activated by ventral
stimulation. An important corollary observation was that those cells
in medial septum activated by dorsal stimulation were inhibited by
ventral stimulation and vice-versa. Also, while some cells were
suppressed exclusively by dorsal stimulation and others by ventral
stimulation, about 30% of cells were inhibited by both. Very little
convergence of excitatory influence from different hippocampal levels
had been observed. These data are consistent with DeFrance's notion of
a widespread interneuronal inhibitory hetwork activated both by recur-~
rent collaterals of cells receiving more spatially circumsc?ibed

primary afferent drive as well as by afferent collaterals.
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Summagz.

The preceding sections of the Introduction have been aimed at
furnishing a structural and functional "wiring diagram” of the p. cell
projections to the septum. Such a schema provides the basis for an
analysis of how naturally occuring changes in firing of p. cells will
be interpreted by the septal cell and which cells will do the decoding.

It is important to note that the hippocampo-septal system is
not an open-loop system: cells in the lateral septal nucleus project to
the medial septal area which in turn projects back to the hippocaﬁpus.
Also, activity in a CAl p. cell, for example, may influence septal
cells through direct projections or indirectly through a relay in the
subiculum. It is completely unknown whether the CA1 cell that projects
to the subiculum also extends collaterally to the septum or if
different p. cell populations project to different areas.

The next part of the Introduction evaluates a body of evidence
which bears directly on the understanding of hippocampal function
during its various EEG rhythms: the nature of hippocampal unit activity

during EEG.

V. Hippocampal unit activity during EEG rhythms.

In many of the initial studies of hippocampal electrophysiology
the hippocampal cortex was perceived as a relatively simple neuronal
system which could be utilized in the construction of explanatery.
models of more general electrophysiological phenomena. The microelec-

trode work of Renshaw et al (1940) was perhaps the earliest application
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of this strategy. Green and his co-workers also followed this approach
trying to elucidate the cellular basis of the theta rhythm, hoping it
would clarify the bases of more complex neocortical events such as the
EEG and evoked potentials. The work of Petsche and Stumpf, and the
inquiries of Kandel, Spencer and Fujita were also guided by broader
questions of neuronal function. Much of this work was published
between 1954 and 1964 (see Passouant, 1962) and critically reviewed by
Green (1964).

This work is of interest from the present standpoint because,
insofar as it attempted to specify how unit events gave rise to theta,
it provided a body of evidence bearing directly on the nature of
hippocampal action during theta. Other EEG patterns were not consi-
dered in these studies; the emphasis was on theta. Most of the work
was done in acutely prepared rabbits. In most cases it was assumed
that pyramidal cells were at the electrode tip.

A principal finding of these studies was that the theta wave,
as seen extracellularly by a large or micro-electrode, was generated by
changes in the transmembrane potential of the p. cell (Green & Petsche,
1961; Green et al, 1960, 1961). The findings of Fujita & Sato (1964;
see also Fujita, 1975; Fujita & Iwasa, 1977) furnished critical support
for the evolving concept that the membrane changes during theta were
associated primarily with post-synaptic potentials (excitatory and '“////‘——”\\
inhibitory). With intracellular recordings from identified pyramidal
cells these workers observed rhythmic oscillations of the transmembrane
potential occurring in phase with extracellularly recorded theta. As

with neocortica] EEG phenomena it appeared that action currents played
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a minimal role in theta generation. Thus, although the p. cell was
directly responsible for the generation of theta, the presence of
theta, by itself, was not predictive of the probability of firing in p.
cells.

The studies of Green were the first to furnish an empirical
description of p. cell discharges during theta. Green and Machne
(1955) reported rhythmic discharges of single cells in hippocampus
during theta while Euler & Green (1960) observed that hippocampal
bursts (like those seen in cerebellum) often consisted of spikes of
different amplitudes, usually descending. This bursting discharge was

termed by them the inactivation response since it was thought that the

gradual blocking of spike production was due to sodium inactivation.

Later the burst was called a complex spike by Ranck (1973).

The complex spike was hypothesized by Green (see Green, 1964)
to be intimately involved in theta production, partially because it
occasionally recurred in rhythmic fashion and could be elicited by
events similar to those triggering theta waves. This position did not
contradict the view that theta was composed of synaptic potentials,
because Green thought that the large wave of depolarization supporting
the complex burst was due to a summation of smaller EPSP "wavelets". A
number of observations challenged the soundness of this view. Fujita
and Sato (1964) noted that during intracellular theta, p. cells often
did not discharge in complex fashion. The extracellular work of Green
himself, discussed below, also demonstrated that theta was not invari-
ably linked to complex spiking. Kandel and Spencer (1961), in their

detailed intracellular analysis of cat p. cell discharges{}presented
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strong evidence that complex bursts were due to summating depolarizing
after-potentials, events which appeared to be linked to factors intrin-
sic to the p. cell membrane. This view was bolstered by Fujita's
(1975; Fujita & Iwasa, 1977) demonstration that the complex spike was
an all-or-nothing response and could be produced by intracellular
injections of depolarizing current. Thus, while the complex spike
could be triggered by synaptic potentials, once activated its evolution
was independent of input. Again it appeared that there was no immedi-
ate connection between p. cell spikes and theta.

The studies of Green et al (1960) showed that the activity of
hippocampal cells during theta was quite variable. When theta was
evoked by midbrain electrical stimulation, there was g tendency for
inhibition of firing. The inhibition was sometimes followed by a
rebound excitation, a phenomenon also observed by other research groups
(Andersen & Eccles, 1962; Fujita & Sato, 1964; Kandel & Spencer, 1961).
When theta was evoked by skin shocks, only iniense shocks suppressed
discharges. Theta induced by amphetamine or eserine was generally
accompanied by a rhythmic bursting of cells. 1In one case, however,
rates increased, while in the other a decrease was seen. Green et al
(1960) reported that in most situations putative pyramidal cells did
not fire rhythmically during theta, although the spikes occurred at the
same phase of the theta wave. And, as noted'by Green & Petsche
(1961), the same cell might fire during one portion of theta and not
another. More recent descriptions of hippocampal unit activity have
revealed that besides phase relations, there are other regularitie; in

the relation of unit firing and hippocampal theta. Before discussing



41

these studies, research dealing with the network contributions to theta
will be briefly reviewed in an attempt to predict the kinds of neural
events that are necessary to trigger rhythmic post-synaptic potentisals
in the p. cell. An understanding of these events may lead to predic:
tions of probability of p. cell discharge during theta.

Probab}y the most extensively worked out éxplanation of rhyth-

mic EEG activity in general is the autorhythmicity (AR) model of

Andersen and Sears (1964). In this model a local circuit composed of
two cell types is required: a projection cell and an inhibitory inter-
neuron. The projection cell, via a recurrent collateral terminates on a
basket cell thle the inhibitory element terminates on a number of
projection cells. This basic circuit is probably present in the
hippocampus. Strong, long-lasting suppreésion of p. cells of a recur-
rent nature has been observed by several researchers (Andersen et al,
1964a; Kandel et al, 1961) and Andersen et al's (1964 a,b) findings
have suggested that the recurrent inhibition is mediated by an inter-
neuron, probably the basket cell. A second major requirement of the AR
model is that the projection cell show a post-inhibitory rebound. As
already pointed out, p. cells show this characteristic.

In the AR model, rhythmic activity is initiated when extrinsic
input activates projection cells and consists of the self-sustaining
oscillation between inhibition (IPSP's) and rebound excitation (EPSP's)
and discharge in those cells. A necessary consequence and cause of
this rhythmic oscillation is a rhythmic and synchronous (because of
interneuron divergence) firing of projection cells. These outcomes do

not seem to hold for hippocampal neurons. It has been noted that while
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p- cells may discharge rhythmically during theta, they are as likely
not to do so. The question of synchronicity of cell discharge during
theta will be dealt with at a later point.

Another difference, and a critical one, between the facts of
hippocampal theta and the AR model is that theta is not autorhythmic.
In the AR model a single excitatory afferent volley to the projection
cell is sufficient to initiate rhythmicity. While the hippocampus
contains the circuitry necessaf; for self-sustaining oscillatory
behavior, it requires constant priming or pacing from cells in the
medial septal area. It is a well known fact that lesions of the MSN
eliminate theta and that rhythmic discharges in the septum are in phase
with theta (Petsche et al, 1962). It has consequently been supposed
that’rhythmic activity of septal cells driveés hippocampal p. cells into
regular discharge (Stumpf, 1965a). That septal activity will activate
p. cells is an assumption made by a number of early and contemporary
workers (see Izquierdo, 1975 and references therein). Much of the
evidence indicates however, that septal termination in the hippocampus
dserves to suppress p. cell activity.

Intracellular studies have shown that p. cells undergo pro-
longed inhibition following fornical stimulation (Andersen et al,
1964a; Kandel et al, 1961). The results of stimulation in the deaffer-
ented fornix preparation indicate that the inhibition is mediated by
recurrent collaterals, but does not rule out the possibility of feed-
forward inhiﬁition in the intact preparation. Andersen et al (1964a)
have claimed to record intracellularly from a basket cell and have

~

observed its excitation following fornical stimulatign.' Finch and Babbd
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(1977) have recorded extracellular responses from a single putative

basket cell following fornix stimulation and have reported a high-

S N
frequency burst response, the rgpid portion of which lasted for a time

approximately equal to the IPSP duration in p. cells. Interestingly,
the duration of the burst decreased with repeated stimulation.
Franzini et al (1975) have shown that lesions of the MSN cesult in
increases in discharge rates of CA1 pyramidal cells during theta, and
Miller and Groves (1977) have found a.significant reduction in numbers
of CA1 pyramidal cells inhibited by peripheral stimulation following
septal lesions. The electrophysiological findings are in agreement
with the anatomical data which indicate termination of medial septal
afferents in regions containing the interneuron population (Mosko et
al, 1973; Raisman et al, 1966). Lynch, Rose, & Gall (1978) with a
transsynaptic tracing technique have located a labelled cell corre-
sponding to an intermeuron in the dentate area of the rat following

injection in the medial septum. There has been some controversy over

. whether MSN cells project at all to area CAl1, and theré is other

evidence which snggests that some septal input ma& be excitatory.
Although this work will not be reviewed here, it can be said that MSKN

input, regardless of its precise termination, serves to inhibit p. cell

b ¥
activity.

If those medial éeptal cells whiéh ‘discharge rhythmically
during theta do in fact project to the hippocampal interneuronal
population, at least partially, it would be expected that basket cells
should discharge rhythmically during theta, closely coupled to the

theta wave. The studies of Ranck (1973; Wolfson et al, 1979) have
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indicated that this, indeed, might be the case. While contemporary and
.early researchers have recorded cells bursting rhythmically during
theta, fhey have not attempted to identify the cell type giving rise to
the bursts, assuming their origin in p. cells. Ranck's work is unique
in its thorough attempt to distinguish between hippocampal cell types.
It also represents a significant break from previous studies in its
recording of single cells from rats free to move.

In observing about 370 cells in dorsal hippocampus in moving
rats, Ranck noted they could be classified into two basic types. The
discharge patterns of one type of cell, termed a "theta" cell, were
closely rélated to slow wave theta and those behaviors which have been
correlated with theta. During theta and only during theta this cell
type increased its firing rate, often discharging in rhythmic bursts,
more or less synchronously with theta. The other cell type, the
"complex-épike" cell, was defined principally on the basis of the fact
that at some time during the recording session (usu;lly during slow
wave sleep) the spike was complex. Theta cell discharges ﬁever showed
a complex form. The two types were different in a mumber of other
respects outlined in Table 1. T&gether_thé electrophysiological
differences pointed to different anatomical cell types. That theta
cells were generally found in regioms thought to contain the interneu-
ron population, while complex-spike cells were most often encountered
in the pyramidal cell bogy layer suggested that theta cells were basket
cells and complex-spike cells were pyrémidal cells. Many of Ranck's

distinctions have been confirmed byCB'Keefe (1976).
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Of particular interest here is Ranck's observation that dis-
charge rates in the two cell types were approximately inversely rela-
tea: theta cell spike frequencies were highest during slow wave theta
while complex spike activity was suppressed over much of the theta
period. When complex spikes did occur during theta, it was for brief
periods and only under special circumstances, defined by the particular
behavioral co;relate of the cell. In the work of 0'Keefe and Nadel
(1978) most complex spikes occurred at rates "considerably less than
one per second” during a theta-related behavior. High rates (10 Hz) of
p. cell firing were seen during theta, but only if the rat was in a

particular "spatial” relation to the environment. During the brief
periods of complex-spike cell firing during theta, the spikes were also
phase-locked to the theta wave, but it appeared that firing of complex-
spike cells was apt to be less regular than that of the theta cell.

One possible inference, which requires experimental test, is that phase
relations of complex-sﬁike cells with the theta wave are due %to local
circuit actidn, while theta cell phase relations result from the
impingement of external circuits,

In Ranck's work, sustained discharging of complex-spike cells
was more likely to be observed during slow-wave sleep. During_garadox—
ical sleep (during which theta is present), Ranck found that complex
spike probability was quite low. Out of 25 cells monitored during SWS
and PDS only three occurred at higher rates during PDS.

The work of Rgnck and 0'Keefe also suggested that p. cell

discharges are not synchronous during theta. Both researchers found

that when the rat was active (presumably during theta), the firing of
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different cells was correlated with a different behavior or place
field. It has also been noted, in several studies, that when more than
one cell is at the microelectrode tip (as is most often the case) the
firing of the different cells will occur during different segments of
the theta train (Hill, 1978, Figs. 3,6; 0'Keefe & Nadel, 1978, Fig.23).
On the other hand, p. cell firing appears to be synchronized during LIA
(0'Keefe & Nadel, 1978). The work of Noda et al (1969), in which
cross-correlograms were used to assess the degree of relationship
between hippocampal units recorded at the same tip, provided direct
evidence that hippocampal units are not synchronized duriﬁg arousal or
REM sleep; during these states the cross-correlogram was flat. During
SWS and intermediate sleep, peaks in the cross-correlogram about zero
ggggested synchronicity of discharge.

Sumﬁa . .

The outcomes of those unit studies which distinguish between
hippocampal cell types as well as some studies which do not, indicaté
that during much of slow-wave theta pyramidal‘cells are relatively
inactive. During select portions of theta, however, there is firing in
units corresponding to the hippocampal pyramidalicell. These findings
lead to the tentative conclusion that theta during normal waking
behaviors is not a unitary state, at least in terms of the discharging
8f underlying neuronal elements. Neuronal interactions within the
hippocampus during theta are complex, with different cells doing
different things at the same moment in time. Notions of hippocampal
function which perceive the hippocampus as active or inhibited during

any particular state appear to be oversimplified.
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The remaining portions of, the thesis are taken up with a
further analysis of the activity of single cells in the hippocampo-
septal axis. After a description of the generél methods used to obtain
and process the data, the observations are divided into a number of
sections:

Section One: What is the nature of hippocampal EEG in the para-
lysed rat? Does it differ substantially from that seen in the normal?

Section Two: What electrophysiological cell types are found in the
hippocampo-septal circuit?

Section Three: What types of activity changes are seen in hippo-
campo-septal cells during EEG changes?

Section Four: How does the hippocampus influence septal activity?

Does its influence change as a function of EEG state?



GENERAL METHOD

Experimental strategy.

F

One of the aims of this thesis was to describe hippocampal
output, particularly under natural conditions. A number of approaches
were tried during pilot experiments. The first was to electrically
stimulate the hippocampus and record extracellular responses in various
target areas. This was done in four rats anaesthetized with ureth&s®
and later in 26 rats immobilized with succinylcholine chloride.

In addition, hippocampal EEG was monitored during normal
behavior in 13 pilot animals. This provided a baseline range of
responses against which to evaluate the changes in hippocampal EEG with
paralysis. Changes in septal unit activity during changing hippocampal
EEG in these rats were also noted aftei:paralysis. The results of
these pilot experiments are not presented here since the experiments
were repeated in the main study. It was noted that, in many cases,
gross hippocampal EEG underwent a number of changes with paralysis. To
help evaluate whether the paralysed rat's theta was similar to that of
the normal rat, atropine sulphate was administered to 4 pilot animals
during normal and paralysed states and effects on theta assessed. The
reasoia for doing this are.given in Section One.

The results of this thesis are based primarily on 16 additional
animals in which the strategy ;as to record pairs of units in the

hippocampo-septal circuit of one hemisphere, while monitoring EEG with

48
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a gross electrode situated in *he hippocampus of the other hemisphere.
The experimental procedures have been divided into five phases:
selection of animals, surgery, acute experimental procedures, histolo-

gical procedures, and data analysis.

Experimental animals.

Sixteen experimentally naive, male Long Evans rats from the
McMaster Psychology Department colony were housed either singly or in
groups. These rats, approximately 3 to 4 months old, weighed between
268 to 382 gram; (mean weight of %25 g) "at the time of surgery. Other
than daily handling, no special treatments were applied prior to
surgery or between surgery and the acute experimental day. Lights went
on at 6 AM and off at 8 PM and the rats had continuous access to Purina

lab chow and water.

Surgery. -

\Rats were anaesthetized with intraperitoneally administered
doses of sodium pentobarbital (Somnotol, MTC Lab., Hamilton, 55 mg/kg)
and, when necessary, with supplementary doses of chloral hydra%e
(standard dose of 60 mg). They were then placed in a Kopf rat stereo-
taxic instrument with the incisor bar set to match the requirements of
the Pellegrino and Cushman (1967) rat brain atlas (5 mm above ;hg
intetﬁpfal.line). In each animal 2 or 3 holes, about two millimeters
in diameter, were drilled in the sku}l overlying the brain regions to

be probed with the microelectrodes. In all rats, the holes were over

the right hemisphere. Dura was left intact during surgery and the
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holes were filled with bone wax. Nylon nuts were cemented over the
holes with dental acrylic. Following surgery nylon screws were ‘turned
into these nuts to protect the openings.

Once preparation of the microelectrode access holes was com-
plete, a bipolar twisted wire electrode was lowered into the left
hemisphere of each rat using conventional stereotaxic procedures. The
electrode was made of two strands of 255 uM nichrome wire insulated
with thin enamel except for the &ip cross-section. The tips were
separated by the layers of insulation and in all rats they were aimed
at the pyramidal cell layer of dorsal CAl. The electrode was cut so
that one tip was slightly higher than the other, but the orientation of
the tips with respect to the pyramidal cell layer was not standardized.

A jeweler's screw soldered to a miniature connecting pin was
turned into the skull just posterior to lambda to function as the
ground electrode while a second screw, placed in the skull overlying
the frontal area, acted as reference for the microelectrode. One or
two other small sgrews were inserted into the skull to serve as
additional anchors for the dental cement which fixed the entire
assembly in place. Before the acrylic hardened, two shallow anchor
holes were formed on both the right and left lateral surfaces of the
cement by a metal assembly mounted on each ear bar. During the acute
recording phase the rat was firmly held by positioning the assemblies
t; fit in the indentations so formed. This eliminated the need for ear
and nose bars and held the animal's head at the propef stereotaxic
angle.’ fowards the end of surgery penicillin was injected

intramuscularly (40,000 I.U.).
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Acute experimental procedures.

One to two weeks after surgery the rat was placed in a copper-
shielded room where testing was carried out over a period of time
averaging 12 hours. Testing was initiated in the morning during the
rat's light cycle and always extended into the dark cycle.

Baseline EEG recording. .Prior to the injection of the paralysing drug

five to ten minutes of EEG was recorded from the CA! macroelectrode
with the animal free to move in a large wooden test box. The EEG
signals, carried by shielded Microdot cables, were written out on EEG
chart paper with an ink-writing oscillograph (Grass-Model 7AE) and also
recorded FM on magnetic tape (Ampex). The low and high frequency
filters on the polygraph were set to attenuate frequencies less than
0.3 Hz and greater than 3 kHz. Monitoring EEG during behav{or permit-
ted evaluation of the normalcy of rhythms recorded at the hippocampal
electrode. Also, since EEG was recorded during paralysis, the baseline
EEG provided a reference by which to judge the state of the paralysed
animal.

\]

Immobilization, artificial respiration. The rat was injected intra-

peritoneally with succinylcholine chloride (Anectine, Wellcome
Burroughs, 4 mg/kg) and, as soon as the initial muscle-activating
effects of the drug_subsided, the immobile rat was respirated with a
constant-volume respirator (Harvard Model 680).

The method of linking the animal to the respirator was adapted
from Roberts (1973). A short plastic cylinder with a thin tautly-
gstretched rubber diaphrggm at one end was connected to the air delivery

tubing of the respirator with a one-hole rubber stopper inserted into
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the other end. The rat's snout was placed into a small hole in the
diaphragm. With the respirator delivering a set volume of 7 to 10 ml
of room air at 70 strokes 5%} minute, it was possible to maintain the
rat for as long as 24 hours. The respirator was placed in a grounded
metal screen cage to minimize electrical interference with electrophys-
iological signals.

Once respiration appeared stable, the rat was placed in a
stereotaxic instrument and its head was automatically fixed at the
required stereotaxic angle by inserting the ear bar mounted assemblies
into the indentations in the headcap. Anectine was infused intramuscu-
larly throughout testing at a nominal rate of 4 mg/kg/hr (Harvard
infusion pump). Heart rate was monitored by two needle electrodes
inserted beneath the skin along the chest area. Core temperature was
monitored with a rectal thermometer. An infrared heat lamp was used to
keep core temperature at normal levels.

Shortly after immobilization, heart rate was typically about
360 beats per minute and showed "spontaneous" as well as environmen-
tally sensitive irregularities. After about one.or two hours heart

/
rate stabilized at 380 to 480 bpm. Few irregularities were seenk%fter
the initial period of instability; when they did occur they could be
compensated for by adjusting air volume at the respirator, by closing
the rat's jaws to prevent leakage at that point, or by adjusting the
position of the snout in the rubber diaphragm to compensate for leakage
at that juncture. All measures used (heart rate, temperature, electro-

‘physiological activity) indicated that these preparations were reason-

ably stable throughout the testing period. Abnormalities ip these
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measures produced either a delay in testing until recovery, or termina-
tion of the experiment.

Pain-associated trauma to the rat was minimal: since the rat's
head was held by the cement cap and microelectrode holes were pre-
drilled, there were no wounds or pressur; points. Artificial respira-
tion was accomplished with a nose cylinder, rather than tracheal
intubation methods. The major source of trauma was probably derived

\
from paralysis itself. Generally, recording did not start until one to
three hours after immobilization, at which time indices of the rat's
condition had stabilized and some adaptation to the paralysed state had

presumably occurred.

Electrophysiological recording procedures and equipment. Monitoring of

hippocampal EEG was continued during immobilization and maintained
throughout testing except for thode times when the macroelectrode was
used to electrically stimulate the hippocampus. Recording of EEG was
similar to that used during baseline EEG recording.

To prepare for extracellular single cell recording, the protec-
tive nylon screws were removed and bone wax cleared away from the hole.
Dura was removed and one glass micropipette was centred over the
hippocampal access hole while a second pipette was placed over the
septal opening. The micropipettes, with tip diameters 2-3 uM, were
filled with near-saturated sodium chloride solution and each was held
by a micromanipulator (Narisﬁige).

Silver (silver-chlorided) wires conducted changes in electrical
potential at the pipette tips to two high-impedance pre-amplifiers

(Grass P15). The changes in potential -were referred to the anterior
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skull screw; grounding was achieved by connecting the posterior screw
to the P15 ground. The brain signals at the microelectrodes were
further amplified by the oscillograph amplifiers (Grass 7PSB wide-band
AC EEG pre-amplifier). Filters at both stages of amplification were
set to attenuate frequencies below 0.3 Hz and above 3 kHz for the
septal microelectrode. The oscillsgraph 60 Hz notch filter was used as
well. Subsequent to the second stage of amplification slow potential
changes (field potentials) were separated from fast potential changes
(action potentials) at the hippocampal tip by low and high pass fil-
ters. The low-pass filter allowed frequencies below 50 Hz to pass
without attenuation; the half-amplitude cut-off frequencies for the
high-pass filter were 500 Hz and 3 kHz.

The microelectrode signals were monitored on a dual beam
oscilloscope (Tektronix 502) and sample portions were recorded on
magnetic tape with a seven-channel recorder (Ampex PR500). The two
channels of fast activity were recorded on direct channels while the
slow activity was recorded on FM channels. Thus, four channels of
electrophysiological informétion were recordgd?concurrently:

1. EEG from the hippocampal macroelectrode.

2. Slow activity from the hippocampal microelectrode.
3. Fast activity from the hippocampal microelectrode.
4. PFast activity from $he geptal microelectrode.

The high frequency channels were also connected to loudspeakers
via gating units to permit auditory monitoring of action potentials.

Data collection: fast activity. Data collection began by establishing

a dorsal~-ventral microelectrode zero level. The pipette tips were
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aligned visually with the skull surface and then lowered until visual
and auditory monitoring of the signals indicated passage of the tips

from air to cerebrospinal fluid. The tips were then lowered an addi-
tional .5 mm to the zero level, a point presumably in close proximity
to the brain surface.

Units at the hippocampal electrode were sampled first. The
electrode was lowered in small increments until the typical popping
sound associated with neural discharges waé heard at the loudspesker.
Movement of the electrode was continued until the signal to noise (S/N)
ratio was maximal. If the S/N ratio was adequate and the discharge
pattern was stable and did not appear to be injury-induced, a search
for units at the septal level was initiated. When two stable units
with reasonable S/N ratios were registered concurrently, their activity
was recorded on magnetic tape and EEG chart paper. Occasionally, only
one channel of spike activity was sémpled. Because of difficul-
ties inherent in finding and recording two clear trains of spikes
simul taneously, in most cases, particularly in hippocampal probes, the
record consisted of several spikes of different amplitudes. If the
largest spike was distinct from others in the record it was accepted
for analysis. Units that were small, but could be clearly distin-
guished from baseline noise levels and were the only units evident,
were also processed.

The duration of a sample "run” varied from several minutes to
over an hour; no statistical analyses were performed during data

collection. Two general types of observations were noted, however: one

was of the general appearance of the activity at the pipettes. A
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second was the electrophysiological "depth profile." That is, as the
electrodes were lowered, notes were made of the correlation between the
depth reading on the micrometer dial and the nature of fast activity
registered by the microtips at that depth. Cell-poor areas or fibre- ¢
rich areas were electrically silent relative to cell-dense areas.
Spontaneously quiet, cell-rich areas could be identified because the
pipette might provoke a characteristic high frequency irritative or
injury discharge in otherwise silent cells. Also, a given sponta-
neously active area might have a unique signature in the record. The
medial septal nucleus, for example, was readily identified by the
presence of rhythmically bursting cells.

Starting with the original zero leyel, then, ana revising on
the basis of the electrophysiologicﬁﬁ readout, it was possible to
ascertain when the microtips were passing through the corpus callosum, ~
when they were approaching the hippocampal pyramidal cell layer, and so
on. Changes in hippocampal slow activity at the microelctrode as a
function of depth were also noted, permitting the construction of a
theta depth profile. These procedures provided an important adjuﬂ&@«to B -
histological procedures used in the identification of brain areas |
giving rise to a particular unit record.

When the depth profile and micrometer'readings indicated that
hippocampal units were being sampled, the hippocampal pipetté was left

at that depth for a number of runs. Activity at its tip was pairéd

with different target units on each run. The hippocampal microtip
position was altered if the S/N ratio declined or if a reasonable :

nunber of target pairings had been recorded. To obtain different
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hippocampal~septal pairings either pipette could be moved up or down.
In some animals, to successfully record spontaneous activity ajp the
microelectrode, required more than one penetration. The final pene-
tration usually provided most of the recorded activity.

Several factors contri$uted to éelectivity in the data sampling
prochures. One factor, inherent in micr§electrode record;ng, wasg that
only larger elements with stronger signal capqcity were registered.
Also, only cells spontaneously active were recorded. Only on the rare
occasion was an attempt made to find optimal conditions of firing for
cells normally silent. Another source of bias was spike frequency. Of
those elements spontaneously active, it was probably the more rapid
ones, more easily detected aurally, that were selected. Only a small
proportion of elements outside of the septo-hippocampal compiex were

sampled. Usually, these were elements which showed syatematic changes

in activity as a function of environmental changes. A major%:iﬁzj/~

.units encountered in the septo-hippocampal complex with reasonable S/N \‘\\\

<

ratios were recorded for later analys#s.

Data collection: slow activity. Sampfgs of slow activity from both .

Y

hippocampal macro- and microelectrodes :;re recorded throughout the
experiment both on FM tape and on EEG chart paper. For e%ﬁh samplegsun
an attempt was made to include "spontaneous" transitions from ome type
of hippo;ampal EEG patterg to anotﬁer. To produce regularization of
EEG activity the rat was exposed @o_va;ioqs fxpes of sensory influences
such as tail pinching, stroking of ;ibrissa, or blqwing. A punctate,

forceful” blowing of air on the rat was particularly effective in

eliciting long bouts of clear:theta activity. The time of occurrence
Y . « *

‘
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of stimulus presentation was marked on magnetic tape by veﬁpal signal.

Several other procedures were implemented to alter electrical
activity at the macro- or microelgctrodes.

a. Electrical stimulatjon -~ cells under the CA1 macroelectrode
tip were activated and changes in ongoing activity at the contralateral
microtips were recorded. These data helped to determine the location
of the microelectrodes and also provided information about dorsal CA1.
influence on septal cells under conditions of artificial activation.

b. Injection of atropine sulphate - in two animals atropine
sulphate (25 mg/kg) was administered intraperitoneally at the conclu-
sion of testing and effects on hippocampal EEG at various time inter-
vals following injectioh were assessed. In a separate pilot study four
. additional animals with macroelectrodes implanted in hippocampus were
paralyzed and the effects of atropine sulphate (25 mg/kg) on theta were

studied.

.Histological procedures.

| At éhe'end of testing the rat was deeply anaesthetized with an
overdose of sodium pentobarbital. The ﬁicroelectrodes, with tips at
the most ventral recording sites, were cemented in place. The rat was
removed from the resﬁirator and perfused.through the heart with normal
saline followed by 10% formalin. The bfain‘ﬁas extracfed from the
skull and stored in 10% Yuffered formalin for at least 48 hours after
which it was frozen and the region containing the electro&e track was
sliépd coronally inéo 30-50 um sections. Brain slices were mounted on
slides and stained with thionin. \

“
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Data processing.

All data analyses were based on information recorded on
magnetic tape (off-line) and were done after the acute experiment.
Calculation of statistics and reduction of data to histogram form were
performed by a PDP-8/A or 8/E digital computer (Digital Equipment
Corporation). |

Processing of spike trains. Prior to computer processing, both chan-

nels of unit activity were filtered to attenuat&—slow fluctuations in
baseline and passed through "gating" units (Schmitt Trigger circuits -
Fersch) which generated brief, constant amplitude fectangular pulses in
response to "gated" events at the input. The réw record of Ammon's
horn activity typically consisted of spikes of several amplitudes. The
largest spike, usually complex, was relatively easy to distinguish from
smaller spikes. The smaller events, which often varied in amplitude,
were difficult to distinguish from each other particularly because faqt
activity was usually superimposed on relatively large amplitude EEG
activity which was difficult to reduce without conBomitant severe

-
attenuation of fast activity. One of the gating units contained:a
pulse height discrimination circuit gnd, where feasible, it was used to
allow for sepafate analysis of .large and small pulses in the hippocam-
pal record. Gating level for complex spikes was set to include as many
of th; diminishing amplitude spikes in the burst as possible without
overlapping with smaller spikes. ‘ﬁarge and small units were discrimi-
nated to allow for later evaluation of the cross-correlation of the two

events. It was noted that small spikes in the record often behaved
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like "theta" cells of Ranck (1973) while larger spikes were similar to
the complex-spike discharge of Ranck. This observation is expected if
one assumes that when the microtip is in the basal end of s. pyramidale
it is registering the activity of nearby internuncials. To perform a
cross-correlation of the two events could potentially provide a strong
test of the hypothesis that basket cells inhibit p. cells. The occa-
sional overlap in amplitude between the small spikes and the smallest
of the complex-spike cell spikes prevented a clear interpretation of
this data and the results are not included here. But, the behavior of
the small cells was considered in the classification of cell types
(Section Two) and their patterns of fifing during EEG were also noted
(Section Three).

The septal record usually consisted of one dominant height
which was relatively easily discriminatqd from other spikes. Only the
largest of the target spikes was processed during a computer run. Th;
standardized output pulses of the gating units served as input to the
PDP-8. These pulses were registered at two Schmitt triggers located on
a PDP-8 peripheral device.

Undoubtedly the most critical and time-consuming aspect of data
analysis involved those procedures undertaken to ensure that only
action.potentials of the particuiar cell being studied were sensed £y
the computer. To accomplish this the outputs of the Schmitt triggers
at the PDP-8 péripheral unit were displayed simultanéously with and
compared to the raw record on a dual-trace storage oscilloscope both
prior to and.during thg processing run. The PDP-8 Schmitt outputs were
also relayea to loudspeakers to permit auditory as well as visual

comparisons of raw and gated activity.
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In certain runs there was too great an overlap in spike
amplitudes to permit gating of individual units; other runs showed
spontaneous changes in spike amplitude suggesting electrode movement;
while sthers showed sudden uncharacteristic losses of cell activity not
attributable to experimental treatments. All these cases were rejected
for analysis; only those displaying stable electronically discriminable
spikes were processed.

The stafting and stopping points of computer analysis of a
particular spike train pair depended on the appearance of hippocampal
EEG. In some sample runs clear distinctions between regular activity
and a large amplitude irregular activity could be seen. In the majori-
ty of runs the EEG was more uniform andd spontaneous transitions from
Léne pattern to another were difficult to hote. Procedures for process-
ing of spike data differed in these two cases. In both situations,
however, two separate computer analyses were performed for each sample
run.

In those sample runs where EEG patterns could be distinguished,
the analyses provided a comparison betwgen unit activity during irregu-
lar and regular‘EEG, Processing for each of these patterns began with
its appearance on the oscilloscope screen and was terminated automatioc-
ally if a total of 1021 pulses for both channels was counted during the
occurrence of that pattern. If the pattern of interest was interrupted
by\a change in EEG before a collection of 1021 spikes occurred, the
prégram was temporarily halted and was restarted with the reappearance
of the relevant EEG pattern. In some cases, if the overall duration of

a particular pattern was brief and/or if firing rates were low in both
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channels, the analysis of gpike activity during a particular EEG
pattern consisted of less than 1021 spikes. Since this method of
analy;is relied heavily on the validity of the assumption that for
different segments of a given EEG pattern the relationship between
firing of neurons was constant, this assumption was put to the test for
several cell pairs by comparing histograms for adjacent as weil as
non-adjacent segments of a given EEG pattern. In all cases tested, the
histogram features for different segments remained the same.

On occasions when it was difficult to discriminate the various
EEG patterns by eye, a comparison was made between unit activity during
“"spontaneous"” EEG and EEG affected by sensory stimulation. For these
sample runs processing was initiated at the beginning of the run and
continued until the delivery of a sensory stimulus to the animal was
indicated. Analysis began at the time of stimulation and extended for
variable periods beyond the cessation of the arousing stimulation. 1In

many cases analysis included delivery of a number of different stimuli.

Computer reduction of spike trains. The programhing used to sense and

reduce the two channels of pulses arriving at the PDP-8 Schmitt trig-

gers was written in this laboratory. At its core was a routine that

created a list of "words" identifying the source of events (channel one

or two) and the time interval elapsed since the preceding event.
Measurement of inter-event times by the computer clock was carried.out
at a single resolution of 0.8 msec.

Based on the information in the computer's word list two types

of data summaries were generated: 1. A gtatistical summary was printed
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at the teletype and 2. One of several different histograms was dis-
played on the oscilloscope. The counts in the histogram bins were
stored on flexible diskette and later redisplayed for photography or
plotting on an X-Y plotter.

The statistical summary consisted of number of spikes counted
(n), mean interspike interval (m), standard deviation of the ISI's (s),
and the coefficient of variation (c = a/m) for each channel. The
coefficient of variation was useful in the assessment of relative
variability of distributions. A small coefficient suggested that the
distribution was composed of fairlyAr;gularly'occufring non-bursting
events. A large coefficient was indicative of the presence of very
ghort intervals (bursting) mixed in an irregular or regular way with
long silences (ISI's).

Two types of histogram were generated for each spike channel.
The first histogfam, a conventional time interval histogram (TIH), was
a bar graph plot of the frequency distribution of intervals between
each spike and the immediately following spike (first-order intervals)
up to a maximum interval of 816 msec.

‘ A second histogram was the autocorrelogram'(AUTO).’ It required

f&r its construction that the interval between each spike to every
subsequent spiké be calculated (zero order through nth order) up to a
maximum interval of 816 msec. Because all orders were considered, its
form ref}ecéed whether certain intervals tended to repeat themselvq$
regularly Qs a function of time after spike occurrence. While the TIH
estimatea the probability of occurrence of the next spike as a function

of time following the reference spike, the AUTO provided an estimate of
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the probability of occurfence of all spikes subsequent to the reference
spike (up to a maximum interval).

A third histogram, the crosscorrelogram (CC), expressed the
relation of firing between the two channels. It plotted the frequency
distribution of intervals from each spike in one channel to every
subsequent and preceding spike in the second channel up to a maximum of
408 msec. Thus, the crosscorrelogram (¢C) provided an estimate of the
probability of enco:;tering a spike in train B as a function of some
time increment occurring both subsequently (positive time) and prior
(negative time) to a spike in train A. It should be recognized that
neéative time from train A to B is equivalent to positive time from B
to A. Thus, the CC potentially can characterize the influence of A
spikes on B and of B spikes on A. Conventionally, in the CC the origin
is at the centre of the abscissa, while positive and negative times
from A to B extend to the right and left of zero respectively. Thus,
the right half of the CC estimates the probability of discharges in B
as a fqnction of time after an event in A.

Since ordinate values represent the number of cross-intervals
of a particular duration (or number of spikes occurring at a particular
cross-interval), a flat CC indicateé that discharges in one channel do
not tend to follow those of the other‘at some preferred interval(s) or
that regardless of the time elapsed since a spike in one channel, the
probability of the ocourrence of spikes in the second channel is the
same. The discharges in the two channels in that case would be unrela-
tpd. However, if the CC is not flat, then the possibility that firing

in one channel affects the firing in the other must be considered.

/ .
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There appear to be two fundamental types of physiological
events which can induce a correlation between two spike trains (Moore
et al, 1970). The gells involved may be connected either mono- or
polysynaptically, with one producing excitation or inhibition on the
other. Alternatively, the two néurons may share a common input such as
a pgesynaptic neuronal element or other physiological inputs including
hormonal, blood COZ’ blood pressure, temperature, as well as electrical
field effects (ephaptic, etc.). Both these factors will give rise to
what Moore et al have termed primary effects. They occur close th
origin of the CC and in most cases can be distinguished from each other
by the fact that- if two neurons share inputs, the CC associated with
-their simul taneous activity, ﬁill have‘a relatively broad peak which
‘straddles the origin (see Kristan, 1970). Since common input tends to
produce simqltaneous discharges in the two cells recorded from, firing
in A tends %o be followed by firing in B and vice-versa, producing
peaks on ei;her gide of zero. On the other hand, trans-symaptic
effects are reflected in the presence of CC features which do not
straddle the origin, but are seen relatively close to it, to the left
or right depending on which element produces the réference event.
However, it is also possible that features which do not &traddle the
origin may also arise from-coﬁmon inputs. fhis is-unlikely for those
cases which or;ginate in non-neural factors or field effects, but it is
a good possibility in the case of neuronal input. If area A projects.
to areas B and C, the branch from A to B may be lénger, or .1t may have
an interneuron interposed, or it mey be more or less delinated, or of
different diaﬁeter. All these factors will result in different arrival
times of impulses to B and C‘frOm A.

*
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Besides those CC features which are attributable to primary
effects, a second, ubiquitous source of peaks and troughs lies in what
has been termed secondary effects by Moore et al. These are the
contributions attributable ﬁainly to the individual discharge charac-
teristics of hippocampal and septal neurons (periodicity, e.g.) and
they are typically seen further away from the origin. In many instan-
ces these iﬁaividual paéterns are repeated in the CC's and it is
partialiy for this reason that AUTO's have been included in the analy-
ais; they serve as indispensable aids to the interpretation of CC

features.




SECTION ONE. Analysis of EEG.

This section is intended to serve two main functions. Fi;st,
it attempts to assess chapges in normal hippocampal EEG that follow as
a result of paralysis. Large differences between paralysed and freely-
moving rats would place serious constraints on extr@polations to the
normal rat. Second, sihce comparisons of discharge patterns were made
during irregular and regular EEG, more detailed descriptions of these
EEG patterns in paralyzed rats are furnished here.

Hippocampal EEG: Patterns in normal rats. In the normal, awake rat

three fundaméntal types of EEG patterns can be discerned when gross or
microelectrodes are situated optimally with respect to the generators
of hippocampal rhythms. According to Vanderwolf (1969, 1971) each
pattern is associated with a different class of behaviors. Since his
descriptions have received the widest support (Black, 1975, 0'Keefe &
Nadel, 1978; Ranck, 1973, Winson, 1974), they will be used as a stan-
dard here. Examples of these patterns, recorded in two pilot animals
(12, 13), are presented in Figure 5.

Two of the EEG ﬁatterns have an irregular appearance to the
pnaked eye. One of these (SIA or small amplituée irregular activity)
appears as a flattening of EEG, typically lasts for one or two seconds,
and appears to be associated mainly with sudden cesgation of ongoing
movement (Vanderwolf, 1971).

A second type of irregular activity is of larger amplitude -than

SIA and accordingly it has been termed large amplitude irregular

67
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activity (LIA). LIA consists of a sequence of slow irregularly spaced
waves of different forms and amplitudes with occasional fast (50-100
msec) EEG spikes intermixed. LIA appears either when the awake rat is
motionless or when the rat is performing stereotyped behaviors such as
chewing, licking, grooming, defecating, urinating, etc. A type of
large irregular activ%ty, not described extensively in the literature,
is also present during non-waking states. A few reports (0'Keefe &
Nadel, 1978; Whishaw & Vanderwolf, 1973; Winson, 1974, 1976a) as well
as observations made here (see Fig. 5), suggest that as the rat pro-
gresses from alert (upright) immobility to drowsy immobility and to
slow-wave sleep, the amplitude of LIA increases and a greater number of
large amplitude spikes and bouts of spindling are seen in the hippocam-
pal EEG. 0'Keefe & Nadel (1978) have noted that EEG spikes during LIA
are most frequent during slow wave sleep and quiet sitting, less freqf
uent during eating and drinking, and least likely to occur during
grooming. Black (1975) reported that when a rat is immobile during the
occurrence of a signal predicting shock, there are fewer LIA spikes
than when the animal is immobile during rest periods, suggesting that
LIA spikes increase as level of arousal decreases. In agreement with
this suggestion is the finding that LIA spikes associ;ted with slow-
wave s}éep are suppressed when the animal becomes aroused, either
spontaneously or because of environmental disturbance (0'Keefe & Nadel,
1978 énd ?ig. 5). All these impressions have been substantiated in a
quantitative study by Hartse et al (1975) who recorded hippocampgl EEG
spikes from the ventral hippocampus of the cat. Spikes were rarely
sean during active waking, Secoqiug more freguent with decreased

arousal.

W T
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A third dominant form of hippocampal EEG pattern, consisting of
a rhythmical series of slow waves, appears to be unique to the hippo-
campus. These waves have been called rhythmical slow activity (RSA;
Stumpf, 1965b; Vanderwolf, 1971) and theta waves in earlier literature
(Jung & Kornmuller, 1938; Green & Arduini, 1;;4). Frequency of theta
varies both within and between species; in the rat it has been reported
to extend between 6 and 10 Hz. It accompanies non-automatic behaviors
such as running and exploratory movements and is also p;esent during
active or paradoxical sleep.

Some researchers have considered that the theta continuum is
composed of discrete frequency bands which are related to different
classes of behavior (Gray, 1971) while others have assumed that differ-
ent frequencies are related to different "intensities" of a common
class of‘behaviors. The latter has been the working assumption of
Vanderwolf and co-workers for a number of years. The common class of
behaviors associated with theta have been termed “voluntary" or Type 1
behaviors. The low frequency end of the theta spectrum has been
associated with behavioral states occuring just prior to voluntary
movement (movement "intention") as well a8 smaller amplitude voluntary
movements. Higher frequencies have been associated with the initiation
and - performance of large movements (Vanderwolf, 1969,1971; Whishaw &
Vanderwolf, 1973). This scheme is changing. More recent st;dies
(Kramis et al, 1975; Vanderwolf, 1975) have suggested to these re-
searchers that the low and high frequency ends of theta may not be the

outcomes of changes in the activity of one neural system, but the

consequences of activity in two different systems. One of these

1
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systems is thought to be responsible for the generation of a slow theta
(4-7 Hz), the behavioral correlatea of which have not yet been clearly
established in the rat. The other system results in a faster theta of
7-10 Hz, correlated with large-amplitude voluntary behaviors. Vander-
wolf's findings are of particular relevance because of supplementary
findings that slower and faster theta rhythms appear to be disrupted by
different pharmacological agents, suggesting the operation of two
neural systems. Brief bouts of slow theta, occurring during immobility
Just prior to an active avoidance response, were not seen subsequent to
atropine sulphate, a cholinergic blocker, while fast theta, if it was
clearly pregent in the record, survived atropine tr§;tment. Similarly,
the relatively long bouts of slow theta seen in still, but alerted
rabbits were also abolished by atropine while fast theta during‘move-
ment was spared. On the other hand, in both rabbit and rat under deep
ether or urethane anaesthesia only slow theta of about 5 Hz was seen.
This slow theta was subsequently abolished by atropine (Vanderwolf,
1975; Kramis et al, 1975).

Observations of an atropine-sensitive theta in the behaving
rabbit are relatively unambiguous; long trains of pure, large ampiitude
theta during igmobility have often been reported (Winson, 1972, e.g.)
and Kramis et al (1975) demonstrated severe deterioration of this theta
after atropine. The outcomes of atropine administration in normal rats
are more difficult to interpret, mainly because slow theta, in the rat,
is usually ephemeral. and of relatively amalliamplitude; to tﬁe naked
eye it is rarely as ¢lear as fast theta (see Vanderwolf, 1975, and Fig.

5). Since Vanderwolf (1975) has shown that even fast theta disappears
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after atropine if it is not clear%y recorded, it is coneeivable that
‘ » N
the selective elimination of slow theta in the behaving rat is due to

‘its lesser clarity. “

Hippocampal EEG: Depth profile analyses. Until recently it was thought
Iy

tﬁat*theta recorded throlghout the hippocampus was a consequence of a

.single neuronal generatorx- the pyramidal cell in CAtl. Eariy mapping

¢

studies of theta amplitude and phase in curarized rabbits had demon-

strated that ad a microelectrode descended through dorsal hippocampys,

0

theta amplitude reached one peak in stratum pyramidale, tepered to a
null point in'styatﬁﬁ radiatum ‘and then grew to a second peak in the

vieinity of the didtal portion of the p'yramida'l cell a.pical dendrite.

“The ventral peak was about twice a8 large as the dorsal one and the two

were 180 degrees out of phase with the change in phase occurring

‘ abruptly at the null point (Green et al, 1960). .Vanderwolf's early

studies'in normal rats supported these findings: the best theta was

recorded in CA1 with elsctrode tips bracketing s. pyramidale. Elec-

‘trode tiba in the dentafe'grea ceﬂsiatehily registered fagt activity'og

theta mixed ‘with faat.activity.' ngiler differences between CA1 and
denfate EEG were seen when a moving eléctrode.péeetratedﬁkhe hippo-
campue of urethane-enaeethetized rats, which presumably emitted what

would now be '1abelled atropine-eensitive theta (Vanderwolf 1971; <

, Whiehaw & vandemlr, 1973)-

' Vinson (1974, 1976a,* b) has nepeated Greén et al' 8 depth
‘ )

.mapping studies’ in freely~moving rabbits and rats using movable micro-

electrodee. In the rabbit depth preﬁiles wera ‘similar to those ¢f

A Green ot al with one eignificaﬁﬁgexceptien. the large ventrLl peak was -
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locglized to the area of s. moleculare of the buried blade of the
dentate area. This profile (called "rabbit" profile here) was identi-
cal for all three &onditions which ga;e risé to theta: movement (fast
theta), active slee’p (slower theta) and alerted immobility (slow
theta). A similar profile was plotted by Bland et al (1975) in the

_ ’ure@hane—;naesthetized rabbit (slow theta); maximal ventral amplitude
was reported to arise in s. moleculare or s. granulosum. These
researchérs also found that CA1 theta could be cgmpletely abolished by

' vagiOus'ﬂreatment§ (cooling, surgicalj without a loss of dentate theta,
whiie loss of Jentate theta resulted in the disappearange of CA1 theta.

Dépth profilés in the freely-moving rat differéd from the

rabbit profile in a number of ways: %here,was no null"point, the 1801
degree phase éhift waé‘augradual one, and. the maximal dentate peak was
ventral to that Seen in-rabbik- closer to sl granulosum (Yinson, 1974).
In addition, W;nson found that waveforms and amplitude qodula%ions for
dorsal and ventrai thetas were different. -Taken together these data,
sugg;steq that in foth rat.and rabbit there.were two coupled theta
generatorsj one in tge deﬁtate aréa (the granule cell) and one in CA1

" (the pyramidal céll). Bﬁth‘generetors were cabable of showing either

" slow or fast fﬁeta dgpendiﬂé on the animal's state. The frequen;ies of

»

. . ! .
theta at dorsal and ventral maxima were always the same. C

_Effects of muscle pééalyg}s on hippbcampai EEG. A number of studies
ﬁave_indiqgted that Hippocamp%l EEG patferns are esgentially unchanged

\‘duriﬂé paralys{s.' Irregu;af act;vity iS'seéﬁ if the animal is undis-
tLrped'and.theta patterns occur spontaneously and duriné'segsory

érous‘al." Transitions betw,eei@ EEG, patt?erns also appear to be normal,

o o et ek ey o
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but it is possible that relative proportions of the patterns are
changed. .Whishaw et al (1976) suggested that arousal patternms,
measured by neocortical and hippocampal EEG, are dominant in the
paralyzed rat. The frequency of theta is, however, consistently low,
ranging between 4 and 7 Hz (Black & Young, 1972; Klemm, 1972;

Routtenberg, 1970; Whishaw et al, 1976; Winson, 1974, 1976a). Body

, |
temperature, and blood levels of carbon dioxide and oxygen weke found

to be normal in the paralyzed rats in some of these studies, so it is
unlikely that changes in theta were due to unphysiological consequences

of paralysis.

More detailed study of effycts of gallamine and curare, two
paralytic agents, on ﬁippocampai EéG have been done by Whishaw et al
(1976). During gallamine paralysis spontaneous theta frequency ranged
from'5 to 8 H;; with curare mean theta-frequency was 5.4 Hz (range was

‘not reported so it is difficult to say if frequencies above 7 Hz were :
present aé all). Injection of atropine sulphate'in gallamine rats
eliminated all theta freqﬁencies below .7 Hz (spoqtaneous thetg-as well
as theta associated with hypothalamic'eleétrical stimulation). Effects
of atropine on spontaneous theta in curarlzed rats were not reported.
The authors did state, however, that theta of 7.6 Hz associated with
hypothalamic stimulation in curarized animals was present after injec-
tion of atropine in doses of 20 mg/kg. In brief, both slow and, less
frequently, fast th;ta ware ;een in ‘paralysed fats with faster

4

frequencies (at least those evoked by hypothalamic stimulatiOn) survi-

ving atropine administration.

Besides the tendenty of paralysis to reduce theta frequencies,

+
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it also has a significant effect on the theta depth profile. Winson
(1976a) has found that the profile in normal rats undergoes a number of
changes after curarization: 1. the gradual phase shift in s. radiatum
is replaced by a null point and an abrupt phase shift, 2. the vennral
peak is displaced dorsally so it‘is closer to the fissure and 3. the
dorsal and ventral thetas become more similar in waveform and amplitude
modulation. In other words, the paralysed rat's profile looks more
like that of the rabbit.

Winson (1976a) has attempted‘to determine whether differences
in theta profile between normal and paralysed rats were due to direct
central effects of curare or to indirect consequences of paralysis.,
The microelectrode in the curarized rnt was moved to the %heta null
level in 8. radiatum gnd fixed in p¥ace. Curarization was discontinued
. and the time course of movement recovery and reappearance of theta were
compared. If the change in profile was a seconddry congequence of
paralysis, then with movement recovery, theta should show simultaneous
recovery. This was-not the case. Complete recovery of theta at the
‘ nuli point followed completn movement recovery by about 30 minutes,
suggesting that curare was altéring the normal profile at least par- -
tially through direct éentral action.

Although hippocampal EEG patterns are'relatinely normal in
paralyzed animals, tne possibili%y of diréct central .action of curare
(or other neuromuscular blocking agents) as well as the presence of a
slower,the%a, also seen in neeply anaesthetized animéls, emphasiZes

.

the question of the normalcy of information processing in paralysed

animals. Although ‘not intending to do so, Black dnd Young (1972) have
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provided what is probably the:clearest answer to the question of
whether slower theta in paralyzed animals is an indication of distur-
bances in information processing. During baseline training, these
authors established that dogs showed more theta during cue-evoked
movement than during cue-evoked immobility. Parallel results were
obtained during curare paralysis: the stimulus that had triggered
movement. in baseline tests was accompanied by more theta than the
stimulus associated with immob;lity. As in other studies, theta during
paralysis was reduced in rate. These results indicated that processing
. P
of inputs during paralysis was not unlike brocessing in the normal
state and also suggested that the slow theta during paralysis was a

" function of the same system responsible for the faster thetas during

movement. Atropine effects were not assessed.

The present study:

1. Effects of succinylcholine chloride (Anectine) on theta. During

parglysis recordings of hippocampal EEG wére obtgined via two elec-~
trodes: the moving hippocgmpal microelectrode, which sampled activity
in different strgta of the right hippocampus'and the fixed macroelec-
trode, the tips of which werggintendéd to samplé‘EEG activity in left
dorsal hippocampus: The foliowing evaluation of changes in theta with
paralysis is based primarily on EEG recorded by the gross elect}ode;
Clear signs of the gross electrode tip were gseen in the ‘

histological_maéerial of 15 of the 16 rats: Ten of the 15 tips were 'in
the dentate region; five were in CAl. The %ip lspations are summarized

in the two coromal sections of Figure 4, which also notes approximate
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amplitudes and frequencies of theta at each site, both before and after
paralysis.

EEG prior to Anectine administration, recorded during periods
of vigoreus exploratory movements by the rat, showed clear theta in
gsites dorsal to the fissure (Fig. 6). 1In sites near the dorsal granulé
cell body layer, a larger amplitude theta was seen, the clarity of
which was contingent on the proximity of the tip to the granule cell
bodies; tips closest to s. granulosum showed high frequency activity
mixed with theta. EEG in rats with tips in the dentate hilus consiQted

mainly of very high frequency and large amplitude components which in

. some rats prevented visualization of theta. However, appropriate

filtering revealed that theta was éresent, but masked by high frequency
components (Fig. 7).

.Paralfsis had some oﬁvious effects on theta activity. Reduc-
tions in amplitude (modal reduction of 100 uV) as well as in frequency
(modal reduction of 2.5 Hz) were common (Fig. 4). The extent of
alteration in theta’ depgnded both.on time elapsed since paralysis
induction and the a;ea recorded from. In mZ;t’rats the largest changes
;eie seen during the first hour of paralysis, with rapid recovery of

more normal EEG thereafter. The most extreme change in theta was seen

in Rat 20 which showed the largest amplitude of theta bqfO{? paralysis

(about 1.5 mV). After paralysis théta amplitude was reduced by about

A

one mV (Fig. 6). Over the course of ‘the experiment no recovery of
theta amplitudé was seen at the gross electréde. As Figure 6 shows,

sleep associated LIA appeared to be ifitact at the gross electrode apq

.an obvious theta was recorded-bj the microelectrode in CA1l.

: /
i
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In rats with high frequency components in the EEG, there was a
general tendency for those components to drop out for some time after
paralysis induction, so that in several cases, theta during paralysis,
although slow, was more easily discerned than before paralysis. 1In
time, high frequency components were reinstated, but not to baseline
levels. This phenbmenon was particularly clear in three rats (28, 32,
33), all with tips in CA4 (Fig. 7).

2. Theta depth profiles. Observed amplitude profiles (null points and

phase shifts were not investigated) corresponded closely to those
rgported in the literature. Clear theta was often.seen in neocortex.
As the microtip apﬁroached the viéinity'of the pyramidal layer (where
gingle unit’dischafges were maximal) theta.amplitude was reduced and
theta difficult to discern. PFurther descent into radiatum resulted in
an increase in clarity.and amplitude of theta in an area devoid of
spontaneous discharges. C(lean, maximalfamplitude theta was detected at
a level corresponding .to thé fissure, about 200 uM dorsal to the first
electrophysiological inéications of a concentrated cell area (granule

cell layer of the buried dentate blade). As the electrode approached

the %;apﬁla cell bodies, theta became less clear, obscured by high

frequency activity which dominated the record right through the hilus.

Amplitude decreases and a reappearance of theta were associated with -

depths correaponding to s. moleculare of the exposed“%ladel

3. Effects of atropine sulphate on theta ‘during paralysis. Ig two of
the paralysed rats.of the ﬁpin study (26, 33) as well as in four pilot
animals (1-4) the effects of atropine sulphate (25 mg/kg) on theta were

assessed. A dose df 25 mg/kg of atropiqe was selected for a number of

.

’
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reasons. First, Vanderwolf (1975) has found that doses ranging from 25

mg/kg to 150 mg/kg (which. are typically considered large doses) all

produced similar neocortical EEG-behavior relations. Second, while

Vanderwolf (1975) reported no fatalities with doses of 150 mg/ﬁg, in

this study two‘pilot rats administered 50 mg/kg of atropine during ‘\jga
paralysis died approximately one hour after atropine administration.

No deaths occurred in the 6 rats given 25 mg/kg doses during paralysis.
Third, atropine in 25 mg/kg doses produced typical changes in hippocam-’
pal EEG. La;ge amplitude spike and slow waves began to dominate the ‘ ‘f
EEG some 5-10 minutes after injection of atropine; peak effects ap-
peared to be reached at about a 20-30 minute delay.'

The effects of atropine on theta are summarized in Figure 8,
which'shows theta in 4 rats {1, 4, 33, 5)‘during normal movement
(Normal),. éubsequent to sensory stimulation during paralysis (Pa;a- ‘ i
lysed) and subsequent to sensory stimulation during ;tropine (Para +
Atropine).‘lThere are a number of points made in,this‘fiéure:

’ *1. The slow;%heéa iﬁ,paralysed raté is not apolished by atropine. i
This is seen in the tracings for rats 1 (top) and 3. In rat 1 frequen- i

ey of theta dﬁring movement (columq 1) is 7.5 Hz dropping .to about 5.5

to 6.5 Hz in fgsponse to'puffs of air during paralysis. This frequency

- A B e

falls in Vanderwolf's slow range of theta frequencies. Tracing a) of

column 3 shows that 30 minutes.after atropine (4 hr. after ﬁaralysis

N SO

”onaet) a puff of air on the rat is effective in elic;ﬁing a ‘short-lived

>

fout of theta of 6.5 Hz.

In rat 3 pre-paralysis rates of about 7 Hz during movement are

maintained during paralysis (column 2, a). Cooling the rat by 2 o

R an ¢ At iAoy
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reduces theta frequency to about 6 Hz (column 2, b). As seen in tra-
cings a, b, and ¢ of coluﬁn’3, blowing on the rat at 30 minutes, 45
minutes and 70 minutes reépectively after atropine produces theta of 6
to 6.5 Hz. The maintenance of slow theta rates in response to stimula-
tion was seen in rat 26 as well, not shown in the'figure.

2. As seen in the tracings for rats 4 and 33,{in which fast
theta rates are seen during paralysis, the effect of atropine on these
fast theta rates are similar to the effects on slow rates. As with
slow theta, bouts of fast theta in the paralysédf atropinized rat are

L

brief.

Takeﬁ’together, the EEG tracings for different rats indicate
that atropine in paralysed rats does not distingu;sh between slower and
fasfgr.thet; frequencies. This is borne out in within-rat data as
well. In rat 3 for example, when core temperature is allowed to rise

”
to normal levels (tracing 4 - 38.2 OC) fasf theta is seen with external
stimulation. 1In rat 1,'thetq frequencies are seen to increase with
recovery from paralysis (tracing b-d). Atropine effects on the slow
frequencies in a) are similar to effects in b) and ¢). Tracing d shows
theta with the rat mobile, 150.m1nﬁtes after atropine. Tracing ta, at
" the bottom of the figure, shows atropine effects in the unparalysed,
normal rat 30 min after injection (25 mg/kg). . The black lines indicate

periods of‘theta during movement.

y

4, Ifrggul&r EEG patterns in the paralyzed rat. Descriptions of EEG

which follow are, based on act@vity recorded at both macro- and micro-
electrodes. If theta was mot clear at the gross electrode (Rat 20,

8.g., Fig, 6) the micropipette was used to monitor changes in EEG.
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In most rats, EEG during non-theta segments appeared to be
similar to the LIA accompanying immobility or automatic behaviors in
normal rats. LIA spikes were seen, but seemed to occur less frequently
than during LIA in normal rats. In a minority of rats spontaneous
occurrences of sleep-associated LIA were seen (very large amplitude
irregular waves mixed with fast spikes and spindlés; Figs. 6, 7; Rats
20, 28) usually late in the experiment.

In Figure 6 the post-Anectine EEG activity for rats 25 and 30,
prior to sensory stimulation, provides examples of irregular EEG. Note
that some of this activity contains slow regularities; the occasional
high-frequency spike is seen. Subsequent to sensory arousal clear
theta is present. ‘In Rat 25 it is relatively brief, reverting to
pre-arousal EEG after about 6 secs; in Rat 30 it is long, persisting
beyond the 14 sec segment in the figure. In most instances, since
spontaneous regularities were brief and difficult to detect, compari-
sons of unit activity patterns were made between such spontaneous and
gensory-induced EEG patterns.' Since sampling times of unit activity
often extended beéyond the cessation of sensofy-induced theta, there was
overlap ‘of EEG states within both EEG categories. What was considered-
irregular @EG contained.transient slower'regularities; while regular
hctivity containéd irregular patterns. The duration of irregular
ac£iv;ty dﬁring theta states was reduced by 1n%roduciﬁg a number of
different Qtimuli. Thus, despite what appeared to be an overlap of,
states within any one condition, it was expected that périods of
arousal contained more theta than epontaﬁeous periods. A computer-
based antocorrelogram ‘analysis of.EEG for a ﬁajority of ;ample runs

™

confirmed this expectation.
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Discussion

The different gross EEG amplitudes and patterns observed at
different electrode sites prior to paralysis, as well as differences in
EEG as a function of microelectrode depth during paralysis, agree well
with results of previous studies: largest amplitudes have been reported
in the dentate area (Winson, 1974, 1976a, b, e.g.) and fast activity
has been associated with the. CA4-hilus region (Whishaw et al , 1976).
The methods used here were not intended to determine whether Anectine
was affecting theta depth profiles. Nevertheless, the changes in Rat

20's gross BEEG following paralysis hint at possible Anectine effects on

the ventral theta peak, similar to effects of curare reported by Winson

(1976a). The location of Rat 20's electrode tip as well as the fact
that pre-Anectine theta amplitude was largest in this rat suggest an
oinmal orientation of the gross. electrode with respect to the ventral
generator.

If Anectine does alter the rat depth profile, it might be doing
so through direct CNS effects.' Winson's (1976a) work suggests that the
effect; of curare.on rat depth profiles are meéiated‘centrally. An
ugexpected finding, in line with the idea of direct action of Anectine
on brain, wés that faét activity seen at the*gross electrode
in the hilus or in stratum granulosum prior té’Aﬁec£ine, was seyerely

. attenuated during the first few hours of paralysis. This attenuation

permitted observation of clear theta which was obscured by fast activi-

)

ty prior to Anectine. 1If it is assumed that fast EEG activity in the

hilus is associated with discharges of neuraltelements in the area,

abrad

ey
i

A b mdd oo L hok



82

then it appears that Anectine acts to reduce firing in these elements
either by direc; action at cholinergic synapsés within the area or by
action in remote juncturesi Several studies have indicated that there
are nicotinic receptors in the dentate hilus and the effects of iontop-
horetically applied nicotine are antagonized by d-tubocurarine (see
Segal, 1978). There is little data available, however, concerning
direct effects of succinylcholine; further research is needed to

determine if Anectine alters the theta profile and if it does so via

its action on cells of CKS.

In agreement with previous studies, theta frequency was reduced

in the paralyzed rat when compared to pre-paralysis rates during
exploratory mévement. An attenuation in theta is not surprising; the
conditions surrounding the presence of theta in paralyzed and moving
rats are different. The meaning of this reduction in terns of the
information processing state of the paralyzed rat, however, is unclear.
Black and Young's (1972) studies suggest that reduced frequency doeq
not iﬁply disrupted informat;on processing. They also point to a
unitary basis for slow and fast theta frequencies. Vanderwolf's (1975)
obgervations suggest that the slow theta ‘seen here is produced by a
'system different from the one producing the fast theta and might be
assaciated with a different behavioral dispositionl. That atropine
effects on theta in the paralyzed rats of this stu?y were not dependent
on theta frequency indicates clearly that slow theta frequencies were
not a function of activity in the slow-theta system described by
Vanderwolf. Moreove?, the presence of a éontinhum of different

fiequencies in different raté as well as within one rat suggésts that
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it is likely that one system, the same system giving rise to fast theta
during movement of the normal rat, is operating in the paralyzed rat.
These results do not rule out a two-system view of theta in behaving ‘
rats. It is conceivable that the slow, étrOpine-sensitive theta
described by Vanderwolf is correlated only with immobility just prior
to an active avoidance response and with specifit segments of active
sleep (Robinson et al, 1977). Since the paralyzed rat is already
immobile, it is unlikely that stimulating the rat (blowing, e.g.)
results in an increased tendency toward immobility (associated with
slow rates); it is more likely that theta seen in the paralyzed rat is
a reflection of activity in a system directly involved in ;he initia-~
tion and maintenance of “"voluntary"” actiéne (fast theta system). This
system is still active in the paralyzed rat, that is, the rat may
"intend” to move, but it's activity cannot bypass the block at the
neuromuscular Junction. |

It is not clear why theta.rates in paralyzed rats are slowed.
Vanderwolf has shown that theta frequenc& will vary as_a function of
the rat's core temperature and it was seen that reduction of core
temperature in one rat‘in this study reduced thetg rates. In rats of ' !
this study, as well as other work, low theta rates were seen despite
normal temperatures. And, it was noted here yhat theta frequency ip ' ;
the cooled rat would rise sbontaneously.despite a maintained sub-normal
temperature. One possibility is that mormal theta requires feedback :
from muscle movement. Another-poseibility, also'speculativé, is that
Anectine does act centrally to block a nicotinic modulation of theta " ;

frequency.' .

gt
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What seemed to be a relative lack of LIA apiking seen in awake
rats as well as a scarcity of sleep associated LIA suggests that the
paralyzed rat ;as relatively alert for much of the experiment, a
condition also found in studies of Whishaw et al (1976) and which could
lead to a systematic bias in the types .of discharge patterns obPerved.
In the majority\of caseé, theta and non-theta states were easily
distinguished in the raw record, and, while in many cases'coaparisons
" of discharge pétterns during irregular gnd more regular EEG (to be
described in SECTION 3) may not have reflected differences between two
radically different states of arousal, they were possibly indicative of
differences in brain states (behavioral dispositions) which occur |

during wak_ing'states of the animal.
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SECTION TWO. Classification of single cell activity.

Spike trains in hippocampal and septal penetrations g;ve rise
to a variety of different interva} histograms and autocorrelogram
shapes. An attempt was made to sort the histograms into a few basic
categoriés'and to determine whether the’dif%ére;t éééego}ies tended to
cluster in different anatomical loci. The. classification process'is
described in Part A of this section; Part B provides the anatomical

breakdown.

Part A. Discharge patterns of cells in the septo-hippocampal complex.

As pointed out in the General Introduction, notions of hippo-
campal function are intimately bound up with the activity of its
projection cells. For this reason, it was important to distinguish
between hippocampal cell types and to attempt to determine which types ’
could be considered projectgon cells.

Septal cells were élassified bécause it was of interest to know

¢
if certain cell types were more likely to be affected by activity of
hippocampal projection cells. Also, firing patterns of lateral septal

cells have not been extensively probed; emphasis has beeq@placed on

cells of the medial septal nucleus.

Method.

3
Basis of classification. Two circumstances are thought to give rise to

differences in spike train characteristics. If anatomical factors are

constant, differences in discharge sequence parameters are related to

85



.

86

differences in the animal's behavioral state. If physiological states
are uniform, different discharge types hinge on anatomical considera-
tions; it is assumed ﬁhat different cells (not necessarily morpholo-
gically different), by virtue of a number of factors extrinsic
(connections, e.g.) and intrinsic (membrane properties, e.g.) to the
cell, will give rise. to different spike train patterns. The latter
assumpfi;nﬁis at the'basis of the classification protocol used here.
Differences in firing pattern assoc;ated with differences in physio-
logical state are regarded as different operating modes (OM's) or
subtypes of the anatomical cell %fype.

In recording from different cell populatiohs within a circum-
scribed brain area, since fhysiological states are usually varying, the
problem érises of determining whether different discharge patterns
represent 'different OM's of a specific cell type or the a®tivity of
different cell populations. While-the problem cannot be resolved with
certainty, certain considerations lead to criteria by which to distin-.
guish,’ at least roughly, between the two possibilities. In some cases
characteristics of the discharée itself may help distinguish mode from
type (for example, the presence of complex bursts). It iq also
possidble to record from on; cell (or one population of cells) in
several different states. For instance, McCarley and‘Hobgon (1972):

récorded from a Elearly identified population of cerebellar Purkinje

"cells and examined rates and patterns of firing of these cells during

different stages of the sleep~waking cycle. One of their findings was
that pattern differences, measuted by such first order indices as the

variance, and,fﬁird and fourth moments, were a direct function of
‘_‘( .
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differences in rates of firing and secondary to differences in the
animal's state. Thatz}s; if firing rates were low in any state, then,
regardless of state, the pattern of firing was the same. What is
important in the present context is that the differences in first-order
megsure of firing pattern were'predictable from the rates of'firing.
For example, as rates of firing increased, the variance decregéed.

; Analogoﬁs relations between mean raée and-first— and seéond-
order measures of pattern were noted in the present study in which
activity was recorded in diffenpgt EEG states from the same cell. The
shapes of the histograms associated with different states were general-
1y€§imilar; differences coul?“hsualgy be attributed to rate differen-
ces. Examples of this are s;en in the autocorrelograﬁs of Figureg 29,
31, 32, and 35. uThese observations guided classification in the

following way: if certain features of the histograms obtained.from two
cells were similar or if differences in tﬁe histograms could be predic-~
ted from their differences in rate, it was likely that the cells
belonged to the same type. On the other hand, if differenc;s in
histograms of two cells could not be explained on the basis of mean
‘rate differences or if the histograms were dissimilar regardless of

state, the cells were assigned to different types.’

Classification procedures. Time interval histograms and autocorrelo=-

grams were plotted on an X-Y plétter for each cell under spontaneous
(irregular) and aroused (rhythmic or sensoreally aitéred) EEG condi-
tions. Differences in histogram heights (areas) due to differences in
spike counts were compens&ted for by adjusting ordinate scaling fac-

tors. Mean ISI's and coefficients of variation were noted beside the

-
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histograms. A preliminary sorting of cells based on histogram shape
was then by eye. A number of histogram features were used to
categorize the cell;

TIH: 1. number of modes in TIH, 2. the proportion of intervals at

the mode, 3. the location of the mode in time, 4. dispersion of

intervals about the mode, 5. the degrée and direction o{ skew,

6. the overall shape of the distribution.

AUTO¢ 1. the extént of deviation from flatness, 2. location of

peaks and troughs, 3. rhythmicity of peaks and troughs.

To check the accuracy of classifiéation, ten second segments of

film of the original spike record were grogped according to type and

compared to each other. Histograms and statistics for cells showing

atypical records were re-examined and re-classified if an obvious

sortiqg’error had occurred. For other atypical cells, the entire
segment of tape was reprocegsed for the spike pair and if necessary the
cell was re-classified. Characteristics of the raw discharge (complex
apiking) were used as aids only in the classification of hippocampal,
cell types.

A majority of cells, irrespective of EEG state, gave rise to
histograms that clearly belonged to different types. For other cells,
however, also during both EEG conditions, the histogram differences for
different cells seemed to reflect differences in OM's of a singlé cell
type: that is, it was poasible to attribute the histogram d;fferencee
to rate differences. The separate status of these histograms was

maintained by consideriné them modes or subtypes of a single broader

classification. Further clarification of the distinction between a



- 89
N
cell type and.subtype will be found in the descriptions of the
different categories.

v

Results.

0f a total of 343 cells recorded on magnetic tape, 99 were not
processed for reasons already outlined (see General Methods, p. 61).
The data discussed here are based dn the activity of 244 units, most of
which were recorded in two's (about 166 pairs) and most of which were
located in septo-hippocampal areas. The number of cells detected in

»

each animal rapged from four to thirty; 15 cells were seen on the
average. V¥hile the duration of a sampﬁ; run was usually long (between
several minutes to over an hour), the period selected for computer
processing during either EEG state was relatively brief. The duration
of the EEG state, an upper limit of 1021 spikes, and rate of firing
interacted to reduce processing_time to between approximgtely 20
Seqpnds and 5 minutes. These factors also influenced the number of
spikes coﬂnted (5) for any one of a pair of spike trains (range of
about 20 - 950).-

Since the upper limit of 1021 events represented the sum of
counts in a two cell record, processing time and frgquency count for
any‘one channel were, of course, less than if a single channel were
processed. The bias produced by this factor was greatest when one cell
of the pair was rapidly firing and the‘other firing relatively slowly,
with the slow cell 3;atistics distorted to a greater extent. The

effect of this constraining factor was attenuated, however, by the

finding that increasing processing time and gjby analysing one channel
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at a time, for example, did not affect the overall shape of the histo-
grams for either channel; relatively small n's and brief processing
times were sufficiént to charact;rizg the probability density and
autocorrelation funqtion estimates. For a given firing mode increasing
1 did not produce marked changes in histogram shapes.. The major effect
was a smoothing of curves similar to that seen when the time resolution
was effectively decreased by summing bins. Thus, although definitive
interpretations of histogfam irregularities were inappropriate when n's
were small, it was reasonable nevertheless to use the histogram to
asaign the discharge pattern to a particular type or subtype. The top
two histogram pairs of Figure 9 (Type A), the middle two histogram
pairs of Figure 33 (Subtype C1) and the top three histogram pairs of
Figure 15 (Subtjpe C6) are comparisons of histograms with small versus
large n's (different cells) and attest to the apparent temporal
constancy of discharges. for three major cell firing modes (discussed
below). Note that even for the smallest n's discrimination between
firing s;quences is straightforward. L

Of the 244 cells, 12 could not be classified. The remaining
cells were sor;eq into seven types, three of which, A, B, and C
encompassed about 75% of all cells. Type B was found in relativély
large numbers in both hippocampal and septal penetrations. Type A
conaigted of hippocampal cells, while C was déminant in septal penetra-
tions. \

In the following characterizations of the different firing

modes & number of terms are included which have been used to refer to

some dominant features of spike sequences. The term burst refers to a
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relétively isolated brief and rapid sequence of spikes (from 2-10
action potentials in a burst with an ISI within the burst of 1-15
msec). Non-bursting action potentials are referred to here as single
sp@kee. The occurrence of both bursﬁing agd sing}e spikes can be
regular (fhythmic) or irregular. The more regular the discharge
sequence, the more constant is the interevent interval. The terms

slow, moderate, and fast refer to the rate of occurrence of single or

bursting spikes. Slow discharges are usually two events per second or
less. Rates éf 3 to 6 events per second are moderate, while fast
spikes exceed a rate of 7 per second. Finally, the burst may be simple
or complex. A simple burst is one’ in which the constituent spikes are
of equal amplitude. In a compiex burst successive sﬁikes are of
different amplitudes, usually decreasing.
Most of these characteristics are reflected in the shapes of
histograms as well as in first-order statistics.- The dominance of
bursts, for example, is indicated by a brominent narrow peak at about
gero time in both the TIH and AUTO since the majority of intervals are
the very brief ones that constitute the burst. If the ‘bursts are
regular, then the TIH will have two -peaks, ong near zero, the second ’
about a time that is equal to the interburst interval. Also, the AUTO
will consist of. a série? of regularly recurring peaks, with the width
of the peaks proportiona& to twice the burst duration. The coefficient -
of variation (CV) will be relatively high in burst sequences; the more
irregular the burats aﬁd the légger the interevent intervals., the ‘ .
higher the CV and the more irreéular the AUTO. At the other extreme

are those sequences in which single spikes are separated by constant



92 .

intervals. Here the CV will be at a minimum; the AUTO will consist of
a series of regularly recurring narrow peaks.

Discharge patterns: Hippocampal penetrations. The following descrip-

tions and figures are of twe. basic cell types observed in hippocampal
penetrations, types A and B. Type A does not consist of subtypes.

Type B includes two subtypes, Bt and B2.
o .
Ay
The distribution of types and subtypes in each rat is shown in

Table 2. The cell types, described below, were not always represented

equally among the rats tested. Type B was distributed fairly evenly

—-across rats, while about 40% of Type A cells were found in two rats,

with the remaining 60% of A cells evenly apportioned.

Type A. Type A cells, slow, irregular, and with the occasional complex
\

discharge form, corresponded to Ranck's (1973) complex-spike cell (Fig.

t0). In most trains some of the bursts were complex, an important

defining feature of this type (Figure 10). Not all cells classified as

- Type A, however, showed‘the complex burst pattern. A single, very

slowly discharging, large amplitude spike was included in the A catego-
ry. DBecause the behavior of this cell was similar to otherhcomplex—
spike cells duging EEG and because Ranck (1973) has reported that most
of these cell types eventually‘show the complex form, this cell was
categorized an A cell. It is possible, however, that this spike is
generated by a population of hippocampal cells different from the
population of complex-spike cells.

Events in the A seqﬁencg were usually spaced irregularly,
particul&rly when firing rates were low. With increases in rate, brief
periods of regular_firing at theta rates were seen in some of these

Y
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cells (Figures 9 and 10—5). As in Ranck's work, the A cell was usually.
the largest amplitude cell in the record, difficult to isolate because
of its varying amplitude and congequently difficult to process by
computer. Statistics and histograms for this cell type should be
considered approximations. Figure 10 includes several types of records
that gave rise to Type A histograms. The behavior of A cells will be
discussed in more detail in Section 3, which examines their activity in
relation to EEG.

Type B. The B1 subtype Qas characterized‘by fast, small-amplitude,
simple épikes and appeared to correspond to the "theta" cell of Ranck'
(1973). In hippocampal penetrations it was usually the smallest
amplitude spike in a record consisting of sp%&es of several amplitudes
(Figure 12-1); to process the,Bl events requi;ed electronic subtraction
of the larger amplitude spikes. élassifying the Bi cell appeared to be
a relatively straightforward procedure. With the onset of theta rhythm
in the EEG the B1 cells bezan to burst rhythmically at theta frequen-
cies for relatively prolonged periods of time; their rhythmic patterns
were easily identified at the loudspeaker. At_the same time firing of
A cells tended to subside (see Figures 11 and 12).

Cells of the B2 subtype fired more slowly and irregularly than
subtype Bi; they were also the smallest of several spikes in the
hippocampal record. They were considered a B subtype because their
histograms during ali EEG states resembled &hose represedti#g firing
modea of the B_cell'duringlirregular EEG. Weak'}hythﬁic bursting was

seen in some of the cells (see Figs. 11, 12),
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Discharge patterns: Septal penetrations. Septal cells fell into two

dominant categories, B and C. Type C included six subtypes, C1 to Cé6.
Table 3 shows the‘distribution of septal types and subtypes of
firing for each rat and indicates that the two dominant categories and
their subtypes did not tend to'cluster in any one rat. There were an
inordinately large number of C6 patterns in rat 25 which might be
attributed to anatomical factors. Rat 20 was unusual in that a majori-
ty of Tygfs A and é cells were found in this rat.
Iype B. The discharge characteristics of septal Bl cells were similar
to those of hippocampal B1 ceils. There was a tendency for septal
cells to be slightly faster than hippocampal units, but patterns of
firing, which have been described by many wérkers, were basically the
same (Figs. 11, 12).
Type C. While Types A and B were characterized by a dominance of
complex or simple bursts and a corresponding initial peak in the AUTO,
the’ C spike sequences were distinguished by a relative paucity of rapid
isolated bursting patterns. The cells fireﬁ mainly single sfikes and
in most cases AUTO's were marked by a brief, initial trough, indicative
of the low firing probability at short intervals. AUTO's reﬁresenting
C sequences, aside from the initial trough, were not flét; in all
subtypes there were, in some proportion of ﬁigtograms, indications of
rhythmic firing ranging from a rapid "pacemaker" regularity through a
‘ slower, theta:-like rhythn to \a still slower one Hz cyclicity. There
wagz a tendency for faster cells to show more rapid reg;;arities,
although suggestions of slower rhythms were seen in histograms associa-

“.ted with rapidly firing cells.
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The 84 cells subsumed under the broad C category comprised
close to 60% of cells seen in septal penetrations. They were sorted
into six subtypes. Distinguishing most of these subtypes from the A
and B types was relatively straightforward; the distinctions between
certain subtypes were not. Most cells assigned to a particular
subtype retained their respective patterns across EEG states, a primary
reason for maintaining their separate staéus. Occasional transitions
frop one subtype to another within a cell supported a grouping of these
subtypes. It should be kept in mind, however, that some of these
subtypes may represent, for reasons to be stated, the activity of
different cell types.
Subtype Ci.

»The C1 sequence consisted of fast, fairly regular single spikes
(Fig. 16-2). The initial AUTO depfession was brief, lasting about 20
to 50 mgec. The rest of'the AUTO was relatively flat, except for
pacemaker-like peaks and the occasional slow rhythm (Figure 13). The
corresponding TIH's were bi~ or multi«modal reflécting the presence of
the nested rhythms. \

Subtype C2.
The C2 subtype consisted of cells slower in rate than those of

C1 or C3; n's ;ere smaller and histogranms mofe uneven, making the C2
histogram difficult to claasifyw(see Figs. 13, 16). The initial trouwgh
characteristic of the C type was cleariy present. The C2 cel{vtended
to “show inconsistency in histogram shape across EEG states. .In some

cases, when AUTO's were relatively flat, they overlapped with C1 or C3

histograms; when uneven, they were more closely allied to C4 or C5
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subtypes. The proportionately larger CV's of C2 sequences suggested
they were slow variants of the C1 subtype.
Subtype C3.

Spikes in the C3 sequence were more rapid tha; those of C1 or
c2 (Pig. 16). The C3 AUTO was geperally flatter, the initial trouéh
was reduged or absent; pacemaker regularities were seen as well as
hints of slower rhythms (Fig. 13). In some cases short, narrow initial
peaks were seen, indicative of elevated occurrences of briif ISI's or
Surats, particularly during spontaneous EEG states. Although histo;
gram differences between C1 and C3 modes could be attributed to rate
differences and possibly differences in n, the possibility that C3 was
a different cell type was suggested by its relatively large CV, despite )

increased. rates of firing.

Subtypes C4/C5.

The C4/C5 histograms (Figure 14) were the most difficult of C
patterns to sort and may, in fact, represent-.a different cell type. -
The C4 cell discharged at moderate rates, similar to those of C2 (Fig.
16-4), but unlike C1, C2 or C3 cells, a type of bursting was common as
indicated by an ®arly, fairly steep peak in the AUTO. The C4 AUTO's
were also marked, more than any other C subtype by peaks and troughs.
During arousal EEG the peaks, rough and broad, indicated a-weak and
variable periodiqity at a theta frequency. These characteris-
tics linked the C4 pattern to the B firing type. A number of features
distinguished C4 burating from B type rhythmic bursting, however, the
most important of which was that the initial peak in C4's AUTO appeared ;

to arise following a brief initial trough. This was rarely seen in B

-
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cells and reflected a refractofiness seen in most C discharges.

. Variable degrees of weak rhythmic bursting were seen in all C cells.
Interspike intervals within the C burat were relatively long and
variable; interburst intervals were also variable.n

The C5 histogram appeared to représe;t a slower version of the

C4 cell (Figure 14).
-

Subtype C6. ~o
The C6 sequence, consisting Qf slow, irregularly spaced single
spikes, was the dominant C subtype, occurring in 37% of all C cells
(see Fig. 16). Its histdgrams, particularly the TIH, made it an easily,
discriminable subtype, regardless of n (Fig. 15). As with other C
subtypes TIH's were multi-modal, but unlike most ﬁ;tterne the dominant
.modal peak in the TIH was not at gero and a relatively small proportion
of intervals was found at the mode. The AUTO was characterized by an
initial, relatively long depression indicative of low firing probabili-
ties at the shorter intervals (50-100 msec) characteristic of C cells.
Unlike C1 or C3 patterns,‘howeyer, the initial depression was followed
by a gradually rising, broad, r;pnded peak ;hich appeared to taper off
either to constant probability levels or to a second trough. These
features suggestad the presence of a slow rhythmicity in CG/cells, a
feafure hardjéo detect in the raw record of slowly discharging cells,
although Figure 16-7 shows'theloscillatibn quite clearly. To corrobo-
rate the oiservatién several C6 sequences were reprocessed at a time
resolution of 8.0 msec (ten times that used in other pistograms); The
outcome of this analysis ias shown at the bottom of Figure 15. The late

modes in the TIH and recurrent humps in the AUTO substantiated the

[}
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"of the cells processed. Thepé will be briefly described.

98

presence of a slow oscillation with a period of about 1.2 sec. Since

respiratlon_period was about 800 msec, it is unlikely that this perio-
dicity was due to respiration artifact. Other periodicities, imbedded
in the 1. Hz rhythm, were also seen.

'.Several factors pointed to the C6 pattern represehting a very
slow vafiant of the C1-C2-C3 continuum. The difference of the C6 TIH
shape from that of €1 can be attributed to C6's slower rate; fhe longer
initial trough might also Ee a consequence of the slower rate (which
Aight in fact be due to the longer refractory period). Also, there
were gseveral fairly clear instances of a single cell showing
transition from the C6 to the C2 or C3 subtype, although in the majo-
rity of cases the C6 cell retained its pattern across states. As with
other C subtypeg a number of rhythms were ﬁested in the slower rhythm.
Other considerations indicated that C6 was a separate type, however.
Ev%dence for slow periodicities in other C autocorrelograms were not as
evident and, while rates of C6 firing were about three times as slow as
those of 01; the CV was about the same.

‘ Four other types of discharge patterns (D,E,F,G) wer§’0£served

in both hippocampal. and septal penetrations comprising in all about 17%

Type D discharges, .seen mainly in septal penetrations, were
very rapid, firing in single spikes with occgsional theta-type burst-
ing;’it vas conceivable that this firing mode represented the fast
extremg of Yﬁe B subtype. - This type was not considered a B subtype,

however, because B histograms of any state did not resemble the D

,hiétogram and vice-versa. - .
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The Type E sequence was recorded primarily in neocortex. It
consisted of fast, very regular, single spikes easily idenfified in raw
records and histograms. Because of the constancy of its discharge
characteristics within and between states, the E cell was often not
recorded and is therefore underrepresented. ‘

The F cell, diastributed equally between hippocampus and septum,
was a moderate-cell with a relatively large CV. Some of its histograms
were similar to those of C1 or C2. A fairly strong regularity with a
period of .about 800 msec, distinguished the F type froh other subtypes.
S;nce respiration was set at 70 strokes per minute, respiration arti-~
fact may haqubeen the source of the pattern.

About one-half of Type G cells were seen in the septal pass of
one rat (#20); histograms were very similar to C6 subtypéé. A promi~
nent, very narrow peak g; zero in the G histograms reflected the

presence of a number of isolated bursts.

Part B. Anatomical location of different cell types.

Thq aim here was to determine if the éifferent electrophysiologi-
cally défined cell typés tended to cluster in different portions of the’
septo—hipsbdampal complex.

I
Method.
Histological procedures necessary to prepare microscope slides
of stained brain sections haye been briefly described in the General
Methods. Slides containing sections with critical portions of the

microelectrode track were.placed on an enlarging projector and ‘the
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magnified image traced on paper. The tracing provided a good estimate
of the anterior-posterior and medial-lateral position of the electrode.
For several reasons the tip of the track could not be considered an
adequate reference point for the dgtermination of the dorsal-ventral
position of different cells encountered along the track. 1In some cases
more than one penetration per site resulted in the appearance of
several closely adjacent tracks; in other cases the track was seen to
pass through the base of the brain. In still other instances the
coronal plane section was npt verfectly pérallel to the track whieﬁ
meant that the tip of the ending may have been overlooked, and, in
general, the durﬁtion of storage of brains in formalin was variable
leading to a variability in shrinkage.

To provide. a more accurate determination of tip depths it was
necessary to supplement the anatomical findings with electrophysiolo-
gical observation. The following criteria, taken together, helped
established a number of reference levels: 1. the appearance of the fast~7
record, 2. the fast activity depth profile, 3. the theta wave depth
profile (hippocampal penetrations), 4. the presence of responses to
electrical stimulation of contralateral hippocampus, and 5. the tip of
the track. The reference levels were noted on the tracings and in
conjunction with the micromanipulator depth readings were used to

compute the position of each cell.

Results.

Location of cells in hippocampal penetrations.

Brain sections at the level of the hippocampus were examined
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for 15 of the 16 rata. In eight rats with more anterior placements
there were two separate hippocampal probes, medial and lateral; in
seven rats with more posterior\penetrations, there was one probe per
rat. Histological evidence for 22 of the 23‘tracks left by the probes
was found and Figure 17 shows representative anterior and posterior
appearances of these tracks'for four rats. Section D of Figure 17
provides an instance of a track which required high power magnification
to be seen. That the faint line seen in section D was in fact a
portion of the microelectrode track was substantiated by its appearance
on adjacent sections and by indications of the track entry point. The
unlocated ‘track was for a rat with a single posterior probe. The
positions of the electrode tip were estimated from the electrophysiolo-
gical signature which closely resembled that of a poéterior probe in.a
different rat. In almost all cases some portion of the track was seen
in the hippocampal complex. in two rats the laterally aimed electrode
passed through fimbria. In one rat only neocortical portions of the
track were seen.

. ‘ In Figure 18 the results of estimation of the loci of 91 of a
total of 96 cells of hippocampal penetrations are summarized. The
depth of cells in more posterior hippocampél penetrations were more
difficult to reconstru;t than the Qﬂterior ones because depth profiles
were more complex and not as clear; the thinness of corpus callosum in
posterior lateral brain created some uncertainty about the neocortical
. versus the hippocﬁmpal locus of a dorsal cell. Cells in the dentate
gilus were also difficult to localize with precision. As the figure

. shows the large majority of cells were situated in pyramidal and
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granule cell body layers of the hippocampus (.88). It was not possible
with the methods used here to resolve differences in location of A and
B cells as indicated in the work of Fox Qnd Ranck'(1975). All sub-
areas of Ammon's horn were sampled (ca1, 2, 3, 4) in dorsal and/or

ventral hippocampus. The largest proportion of cells were located in

¢

dorsal anterior CAtl.

Location of cells in septal penetrations.

Brain sections at the level of the septum were examined for 15
rats and septal portions of the microelectrode track w;re found for
each rat. Photomicrographs of four representative sections in four
different rats can be seen in Figure 19. The outcomes of the estima-
tion of the location of 144 of 148 cells encountered in septal probes
are schematically summarized in Figure 20. A substantial proportion of
cells (.88) were found in the lateral and medial regions of the pre-
commissural septum. The remaining cells were found in the anterior
continuation of the hippocampus (HIA){ cingulate cortex, and in the
accumbens area. Cells located in the LSN were found mainly in the

_dorsomedial portions.

v

Relation of cell type to anatomical locus.

A rough idea of the general distribution of different cell
A%
types can be gained from Figures 18 and 20. Table 4 furnishes a
numerical breakdown of the anatomical locations of all cell types and

subtypes. As previously noted, and as is made clear from these summar-

ies, hippocampal cells fell into two main categories: A and B, while B
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and C modes were dominant in the septum. Those C modes found in
hippocampus were usually recorded from posterior portiomns. In septal
penetrations Type B cells were heavily concentrated in the medial

geptal nucleus (MSN). That Type D, which showed occasional weak

f.bursting, was also found primarily in the MSN, supports its association

with the B cell type. Subtypes of C were generated by cells located
mainly in thg'lateral septal nucleus (LSN). TFigure 20 indicates a
rostro-caudal segregation of C firing patterns seen more clearly in
Figure 21, which compares relative proportions of different C mode N
cells in two rostrducagdal planes. As the figure shows C4, C5, and C6
subtypes were dominant caudally. Those C6 cells that appeared in the
more anterior sections (3.0 to 3.4) were found mainly in the anterior
continﬂation of the hippocampus. Subtypes C1 and C2, on the other
hand, were more likely to be seen by an anterior electrode, which
supports the assumpt;on that a common cell type gave rise to both
subtypes. There is also a suggestion in Figure 20 that C2, C3 occur in
more lateral areas, while C4 and C5 tend to be found along the LSN

midline.

Discussion.

Discharges of cells in the septo-hiﬁpocampal system were sorted
into three major categories, partially on ﬁhe basis of discharge form
and on thé’basis of pattern. The distingu#ahing characteristics of
Types A and B were relatively easy ts dis%ern in the raw regord;

histograms confirmed visual and auditory/impresaions. These types, in

/
hippocampal penetrations, corresponded in many respects to Ranck's
/

s

!
/

[
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(1973) "complex spike" and "theta" cells: amplitudes of the A cells
were generally larger than those of B cells, the B cell rates were
faster, and both types were found in the vicinity of the pyramidal and
granule cell layers. Although few cells were recorded in the dentate
area, the majority of those seen were B types, more clearly isolated
than the B cells of Ammon's horp, a findiné also consistent with/
Ranck's data. Both A and B cells were also seen in the postero-ventral
hippocampus in the present study, a finding which provides an anatomi-
cal extension of Ranck's findings. In addition, those C patterns that
were seen in hippocampal penetrations were primarily associated with
cells in posterior hippocampus.

The similarities between the present observations and those of
Ranck, made in the chronic, behaving animal, is some indication of the
normalcy of the paralyzed preparation used here. More importantly, the
electrophysiological identification of two different cell types sug-
gests, as does Ranck's work, that they originate in two different
populations of cells in the vicinity of the pyramidal cell layer: the
slower, larger-amplitude complex spike may be associated with the
hippocampal projection cell, while the smaller B spike may be generated
by the basket cell; an interneuron found in proximity to the pyramidal
cell. It should be kept in mind that the criteria used here for
distinguishing between cell types were not stringent; behévioral
correlates of the cell were, of course, not available. It is conceiv-
able, even likely, that some proportion of A cells were identified as B
cells and vice-versa. Considering that many of the B cells were the
smaller cell in the record, it is more likely that A cells were mis-

taken for B cells.
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The sorting of cells into a third major category, C, was
considerably more difficult to achieve. The discharge form was not
unique, patterns of firing were not easily recognized or distinguished,
either visually or aurally, and in some cases, irregular trigger levels
may also have contributed to the diversity in C cell types. The C
category, seen mainly in septal penetrations, was discerned primarily
on the basis of histogram shape. Its dominant characteristic was an
initial trough in the AUTO of variable duration, signifying a lacdk of
the type of bursting seen in A and B cells.

The six-different C subtypes described here may represent
activity of different cell tybes. Subtypes C1, C2, and C3 shared a
number of eleétroph&siological characteristics which suggested their
origin in a common cell type. The anatomical finding supported a
grouping of C1 and C2 cells which were found primarily in the most
anterior and lateral portions of the septum sampled here. The C3
discharge pattern was seen more posteriorly, with some cells situated
in the medial septal nucleus. The C4 and C5 firing subty?es arose
primarily from cells lying in more posterior, midline portions of the
lateral septal area. These cells showed the greatest amounts of a
theta-type regularization of discharges and may constitute a different
cell type. Whild the C6 subtype was found throughout the lateral
septal area, there appeared‘to be a greater likelihood of its occur-
rence in more poaterior septum. In the most.anterior portions of
septum it was coﬁcentrated in an area corresponding to the anterior

continuation of the hippocampus.
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It is difficult to compare findings of C cell firing patterns

to those of other authors. Most workers have focussed on B firing

<

modes in the septum and their relation to the hippocampal theta rhy%hm.
Degcriptions of firing patterns in the lateral septum have been brief
and non-quantitative. Most have stated that lateral septal units do
not discharge rhythmically (McLennan & Miller, 1974; Wiléon, Métter, &
Lindsley, 1976). Ranck has described lateral septal unit discharges in
relation to behavior and mentioned that four neurons (out of 65) gave
some hint of a theta rhythm, all of which were located at the level of
the fornix (Ranck, 1973). These findings suﬁport the present ones in
which cells showing the most obvious rhythmicity of discharges were
situated more posteriorly (subtypes C4, C5). In a later paper (Ranck,
1976) the discharge characteristics of LSN celis during behavior of the
rat were described in more detail. It is clear that the cells called
"approach-orient” cells by 3anck, which were the.d;minant cell type in
‘the dorsal LSN, correspond closely to the C6 subtype of this study.
Ranck described these cells as slowly firing cells in which the overall
rate of firing did not change appreciably as a function of behavior,
although the cells did show transient increases corresponding to
certain changes in waking behavior. As in most other studies, however,
the patterns of firing of thése cells were described as irregular. 1In
the present stué} AUTO's revealed that all cell types in the LSN fire
rh}thmically at some time; their rhythmicity would not have been
detected by inapection of the raw record alone. Autocorrelograms,
necessary to diasclose it, made it clear that cells throughout the

lateral septum are capable of firing rhythmically, albeit weakly and
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variaﬁly. That some lateral septal cell types can discharge in theta
rhythm supports an idea of McLennan and Miller's (1974) that rhythmic
activity of lateral septal célls may contribute, via their projection
to the medial septal nucleus, to the rhythmicity of medial cells. More
will be said on this point in Section 4, Part B.

The empirically obtained proportions of occurrence of the
different discharge types and subtypes within a given brain area very
likely were not an accurate eatimate of actual proportions of cell
populations giving rise to the different patterns. There are a number
of sources of sampling error inherent in microelectrode recording
techniques which have already been discussed. Also, since the over-
riding aim of this study was not a classification of cells, sampling
vas selective. Type E, for example, was often not recorded. On the
other hand, hippocampal B cells were almost certainly overrepresented.
While proportions of types within a brain area are misrepresented here,
however, it is still possible to use thé data to describe differences
in firing patterms as a function ofldifferent anatomical loci. Thus,
while the proportion of C cells in septal passes pr;bably was not
accurately reflected in the data, the fact that C cells were more
likely to be seen in septal penetrations, is very likely a reflection
of their greater occurrence in the septum. ‘

The finding that different cells (presumably of the seme type)
showed similar discharge patterns during bdrief or relatively longer
time periods and that a single cell retained its discharge pattern in
time, indicated the presence of stationarity in discharge sequences

during sample runs. These findings suggeat that observations of
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different discharge types were not a function of departures from
et;tiopﬁrity. The presence of stationarity was indicated by a number
of oth;r factors and observations. Sample runs with large deviations
from stationariky, usually detected by aural monitoring of spikes, and
which seemed to be due to electrode movement, were rejected for analy-
sis. Loose criteria of stationarity were fulfilled by sampling unit
aétivity during relatively constant EEG states. When recording from
the same hippocampal cell over a large number of sample runs, pattern
changes between runs wefe negligible, although rates did change. The
same was true for septal cells recorded early and late in an experiment
after a number of intervening runs. Also, differences in C subtypes
were associated with rostro-caudal and possibly medial-lateral differ-
ences in electrode tips positions. If the differences were due fo
departures from stationarity, it would be expected that type differen-
ces would relate to a dorsal-wentral dimension. Ranck (1976) has found
differences in lateral septal cell types which corrgsponded closely to
anatomical findings of differences in celi types between dorsal and
ventral portions of the LSN (see Fig. 2B). These differences were not
seen here for the simple reason that cells in more ventral portions of
the LSN were sampled only rarely. In most cases, the electrode was in
midline portions of the LSN and as it moved ventrally, it infringed on
cells of the MSN.

That anatomically distinct cell types gave rise to different
signatures in the AUTO and that regardless of state a given cell type
retained its essential characteristics in the AUTO has also been noted

by Wilson et al (1977) and has led these workers to propose that
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"statistical analysis of neuronal firing patterns may prove to be a
3

powerful tool in the neurophysiological identification of functional

cell populations”.
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SECTIOR THREE. Unit activity and EEG.
In Section One hippocampal EEG patterns were described, while
in Section Two an analysis of cell types in the hippocampo-septal

circuit was provided. The present section considers the nature of cell

activity during EEG rhythms. Of particular interest is the hippocampal

A cell, since its activity furnishes a direct indication of hippocampal
output. The methods of monitoring unit activity and EEG have been

discussed in the General Methods.

Results.

As noted in Section Two; it was possible to distinguish between
two basic hippocampal cell types: Type A, which corresponded closely to
Ranck's complex-spike ceil and Type B, whose activity resembled that of
Ranck's theta cell. The activity of B cells, relatively easy to

characterize, will be considered first.:

B cells. In most cases, during irregular EEG, B cells discharged in

simple, irregular bursts. With the appearance of theta (sponfaneous or
induced), rate of discharging increased and bursts became rhythmic,
apparently tinme~-locked to the theta waves. Figures 22 and 23 (cells‘
20-12A, 26-1, 27-7) show changes in theta cell activity in a transition
from LIA to stimulation-induced theta. Median firing rate"during
non-theta was about 10 spikes/sec rising to about 13 spikes/sec during
theta. The tendency for B cells to fire most vigorously during the
clearest periods of theta, usually during initial post~induction

periods of thota, is detected in Figure 22 {cell 20-12A).



A cells. Discharge characteristics of A cells have been described in
Section Two. In most cases A cells wére large amplitude, slowly
discharging cells, ﬁhich occasionally burst in complex fashion. For
some cells sampling tiﬁgs were brief and complex spikes were not’seen;
slow rates of firing, patterns of firing, and large amplitudes suggest-
ed their identity with p. cells.

The behavior of A cells during non-theta was relatively
straightforward. As with B cells, discharges were irregularly spaced,
although rates were considerably slower than B cell rates. The form of
the discharge was either single, complex, or a non-complex burst
consisting of spikes of severai amplitudes irregularly intermixed
("mixed"” burst)l All three types of events could occur during differ-
ent segments of LIA at the same electrode tip. While interevent
infervals during LIA were rarely constaﬁt, discharging was sustained
and homogenously distributed. The mixed burst was often seen during
LIA; the occurrence of this burst in many cases was simultaneous with
large amplitude LIA spikes (see Figs. 10,.23, 26). *

During theta, A cell activity became more difficult to charac-
terize. As in studies of Green et al (1960) and Ranck (1973), there
was generally speaking an inhomogeneity of firing during what aépeared
to be a uniform period of ﬁheta.' Despite‘this variability, the recur-
rence of a number of phenomena éuggested some systematic processes at
work. 'TQe activity of A cells apppared)to be contingent on two broad
fécfors: the state of the EEG just pri§¥ to a transition to clear theta .
.and the t;me.sinoq the transition originated. If EEG patterns just

prior to a spontanecous or, more often, to a sensory-induced change to

-
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’theta were not far differént from those appearing during the clear

theta -segment, then unit activity changes were also not great (Fig. 24,

~cell 31:i0). Whenr the theta segment was clearly distinguishable from

the preceding EEG pattern, then distinct changes in unit activity were
also noted. TIn such cmses the temporai.distribution of unit events in
theta dependeqton the time since theta initiation. In most instances,

.

the immediate correlate of &.spoﬁ%aneous or stimulus-induced change was
a total suppressggn of A firing. Di;charges of B cells were occasion-
ally observed during this iﬁitial perioq (Pigs. 22, 23). After a
variable time period recovery of A ceil.firing was seen with theta
still visible in the EEG,(Fig. 25, cell 20-3). In some cases there was
total suppression until LIA reappeared ;n the EEG. The first cells to
recover were usually simple or compiex. Mixed'bursts were suppressed

thfoughout theta, recovering only wheh LIA spikes were reinstated (Fig.

23). During those periods when A cells discharged during theta,

median rates-were generally highér than rates during LIA.

Patt;rns of A cell firing during theta could be regular or
irreéular. In Figure 22 (cell 20-12) an A cell .is seen firiﬁg during
?heta; in phase with the negative portion of the theta wave, although
not firing on every wave. Figure 26 (cell 26-2) shows clearly rhythmic
diacharges of another A cell:tﬁis time in the reco;ery period following
densory inpﬁt:— Note that the onset of the long rhythmic barrage
éppeara to be assogiated roughly with a deterioration of theta.

Details of the fifing of another-complex‘cell in a p;st~sehsory recov-
ery phase are shown in Figure 2771 (celi 27-7). Here it is seen that

as theta slows, emall amplitude complex celIE‘and simple'celle beéin to

-
+
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discharge; with further deterioration of theta, other complex cells of
different amplitudes are recruited, firing in semi-regular fashion,
without time-locking to the theta wave. Additional examples of the
tendency for A cells to dischafge as theta clarity diminishes are seen
in Pigures 24 and 25.

Tﬂe presence of different amplitudes at different instants
during theta was a common observation (see Fig. 27). It should be
remembered that pyramidal cell bodies are packed together extremely
tightly, probably more so than in any other brain area. The probabi-
lity of seeding many cells at one tip is consequently high and, while on
the one hand it is a source of noise, it also provides important )
information about the timing of firing of adjacent cells in different
states.

One more impression is worth mentioning. It seemed that in the
majority of cases where A cells could be clearly distinguished, a
decline in A rate during theta was observed. In those cases where it
was difficult to evaluate if A or B cells or both were at the electrode
tip, then an increaée in firing during theta was more likely. This
observa%ion is mentioned here because there are several examples in the
puﬁlished literature which are interpreted as an increase in putative
complez-spike-qell firing during behavior and associated theta, but
which show ﬁwo_orlthree cells at the tip, one of which might be a B
ceil. | ’

C cells. ?he discha?geq of C cells did nét show the clear changes in
rate or pattefn seen in A or B ceils, even when EEG states weré strik-

ingly different. There was, however, a clear tendency for slowly
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) discharging cells (C5, C6) to decrease in rate while more rapid cells
increased in rate in the transition from irregular to regular EEG
patterns. This trend was true for hippocampal cells as well: A cells

decreased in rate, while B cells increased during theta.

Discussion.

| The results with respect to activity of B cells during theta
and non-theta astates agree with those of Ranck as well as other
researchers who in some descriptions of hippocampal cell activity have

© probably referred to the B cell or theta cell. However, in Ranck's
work rates of dorsal hippocampal theta cells during irregular and
regular EEG were substantially faster than those seen here. There are
at least three reasons for this discrepanc&. One is probably minor and
relates to differences in spike counting methods, visual in Ranck,
electronic here. A second, more important reason is related to the
obsérvation that slow-wave theta frequency is reduced in the paralyzed
rat. It follows thatvdischarge rates of theta cells will also be
slower. A third re;son has to do with factors related to homogeneity
of'dischargg ratés and patterns during the particular time segment iﬁ
which'spikes are counted. - It appears from Ranck's descriptio;s that
spikes were counted during relatively brief periods.of uniform
behavior/EEG states. In the grespnt atudy the period during which
spikes were countgd wasd gﬂidqd mainly by EEG and contained more
variability in B cell activity. ' ' '

W;th reabect to the activity of complex-spike cells (or A cells

here) the procont study agrees with a number of salient observations

mahe by Ranck (1973):
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1. Tranaitions to states of "unaroused motionlessness"
(non-theta states) such as quiet waking (standing or lying), drowsi-
ness, light or deep slow wave sleep were associated with increases in
firing of complex spike cells sustained homogenously over the period of
motionlessness. In this study transitions from theta to non-theta
states were accompanied by increases in firing of A cells, maintained
‘evenly over the period of irregular EEG.

2. Interruptions of a motionless state, either spontanedusly
or through sensory disturbance, wére correlated with a decrease in
complex-spike cell activity. In this study spontaneous and induced
transitions from LIA to theta were accompanied by cessation of A cell
activity. It was also noted here that if the rat was in an aroused

" state (theta), then further arousal did not significantly alter A cell
activity. Similar findings have been repo;ted by Lidsky et al (1974)
and by Mays and Best (1975).

3. In Ranck's wor# the same cell that showéd sustained homoge-
nous f;ring patterns during th course of some type of motionless
behavior, while d;clining in rate when the. rat éas aroused and remain-
.ing quiescent during most aspects of waking behavior, would increase in

rate when the rat was engaged in a.specific type of "activity (the

v

behavioral correlate of the cell). Of course, it is impossible to
compare presgent findings'to*thésg, but it was noted here that A cells, .
_while inactive during some éortioné Af theta, were active during other
seghents. .

The mixed burst seén here requires some discussion. Its

appearance has not beén reported extensively, although there are .

— |
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suggestions of its appearance in other work (0'Keefe & Nadel, 1978, pp.
150-152). That similar phenomena have only been rarely reported can be
attributed to at least three reasons. First, others may have neglected
to report the phenomenon in the belief that it represented an inju;y—
induced discharge. It seems unlikely that this is the case because it
could occasionally be seen as a very small amplitude background event
during the LIA spike, while the electrode was registering events of
larger ;mplitude, such as complex spikes. Further, the appearance of
mixed bursts was contingent on the EEG state. Second, it is possibdle
that mixed bursts are unique to paralygzed animals. That this is not
the case is indicated by its consistent occurrence in several chronic
animals tested here. The occurrence of mixed bursts was also
associated with LIA in these animals and began to appear when the rat
assumed a'quiet sitting or awake, lying posture. A third possibility
is that others have simply not reported these phenomena believing them
to be symptomatic of poor isolation or noise. In fact, the mixed
bursts do appear to be noisy and initially, they were diregarded here.
However, repeated observation led to the conclusion that such events in
an area of tightly packed ‘cells, while noisy, were also informative,
particularly since the "noise" was correlated with EEG state. ﬁThe
mixed burst{ suggested that adjacent'cells in s. pyramidale were firing
together during LIA, par%icularly during the LIA spike. During theta
different amplitudes were segn'at the microelectrode tip at different

instants in time, indicating desynchrony of diachgrge.
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The appearance of A cell activity during strong theta, weaker
theta, and irregular activity in this and other studies suggests some
notions abouf how A cell activity might be organized during these
states. These notions relate to the factors which set the probability
of a single A cell firing as well as the probability that a number of
adjacent A cells will discharge in concert or separately.

During strong theta the probability of A cell discharge appears
to be quite low. It is likely that the source of inhibition is the B
cell which tends to diachgrge at highest rates during theta and it is
possible that tﬁe B cell is driven during theta by the rhythmically
bursting cells of the medial septal nucleus. It has been reported
(Ranck, 1973) that during high-frequéncy theta hippocampal B cellsl

discharge at their highest rates, occasionally losing their

rhythmic bursts and firing in a continuous stream, suggesting uninter-

.rupted inhibition on A cells.

The periods of p. cell firing during select portions of theta
might be attributadble to a numser of interacting factors: a slowing of
the rate of septal driving (slowing of theta), a decline in basket cell
efficacy due to repetition (Finch & Babb, 1977), potentiating increases
in excitatory input, and a post-inhibitory rebound. Type A cells may
discharge'iﬁ phase with the theta wave during this segment and at
fairly high rates for dbrief periods of time, but it is likely that
adjaéent A cells do not fire together. With the disappearance of
theta,'yhe probability of sustained A cell firing inereases. The
probabiliéy of the LIA spike also increases gnd the firing of adjacent

A colls tends to become more sxnchrénized.
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On.the surface, the present data, in conjunction with those of
0'Keefe and Ranck, provide some justification for the old notion that
the hippocampus is relatively "fnhibited" during theta. There are some
clear exceptions to this view. One example is Fujita and Sato's (1964)
intracellular work in which p. cell spikes (gimple and complex) ares
seen riding on top.of rhythmically recurring waves of depolarization.
It must be emphasized, however, that Fujita's studies were done in
Nembutal-anaesthetized rabbits in which theta frequency was between 2-4
Hz (theta was elicited by sciatic nerve stimulation). It is possible
that during such low-frequency theta inhibition on pyramids.is attenua-
ted, allowing other processes such as rebound excitation, etc. to exert
a dominating influence. Recent unpublished manuscripts by Bland et al
(1978) and Andersen et al (1978) have described prolonged rhythmic
firing in identified pyramidal cells during theta in urethane-
anaesthetized rabbits. Urethane;treated animals show slow theta.
Vinogradova (1970) has recorded from unidentified hippocampal cells in
restrained rabbits and has observed rapid discharging of elements,
presumably during theta. Since she usually rejects complex spike cells
from her sample, believing they represent injury potentials, she may be
favoring the selection of the basket cell (see CIBA Symposium, 1978,
p.311). Also, her rabdbitas were-highly aroused, a factor which might
also bias towards theta céll selection. Still, it is unlikely that
ail, or even most, of the cells observed in her studies afe basket
cells, given the ratio of bdasket to pyramidal éells in the hippocampusa.
The fact that her r;bbits wére immobile, however, implies slow theta

(see Kramis et al, 1975), during which pyramidal cell discharge may be
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favored. Taken together, the discrepancies between rabbit and mobile
rat findings may be due to species differences, the recording of
unnatural slow theta, or biased sampling in which theta cells are
favored.

Both Ranck (1973) and O'Keefe and Nadel (1978) have concluded
that during theta the pyramidal cell is in an inhibited state. O'Keefe
& Nadel (1978, p. 152) stated:

From the physiological point of view LIA appears to represent a
state during which the theta mechanism is inactive. Theta, on
this view, represents an active inhibitory process which locks off
the soma and dendrites of most of the pyramidal cells, allowing
only a few to fire at any given time.
and Ranck (1973, p. 518) has asserted:
Two modes of inhibition are thus suggested, a global inhibition
during the theta rhythm and a localized lateral inhibition of
neighbouring complex cells.
Despite these basic observations and conclusions O'Keefe & Nadel (1978,
pp. 167-168) were led to say this about Grasfyan's conclusions:
«...it follows directly from their argument (Grastyan et al, 1959)
that theta represents an inactive state of the hippocampus...
recent hippocampal physiology indicates that this conclusion is
almost certainly wrong.

/. It appears that both O'Keefe and Ranck (and other chronic unit
workers) emphasize the significance of p. cell firing during theta in
the definition of hippocampal behavioral function, despite the overall
reduction in p. cell activity during alert waking Behaviors. 'Of )
course, for the chronic unit worker, the important correlate of unit
firing is behavior, not EEG. If the cell shows a phasic change in
response during a phasic shift in behaviér, then there is cause to

bolieve that the cell participates in the behavior, regardless of EEG
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state. This basic view is not readily applied, however, to unit

‘patterns in the hippocampus. In sensory and motor systems, phasic

changes in single cell responses during discrete changes in sensory-
motor function are expected. In the hippocampus, while there are cells
which respond to punctate stimuli, the firing of cells appears to cut
across different behavioral categories (EEG state). For example, one
dominant type of behavioral correlate of the complex-spike cell in
Ranck's studies was the "approach-consummate cell”. The cell dis-
charged at high rates when the animal approached food (theta) and then
ate the food (LIA). Firing was present during both states (behaviors).
0'Keefe and Nadel's spatial cells also fired during different behav-
iors. What this suggests is that the EEG may not be a very informative
measure of essential processes involved in behavior or that one is
dealing with a continuum of neural events which runs parallel to a
continuum of change in some modality of behavior. This is suggested in
the data of the paralyzed rats here in which some p. cells fired during
weaker theta in transition to irregular EEG.

The next and final section attempts %o assess the‘significance
of activity in the hippocampus during theta and non-theta by examining
cross-correlograms based on simultaneously recorded activity of units
in dorsal CA1 and in the lateral septum“during the two EEG states. If
the hippbcampus is involved in the control of behavior during these
sFates, then the message carried by the activity of pyramidal cells

should be capablé of influencing the activity of target cells in the

"LSN. Differences in outbut associated with state indicate thét the EEG

is an important indicator of information processing.



SECTION FOUR. Hippocampal influence on septal neurons.

Part A. Stimulation induced.

During acute experiments septal target cell responses to
contralateral hippocampal stimulation were periodically sampled.l A
principal reason for this procedure was to obtain electrophysiological
indication that target cells were in the septum, possibly connected to
cells at the hippocampal microelectrode. The stimulating electrode
(which also served to monitor EEG) was situated contralaterally to
minimize the risk of damaging cells in the vicinity of the hippocaﬁpal
microelectrode, but the effects of contralateral stimulation were
similar to ipsilaterally produced effects in pilot studies (see General
Methods). They were also similar to responses reported in the litera-
ture and it is mai?ly the results of/contralateral stimulation that are
summarized in this section. The outcomes of these studies also provi-
ded a basis for interpreting hippocampal influences on the septum

during "natural" states.

Metho@s.

The stimulating electrode was in left anterodorsal hippocampus
{the tip sites are shown in Fig. 4) while the micropipette was in the
contralateral right septum (see Fig. 28), Evoked responses of‘a
proﬁortion of spontaneo;sly ac#ive cells along each track were sampled,

usually at the termination of the recording of the activity of pairs of

121
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cells in hippocampus and septum. Biphasic pulses (.5 msec) were
applied at slow rates (about 1 per 2 sec) to avoid inadvertent elicita-
tion of abnormal epileptiform responses. It had been seen that rates

N
as low as 4/sec could yield prolonged afterdischarges.

Results.

Septal unit responses were consistent both with respect to
response type and spatial distribution. The response pattern seen
most frequently is depicted in Figure 28A. It’consisted of a multiple

apike burst occurring at a latency of 20-25 msec followed by a long

A
e

inhibition of activity ranging from 100 to 800 msec. With ipailateral
stimulation in pilot studies responses were similar, with briefer
latencies in the range of 15 to 20 msec. Some latencies were as short
as 12 msec with stimulation of dorsal ﬁippqcampus. Figure 28D shows a
cell in the dorsomedial portion of the LSN activated by ipsilateral
dorsal CA1 stimulation. The accompanying slow activity at the microtip
is also shown. Note that spikes occur during the negative portion of
the wave.

The E~I sequence was seen in anterior as well as more posterior
septal placements, with corresponding differences in latencies. An
additional short-latency component (10 msec) was recorded when the
pipette tip was in more postero-dorsal aspects of the midline lateral
septum (Fig. 28C).

| In these poﬁterib} sections (Fig. 28B, C)vthé E-I response type

was localiged to that portion of the LSN_lying'cloae to the midline

‘(about 0.3 mm from the midline). It was not detected in three ﬁéacks

[ 4
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lying more laterally, nor was it seen in sites dorsal‘to the corpus
callosum (cingulate cortex) or in the MSN (see Fig. 28 - areas outlined
by heavy black borders). Cingulate responses were seen with ipsi~
lateral stimulation, however.

In more anterior areas (Pigure 28A) the response was confined
mainly to a region corresponding to lateral septum. The E-I sequence
was seen irrespective of stimulation locus and was maximal in an area
located about one third of the way between the ventral limit of the
corpus callosum and the dorsal border of the MSN. While in most cases
cells in the MSN did not respond to electrical stimulation, there was
an occasional cell group which was suppressed for brief periods follow-
ing stimulation. In one instance, a clear burst of 8-10 spikes was
evoked at a latency of about 40 msec at a site indicated by the X in

Figure 28B.

Discussion.

In agreement with recent anatomical and electrophysiological
work, stimulation of dorsomedial zones of the hippocampus evoked
responses in a restricted zone of the septum, the dorsomedial portion.

Clear responses were also detected in an area corresponding to the LSKN

| at the level of the anterior continuation of the hippocampus, with

latencies slightly longer at the more anterior septal sites. Responses

were not detected in more lateral areas of the LSN, lying outside the

prodicted terminal zone of sites stimulated. It is likely that stimu-

lation of more lateral hippocampus would have elicited responses in
lateral areas. Except. for occasional hints of a brief initial inhidi-

tion, responses were not detected in the MSK.
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The basic response type, initial excitation followed by long
periods of spike inactivity, also corresponded with previous reports in
the literature. Latencies to the initial excitation were not, however,
in agre;ment with previous work. While other studies in the rat
(DePrance et al, 1973b; McLennan & Miller, 1974) have reported laten-
cies ranging from 4 to 7 msec to initial excifation, latencies here
were about 12 to 20 msec with ipsilateral stimulation and 20 to 25 msec
with contralateral stimulation. These l;tencies are more in line with
those reported by Edinger et al (1973) in the cat.

Reasons for the latency discrepancy are not immediately
obvious. Histological analysis of septal microelectrode placements,
septal electrophysiological profiles as well as septal response topo-
graphy to electrical stimulation showed unequivocally that cells in the
LSN were being sampled. The slow wave responses to ipsilateral elec-
trical Ftimulation indicated that spikes evoked at the modal latency of
15 msec were dus to excitation and not a AGIayed rebound from inhibi-
tion. This was supported by observations th;t repetitive stimulation
led to repeated elicitation of initial excitation with increases in
duration of subsequent inhibition. Had the spikes been a consequence
of rebound inhibition, repetitive stimulation should have suppressed
cell activity.

Althoﬁgh it is unlikély that differences.in elements recorded
from were at the basis of the latency differences, there is a possibi-
1ity that differences in elements stimulated may account for some of
the discrepancy. In the studies of DeFrance et al (1973b) and Mclennan

& Hilldi (1974), fibres were stimulated in moef cases. DeFrance et al
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did report stimulating CA1 and CA3,4, but it is not clear where the
stimulating tips. were placed, since histological details were not
reported. In one study DeFrance et al (1971) reported stimulating
posterior CA1 alveus, suggesting that electrode tips reported to lie
in CAt or CA3 were in contact with alvear fibres passing across the
areas. It has been pointed out that the fimbria-fornix-alvear system
carries fibres originating in a number of different zones. Fibre
diameters and /or degree of myelinization may\?iffer within the mass of
the fimbrial system. It is conceivable that early responses recorded
in the LSK by these research groups activated fibres originating in
cells other than those stimulated in the present study. Conversely,
stimulation of cell bodies in this study may have activated fibre
systems (smaller diameter, higher threshold, less developed myelina-
tion, -and slower conduction velocities) than those tapped in_the other
studies. An explanation of this type is supported by the fact that
DeFrance et al (1973b) reported latencies of 4 msec to peak of extra-
cellular negativity in the LSN of the cat following fimbrial stimula-
tion. Edinger et al (1973), stimulating hippocampal cell bodies in the
cat reported latencies ranging from 10 to 30 msec. ‘

It is also possible that only polysynaptic responses were
recorded in this- study, similar to 'those sgen in more postero-ventral
sites in other w;nk.‘ Since the responses reported here were seen in
all dorsomedial gzones of the LSN, this possibility is not likely.

The Ionger latencies of responses with contralateral stimula-

tion as opposed to ipailateral.éﬁimulation can be explained by assuming

that contralateral routes to the LSN are longer and perhaps multi-

!
-
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synaptic. Figﬁre 4, which shows the sites of‘cbntralateral macro-
electrode tips, inéicates that in most cases cells in the dentate
region vere activated. The response évoked in contralateral LSKN was
probably relayed through Juﬁctions in CA3 and CA1 which would account
for the longer latencies and the multiple burst response.

The short-latency population spike at dorso-caudal levels of
the septum might be interpreted as a fibre response. The micro-
electrode tip at those levels may have been in relatively close
proximity to discrete fibre bundles passing from or towards septum or
other areas.

Pupg'inhibitory responses such as those described by Edinger et

al (1973) in the cat and by DeFrance et,él (1973a) in the rat (but not

by McLennan & Miller, 1974) were not detected in the present study. It

is possible that the parameters of stimulation used were inappropriate

for the detection of some of these effects (see DeFrance et al, 1973b),

but the main concern of this'étudy was to confirm sodfe degree of
o - .
connectivity. Extensive parametric tests were not done in either the

pilot experiments or in the main experiments since it was desirable to

Part B. Influenge on septum during naturally- occurring EEG.

VAN

lDetermining'effectb of electrical activation of one group of cells

"t

on its targets is a routine'eiectrobhyaiologicai procedure. As noted

fin the Introduction and in Part A of this section both stimulation-

response and topographical relations of geptal cells to hippocampal

- elements have been fairly well establishéd. A characterization of the

~
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biases imposed 'by one area on another under natural conditions is
congiderably more difficult to achieve. A primary goal here was to
determine whether such naturally occurring effects could be detected.
The cross-correlational analysis has been the most frequently
used methdd of detecting a functional relationship betwéen the firing
of two neurons. The pépers of Moore, Segundo, Perkel, and Gerstein (see
Moore et al, 1966; Perkel et al, 1967a,b) have been particularly:
instrumental in the formulation of the mathematical basis for the CC as
well as the application of the technique to the analysis of spike train
pairs. The development of these statistical méthods has relied to a

large extent on observations of spike activity generated by cells of

the marine invertebrate, Aplysia ca;ifornica. The relatively simple
arrangement of neuronal networks in.this snail has permitted precise
descriptions of the anatomical as well as electrophysiological nature
of connectivity between certain classes of éélls. It has been possible
to record intracellularly from two separate neurons whose synaptic
interac£iohs are known and to observe how their ru@imentar} interac-
tions are reflected in the CC (Moore et ai, 1970). It has also been
feasible to assess the effects of electrically driven changes in

presynaptic firing patterns on the fundamental synaptic influence

'exepted by the pre-synaptic on the post-synaptic element (Bryant et al,

1973). Observations derived from these studies have provided an
important guide to inferring the nature of synaptic interactions
betweéen two cells (as well as other characteristics of the network in

vhich the cells are imbedded).

On the whole, studies correlating the activity of neuron
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pairs in mammalian nervous system were not aimed at inferring the

naturs of trans-synaptic interactions between two anatomically separate

. brain areas (for an exception see Oomura et al, 1967). Most studies

have employed a cross-correlational analysis to investigate the rela-
tive synchronization of discharges during a éarticular brain state
(Creutzfeldt & Jung, 1961; Holmes & Houchin, 1966; Li, 1959; Noda &
Adey, 1970). 1In other studies, which have been aimed at describing
synaptic interactions (Armett, 1975,. 1978; Dickson & Gerstein, 1974;
BEckhorn & Popei, 1972; Rodieck, 1967; Stevens & Gerstein, 1976; Wilson
et al, 1977), the neuron pairs recorded from have been closely adja-
cent, typically registered by the same electrode and confined to one
nuclear region.

Noda and Adey (1970) suggested that with Imcreasing distance
between elements, the likelihood of strong effects in the CC dimini-
shes. Dickson and Gerstein (1974) have verified this empirically; 93%
of CC's based on cell pairs recorded at the same tip showed effects,
while 35% showed effects when two separate microelectrodes were used.
The same trend is seen in the findings of Wilson.et al (1977).

Fin&ings of primary effects sugéestive of direct synaptic
impingement of one neuron on the other have been rare; much more common
is the finding that tﬁe two elements are affected by a common input.

In the study of Dickson & Gerstein (1974), in which cells sampled were

close together, leas than 5% of CC's indicated trans-synaptic effects

vhile 50% of CC's showed features indicating shared input. In view of
the suggestion that in the plot of the CC wide peaks straddling .the
origin are more likely to appear when recording from closely adjacent

elements (Dickson & Gerstein, 1974), their results are not surprising.
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It might be iredicted that, in mammalian brain, the probabi-
lity of locating with microelectrodes two cells in separate regions
that are interconnected synaptically is extremely low. In Aplysia,
there are few cells, the network they create has been well worked out,
and the cells, usually large, are easily penetrated and held by the
intracellular microelectrode, under visual guidance. None of these
conditions hold in the mammal. In order to initiate investigation into
discharge relations between separate areas in the maméal, it is necess-~
ary to assume that the activity of the itwo neurons is representative of
activity of homogenous neuronal pools of whieh they are part. This is
not an unreasonable assumptioﬁ (see discussion ﬁy Milner, 1970, p.69
with respect. to spinal motoneurons). A single axon projecting from a
hippocampal cell probably branches considerably in the septum, forming
vast numbers of synaptic contacts w%th the tangle of dendrites associ-
ated with a large number of septal cells. That synaptic contacté of
hippocampgl axons on septgi cells are axodendritic was reported by
Raisman (1969). Activity in a siz;gle axon will influence a large .
;umber of septal cells and activity in a number of axons coming~from
the hippocampal fool will influence a single septal cell. Assuming
this type of network structure, the presence of a transsynaptically-
induced correlation between two individual cells signifies the inter-
action between neuronal pools.

Another troublesome point concérns the assumption of station-
arity. The repreaent;tion of activity in time by means of an averaging

process requires,%hat different segments 6: time over which activity is

observed contain the same rates and patterns of activity. In neuro-

54‘1
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physioiogical work major contributions to non-stationarities arise from
fatigue or degeneration effects which take place over the course of
long experimentation in acute preparations. The presence of station-
arity can be assessed by rigorous or by relaxed methods. 1In most
studies, including this one, tests for the presence of stationarity
havé not been rigorous. The lack of strict procedures iﬁ this study can
be justified by assuﬁing that the continuing presence of clear hippo-
campal theta, neceasary to the collection of spike data, was a prime
indicator of the rat's state. Also, spike data was not collected over
long time periods; the activities of cell pairs were compared during
different EEG states, brief in duration, and histograms and statistical
data indicated that activity of cells did not vary as a func;ion of
time segment.

Although restricted sampling time reduced problems associated
with non-stationarity, it raised another type of problem for the CC's
of this study: the number of spikes counted were small, particularly
since rates of firing were slow in both channels. The issue of sta-
tionarity arises partially because to obtain reasonably smooth histo-
grams of neural activity, a f{}airl} large n is required which in turn
requires that sampling extend over long periods of time, unless firing
?ates of both cells in the record are fast. What constitutes a large
enough n seems to be an empiricél mattgr. In many studies it appears
that neither channel should contain less than 400 to 500 spikes. The
CC's in Wilson et al (1977) are based on spike counts.considerablf less
than this and the invertebrate work of Kristan (1970) indicates -that if

transsynaptic effects are strong, very few spikes must be accumulated.
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0f course, the presence of powerful gffects can be detected without the
cc.

.There are other problems associated with the CC: the cumulative
influence of successive hippocampal spikes on septal events cannot be
determined (Bryant et 'al, 1973). Also, whether some CC feature departs

significantly from the average histogram height is in most cases

evaluated by subjective methods since there are no statistical tests

available to perform this task (Bryant et al, 1973; Moore et al, 1970).

Particularly severe are the problems associated with the
interpretation of peaks and troughs, even if their significance could
Se asgessed statistically. External influences on interacting neurons
can obscure the fundamental effect in the CC and the same histogram
feature can be related to a number of different physiological mecha-
nisms. A histogram peak, qu example, could arise because of direct
synaptic influence or because the neurons recorded from Qre activated
by a common source with one neuron activated first because of a shorter
conduction distance.

Despite the potential difficulties in detection, characteriza-
tion, and interpretation of CC irregularities, it was felt that the

application of the method to more complex forebrain circuits might

'yield information that potentially could advance understanding of which

EEG states (behaviors) are accompanied by hippocampal output to septum
and help characterize the nature of hippocampo—se?tal interactions
during these states. Even negative results could contribute to an
aggesamen£'of the fiability of the technique in the analysis of complex

brain .circuits.
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Methods.

As pointed out above, slow firing rates and brief sampling
times often resulted in the accumulation of relatively small numbers of
spikes. As a consequence, the CC was potentially susceptible to
isolated and occasionally artifactual temporally related events. To
detect and avoid such cases, the raw records for those cells which
generated signs of apparent synaptic interaction in the CC were re-
examined and a number of sweeps containing the effect were photographed
(Polaroid) with the hippocampal spike triggering the sweep. In some
cases the effect was re-examined with the aid of a computer program
which generated a post-stimilus histogram (PST) with the hippocampal
channel acting as stimulus and the septal channel as response. In this
analysis hippocampal bursts, simple and complex, were treated as single
spikes. In both tipes of re-analysis sampling of activity was more
restricted than during the ¢ross-correlational analysis in which
sampling occurred during relatively long segments of theéa‘and non-
theta activity, with the two EEG states occasionally overlapping.
Sampling was confined to a particular EEG state and was also guided by
the rate and pattern of firing of A cells during the EEG segment. In
some éases segments of cell activity associated with a long period of
thetd, and which had been originally processed for the entire period,
were divided into a number of smaller segments and a separate post-
stimulus histogram was generated for each segment. This analysis
provid;d an index of the variability of cross-channel influence

(stationarity). A third type of analysis, performed for a small number
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of cells, furnished a clear display of the variability of septal
activity given the occurrence of a hippocampal event. In this analysis
spike pairs were again computer processed with the hippocampal event
serving as stimulus and septal spike as the response. The program
output was a raster display of dots with each successive horizontal
line of dots representing the septal responses following a particular
stimulus. All three procedures, photograph of raw data, PST, and dot
display, while not ruling out the possibility that CC effects were
other than trans-synaptic, verified that the effect in the CC could not
be attributed to gating errors or other spurious events.

Other factors which produce irregularities in the CC fall under
the heading of secondary effects already discussed in the General
Method section. Briefly, these are the CC features which reflect
periodicities in—the individual spike trains. Cross-correlograms in
which peaks and troughs could be attributed to secondary effects, as
seen in the AUTO's, were excluded from analysié here. Those histograms
which showed little effect or ﬁninterpretible, ambiguous features
during both EEG states were also not considered;

Histograms with outstanding features to the right of the origin
during either EEG state were sorted into several different categories
and were re-classified by an experimentally blind, independent

obser?er. Agreement'between the two categorizations was 81%.

Results.
Out of approximately 166 pairs of spike trains sampled in 16

rats, the simultaneous activity of about 37 pairs in 11 rats gave rise
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to CC profiles suggestive of synaptic interaction during one or both of
the two EEG states sampled.

Two basic hippocampo-septal effects were observed (septum to
hippocampus effects are not considered in any detail here): in some
cases the activity of A cells was followed by a time-locked accelera-
éion of septal discharges (PEAKS); in other cases a slowing of activity
was seen (TROUGHS).

Histograms with peaks were sortéd into three separate catego-
ries: 1. those showing early single or multiple peaks ("initial -
peaks"), 2. those in which the early peaks were followed by troughs
which vere occasionally followed by "rebound” peaks ("peak-trough"),
and 3. those in which the early peaks were mirrored by a peak on the
left half of the histogram ("symmetry"). The third category of peak
histogram consisted of those CC's in which the left and right halves of
the histogram were approximate mirror images of each other. Typically,
the symmetrical early peaks were situated close to the origin and were
followed by troughs and rebound peaks. The symmetrical CC's were
placed in a separate category because they were thought to represent
the lack of trans-synaptic effecf of CA1 on LSN; the gymmetry of early

peaks was indicative of septal and hippocampal units firing very

closely together as a comsequence of shared input.
Histograms with troughs on the right hand side were of two

types: in one case the trough was immediate, occasionally followed by a

rebound peak ("initial trough") and in other instances the trough was

late, also sometime§§followed by a rebound peak ("late troughs').

[—
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These two dominant effects, PEAKS and TROUGHS will now be
considered in turn. Examples of peaks are presented in Figures 29-32
inclusive; trougha are seen in Figures 33-35.

Acceleration of septal firing: PEAKS.

Table 5 summariges the types of CC effects generated by the
activity of 37 cell pairs during irregular kLIA) and regular (theta)
EEG (74 histograms in all). As the table shows, out of a total of 48
histograms which suggested primary effects, in 29 (60%) early peaks
(initial peaks as well as peak-trough) were the dominant feature. 1In
general, the peaks were fairly broad, lasting in most cases from 40 to
60 msec. Secondary peaks were seen in about 33% of peak histograms
(Pig. 31, cell 27-15 dﬁrtng-LIA).

‘The latency to peak onset was variable, ranging in duration
from 10 to 200 msec. in eight cases (28%), peak onset was reached
within 13 msec. In three instances it was reached in 14 to 27 msec.
In seven cases (24%) it occurred within 28-41 msec. In six cases it
ranged from 75—100 msec. In.three cases latency to onset ranged from
130-155 msec, while in the two remaining cases it occurred at about 200
msec. Thus, in 18 (62%).instance?, latency to onset was reached in 40
msec, while in the remaining 11 histograms onset latency occurred
between 75 and 200 msec.

It is legitim;te to'inquire whether the longer latency peaks
represented primary effects. The CC's with ;uch effect; were included
because their features were not obviously due ‘to secondary effects;
posaibly they reflecte& polysynaptic long-lateﬂcy effectas of CAl on
septun or shared input with one branch of input arriving at CA1 much

more rapidly than the LSN branch.
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Figure 29B provides an example of a long-latency peak (90 msec)
in the CC during LIA. During theta the peak is attenuated and there is
a slight suggestion in the peaks at the origin that the cells are
firing together. There is also an indication of a delayed trough
during theta, particularly evident in the PST of Figure 29C3. The
location of the septal cell involved in the long-latency peak of Figure
29 was ventral septum adjacent to the MSN border (Fig. 29A) suggesting
that other septal cells giving rise to CC's with long-latency peaks
might also be situated more ventrally. In fact, this appeared to be-
the case. If the anterior hippocampal continuation gzone is excluded,
then of 16 histograms with short-latency peaks (less than 40 msec), 11
(69%) were situated in dorsal zones of the LSN. Of nine histograms
with long-latency peaks, only three (33%) were in dorsal portions.

Examples of short-latency peaks during LIA are seen in Figures
30 to 32. In the raw record depicted in Figure 30A it is seen that a
burst in the hippocampus during LIA is followed by a burst in the
septum. The short-latency, long-lasting peak in the CC to the right of
the origin reflects this relationship. .A small, very narrow peak is
also seen at the left of the origin suggesting the possibility that
during some portion of the LIA run the cells fired together. The
tendency for firing toéether is seen more clearly in the CC during
theta. It is possible that brief periods of theta were sampled duriné
LIA.

During LIA, spike trains of cell pair 27-15 (Fig. 31B) yielded
a CC quite similar to that of cell pair 26-1 of Figure 30. These cell

pairs came from different rats. Agsin, the broad peak incihe CC can be

-
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accounted for by the long burst in septum which follows the hippocampal
burst. It is interesting to note that the septal cell of Figure 30 (c4
subtype) and that of Figure 31 (B2 subtype) both showed weak theta
bursting during slow wave theta, suggesting that there may be excita-
tory impingement of CA1 cells on septal cel}s which burst rhythmically
during theta. However, as can be seen in the figures the excitatory
effect was seen mainly during LIA; during theta the initial peak is
attenuated.

Figure 32A (cell 27-8) provides an example of an early peak in
the CC during LIA which is still present during theta; the latency to
the peak increases slightly during theta.

Slowing of septal discharge rates: TROUGHS.

In 19 of 48 (40%) histograms a time-locked slowing of septal
rates was noted. In ten cases the troughs were immediate. The "initial
troughs" were generally of long duration, ranging from 40 to 230 msec,
with the average trough 100 msec in duration.

In Figure 33 (cell pair 20-3) the interaction between the
hippocampal and septal cell resulted in a 100 msec initial trough
during LIA, an effect seen in the CC (Fig. 33A) as well as in the raw
data (Pig. 33C). The hippocampal cell of Figure 33 is identical to
that of Figure 29; in one case (Fig. 33) it is interacting with a
dorsolateral cell in the‘LSN, yielding a shoft—latency trough during
LIA; in the other case (Fig. 29) it is interacting with a medio-
ventrally situated cell resulting in a long-latency peak, also during
LIA. The interaction during theta for these cell pairs is roughly the

same and is diminished comparsd to LIA.
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Pigure 33D presenta the butcome of a dotgram analysis for spike
pair 20-3 which provided a good example in that 3/N ratios were excel-
lent in both channels'and changes in EEG patterns were clear. The
figure shows activity of septal cells during successive hippocampal
spikes as a transition from clear LIA to spontaneous theta occurs.
During LIA an garly suppression of septal activity appears to dominate.
Generally, during theta, the early inhibition is attenuated as spikes
are seen during the inhibitory period. However, there appears to.be a
late suppression (reflected also in the CC) which varies in latency and
duration.

Two more examples of "early trough” histograms are provided in
Pigure 34, in both cases during LIA. For both ££ese cells the spike
count in the hippocampal channellduring theta~was too small to allow
construction of histograms.

"Late troughs"” appeared in 9 of the 48 histograms (19%) showing
effects; five of these late troughs were from one animal (#20). Late
troughs were clearest during LIA. In two cases of late troughs during
LIA very slight peaks preceded the troughs.

The final figure of the series, Figure 3%, shows a late' trough
during LIA which is altered to an effect classified as an initial peak
during theta,’although the peéks at either side of the origin suggest
that shared input may have beén partially responsible fornthe effect.

Late tréugh duration ranged .from 90 to 200 msec with‘a mean
duration of 136 mmec. Latencies to trough onset ranged from 14 to 128

msec with a mean onset latency of 58 msec.

SL
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Transitions from LIA to theta. As seen in Table 5 about 81% of the

histograms showed "primary" effects during LIA while 49% showed primary
effects during theta. A z-test for correlated proportions described in
Ferguson (1971) indicated that the difference between the two propor-
tions was significant at the .02 level. Nineteen of the 37 pairs
showed a transition from an effect in LIA to a reduction in the effect
during theta, while 11 pairs showed effects in both. In the CC's
associated with the remaining seven pairs there was no detectable
relationship during LIA, while during theta an effect waa seen.

Further analysis ;f the transition from LIA to theta showed
that of the 13 CC's with early peaks during LIA, in nine the effect was
attenuated during theta (Figs. 29 to 31 inclusive). In three of the
remaining four caseé a peak was also seen during theta (Fig. 32). Of
four CC's showing peak-trough effects in LIA, two were attenuated and
two showed peak;trough-effects during theta as well. .

0f the eight CC's with initial troughs during ﬁIA, six showed
reduction of the effect during‘theta (see Figs. 33, 34). The remaining
two cases were transformed to a lgte trough and early Eeak. Finally,
of the five CC's with late troughs during LIA, during‘theta two were
attenyated, two showed peaks and in one the late trough was repeated.

In sum, it appeared that the majority of the changes from LIA
to theta conasisted of an attenuation of the LIA effect, regardless of
the CC effect during LIA. Moreover, ﬁost of those pairs in which the

effect was not attenuated, showed early peaks during theta.
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Relation of CC effects to cell type and anatomica% loéus.

| Primary effects in the CC appeared to be independentlof the
septal autocorrelogram shape. (cell type or subtype) and the anatomical
location of cells; that is, AUTO's with initial troughs or peaks could
yield either initial troughs or initiael peaks in the CC. This wag seen
both in comparisons between different cell pairs as well as w;thin a
sihgle cell type; the same cell types interacting in two different
states could give rise to different effects in the CC. .Figufe 29B, for
example, shows that although individual AUTO's were not strikingly
differentlbetween states, the CC's during LIA and theta are diff;rent.
On the other hand, Fiéure 34A and B, shows that two differenf septal
celf,types interacting with aﬁ A cell could give rise to similar

cross~-correlogram effects. T N

Discussion.- N

About '22% of all cell pairs sampled gave rise to CC's with

features suggestive of synaptic interaction between hippocampal neurons

‘and their septal targets. In itself and relative to other studies, a

proportion of this magnitude appears high, aizhough it is difficult to
compare these fin&ings to other studies since the griteria for estab-
lishing yhich CC features are indicative of~pfimary.effects are rela-
tively vague aﬁd may vary from study to study, farticularly.if trans-
synaptic distances vary. In this study sevéral CC's contained features
whose latencies suégested that their interactions may not, in fact,

have been primary. If.the cell pairs which gave rise to CC's contain-

‘ing relatively late peaks and troughs are excluded, the reéult is ﬁhat

'
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about 15% of the 166 cell pairs recorded from resulted in ﬁrimary
f;atures in the CC. Given that septal to hippocampal influences were
in the main disregarded here, this, too, seems like an inordinately
high ratio. If these features do represent primary synaptic effects of
the hippocampus on the septum, this would mark the first report df such
effects in a closed-loop limbic circuit of the ﬁgmmal under natural
conditions. ’

While other studies suggest that primary effects between
gseparate areas should be rare, a number of considerations, some already
alluded to, indicate that their presence should be expected in a small
proportion of pairs. First, detection might be expected if it is
assumed.that the cell; giving rise to these effects belonged to neuron~
al pools containing cells engag;d in similar activities. Second, in
most cases where effects were found, the hippocampal cell cor;;sponded
to a CAl projection cell while the septal cell was in most cases
located in a portion of the lateral septal region reported to receive
the terminals ;f the projection cell. The third, and strongest, factor
lies in the selection of sampling times. I; other studies, the pro-

longed sampling of spike train pairs may have cut across meaningful

{

functional segmenté} thereby averaging out effects confined to a

particular segment. It was noted here that duping'some segments
cross-relations were different than during other segments (irregular vs
regulag_ggc). By keeping saﬁpling times brief and within'tﬁese elec-
trographic segments, effects in the ig may have been ﬁaximized. |

As might be anticipated from the results of electrical stimu-
lation studies, the. majority of histogramé contained initial peaks. It

is clear; however, that these CC's did not duplicate the response
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patterns seen with electrical stimulation. With electrical stimulation
excitatory-inhibitory response sequences were evoked in the septum with
latencies to initial eicitation ranging from 15 to 25 msec. In the"
CC's initial peaks were typically broad, -spanning 50 msec or so, and in
most CC's (62%) the peak onset took over 25 msec to develop. In
relatively few cases were initial peaks followed by troughs. That peak
latencies were variable on the long side anqvthat peaks were broad
weakens an interpretation of these effects as being monosynaptic.

The assumption that natural peaks should precisely mimic
artificially created peaks may be unwarranted, however. Electrical
stimulation will produce an unnaturally synchronous activation of many
neural elements which in turn will result in synchronous post-synaptic
potentials and action potentials at the ‘recording site. The rise time
of the EPSP will be fast, relative to the naturally occurring one,
leading to a briefer response latency. If there are recurrent
collateral inhibitory circuits in the target zone, the synchronous
activation of the cells which excite them will produce- a powerful '
féédback‘inhibipion.- It is highty iﬁprobablewthat at any given morfent
patterns of activity dﬁring norpal states approach the synchronicity
produced by electrical stimulaﬁion. Alsb, at different momenté in time
different elements within the pooel will fire leading to a relative
dispersion-of action potential a:;ival'times. The presence of such
factors will lead to iﬂcrgased-variability in response laténcies,
increased latencies and durations of peaks and relatively weak recur-
rent inhibition. Taking these factor; into consideration, the simplest

type of mechanism that could underly the short latency peaks of this

v
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study is a monosynaptic excitatory effect of CA1 projection cells on
target cells in the septum (Fig. 36, pathway 1).

Given the tendency for septal cells involved in longer latency
CC peaks to lie more ventrally, it is possible that the longer l;tency
effects were mediated via polysynaptic connections. The intermediary
neuron may be situated at the level of the septum and/or within the
hippocampué itself. It might be recalled that area CA! can influence
lateral septal cells either directly or thréugh a relay in the subicu-
lun (see Fig. 3?, pathways 2 and 3).

Other explanatiops are possible, most of which arise from an
introduction of inputs to areas CA1 and LSKN origin;ting in a common
source. Such inputs may induce primary correlations as well as
secondary effects, both of which will be bomplicated by possible
differential arrival times of input. For example, if activation of
pathway 6 and 7 in Figure 36 either excites or inhibits the elements
recorded from, tﬁen peaks about the origin will develop in the CC.
Depending on the timing of inputs to the two regions, the peaks may be
diplaced to the right or to the left of the origin. Other effects will -
be seen if the common input excites one zone while inhibiting the
other. .

. In the case of areas CAi and LSN there are at ;eést two possi-
ble sources of common input: brainstem and CA3 (see Fig. 36, broken
lipes). If the brainstem site is aqtive, its output.will probadbly
arrive at %he septum before the horn, in whicﬁ cage the peak should be
displaced to fhe left and would not be of concern here. Output f?om

CA3 will reach area CAl before it reaches the ﬁSN, however, and it has

— et teb oy e o o I e



N

144

been demonstrated that CA3 is excitatory to both CAt and to LSN.
Shared input from CA3 woula also help explain the variability in peak
latencies as well as the long peak durations.

It should be recognized that whether the CC peaks represent
monosynaptic effects of CA1 on LSN or common input from CA3, the peaks
still reflect the presence of output from horn cells (CA1 or CA3) which
pfoduces an effect in the target zone. That is, in order for an effect
to exist because of common input from CA3, area CA3 must produce an
effect in both CAt and LSN. Thus, the possibility that common input
from CA3 is responsible for at least some of the peaks, does rot
prev?nt interpretation of CC's in terms of hippocampal output. The
problem is one of déciding whether the peak represents CA1 or CAJ
output to LSN. This would not bde true, of course, if the source of the
cross~correlation ;as brainstem common input.

There is a suggestion in the data that horn A cells are capable
of exerting an excitatory influence on septal cells which burst weakly
at theta frequencies (Figs. 30, 31). Superficially, such a finding is
in support of an implication of McLennan aﬁd Miller's idea that during
theta, activity of hippocampal pyramidal cells will drive lateral
geptal cells, resulting in the rhythmic activity necessary to maintain

theta. The CC's indicate, however, that the excitatory influence is

_exerted mainly during non-theta states. During theta, the synaptic

coupling between hippocampus and septum appears to be disrupted. The
occasional presence of symmetrical peaks about the origin during theta
is most likeély attributable to non-synaptic entrainment of rhythmically

‘bursting cells in both areas. The significance of such entrainment for
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function is not clear, but it suggests a state of reduced information
processing.

Considering the rarity of inhibitory effects in septal cells
with electrical stimulation of hippocampus in the rat, it is surprising
that in about 40% of all CC's with apparent primary effects, initial or
delayed troughs were present. Some of DeFrance's findings with respect
to the distribution of inhibition in the septum are useful in account-
ing for the large proportion of inhibitory troughs. As mentioned in
the Introduction, DeFrance et al (1973b) found that the intraEgIluigrly
recorded response of a septal cell to stimulati&n of hippocampal
elements differed according to intensiﬁy of stimulation. At high
intensity an initial EPSP and action potential was seen followed by a
hyperpolarization or IPSP. With decreased intensity initial spikes
were absent, although the EPSP was still present as was the IPSP. With
8till lower intensities, the EPSP also disappeared leaving the IPSP.
These outcomes indicated that at lower intensities the cell impaled was
no longer in the excitatory focus present during high intensity stimu-
lation, but was still influenced by a widespread inhibitory surround
produced by -excitation of adjacent elemqnts, Recording from a single
hippocamﬁal neuron in conjunction with a single septal cell can be
compared roughly to stimulating a group of horn elements at very low
intensities, ao‘tbat only a few horn cells are activated. Under such
conditions the excitatory field will be narrow and the chances that a
septal microelectrode will be outside the excitatofyﬁfield and adjacent

to a cell in the inhibitory field relatively high.
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Such considerations enhance the likelihood that troughs were
attributable to a trans-synaptic inhibition of hippogampal cells
mediated by septally located short interneurons. As with\bgaks, a host
of alternative explanations are posaible.’ V

Regardless of the precise interpretation assigned to CC
features, it is'clear that in a large majority of cells the features
differed during different EEG states, while at the same time for a
number of cells sampled, features within an EEG state remained
constant. In most cases transitions to theta were accompanied by an
attenuation or breag up of primary effects. The most obvious example
of this atﬁenuation were those cases in which discharge rates of
hippocampal cells were reduced to near-zero during theta. In some
cases the effects seen during LIA were abolished during theta, even
though hippocampal cells continued to fire. In still other cases the
effects seen during irregular EEG were converted to peaks about the
origin during theta.

Dis;egarding reductions in A cell spike rates during theta,
there are a number of interpretations of such changes. One interpreta-
tion is in terms of possible changes in the synchronization of CA1
pyramidal cells as a function of state. Noda and Adey (1970) have
demonstrated, with the uge of CC's, that a greater synchrony of activi-
ty exists in behavioral states én@ neocprticél EEG periods associated
with hippocampal LIA activity. In the present study it was seen that
the LIA spike was associated with a mixed burst which apﬁeared to
consist of the simultaneous discharge of a number of cells. The mixed

burst was never seen during theta. instead,:it appeared as if
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different cells (as judged by the different amplitudes) would discharge
at different instants during a segment of tgetai This observation is
supported by a number of other studies (Hill, 1978; 0'Keefe & Nadel,
1978; Ranck, 1973).

A greater degree of synchrony during LIA would lead to a
spatial and temporal summation of exc¢itatory and inhibitory influences
on septal target cells thereby faciiitating disclosure of such effects
in the CC. Desynchrony during theta would lead to a simple élgebraic
attenuation of the effect guring LIA; while each neuron in the horn
would still have the same effect on’septal target cells, there would be
inadequate summation of effects to drive or inhibit those cells.

The present data do not contradict a different kind of inter-

pretation: desynchfony during theta does not represent attenuated

processing, but a different state of processing in which the organiza-

tion of hippocampal output to septum is altered. One consequence of
such an alteration might be that different populations of éeptal
targets are influenced during theta, perhaps because of different
convergenc;'patterns on septal‘ce}ls. To illustrate, consider a
speculative model. During LIA closely adjacent output cells, in one
functional field éf the horn such as a lamella,-will fire in synch;o—
nous clumps and converge on andfinﬁluence one population of septal
targets. Dufing theta adjacent cells in the s&me lamella will be
desynchronized with respect to each other, bﬁt relativelj synchronized

with cells in other lamella. In this case different populdations of

‘septal cells may be influenced because of different convergence

patterns. There is 1ittlé data to support this particular mechanism,
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but it serves to illustrate one of a number of ways in which altered
organization of firing of hippocampal cells might lead to effects on
different septal populations.

Other explanations in terms of external influences are
possible. For example; during theta, projection from a third element
to the LSN may bias the state of the septal cell differently during LIA
and theta so that the same horn output will be interpreted differently

by the septum.

Although there are a number of ways of viewing the present
data, it appears that the most parsimonious interpretation of CC
features is in terms of a direct influence of horm cells on the septum.
fhia influence is relatively great during irregular EEG, becoming

attenuated as EEG becomes more regular. Recent findings which show

that evoked responses in hippocampus are largest during LIA states are

k{j}ijonsistent with this interpretation. Segal (1977), stimulating in

contralateral hippocampus, sampled evoked responses in CAl of freely-
moving rats during slow-wave sleep (LIA), quiet awake periods (waking

LIA of Vanderwolf), and thefa-related behaviors. He found that the

initial component of the response, which was equally large during the

two LIA_stétea, was significantly greater than the résponse during
theta. Winson and Abzug's (1978) findings were similar with respect to

population spikes evoked in CA1, CA3, and the dentate areas following

. ipsilateral perforant path stimulation in moving rats. While .these

authors did not sample Vanderwolf's LIA, they did find that responses

wore largest in all three- regions during the LIA of slow-wave sleef.
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The findings of Winson and Abzug in conjunction with those of
Segal, suggest that LIA, whether it be associated with SWS or quiet
immobil;ty, reflects a state wherein neurconal transmission within
hippocampal circuits appears to be facilitated. The present findings

provide evidence of a continuing facilitation of transmission of

activity during LIA to regions lying outside the hippocampal formation.
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FINAL DISCUSSION

In most investigations of hippocampo-septal relations, the
emphasis has been on the influence of septal neurons on hippocampal EEG
and unit activity; the role of medial septal cells in the production of
hippocampal theta has been of enduring and special interest. This
study is unique in its attempt to characterize the effects that hippo-
campal cells might exert on septum during theta as well as non-theta
states. It is also unique in its use of cross-correlational techniques
to measure trans-synaptic effects resulting from simultaneously recor-
ded "natural” activity in the two areas.

Cross-correlation of single unit activity has not been applied
to an analysis of complex mammalian forebrain circuité and, for reasons
outlined in section Four, the risk of obtaining uninterpretible results
in such circuits is high. Nevertheless, the technique was used in the
hope that it would cut through some of the ambiguities in interpreta-
tion of the hi;pocampal EEG literature. While many of the anticipated
difficulties were encountered, there were a sufficiently large number
of CC's indicative of primary syngptic effects of horn cells on lateral
séptum,'to warrant continuing exploration of the approach in the
analysis of complex circuit function.

Some twenty years ago Grastyan suggested, on the basis of
stimulation and lesion evidence, that the hippocampus was inhibited

during theta. More specifically, he proposed that during non-theta

<
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EEG, there was output from hippocampus which acted to suppress a neural
zone which generated orienting movements. During theta, the
hippocampus no longer transmitted inhibitory information to the
orienting system. He was aware that his evidence was indirect and
suggested that observatiqns of single cell activity during EEG might
furnish the "final solution”. A fairly large body of evidence
consistent with Grastyan's position has accumulated since his initial
probes (see General Introduction), but much of this evidence has also
been indirect. The present findings provide the first direct
indications that neuronal transmission from hippocampus to septum is
attenuated during theta. Not only is overall firing in hippocampal
projection cells reduced during theta, as seen in Section Three, but
the firing that does take place during theta is less likely to
influence cells in geptum than is firing duriang irregular EEG.

The placement of the hippocampal microelectrode in CA1 permit-
ted a monitoring of direct output gf 6A1 to LSN and provided indirect
indication of the state of CAJ3 output. It is difficult to distinguish
between the two possibilities in the CC's,' although rounder peaks may
be indicative of CA3 ohtput. Future stu@ies in which select elements
are destroyed may discriminate between thq;e two alternatives. For
example, it may be possible to interrupt the connections between CA!
and subiculum or to selectively destroy subicular cells, thereby l
eliminating the possible mediation of observed effects through subicu-
lum. Selective destruction of CA3 cell ﬁodies with kainic acid might
rule out mediation of effectas by CA3 output. At the same time, how~

ever, it will severely distort CA1 activity. Alternatively, kainic
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acid can be applied to CAl and the hippocampal microelectrode placed in
CA3. This prgcedure would focus on CA3 output and is par%icularly
important because there are indications in the literature that CA3 °
cells may behave somewhat differently from CA! cells during theta.
Winson and Abzug (1978) have found that, during theta, population spike
amplitudes in CA3 were more variable than those of CA1. Ranck (1973)
has recorded from cells in dorsal CA3 in behaving rats. He found that
overall patterns across the sleep-waking continuum were similar to
those of CA1, but his behavioral descriptiopns indicated that CA3 cells
were more apt to fire during theta. Again, however, the dominant
effect was suppression.

It is also important to recall that the lateral septum is only
one of several targets of the pyramidal cell. Thefe is the possibility
that during theta, output to the LSKN is aﬁtenuated, but that output to
other zones is strengthened. This is unlikely with respect to CA1l
output to subicglum or CA3 output to CAl! or LSN since activity in thess
pathways was monitored indirectly. That subicular output via the
post-commissural fornix to the mammilary bodies and anterior thalamus
might increase in strength during theta qgst be considered. If
increased effect; during LIA are in fact due to an increasing synchro-
nization of firing in adjacent elements, then it follows thaé all
hiﬁpocampal éleﬁents r§gardlqss of destination should exert greater
effects during-irregular Eﬁé activity. Again, this qﬁestion requires
further observation for its resolution. |

?uture studieé might also attempt to evaluate cross-correlat

tions in a greater number of EEG states. It would be informative to

*
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determine whether cross-correlations during slow-wave sleep differed
from those based on awake LIA. Comparisons between active-sleep theta
and awake, moving theta would also be of interest. Ideally such
studies would use chronically-prepared rats which could provide answers
to questions about the nature of the correlation between "spatial"
cells, for example, and their septal targets during different beha-
viors. With refinements in technique, it should be possible to obtain
interpretible results from arrays of three microelectrodes, one in CA3J,
a second in CAt, and a third in the LSN. The variations on this
experimental theme are, of course, close to infinite. Initially, the
imglementation of such techniquqs would be enormously time-consuming.
In the long run, however, the information'they yield could potentially
contribute to a more profound comprehension of the involvement of
hippocampal circuits in behavior.

. The present study represents what must be considered a prelimi-
nary attempt to determine if significant information about functioning

in complex circuits can be obtained by examining the correlationgﬁef

%

cell firing in the circuit during natural states. The results are

' tentative, requiring verification and extension. Keeping this in mind,

let us briefly cohsider their implications for views of hippocampal
function in behavior. The most straightforward implication is that it
is dufiﬁg behaviors assoqiated with LIA that the hippocampus is most
active. Views which emfh&size hippocampél involvement in those behav-

iors correlated with theta are weakened. Although Vanderwolf's

position assumes only that dﬁring theta the hippbcampgs is receiving

information about movement, if the hippocampus is not utilizing this
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information to modulate ongoing behavior, then it must be concluded
that its funétions during movement are limited. O'Keefe and Nadel's
position {s also weékened since diminished output during theta implies
that when the janimal is moving through spa;e, its map is not being
utilized to direct ongoing movemént. Since 0'Keefe explicitly assumes
that formation of the map is heavily dependent on entorhinal input
during theta, the additional findings that entorhinal transmission
fhrough hippocampgl circuits is marimal during LIA (Winson & Abzug,
1978), makes his position uncertain.

One view which ia consistent with the evidence presented here
is the response inhibitiop view or somé variant thereof. During LIA
the rat tends to be motionless or engaged in small-amplitude automatic

movements; broad-ranging movements are absent, suggesting that the

I
-hippocampus might be involved in inhibiting such movements. The

response inhibition view has run through the hippocampal literature in

3

some form for many years and fits a.good portion of the literature.

Ranck's (1973) formu%ations'with respect to dorsal hippocampal func-

tion, although not presented under the rubric of response inhibition,

a;é consistent with such a model:

Hippocampal transformations would seem to he}9, solve such problem
as how to sequence various automatic behaviors appropriately, how
to sequence automatic and non-automatic behaviors appropriately;
how to test the appropriateness of an automatic behavior or
sequence and stop or c¢hange it if needs be, how to shift from one
behavior to another...(p. 524)

The functions of sequencing, shifting, testing, changing, and
stopping can all be taken to imply that ongoing behavior patterns

require;auppression fpr/vériable time periods, allowing other behaviors

.
Py ) . .
.

A R W



to surface. Sufpression of behavior in such circumstances, as is
evident from the literature, is acéompanied by LIA. The transition
from an approach movement to a consummatory act, for example, is
accompanied by a change from theta to LIA. If the rat actively
explo?es its enviromment, stops momentarily to sniff at a novel object,
and then continues exploration, the EEG will show periods of theta with
momentary LIA sandwiched in between. It might be during this type of
irregular EEG aétivity that hippocampal modulation of behavior is
maximal. This conclusion is directly opposed to that of Altman et al
(1973) who suggested that during LIA the hippocampus was most inaqtive
and most active during SIA. Hippocampal evoked response studies, in
which responses werevmeas;red during behavior, and the present results

indicate that Altman et al's conclusions were premature. It is

possible, however, that these workers were accurate in their surmisal

that theta represents activity in a "braking"” system without its

. engagement. For example, the firing of p. cells during theta which

precedes a consummatory response (see Ranck, 1973) may represent a
state of readiness for the cessation of .the response accompanied by the
theta. During the theta behavior firing may result in relatively weak
output, sufficient bnly.t6 slow ongoing movement. This preparatioﬂ
migﬁy act to ensure that behavioral shifts are "delicately controlled”

rather than jerky. Maximal inﬁibiﬁion is achieved during LIA. This

"type of scheme is appealing because it assigns a role to the strong

recurrent inhibition in_the.hippocampus which is similar to one of.its
roles in ventral horn motoneuron pools. That is, it allows for a:
smooth modulation of behavior (in this case inhibitionr) without

IR . .
constant*feedpack about the state of ongoing movement.
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The above is not intended to provide a definitive view of
hippocampal function in behavior. It is meant to show, with reference
to a specific example, how knowledge of the state of hippocampal
neuronal transmission during different EEG rhyt#ms may guide the
observer to the types of behaviors controlled by the hippocampus. A
corollary conclusion is that chronic single unit studies must also take
into consideration the state of information flow; that is; the informa-

tion signalled by the firing of a single cell is not only dependent on

_rate and patterms of firing, but also on what surrounding cells are

* doing and how many are active. The firing of a single cell during a

theta-related behavior may not be as informative as the firing of the
same cell during LIA. Ideally, recording from units with arrays of
microelectrodes might circumvent this problem to some extent; practi-
cally, this is extremely difficult to implement. Thus, careful moni;
toring of EEG activity in chronic unit studies might be useful in
assessiné the significance of firing during behavior.

Assume for the moment thag future study will show that hippo-
campal effects on all its major targets- are atten;;ted dyring theta.
Would such a demonstration imply that the hippocampus is relatively
"non-fﬁnctional" during theta? In an important sense the answer is
yes; it is during output transmission that the hippocampﬁs,(Or any
brain area) fulfills its critical role since it is then that its
functions are broughtjto 9xpresaio? in behavior. But, activity during

theta might represent function in % passive or input'seﬁge; the pre-

. _ |
sence 9f theta ‘may create a background state which allows a select

"processirg of envirommental inputs, fo; example. This is a restatement
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of a dominant view of the physiological fgle of theta, used recently by
0'Keefe and Nadel (1978) in the most well thought-out statement to date
of how theta activity might regulate the functions of the hippocampus.
In this view, theta oscillations, representing alternating excitability
cycles, maximize input processing during the excitability peak. Phase
shifts and amplitude modulations during theta permit a gystematic
selection of -which hippocampal elements will be activated during the
excitability peaks and it is this theta-determined distribution of
excitatory foci in CA1 or CA3 that constitutes the "map”.

On the basis of the present evidence it is impossible to
comment on the map theory or ‘on any theory which imputes an input
function to the hippocampus during theta, whether it be the processing
of time, space, or other environmental regularitiés. 'What the present
¢evidence is capable of commenting on is the_nature of those behaviors
that make use of informatioﬁ gathered by thé\hippocampus. For example,
0'Keefe and Nadel have proposed that envirommental events which don't
match the internal map result in firing of p. cells which activate
ﬁotor circuits controlling explofation. The present findings indicate
tentatively that firing of p. cells during exploration may be relative-
ly ineffective in the direct modulation of that behavior and that such
firing represents the decoupling of pyfamidal cellg ffom circuits
controlling behavior. It is more likély that p; cell discharge during

uncertainty leads to a decline in ongoing behavior.
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Figure 1. A. Dorsolateral view of exposed hippocampus and septum

of rat. The neocortex has been torn away as far laterally as
the rhinal fissure. The corpus callosum has been peeled away.
The caudate and thalamus have been removed from the right
hemisphere to show the ventral tip of the hippocampus. Two
sections through the hippocampus are schematically depicted,
oriented at a lamellar plane. The slice labelled X has been
magnified and labelled in Fig. 2A to show the internal struc~
ture of the hippocampal formation. Several fibre systems
carrying hippocampal efference are also depicted: the fimbria
at the lateral edge, the dorsal fornix, schematically repre-
sented by the dashed line along the midline, and the alveus,
represented by dashed 11nes Tunning along the surface of the
left hippocampus.

B. Sagittal section of rat brain about .240 mm from the
midline (adapted from Kénig & Klippel, 1963). The septal area
is stippled. The figure attempts to show the approximate
trajectory of the components of the fornix system.

Abbreviations: AC, anterior commissure; Dorsal Comm, dorsal
‘hippocampal commigsure; -LS, lateral septum; MS, medial septum;

nDBB,'nucleus of the diagonal band; POF, postcommissural i

fornix; PRF, precommissural fornix; Ventral Comm, ventral
hippocampal commissure.
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Figure 2. A. Horizontal gection of hippocampal formation at

level of section labelled X in Figure 1A. The section
illustrates a number of features: 1. the relationship of the
hippocampus to the cortical systems in which it lies.

Caudally entorhinal, parasubicular and presubicular cortices
are found. 2. Hippocampal divisions (subiculum, Ammon's horn,
and the dentate area) are separated by arrows. 3. The major
céll fields of Ammon's horn, CAt1-4 (CA=Cornu Ammonis). 4. The
different layers.

B. Coronal section through anterodorsal hippocampus showing
CA fields. (Figure 13A, B shows photographs of histologically
prepared coronal sections.)

C. Coronal section through anterior septum showing some
dominant nuclei.

D. Coronal section through mid-portion of septum.

Abbreviations: AC, anterior commissure; ACC, nucleus
accumbens; Al, alveus; BST, bed nucleus of stria terminalis;
CC, corpus callosum; DBB, nucleus of diagonal band of Broca;
FD (b), buried blade of dentate area; FD (e), exposed blade of
dentate; g., granule cell layer of hippocampus; HIA, anterior
continuation of the hippocampus; lac., lacunosum layer; LS,
lateral septal nucleus, dorsal (D), intermediate (I), and
ventral (V) divisions; MS, medial septal nucleus; mol.,
molecular layer; or., stratum oriens; p., pyramidal cell
layer; PARA, parasubiculum; PRE, presubiculum; rad., stratum
radiatum; SH, septohippocampal nucleus; SUB, subiculunm.




‘313

d.&JE.hm

(® -:
ai -

jo4150Yy

A...:__S.v
hvD .
Ao
6 .
Jow

e e < e

‘@
qQd

ISR B



———

>

162

Figure 3. Zones of termination in LSN of different sectors of

hippocampus based on four different studies:

A. Raisman et al, 1966;

B. Siegel et al, 1974;

C. Meibach & Siegel, 1977;

D. Swanson & Cowan, 1977.

A and B are based on lesion-degeneration studies, while C and

D are based on autoradiographic analysis. The septal sections

in B and C are copied directly from summary figures in the
reports, while A and D are extrapolations. The section
through septum is at a mid rostro-caudal level and the numbers
within the section code terminal zones corresponding to
estimated sites of origin seen in the hippocampal insett.

Only ipsilateral termination is depicted.



Fig. 3
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Figure 4. Location of macroelectrode tips im:two coronal sect{;ns
through dorsal hippocampus are indicated by the squares.
Numbers within the squares are rat numbers. Approximate
amplitudes and frequencies of theta at each site before and
after paralysis are also shown; asterisks indicate
high-frequency components in the BEG and question marks
indicate that theta frequency could not be determined because
of these components.

e
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Figure 5. Hippocampal EEG patterns during several different
behaviors in two normal rats (12,13). Recordings in Rat 13
are from the hippocampal fissure (top trace) and skull screws
in contact with dura (bottom trace). 1In Rat 12 all tracings
are from dorsal CA1; the top two tracings are both labelled A
to indicate continuity. Note occurrence of fast (OF) and slow
(GS) theta.

Time marks are 1 sec apart and amplitude marks represent 300
V except where otherwise indicated. Downward pointing
arrovheads mark instants of sensory arousal. Low and high
cut-off points on polygraph filters were 0.3 Hz and 3 kHz.

&



Normal

Rat : "
) ;Ela&—ﬂrwsy LiA Light sleep- LiA—s 5m5-t ‘e,
an n"'iq W‘H(fWWMY\\W“MW dso W“M‘«M ot

A ECOG

ly
¢ ﬂl\‘“*ﬁa}w it lu’w W dmcprsc

Moves- G; > Genttal lick- G
.‘-‘,’;"‘ WA o avywwdisnyaewAy
D

_\WWmeMgw | dppmpsilimdyfians

£ e 1 Y i ik A 1 3 4 i A A A 'y i A & 4
51e¢ LIA Body turtches- 9——{actu 5leep)
! J u; itfh ' l
e i lW Al

»

‘—wurn- SIA- ciirl up- 6; 5/eep- LIA - >
A w«Wwwwwvww Wl muw,;;{/ T
|

. 5/88,0 L/A (5””0'-5)‘—1 " Cgrs uo
wﬁr.wawwww Al bl wwﬁmm,wm,w.

2

Crowched— J’;fm +Still -G— ~ .
. c:slww#{{'{MPA&M&%‘.\\'&%’A}Wz&!‘\?.\v.x»’m‘,\\s‘,';w,\’ﬁ’{.\w,!:.'\v,’&‘m',w:‘ '{,w;.g;,,x,,
- \ | Chew- LiA——tspme)——s Chew-LUA—~STiplt nore- 6——+

: nw:hw sl o i ?M AR

Rears- 9-—’3&/1*! : : Exp/ane- -
Bf\w G N“L.., e

Fig. 5



168

Figure 6. ANECTINE. Effects of Anectine on EEG of four rats
(22,25,30,20). Pre-Anectine recordings were made during
vigorous exploration of the rat. Rat 22 showed the largest
reduction in theta frequency and Rat 20 in amplitude. Tracing
lahelled A for Rat 20 was recorded about 30 min after
%pZCtine, before insertion.of the microelectrode. Tracings
abelled B were recorded about 11 hours after Anectine from

the gross (g) and micro (m) electrodes.

Time marks= 1 sec. Voltage bars= 300 uV. Filters .3 Hz to 3
kHz. Arrowheads mark delivery of peripheral stimulation.

»
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Figure 7. Effects of Anectine on high frequency activity

recorded from the hilar region of dorsal hlppocampus in two
rats (28, 33).

Tracings before paralysis (PRE) were recorded during active
exploration by the rat. Trace A was recorded whith high
frequency filter set to attenuate frequencies above 3 kHz; in
trace A1 it was set at 15 Hz.

Tracings during paralysis were recorded at various times
following administration of Anectine. Panels labelled D for
Rat 28 show continuous tracings from both gross and

" microelectrodes about 4 hr after Anectine. Note reinstatement

of high frequency activity at the gross electrode while the
microelectrode shows clear transitions from theta (probably
during active sleep) to sleep-885001ated LIA and to
arousal-induced theta.

Time and gain calibration marks same as Figure 6. TFilter
settings were the same throughout, 0.3 Hz-low and 3kHz-high,
except in tracings labelled At, wherein the high-frequency
cut-off is at 15 Hz.
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Figure 8. Effects of atropine sulphate (25 mg/kg) on theta in

four paralyzed rats: #'s 1, 4, 33, and 3.

Column 1 is normal EEG during vigorous movement.

Column 2 is EEG at times subsequent to paralysis induction
indicated above the trace. 1In each trace theta is produced by
blowing on the rat at times indicated by the arrows.

Column 3 tracings were recorded during paralysis at various
times subsequent to atropine sulphate. Blowing is indicated
by arrows. :

For rat 3, trace a of column 2 represents theta 55 minutes
after paralysis with core -femperature of 38.60 Centigrade. Tn
trace b, recorded 15 minutes after agplication of an ice pack,
core temperature has dropped to 36.5°C. These times are
indicated above the tracing. Again, theta in these tracings
was produced by blowing.

In traces b and ¢ of rat 1 anectine infusion has been
disconnected for 15 and 40 minutes respectively; artificial
respiration was still required. In trace 4 the rat was mobile
again.

Thé bottom trace, labélled 1a represents EEG activity during
normal movément and 30 minutes subsequent to atropine
administration. The rat was moving at the times marked by
black bars above the trace.

Time marks are one sec apart and voltage bars are 300/»V.
Filters get at 1 Hz and 3kHz. ,
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Figures 9-10. A cell activity.

Figure 9. TIH's and AUTQ's of three different Type A cells found
in the pyramidal cell layer of Ammon's horn. The top two
histogram pairs are representative of spontaneous activity of
A cells. The bottom histograms are associated with slow theta
rhythm in the EEG.

In this and following histogram figures each histogram pair
represents the activity of a cell during a sample run as
defined in the text; m, ¢, and n are the mean ISI, coefficient
of variation, and the number of spikes counted for the
particular cell represented. Bin width is 12.8 msec for all
histograms, unless otherwise indicated. The last bin of the
TIH contains intervals greater than 816 msec; the first bin of
the AUTO, which normally holds the total number of spikes
counted, has been omitted. Segments of raw discharges giving
rise to the histograms are shown in Figure 9 (Strips 1,2, and
5).

Figure 10. Strips 1-3 show selected segments of raw activity of
three different Type A cells. The cell in strip 1 was located
in dorsal hippocampus; the strip 2 cell was in ventral
hippocampus. In strip 3 the largest spike in the mixed burst
was processed. Strip 4 provides an example of a "noisier"
record in which the largest épikes (marked by dots) were
processed. Strip 5 was selected to show regularization of
Type A discharges. Strip 6 shows three single high speed
sweeps with the oscilloscope beam triggered by the large
complex cell of Strip 1. The one second calibration mark
applies to strips 1-5. The noise level in this and following
photographs represents approximately 50 microvelts. Negative
is up. ’
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Figures 11-12. B cell activity.

Figure 11, TIH's and AUTO's for two different B cells. The top
histograms are based on the firing patterns of smaller cells
in the hippocampal record during arousal while the middle
histograms depict the activity in spontaneous states. The
bottom histogram pairs are for a cell in the medial septal
area.

7 ' Figure 12. Raw records of Type B cells. The theta cell of strip
1 is fairly typical of the B type seen in Ammon's horn.
Processing of this cell required electronic elimination of the
larger cells, not seen in this particular segment. The B cell
of strip 2 was located in the dentate area where the best
isolation of hippocampal B cells was usually obtained. The B2
cell of strip 5 was in Ammon's horn. .
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Figures 13-16. C cell aativity.

Figure 13. TIH's and AUTO's of C1, €2, and €3 firing subtypes in
septal units.

Figure 14. TIH's and AUTO's representing C4 and C% discharge
patterns. .

Figure 15. TIH's and AUTO's based on activity of three different
cells of the C6 subtype. The two bottom histogram pairs
represent the activity of the same cell; the time resolution
of the bottom pair was increased to 8.0 msec. Effective bin
width for the bottom TIH is 16 msec; for the AUTO it is 128
msec.

Figure 16. Photographs of discharges of seven different cells in
various C modes of firing.
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Figure 17. Photomicrographs of hippocampal brain sections
containing portions of the microelectrode track. Short arrows
point to vicinity of track end.

A. Track in medisl anterior CA1.

B. Two closely adjacent tracks in lateral anterior CAT1.

C. Track passing through CA% and CA! of ventra)
hippocampus.

D. A more difficult to see track passing through ventral
hippocampus of a different rat.
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Figure 18. Estimated anatomical loci of 91 cells sampled during
hippocampal penetrations are marked by different geometrical
shapes on four representative planes. The numbers in the
upper left of each section correspond to the Pellegrino and
Cushman (1967) frontal plane co-ordinates. The different
shapes correspond to different firing modes or types
generated. .

[} , Type A; O, Subtype B1; C), Subtype B2; E], Subtype
c1; [J, subtype c2; [A, Subtype C3; [J, Subtype C4; <:),
Subtype C5; (), Subtype C6; (@, Type D; ¢p, Type F; ik
Type F; O, Type G.

Abbreviation: cc = corpus callosum
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Figure 19. Photomicrographs showing septal microelectrode tracks
in brain sections of four different rats at representative
frontal planes. Small arrows point to the vicinity ef the
track tip. ’ .

A. Anterior section. Track passes through anterior .
continuation of the hip dbampus to the medial septal-diagonal
band area. ‘

\ B. Middle section. Track passes through the medial portion
' of ithe lateral septum and the medial septum.

C. Middle section. Track indicates that electrode extended
through lateral and medial septum beyond the base of the
brain.

D. Posterior section. Tip of the track may be in the
medial septum. \

3
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Figure 20. Estimated anatomical loci of 144 cells detected in
septal penetirations are marked on three representative frontal
planes. Pellegrino and Cushman (1967) co-ordinates are at the
upper laft. As in Figure 18 the different shapes represent
different discharge types. Key is given in Figure 18.

Abbreviations: ac, antérior commissure; acc, nucleus
accumbens; cc, corpus callosum; lsn, lateral septal nucleus;
msn, medial septal nucleus.
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Figure 21. Ratio of cells in anterior (2.6 to %.4) and posterior
(1.6 to 2.6) septum giving rise to C1 through C6 discharge
patterns. The co-ordinates refer to sections in Pellegrino
and Cushman (1967). The anterior portion contains 87 cells
recorded in 8 rats; the posterior section was based on 50
cells in 6 rats. To arrive at the ordinate ratios
computations such as the following were made for each subtype
at both anterior and posterior sites:

Subtype C1 = no. of Cl1 cells (anterior)/total no. of C1 cells

no. of cells (anterior)/total no. of cells

e g e
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Figure 22. 1. Cell 20-12A. Transition from LIA to theta

produced by blowing at vertical arrow . Note sustained
rhythmic discharge of B cell during theta (in phase) and
suppression of large cell. * Black bars above units mark .
periods of strong B cell firing which appear to be correlated
with strong theta.

. 2. Cell 20-12.” A celldischarging during theta elicited by
blowing at arrow. Note: 1. phase relation, 2. presencg of
smaller amplitude cell (marked by X), 3. lack of firin? during
some of the theta waves (as with B cell in 1.)

In this and subsequent figures temporally successi%e strips
are indicated by labelling with the same letter. Time
calibration marks are one second unless otherwise specified.
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Figure 23. 1. Cell 26-1. Mixed burst (MB) is shown coinciding
with LIA spike in al. Blowing at arrow (a2) accelerates B
cell while MB is eliminated until recovery of LIA spike.

2. Another MB eliminated by stimulation at arrow with
acceleration and rhythmic bursting in B cell.
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Figure 24. Cell 31-10, A cell in ventral hippocampus.

Spontaneous theta precedes blow at arrow. Activity of A cell
subsequent to blow is similar to prestimulus activity.
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Figure 25. Cell 20-3. LI#&period in at interrupted by 4
spontaneous transition to theta at X with slowing of cells,
but rapid recovery accompanied by rhythmic bursting in a3.
Strip b represents activity immediately post-blow; ¢l is a
different run showing post-blow activity witE/}ecovery in c2.
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Figure 26. Cell 26-2. Segment starts with LIA spikes; inget
shows detail of MB coinciding with LIA spike. Blpwing at
arrow in al initiates slow-wave theta accompanied by quiet
period (a2, a3). In a4 the A cell begins to digcharge
rhythmically. Detail of A cell firing occurring:between
asterisks is shown in b. The time calibration mark in the
inset is 100 msec.
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Figure 27. 1. Cell 27-7. A cell firing during recovery
post-blow. Note different amplitudes as well as decrease in
amplitude of noise level as A cell recovers.

2. Cell 26-2. Spontaneous theta is seen in b. Note
different amplitudes. c¢1, c2 provide detail of segment marked
by asterisks in b.
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Figure 28. Effects of electrical stimulation of antero-dorsal
hippocampus on cells in three different antero-posterior
levels of contralateral septum, A, B, and C.. The numbers in
upper left are co-ordinates from Pellegrino and Cushman
(1967). The heavy black lines demarcate areas giving rise to
excitation-inhibition sequences (see A). The dashed vertical
lines represent electrode tracks.

D. (following page) Response of cell in dorsomedial LSN to
stimulation of ipsilateral CA! in pilot animal. a, top sweep
is fast activity; bottom is slow activity. Time mark is 10
msec. b, same as a only time mark is 100 msec.
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Figure 29. Cell 20-1+2>~ A. Anatomical loci of cells giving rise
to histograms in B.

B. Auto- and cross-correlograms during LIA and theta. The
left half of the CC {0 to -418 msec) is the distribution of
cross~intervals from septal to hippocampal spikes. The right
half (O to +418 msec) is the .hippocampo-septal frequency
distribution. It is primarily with the right half of the CC
that this thesis is concerned. Bin width is 12.8 msec. Note
initial peak during LIA; during theta peak is attenuated.
There is also a suggestion of symmetry in the theta CC. Note
also that, although individual AUTO's were not strikingly
different between states, the CC's during LIA and theta are
different. Hippocampal cell is type A; septal cell -is type G.
The activity of the A cell during a portion of theta used to
construct the CC can be seen in Fig. 22-2. This A cé11 is
seen interacting with a different septal-cell in Fig. 23.

C. 1. Photograph of raw spikes during LIA with the
hippocampal A spike (upper trace) triggering the sweep.
Thirteen sweeps are shown and the time mark in this and other
similar photos is 50 msec. 2. "Pogt-stimulus histogram"
during LIA, 15 sweeps. The histogram is constructed by using
the hippocampal event as the stimulus and the septal spikes as
the response. 3. "Post-stimulus histogram” during theta,
rapid firing of- A spike, 15 sweeps.
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Figure 30. Cell 26-1. A. Raw data film strip during LIA. Time
mark=one second.

B. Auto- and cross- correlograms during LIA and theta. Note
peak during LIA extending slightly to negative side of zero;
symmetrical peaks during theta. Hippocampal cell is type A;
septal cell is C4. The spontaneous activity of the
hippocampal cell involved in the cross-correlation is also
seen in Figures 23-1 and 26.

C. Anatomical loci.
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Figure 31. Cell 27-15. A. Auto- and cross-correlograms during
LIA and theta. Peak during LIA extending slightly to left of
zero. During theta time-locking disappears. Hippocampal cell
is type A (same cell as cell 27-8 of Fig. %2); septal cell is
type B.

B. Raw dats strips durlng LIA; time mark is one second.
C. Anatomical loci.
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Figure 32. Cell 27-8. A. Auto~ and cross-correlograms during
LIA and theta. Brief short-latency peak during LIA; still
present during theta with latency shift. Hippocampal cell is
type A (same cell as 27-15 of Fig. 31); septal cell is type
C3.

B. Anatomical loci.
C. Thirty sweeps during theta.

\
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Figure 33. Cell 20-3. A. Auto- (AUTO) and crosa-correlogram

(CROSS) during LIA and theta. Note initial trough during LIA;
delayed trough during theta. Hippocampal cell type is A; its
spontaneous activity is seen in Fig. 29; septal is G. The A
cell is seen interacting with a different septal cell in Fig.
29.

B. Anatomical 1loci.

C. Fifteen sweeps during LIA.

D. (following page) Dotgram for cell 20-% incorporating
spontaneous transition from LIA to theta. The top is the time
line with each large division representing 40 msec. Each
single dot on the left line is produced by successive
hippocampal events (burst or single), while the row of dots
following the hippocampal dots represents the septal spikes.
This figure corroborates the CC's seen in A. During LIA there
is an initial inhibition which is weakened during the
spontaneous transition to theta.
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Figure 34. A. Cell 22-3. Top: Anatomical loci. Bottom: Auto-

and cross-correlograms during L[A. Note initial trough; n too
small during theta. Hippocampal cell is A cell; Septal cell
is a C6 type.

B. Cell 28-10. Top: Anatomical loci. Bottom: Auto- and
cross-correlogram during LIA, n too small during theta.
Hippocampal and septal cells are both A cell types.
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Figure 35. Cell 22-7. A. Anatomical loci.

B. Auto- and cross-correlograms during LIA and theta. Note
delayed trough during LIA; during theta, effect was classified
as peak or peak-trough, but may represent symmetry.

C. 1.-Post~stimulus histogram constructed with hippocampal
spike acting as stimulus; septal spike as response. 50 sweeps
during LIA., Note delayed trough and rebound. 2.
Post-stimulus histogram; 30 sweeps during theta. 3. 60
sweeps during LIA.
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Figure 36. Schematic depiction of some synaptic interactions
that may induce correlations in spike activity of cells in
area CA1 and the lateral septal nucleus (LSN). Solid lines
represent pathways of transsynaptic output from area CA! to
the LSN. Pathway 1 is a monosynaptic connection, while pathway
2 and 3 represent CAt influences on LSN via a relay in
subiculum (SUB). The broken lines represent pathways entering
CAt and the LSN from a common source. Pathways 4 and 5
originate in CA3 while 6 and 7 arise in brainstem sites,
possibly the raphe nuclei and the ventral tegmentum.

*
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Table 1

Differences between theta cells and complex-spike

cells in the hippocampus

Theta cells Complex-spike cells
1(a) Complex spikes Never All have some
(b) Simple action potentials Always All have some

2

10

Duration of extracellular

negative spike (distorted)

Rate of firing most of the

time awake and SWS

Maximum rate of firing

Patterns of firing

During theta rhythm in

slow waves in paradoxical

sleep or awake .
(a) Rate

(b) Phase relations
Relation to LIA spike
Spike heights
Anatomical location
in CA1
in CA3

in F.D.

Antidromically driven
by stimulation

All 0.15-0.25 ms

Almost all >8/s

29-147/3, sustained

for many seconds

Comparatively
regular

A% maximum rate
if and only if
theta rhythm is
present

Most have clear
phase relation

Almost all fire
with bursts

Usually <200 uV
{x=164 av)

Stratum pyramidale

Stratum oriens

Stratum pyramidale

Apical dendritic
layers

Stratum granulosum

Hilus of F.D.

Never

All 0.3-0.5 ms in
single spikes and
apikes of complex
spikes

All <12/s, most <2/s,
many off™*

All <40/3, most <20/s,
sustained for less

than 2 seconds*

Irregular

No simple relation
usually less than
1/s*

\

Most have clear phase
relation

Sometimes fire

Larger than theta units
(x=267 uV)

Stratum pyramidale

Stratum pyramidale

Stratum granulosum

Yes

*A complex spike is counted.-as a single potential.
From FPox and Ranck (1975, 1977) and Ranck (1973).
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Table 2

Firing modes in individual rats: hippocampal penetrations

A Bi B2 C2 C3 C6 D E F G U* Sum
16 2 1 1 4
19 2 2 4
20 3 2 1 1 1 1 9
21 5 1 6
22 9 3 1 13
23 2 1 3
24 i 3 1 5
25 g9 2 1 1 13
26 1 1
27 2 2 1 5
28 2 1 2 5
29 2 11 1 1 6
30 1 1
31 2 3 1 1 1 1 10
32 2 1 3
33 4 2 1 1 8

»
44 20 6 2 3 2 3 4 5 3 4 96
.46 .27 .07 .03 .04 .06 .03 .04 1.00

U =Unknown



19
20
21
22
23

24
25
26
27
28

29
30
3
32
33

Firing modes in individual rats:

229

Table 3%

septal penetrations

A Bl B2 C1 C2C3C4 C5 C6 D E F G UY Sum
3 1 1 1 6

4 2 1 2 2 1 6 1 19
3 2 3 1 1 2 1 2 15

5 3 2 13 3 17

11 1 1 4

1 1 1 3

1 2 1 9 ‘1 1 1 16

1 3 4

1 2 1 1 3 2 1 1 « 13

1 1 2 1 2 1 8
1 11 1 3 1 8
1 4 2 1 1 9

2 1 1 4 1 9

1 1 3 5

1 2 2 3 2 2 12

6 16 8 13 13 9 10 8 31 9 1 6 10 8 148
.04 .16 .57 .06 .01 .04 .07 .05 1.00

*
U=Unknown



——

e e e e .

R

230
.Table 4
Anatomical distribution of different discharge patterns

A B1 B2 Cf C2C3C4 C5 C6 DE‘FGUSﬁu;//
Ammon's horn 40 15 4 t 2 1 3 2 1
Dentate 2 5 1 1 . 1 1 1
Subiculum 1 1 2
Lateral septum 6 11 9 9 5 9 6 21 1 2 4 5 79
Medial septum 15 4 1 2 4 2 3 5 1t 3 6 1 47
Ant. hippocampus 2 1 4 . 1 8
Accumbens 2 2
Cingulate 1 2 2 1 1 1 8
Neocortex 1 1 1 4 21 10
Thalanus 1 1
Unknown 1 1 1 1 2 1 7

50 3614 13151210 8 33 12 5 11 13 12 244

-
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Table 5

Vel

Effect in croas—cor;elograms during LIA and theta.

Primary effects:

Initial peaks

Initial peaks and troughs
Initial troughs

Late troughs

No effect:
Flat or lack of outstanding
eature

yumetry
ced n

LIA

Theta

‘\nco»-
ot

jo O

30 (.81)

7 (.19)

|+~ s @

——n
n

|~

18 (.49)

19 (.51)

37

37
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