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Abstract 

This thesis examined the effect of medial septal stimulation on hippocampal neuronal 

activity. The first experiment was carried out to compare hippocampal field activity elicited 

via septal stimulation to hippocampal theta (9) field activity recorded under spontaneous and 

sensory-induced conditions. Depth profile analyses were performed to compare these 

conditions. As hypothesized, hippocampal field activity elicited via septal stimulation 

exhibited profiles similar to spontaneous and sensory-induced 9. The second experiment was 

focussed on the effect of septal stimulation on 9-related cellular activity within the 

hippocampus. It was found that the overriding effect of septal stimulation was to inhibit the 

discharge rates of 9-related hippocampal cells. This effect was especially prominent as the 

frequency of septal stimulation was increased. A minority of 9-related cells responded to 

septal stimulation with complete inhibition. Contrary to the hypothesis, 9-related cells were 

found to alter their pattern of activity during septal stimulation in a manner that was not 

consistent with their activity during spontaneous 9. These results support the contention that 

septally-elicited hippocampal field activity is homologous to spontaneous hippocampal 9 

field activity. 
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1 
INTRODUCTION 

I. Overview 

Those working in the field of behavioural neuroscience strive to make sense of the 

bewildering complexity of the brain. Most commonly, the goal is to shed light on the 

intricate relationship between behaviour and specific brain structures in an effort to elucidate 

the function of the structures under investigation. The hippocampal formation (HPC) is one 

such structure whose function has been the subject of myriad studies. Early theories on its 

function were focussed on clinical data which related HPC functioning to memory. These 

early studies (e.g., Scoville and Milner, 1957; Penfield and Milner, 1958) revealed that 

patients who had undergone bilateral temporal lobectomies exhibited anterograde amnesia -

the inability to form new memories. 

Interesting as the clinical data was, waiting for human patients to present with 

conditions that would allow one to draw conclusions about HPC functioning had obvious 

limitations. Fortunately, for those of us interested in the operations of the HPC, research 

using species of animals other than humans had been underway since the early 1950's. 

These early researchers apparently surmised, and quite correctly it would now seem, that the 

best research tool available to them at the time was the electroencephalograph (EEG). By 

using the EEG, one can observe and analyze activity naturally generated by the brain as a 

means to decipher the brain's complex operation. The E E G remains today as one of the most 

utilized methods to study the inner workings of the HPC. 

Synchronous neuronal firing is prominent in the EEG record of the HPC in both 

behavioural (chronic preparation) and anaesthetized (acute preparation) conditions. Large 

populations of neurons in the HPC oscillate simultaneously to generate a large synchronous 
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field potential which is thought to reflect the summed synaptic inputs to these cells. This 

field potential, known as the HPC theta (9) rhythm, is thought to be the largest rhythmic field 

potential produced by the mammalian brain. Its generation and modulation are the focus of 

the research presented in this thesis. The following sections will serve to give relevant 

background information to aid in the discussion of the specific topics under investigation. 

II. Anatomy of the Hippocampal Formation 

i) Gross Anatomy of the Hippocampal Formation 

On the basis of phylogenetic and cytoarchitectonic data, the cortex of the mammalian 

telencephalon can be subdivided into two major categories: allocortex and neocortex. The 

allocortex can be further subdivided into the paleocortex, or piriform cortex, and the 

archicortex, or HPC. 

Pioneering histological studies performed by Ramon y Cajal (1911) and Lorente de 

No (1934) in the early 29 t h century revealed the detailed organization of the HPC and its 

associated structures. Decades later, histological investigations carried out by Andersen, 

Bliss, and Skrede (1971) detailed the distinct lamellar organization of the HPC, which refers 

to the way in which the HPC is divided into small strips or lamellae. In mice and rats, these 

lamellae are situated transversely with respect to the longitudinal axis of the brain. This 

organization is one of the simplest of all brain structures, a factor that has undoubtedly 

contributed to the widespread study of the HPC. It has been theorized that these HPC 

lamellae operate as independent functional units, although excitatory and inhibitory 

transverse connections may modify the activity of neighboring lamellae. 

To further elaborate on research pertinent to the anatomy of the HPC, I will 

predominantly utilize several review papers which address in detail the anatomy of the HPC 
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(Swanson, Kohler, and Bjorkland, 1987; Amaral and Witter, 1989; Lopes Da Silva and 

Arnolds, 1978; Lopes Da Silva, Witter, Boeijinga, and Lohman, 1990). 

The HPC is most often divided into four parts: the dentate gyrus (DG) (fascia 

dentata), the entorhinal cortex (EC), the subicular complex (SC) (comprised of the 

prosubiculum, subiculum, presubiculum, and parasubiculum), and the Ammon's horn (cornu 

ammonis), or hippocampus proper, which was further subdivided by Lorente de No (1934) 

into 4 fields: CA1, CA2, CA3, and CA4. The granular cell layer of the D G and the 

pyramidal cell layer of the hippocampus proper are the two C-shaped cell layers which 

interlock to give the HPC it's distinctive seahorse-like appearance when viewed in horizontal 

section. The unique appearance of the HPC and the relative locations of the aforementioned 

structures that comprise it are illustrated in Figure 1. 

Perhaps the most widely studied portions of the HPC are the D G and the 

hippocampus proper. As was briefly stated previously, these areas of the HPC are associated 

with particular types of cells which are subdivided anatomically into distinct layers. By most 

anatomists, the hippocampus proper is divided into six primary layers which are illustrated in 

Panel's B and C of Figure 2 (Panel A illustrates the gross three-dimensional appearance of 

the HPC). The first of these primary layers, starting most dorsally, is the alveus, which 

consists of the axons of pyramidal cells and incoming fibres. The stratum oriens is located 

immediately ventral to the alveus and contains the tufts of the basal dendritic arborizations of 

pyramidal cells, along with various other types of cell bodies. The third most dorsally 

located layer of the hippocampus proper is the stratum pyramidale, which is formed by the 

densely packed cell bodies of the pyramidal cells. Continuing ventrally, one encounters the 

stratum radiatum, a layer that is characterized by sparse cell bodies and the fibre system 
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Figure 1. A drawing illustrating the major features of the HPC in the rat. Note the 

interlocking C-shaped morphology of the major cell layers. Also depicted are the major 

intrahippocampal pathways, including the trisynaptic pathway (Perforant Path, Mossy Fibres, 

Schaffer Collaterals). (Abbreviations: CA1, cornu ammonis field 1; CA2, cornu ammonis 

field 2; CA3, cornu ammonis field 3; DG, dentate gyrus; L E C , lateral entorhinal cortex; 

M E C , medial entorhinal cortex; SUB, subiculum; alv, alveus; fi, fimbria; hf, hippocampal 

fissure) 
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Figure 2. Cytoarchitecture of the HPC. Panel A depicts the gross three-dimensional 

appearance of the intact HPC in the rat. Panel B depicts a slice taken perpendicular to the 

septotemporal axis. Panel C illustrates the various layers of the HPC following transection. 
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formed by the Schaffer collaterals, which themselves are composed of the collaterals of 

axons of CA3 pyramidal cells that form synapses with the dendrites of CA1 pyramidal cells. 

The final two layers of the hippocampus proper are the stratum lacunosum and the ventrally 

located stratum moleculare (also referred to simply as the molecular layer). These layers are 

often grouped together as the stratum lacunosum-moleculare, owing to the similarity of the 

cell layers' organization. This amalgamated layer contains predominantly dendritic terminals 

and bundles of parallel fibres, some of which consist of collaterals of pyramidal cells, 

whereas others are extrinsic to the hippocampus proper. 

Ventral to the hippocampus proper, adjacent to the hippocampal fissure, one 

encounters the three-layered DG. Like the hippocampus proper, during embryonic 

development the D G folds back upon itself, curving to form its final C-shaped appearance. 

Thus, upper and lower segments, or blades, of the DG result. The upper blade of the DG is 

the most dorsal layer and is termed the molecular or dendritic layer. The lower blade, as a 

continuation of the upper blade, curves around to form the ventral border of the DG. Found 

within the upper blade of the DG are the dorsally projecting dendritic branches of the granule 

cells which are located in the second layer of the DG, the stratum granulare, or granule cell 

layer. Conversely, the lower blade of the D G contains the ventrally projecting dendritic 

branches from the granule cell layer. The terminals of these granule cells are located in the 

upper and lower blades of the stratum moleculare. Residing in the middle of the DG, 

between the upper and lower blades of the stratum granulare, is the hilus. The hilus is also 

known as the polymorph layer, owing to the fact that it is characterized by widely scattered 

polymorph neurons. 
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ii) Intrahippocampal Circuitry 

Research regarding the manner by which information flows between the 

aforementioned regions that make up the HPC is based largely on the concept of the 

trisynaptic circuit, which was first clearly outlined in the anatomical studies of Ramon y 

Cajal (1911). This circuit was shown to consist of a series of transversely oriented (i.e., 

lamellar) excitatory pathways that begins with a projection from the EC to the DG (the 

perforant pathway), continuing with the mossy fibre pathway from the D G to field CA3, and 

ending with the Schaffer collateral projection from field CA3 to field CA1. Axons from the 

CA1 field have also been shown to project to the septum via the fimbria. Each lamella 

includes its own trisynaptic pathway. Thus, a localized activation of the entorhinal area leads 

to the sequential activation of granule cells, field CA3, and CA1 pyramidal cells within a 

given lamella. The major intrahippocampal pathways and the trisynaptic pathway are also 

illustrated in Figure 1. 

In addition to the intrinsic trisynaptic lamellar organization, connections between 

various subfields of the HPC also exhibit a longitudinal organization by which various 

lamellae are interconnected. Furthermore, within all fields of the HPC a large number of 

interneurons are present. These interneurons give rise to widespread axonal arborizations, 

not only along the transverse axis, but also along the longitudinal axis. Thus, they may 

interact with many HPC principal neurons along both axes of the HPC. Evidently, the 

anatomy of the HPC exhibits a high degree of interconnectivity which one must be wary of 

when making conclusions regarding its operations. 

There are three main inputs to the HPC: (1) the perforant path, as noted above, which 

has it's origin in the EC; (2) septal inputs which arise primarily from the medial septum; and 
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(3) commissural fibres originating in the contralateral HPC, which are believed to be quite 

extensive (Swanson, Wyss, and Cowan, 1978). In addition, numerous other structures 

located downstream of the HPC exert powerful effects on the primary HPC inputs just noted. 

The nature of these extrinsic inputs will now be described. 

First, however, a note on the nomenclature to be used from this point forward. Given 

that the vast majority of this thesis will deal with the hippocampus proper and DG, for the 

sake of clarity I will now largely forgo the use of the term HPC when referring to its 

component structures. Instead, I will use the term hippocampus which is defined to include 

the hippocampus proper and DG. 

iii) Extrahippocampal Circuitry and Pathways 

a) Entorhinal Cortex and Subiculum 

The most prominent input to the hippocampus has its source in the EC. The EC itself 

receives major input from three neocortical areas: the ventral portion of the temporal lobe, 

the prepyriform cortex, and the caudo-ventral portion of the frontal lobe (Lopes Da Silva and 

Arnolds, 1978). These cortical areas are connected to association areas for visual, auditory, 

olfactory, and somesthetic modalities. Thus, the EC, and consequently the hippocampus, are 

in a position to receive multi-synaptic inputs of all sensory modalities from throughout the 

brain. 

As mentioned previously, EC projections reach the hippocampus via the perforant 

pathway. Fibres of this pathway arise predominantly from layers II and III of the EC and 

terminate both contralateral!y, via the dorsal hippocampal commissure, and ipsilaterally in 

the hippocampus proper, SC, and most densely in the molecular layer of the D G (Lopes Da 

Silva, et al., 1990). Fibres from the D G and field CA1, in turn innervate the EC via the SC, 
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thus completing a full loop. This subiculo-entorhinal pathway appears to be strictly ipsilateral 

in rats (Swanson and Cowan, 1977). 

b) Septal Region and Diagonal Band ofBroca 

The septum represents the second major telencephalic hippocampal projection. The 

main body of the septal region lies between the anterior horns of the lateral ventricles and 

stretches vertically to form part of the anterior border of the preoptic region of the 

hypothalamus (Swanson, et al., 1987). On the basis of cytoarchitecture, the septal region can 

be parcelled into four major divisions (Swanson and Cowan, 1979), the largest of which is 

the lateral division which is composed solely of the lateral septal nucleus. This is the largest 

nuclear mass in the septal region and can be roughly divided into dorsal, intermediate, and 

ventral parts on the basis of size, density, and neuronal connections. 

The medial division of the septal region consists of the medial septal nucleus, located 

dorsally, and the nucleus of the diagonal band of Broca (DBB), located ventrally and 

subdivided into vertical and horizontal limbs, which form a more or less continuous mass. 

As such, these structures are typically discussed as a single entity and referred to simply as 

the medial septum (or more generally the septum), a convention that will be adhered to 

throughout the remainder of this document. Specifically, the term medial septum will be 

defined to include the entire medial septal nucleus along with the vertical limb of the 

diagonal band of Broca (vDBB). Neurons of the medial septum are the largest and most 

darkly-staining of the septal region (Swanson and Cowan, 1979). 

The posterior and ventral divisions make up the remaining area of the septal region. 

The posterior division is made up of the septo-fimbrial nuclei and the triangular nuclei (also 

known as the bed nucleus of the hippocampal commissure), which consists of small densely-
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packed cells between the ventral hippocampal commissure and the fimbria. The ventral 

division is perhaps the most enigmatic in terms of cytoarchitecture. It is generally considered 

to include the bed nucleus of the stria terminalis (the bed nuclei) and the bed nucleus of the 

anterior commissure (Swanson and Cowan, 1979). 

Generally speaking, the lateral, medial, and posterior divisions of the septal region are 

associated with the hippocampus, whereas the ventral division (the bed nuclei) is related 

primarily to the amygdala (Swanson, et al., 1987). This thesis will deal almost exclusively 

with the medial septum and its connections with the hippocampus. 

The medial septum contains neurons that innervate the hippocampus, the cingulate 

cortex, the main olfactory bulb, as well as the EC (Swanson and Cowan, 1977; Alonso and 

Kohler, 1984) and the hypothalamus (Dutar, Bassant, Senut, and Lamour, 1995). Within the 

hippocampus, septal fibres terminate in a laminar pattern in both the hippocampus proper and 

the dentate gyrus. Both the CA1 and dentate granule cell layers of the dorsal hippocampus 

receive afferent inputs from the vDBB, whereas cells of the ventral hippocampus are 

innervated by both vDBB and medial septal neurons (Nyakas, Luiten, Spencer, and Traber, 

1987). 

Nyakas, et al. (1987) classified the septal inputs that innervate the hippocampus into 

two distinct fibre systems. The first class of fibres were termed type I, and consisted of thick 

coarse axons with large terminal boutons present throughout the hippocampus. The type II 

fibre system was found to consist of thin delicate axons with numerous en passant 

varicosities in the hippocampal pyramidal cell layer, the dentate granular layer, and the 

middle one-third of the dentate molecular layer. 
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The medial septal projection to the hippocampus (the septo-hippocampal pathway) 

via the fimbrial and fornix pathways was first demonstrated experimentally by Morin (1950) 

following lesions of the septum in guinea pigs. Thereafter, Daitz and Powell (1954) 

observed retrograde cell degeneration both in the medial septal nucleus and in the nucleus of 

the vDBB several weeks after lesions of the hippocampus or fimbria. Since that time, 

numerous studies have better defined the cells of origin, the course, and the mode of 

termination of the septo-hippocampal fibres (Mellgren and Srebro, 1973; Mosko, Lynch, and 

Cotman, 1973; Swanson, 1977; Swanson and Cowan, 1979; Amaral and Cowan, 1980; 

Chandler and Crutcher, 1983; Milner, Loy, and Amaral, 1983; Oka and Yoshida, 1985; 

Watson, Jr., Siegel, and Siegel, 1985; Schwerdtfeger and Buhl, 1986; Peterson, 1994). The 

consensus that has emerged from these various studies is that septal afferents reach the 

hippocampus by way of both the fimbria and the dorsal fornix, and that most of the fibres 

terminate in the stratum oriens and the stratum radiatum of the regio inferior of the 

hippocampus and in the zone adjacent to the granule cell layer of the D G (Amaral and 

Cowan, 1980). 

Given the reciprocal nature of the connections associated with the septo-hippocampal 

pathway, unsurprisingly there are also extensive efferent projections to the septum which 

emanate from the hippocampus. These projections arise primarily from neurons along the 

longitudinal axis of the hippocampus and SC and are distributed mainly to the lateral septum 

(Swanson and Cowan, 1977, 1979; Swanson, Sawchenko, and Cowan, 1980). Additionally, 

efferents from the EC to the lateral septum have been demonstrated via anterograde tracing 

methods (Alonso and Kohler, 1984). Labelled fibres were traced through the fimbria to their 



14 
terminal fields in the intermediate parts of the lateral septum and to the most lateral aspect of 

the vDBB. 

Given the critical role played by the medial septum as the node of the septo-

hippocampal pathway, it is also important to consider the sources of neural inputs to the 

medial septum. A longstanding viewpoint in limbic system anatomy holds that the largest 

projection to the medial septum arises from the lateral septum (Swanson and Cowan, 1979). 

Furthermore, it has been reported that given that the lateral septum is known to receive a 

dense, topographically organized input from the hippocampus and the SC, the lateral septal-

medial septal link forms part of a feedback system involving the septo-hippocampal pathway 

(Swanson, et al., 1987). Although recent evidence has again demonstrated the importance of 

the lateral septum as a strong influence on the medial septal, and thus the hippocampus 

(Pedemonte, Barrenechea, Nunez, Gambini, and Garcia-Austt, 1998; Zhou, Tamura, 

Kuriwaki, and Ono, 1999), there are reports in the literature that have described the lack of a 

lateral septum to medial septum pathway (Leranth, Deller, and Buzsaki, 1992; Witter, 

Daelmans, Jorristma-Byham, Staiger, and Wouterlood, 1992). The true nature of this 

pathway is yet to be fully determined. 

Another primary projection to the medial septum, en route to the hippocampus, arises 

from ascending inputs to the hippocampus such as the hypothalamus and brainstem by way 

of the medial forebrain bundle (MFB). A description of these ascending projections now 

follows. 

c) Diencephalic Region 

Numerous cell populations arising from the diencephalon, in particular the 

hypothalamus, have been reported to project to both the medial septum and hippocampus. 
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Among the first to demonstrate the vastness of the ascending diencephalic projection were 

Wyss, Swanson, and Cowan (1979). Wyss, et al. (1979) utilized retrograde labelling of 

horseradish peroxidase (HRP) in the hippocampal region to identify labelled neurons in the 

dorsomedial hypothalamic nucleus (DMH), the lateral (LH) and posterior hypothalamic (PH) 

areas, the supramammillary nuclei (SUM), the medial mammillary nuclei (MM), and 

numerous other regions of the diencephalon. To avoid unnecessary confusion, unless 

referred to directly, these diencephalic regions will be referred to collectively throughout the 

remainder of this document as the PH-SUM complex. 

Corroborating results reported by Riley and Moore (1981) and Dent, Galvin, 

Stanfield, and Cowan (1983) gave further credence to the Wyss, et al. (1979) findings. Dent, 

et al. (1983), and subsequent studies by Ter Horst and Luiten (1986, 1987), further noted that 

afferents from the PH-SUM complex terminate predominantly in the dentate granule cell 

layer of the hippocampus, and also in all fields of the hippocampus proper, in addition to the 

lateral septum. 

In a series of studies, Vertes went on to demonstrate that the PH-SUM complex also 

projects massively to both the lateral and medial septum (Vertes, 1988; Vertes, 1992; Vertes 

and McKenna, 2000). It has also been demonstrated that the primary route taken by these 

ascending fibres is via the MFB (Vertes, Crane, Colom, and Bland, 1995). 

More recently, Abrahamson and Moore (2001) investigated inputs to the PH-SUM 

complex which are likely to directly influence the structure's output. They demonstrated that 

the PH-SUM receives input indirectly from the hippocampus, amygdala, and suprachiasmatic 

nucleus via nuclei in the limbic forebrain and hypothalamus. They also showed the PH-SUM 

to receive a large input from the lateral septum, which, in turn, receives projections 
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originating in the ventral pyramidal cell layers of the hippocampus. Their data suggest that 

those same pyramidal cells receive direct projections from the medial septum. In addition, 

Hallanger and Wainer (1988) have demonstrated ascending projections to the PH from 

several brainstem nuclei. 

d) Brainstem 

The brainstem (also referred to more generally as the reticular formation (RF)) houses 

numerous nuclei and fibre bundles reported to be involved in the generation of hippocampal 

EEG activity. For the purposes of this document, unless otherwise indicated, the term 

brainstem will be used to include one or more of the following nuclei: nucleus 

gigantocellularis (NGC), pontis caudalis (RPC), reticularis pontis oralis (RPO), 

pedunculopontine (PPT), mesencephalic reticular cuneiformis (CUN), raphe magnus (RM), 

locus coeruleus (LC), pontine and midbrain central gray (CG), nucleus compactus (COM), 

and the median raphe nucleus (MR). Wyss, et al. (1979), in their study of subcortical 

afferents to the hippocampus, reported that scattered neurons in various parts of the 

brainstem and CG have direct, though very limited, projections to the hippocampus. Prior to 

these findings it had been generally assumed that these structures had been connected, but 

indirectly via the medial septum. Riley and Moore (1981) went on to confirm findings of 

direct hippocampal projections from the MR, L C , and CG. 

Focussing on brainstem afferents to the medial septum, Vertes (1988) injected a 

retrograde tracer into the medial septum and examined downstream nuclear staining. He 

found the M R to be very heavily labelled following medial septum injections, indicating a 

direct M R influence on the medial septum. Conversely, only sparse labelling was observed 

in the RPO, suggesting an intervening nucleus (or nuclei) situated between the brainstem and 



the medial septum. Based on previous findings which demonstrated intense, bilateral 

staining in the PH-SUM complex following medial septal tracer injections, Vertes deduced 

that the PH-SUM complex would be the best candidate as an intervening nucleus. 

Furthermore, the RPO had been shown previously to project heavily to the PH-SUM. 

e) Ascending Brainstem Synchronizing System 

Although the primary focus of the experiments discussed in this document is the 

medial septum and hippocampus, it is important to recognize that the hippocampus 

represents a multiple input system with ascending and descending inputs arising and 

projecting throughout the brain. The key projections described previously, originating in the 

brainstem, ascending to the PH-SUM, and ultimately projecting to the medial septum and 

hippocampus, form what has been termed the ascending brainstem synchronizing system 

(ABSS). A diagrammatic representation of the major ABSS component structures and 

pathways is illustrated in Figure 3. As will be discussed in the sections that follow, the 

ABSS represents the primary means by which hippocampal neuronal activity is generated 

and modulated. 

III. Electrophysiology of The Hippocampus 

i) Theta Field Activity 

Observations of electrical activity recorded from the hippocampus have their origin in 

the 1930's when they were first described as "action currents" by Saul and Davis (1933). 

Following this observation, Jung and Kornmuller (1938) went on to describe rhythmical slow 

wave activity in the hippocampus of rabbits following stimulation of peripheral nerves. 

Some years later, Green and Arduini's (1954) landmark paper was published which 

systematically examined field potentials recorded from the hippocampi of rabbits, cats, and 
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Figure 3. Diagrammatic representation of the ascending brainstem synchronizing system 

(ABSS). These pathways, which are implicated in the synchronization of hippocampal 0 

activity, originate in the rostral pons in the RPO and PPT, and ascend to the nuclei of the 

medial septum and hippocampus via the PH and S U M nuclei. (Abbreviations: CA1, cornu 

ammonis field 1; CA3, cornu ammonis field 3; DG, dentate gyrus; MS, medial septum; f, 

fimbria; ac; nucleus accumbens; mfb, medial forebrain bundle; PH, posterior hypothalamus; 

S U M , supramammillary nucleus; M M , medial mammillary nucleus; PPT, pedunculopontine 

nucleus; RPO, reticularis pontis oralis) 



19 



29 
monkeys. This paper's publication signified the beginning of intensive study of hippocampal 

9 activity. Green and Arduini (1954) were so confident of their findings that they stated that 

"there can, in fact, be no question but that hippocampal response is an expression of its 

physiological activity" (p. 548). They termed the rhythmic, sinusoidal-like field activity they 

observed 9, given its 4 - 7 Hz frequency range, which they reasoned was similar to that 

described in "the human electrocorticogram of children and psychopaths". Though the 9 

term is still widely used today, it is something of a misnomer as 9 frequencies in freely 

moving rodents actually range from 3 - 12 Hz (Vanderwolf, 1969). 

Expanding on research performed by Stiimpf (1965b) in the rabbit, Vanderwolf 

(1969, 1975) went on to examine the relationship between hippocampal field activity and 

behaviour in rats. He distinguished four basic EEG patterns that could be recorded from the 

rat hippocampus: (1) rhythmical, sinusoidal-like slow wave activity termed 9; (2) large 

amplitude irregular activity (LIA); (3) small amplitude irregular activity (SIA); and (4) fast 

activity. The research presented in this thesis will focus solely on 9 and LIA. 

ii) Mechanisms of Theta Generation 

a) Theta Generators and Profiles 

Following widespread acknowledgement of the hippocampal 9 phenomenon during 

the 1959's, subsequent research sought to elucidate the physiological mechanisms underlying 

its generation and modulation. To this end, depth profile analyses have commonly been 

employed. As an electrode is descended through the discrete neuronal layers which compose 

the hippocampus, one can discern changes in the voltage and frequency of the resultant 

signal at given hippocampal loci. One can then plot the EEG changes observed at various 

locations, thus creating a voltage profile. Furthermore, if a differential recording technique is 



21 
employed whereby two recording electrodes are used in concert, one electrode recording 

electrical activity from a fixed location, the other recording activity as it is manoeuvred 

through the dorso-ventral hippocampal plane (the so-called 'roving' electrode), one can 

correlate the two signals to deduce their phase relationship. These methods have been used 

to great effect to better determine the topography of the hippocampal EEG, a result due in 

large part to the simple organization of the hippocampus. 

In 1960, two papers by Petsche and Stiimpf and Green, Maxwell, Schindler, and 

Stumpf convincingly illustrated that the main zone of 0 generation was located in the stratum 

oriens of the basal part of field CA1 (this area is now commonly referred to as the CA1 

generator zone). Using differential recording techniques (i.e., one stationary electrode 

located in the DG, one roving hippocampal electrode), depth and phase profile analyses 

revealed that as the roving electrode was slowly lowered toward the hippocampus, the 

amplitude of the 9 rhythm increased gradually, but remained out of phase relative to the 

stationary electrode, reaching a maximum amplitude at the level of the CA1. As the roving 

electrode was further descended, 9 amplitude disappeared, while just below this 'null zone' 

an abrupt 180° phase reversal occurred, the region of null not exceeding 100 p.m. Both 

groups of authors reported the point of phase reversal and null to be so consistent they were 

able to use it as a marker of electrode location, even before histological verification. 

The 'single generator theory' held until a series of studies in the 1970's demonstrated 

the existence of a second intrahippocampal 9 generator. Winson (1974), studying freely 

moving rats, reported the second generator to be located in the dentate region of the 

hippocampus. Similar findings were reported and expanded upon by Bland, Andersen, and 

Ganes (1975), Bland and Whishaw (1976), Winson (1976a, 1976b), Bland, Sainsbury, and 
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Creery (1979), Green and Rawlins (1979), and Feenstra and Holsheimer (1979) in freely 

moving rats, curarized and anaesthetized rats, rabbits, and cats. In the urethane-anaesthetized 

rat, this newly discovered second generator, localized more specifically to the stratum 

moleculare of the dorsal blade of the DG, was shown to exhibit 0 with mean maximal 

amplitudes in the range of 2 mV, approximately twice the size of CA1 0 (mean maximal 

amplitude of 1 mV) (Bland and Whishaw, 1976). As previously reported by Petsche and 

Stiimpf (1960) and Green, et al. (1960), a null zone in the stratum radiatum was found 

immediately ventral to the CA1 generator, interposed between the two generators, in addition 

to a 180° phase differential between the two zones of 0 generation (Bland and Whishaw, 

1976). A phase/amplitude profile of the type just described, exhibiting a rapid reversal of 

phase coincident with a null occurring in the stratum radiatum of CA1, in addition to an 

amplitude maxima located ventrally to the stratum radiatum, has been termed a type I profile 

(Winson, 1976a). Type I profiles are typically observed in urethane-anaesthetized rats. Type 

II profiles, seen in freely moving rats, differ in that they exhibit a gradual, rather than rapid 

phase shift, and also fail to exhibit a null zone of activity ventral to the pyramidal cell layer. 

Reaffirming the 'dual generator theory', Whishaw and Sutherland (1982) used kainic 

acid lesions to eliminate the CA3 and CA4 fields in an effort to investigate the contribution 

of these areas to hippocampal 0 activity. They found 0 amplitude, frequency, loci of 

maxima, and null zones to be normal despite the complete removal of the CA3 and CA4 

fields. They concluded that activity of the generators located in CA1 and the DG did not 

depend on circuitry involving CA3 or CA4 pyramidal cells. This finding gave further 

credence to notions that rhythmic input to the two generator zones originates in the medial 

septum (Green, et al., 1960; Petsche and Stiimpf, 1960; Leung, Lopes Da Silva, and 
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Wadman, 1982), the EC (Mitchell and Ranck, 1980; Holsheimer, Stok, and Lopes Da Silva, 

1983), or both (Buzsaki, Rappelsberger, and Kellenyi, 1985). 

Regardless of controversies surrounding the generation of hippocampal 0, it is largely 

accepted that, using the urethane-anaesthetized rat, one observes two generator zones of 

hippocampal 0 located in the CA1 and DG, which exhibit a type I depth/amplitude profile. 

Furthermore, it is generally accepted that 0 recorded outside the two generator sites is mainly 

due to volume conduction (Bland, 1986). 

b) Intrinsic Hippocampal Cellular Properties Underlying Theta Generation 

Advances in neuroscience techniques have allowed new insight into the dynamics of 

neural networks at the level of the single cell. Such advances have allowed researchers to 

demonstrate that single neurons within the hippocampus possess intrinsic oscillatory 

properties. These properties are manifested as rhythmic changes in the neuronal membrane 

potential, also referred to as membrane potential oscillations (MPOs) (Leung and Yim, 

1991). 

Fujita and Sato (1964) were the first to describe hippocampal MPOs (which they 

termed an "intracellular theta rhythm") after observing rhythmic changes in the membrane 

potentials of pyramidal cells recorded intracellularly from the hippocampus proper in rabbits. 

Using the urethane-anaesthetized rat, these findings have since been corroborated (Nunez, 

Garcfa-Austt, and Buno, Jr., 1987) and expanded upon by others who have also demonstrated 

the existence of MPOs in granule cells located in the DG (Munoz, Nunez, and Garcfa-Austt 

(1990); Konopacki, Bland, Colom, and Oddie (1992)). Hippocampal basket cells have also 

been shown to exhibit MPOs (Ylinen, et al., 1995). 



Though much is still unknown regarding the ultimate influence of intrinsic 

hippocampal MPOs on 8 generation, most researchers currently believe that MPOs alone are 

not sufficient to drive hippocampal 9. It is more plausible that hippocampal neurons are 

driven extrinsically by medial septal and other ABSS inputs, but that the synchrony, 

magnitude, and perhaps other characteristics of the driven response, are dependent upon 

interactions with hippocampal MPOs (Leung and Yim, 1991; Bland and Colom, 1993; 

Bland, 2000). The end result of the synchronization of these extrinsic and intrinsic 

hippocampal influences is the large amplitude, synchronous hippocampal 6 rhythm, 

iii) Cellular Correlates of Hippocampal Theta Generation 

Analysis of the spike train dynamics of single cells recorded from various neuronal 

structures and their relationship to hippocampal field activity has provided important insight 

into the mechanisms underlying 0 generation. There can be little doubt that the summation 

of extra- and intra-hippocampal synaptic potentials, impinging on single cells within 

structures found throughout the ABSS, contributes to the production of 0 field activity. 

Single cells recorded from numerous ABSS structures have been shown to exhibit readily 

observable, unique relationships with ongoing hippocampal 0 field activity, and have thus 

been termed ©-related cells. Such cells will now be discussed in greater detail. 

a) Hippocampus 

0-related cells have been found in all fields of the hippocampus proper and D G 

(Green, et al., 1960; Buho, Jr., Garcfa-Sanchez, and Garcfa-Austt, 1978; Garcfa-Sanchez, 

Buho, Jr., Fuentes, and Garcfa-Austt, 1978; Bland, Andersen, Ganes, and Sveen, 1980; Fox 

and Ranck, Jr., 1981; Buzsaki, Leung, and Vanderwolf, 1983). 
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In 1987, Colom and Bland described the discharge properties of cells in the 

hippocampus in relation to spontaneously occurring field activity. Based on these 

observations they developed a schema used to classify 0-related cells - a diagrammatic 

summary of which is illustrated in Figure 4. The top trace of Figure 4 represents an analog 

of hippocampal field activity showing LIA (the desynchronized activity at the beginning and 

end of the trace) and 0 activity (the synchronized, sinusoidal-like activity in the middle of the 

trace). The four lower traces represent discharge patterns of cells in relation to the ongoing 

hippocampal field state. According to their relationship with the ongoing field state, cells 

were classified as either 0-on or 0-off. 0-on cells were determined to increase their discharge 

rate during the 0 state relative to the LIA state. These cells were further subdivided into two 

basic subtypes: phasic and tonic. Phasic 0-on cells discharged rhythmically and in a constant 

phase with the ongoing 0 field activity, whereas tonic 0-on cells would simply increase their 

discharge rate in a non-rhythmic manner during the presence of 0. Also, as illustrated in 

Figure 4, decreasing discharge rates in both subtypes of 0-on cells were associated with 

decreasing frequencies of 0 field activity. In opposition to 0-on cells, 0-off cells were 

determined to stop firing completely during higher frequency 0 and begin to fire 

arhythmically during LIA. Phasic 0-off cells were shown to remain silent during higher 

frequency 0, but as 0 frequency declined, they began to discharge in a rhythmic manner, 

phase-locked to the 0 waves. And finally, tonic 0-off cells failed to fire during any frequency 

of 0 field activity and began to discharge at low rates and in an arhythmic manner during 

LIA. Of the 61 cells recorded during the course of this study, 33 cells (54%) were classified 

as 0-on (28 {85%} phasic, 5 {15%} tonic), 21 cells (34%) were classified as 0-off (16 
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Figure 4. A diagram depicting the Colom and Bland (1987) 9-related cell classification 

system. The top line is the slow wave line illustrating hippocampal LIA (in the periphery) 

and 9 field activity (in the middle section of the EEG). The top two cell lines represents the 

discharge patterns of phasic and tonic 9-on cells, respectively, occurring during the two types 

of slow wave activity. The bottom two cells lines represent the discharge patterns of phasic 

and tonic 9-off cells, respectively, occurring during the two types of slow wave activity. 
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{76%} phasic, 5 {24%} tonic), and of the remaining 7 cells, 5 were classified as complex 

spike cells and the remaining 2 cells were termed non-related since they exhibited no 

apparent relation with either the LIA or 6 states. 

Regarding the phase relationship between hippocampal neurons and the 0 field state, 

Holsheimer, et al., (1983) reported that granular cells of the D G in urethane-anaesthetized 

rats discharged preferentially on the negative phase of dentate 0 (positive wave of CA1 0), 

but that CA1 layer cells tended to discharge on the positive portion of their local slow waves. 

Furthermore, Colom and Bland (1987) reported that 0-off cells tended to discharge 

approximately 180° out of phase relative to 0-on cells in their respective layers. 

Besides being capable of discharging in a rhythmic manner, 0 related cells also 

exhibit rapid and dynamic fluctuations in their discharge rates. Their lowest rates occurring 

in relation to LIA field activity where they may be completely silent for more than 1 second 

at a time. During the occurrence of 0, their discharge rates are related to changes in the 

amplitude, rhythmicity, and frequency of ongoing field activity (Bland, 1986). Specifically, 

Bland, et al. (1980) reported that large amplitude, high frequency 0 was correlated with 

rhythmic burst discharges up to 2 to 3 spikes per burst. As 0 amplitude and frequency 

decreased, the number of spikes per burst was reduced until only regular single spikes 

occurred. When 0 was replaced by irregular slow wave activity, the cell discharges became 

irregular and sometimes ceased entirely. 

b) Medial Septum 

The first decisive study carried out to investigate the relationship between medial 

septal neuronal activity and hippocampal 0 was carried out by Petsche, Stiimpf, and Gogolak 
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(1962). They reported that, during hippocampal 9 field activity, it was possible to 

differentiate units of at least two different firing patterns within the medial septum, termed 

A-Units and B-Units. B-Units discharged in bursts correlated with the hippocampal 9 waves 

such that each burst was locked to the same phase of the 9 wave. During LIA, B-Units were 

observed to discharge irregularly. Conversely, A-Units discharged more or less at random. 

Petsche, et al. (1962) went on to suggest that B-Units were likely the cells which trigger the 

hippocampal 9 rhythm and thus act as virtual pacemakers. And so, the pacemaker theory for 

hippocampal 9 generation was born. Subsequent studies by Stiimpf, Petsche, and Gogolak 

(1962), Petsche, Gogolak, and Van Zwieten (1965), Gogolak, Stiimpf, Petsche, and Sterc 

(1968), Tombol and Petsche (1969), Vinogradova and Brazhnik (1979), and others further 

contributed to the notion that cells of the medial septum acted as pacemakers of hippocampal 

0. 

Distinct hippocampo-septal phase relationships were also reported by Gaztelu and 

Buno, Jr. (1982). Like hippocampal cells, they found that cells of the medial septum could 

be separated into two broad classes according to their discharge characteristics. The most 

common type of cell they encountered (74%) fired in rhythmic bursts at the frequency of 

hippocampal 9, while the remaining cells (24%) were non-rhythmic. Rhythmic cells were 

termed type 1 cells. Non-rhythmic cells which displayed a phase relationship to hippocampal 

9 field activity were termed type 2 cells, and those that did not display such a relationship 

were termed type 3. 

Ford, Colom, and Bland (1989) also recorded cells in the medial septum and 

demonstrated that medial septal cells could also be classified using the Colom and Bland 
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(1987) cell classification system devised for hippocampal 0-related cells. As with 

hippocampal cells, cells of the medial septal were classified as 0-on and 0-off, with both 

tonic and phasic subtypes. Further support for the use of this schema for medial septal cells 

was obtained by Colom and Bland (1991) in a study in which pairs of medial septal neurons 

were recorded. 

Although the pacemaker theory has become quite well entrenched, it has also come 

under considerable scrutiny. Findings that 0 can be recorded from the septally deafferented 

hippocampus in vivo (Colom, Nassif-Caudarella, Dickson, Smythe, and Bland, 1991) and in 

vitro (Maclver, Harris, Konopacki, Roth, and Bland, 1986; Konopacki, Maclver, Bland, and 

Roth, 1987) are hard to reconcile with notions that rhythmically bursting medial septal cells 

are critical for the appearance of hippocampal 0 (see Stewart and Fox, 1990). Recent 

findings by King, Recce, and O'Keefe (1998), describing the instability of rhythmically 

bursting medial septal cells, also militates against models which require these cells to directly 

pace the rhythmic oscillations of the hippocampus. Clearly, the role played by cells of the 

medial septum in pacing the hippocampal 0 rhythm is still a subject of controversy. 

c) PH-SUM Complex 

Returning momentarily to the pacemaker theory debate, Kirk and McNaughton 

(1991) have suggested that the medial septum receives and relays information that is already 

coded for the frequency of 0. They believe that the neurons of the diencephalic SUM, 

receiving synchronizing projections from the RF en route to the medial septum, may be 

responsible for the intensity to frequency transduction that some believe occurs in the medial 

septum. If true, this would not necessarily negate the pacemaker theory, but would at least 

cause the focus of the argument to be shifted towards the S U M . Whatever the case, Kirk and 
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McNaughton (1991) have provided evidence for their theory by demonstrating the existence 

of neurons within the S U M which discharge rhythmically and in phase with concurrent 

hippocampal 9. Kocsis and Vertes (1994, 1997) went on to verify these findings and further 

demonstrated that cells in the M M also discharged in a rhythmically bursting pattern in phase 

with concurrent hippocampal 9. 

Bland, Konopacki, Kirk, Oddie, and Dickson (1995) characterized the single unit 

discharge patterns of neurons recorded from various diencephalic nuclei in relation to 

concurrent hippocampal 9 recorded from the DG. Utilizing the Colom and Bland (1987) 9-

related cell classification system, 80% of PH cells were classified as tonic 9-on (29% were 

non-related), 83% of M M cells were classified as phasic 9-on (17% were non-related), and 

199% of cells recorded from the S U M were classified as phasic 9-on. Interestingly, 75% of 

cells recorded at the border of the PH-SUM were classified as tonic 9-off (25% were non-

related). On the basis of these results, Bland, et al. (1995) suggested that tonic 9-on cells in 

the PH act in synergy with phasic 9-on cells in the S U M during hippocampal 9 to relay 

ascending reticular input to the medial septum. M M cells may act to relay 9-rhythmic 

signals from the medial septum or hippocampus to other parts of the limbic system. It was 

further suggested that tonic 9-off cells found at the border of the PH-SUM inhibit discharge 

of 9-on cells in the PH and S U M during non-9 hippocampal states. 

d) Brainstem 

Of the various nuclei located in the brainstem, the RPO and PPT are thought to be the 

most important in terms of their contribution to the ABSS and their consequent role in the 

generation of hippocampal 9 (Vertes, 1982; Vertes, Colom, Fortin, and Bland, 1996; Bland 
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and Oddie, 1998). Nunez, de Andres, and Garcfa-Austt (1991), utilizing the urethane-

anaesthetized rat, examined the discharge characteristics of RPO neurons in the presence of 

concurrent hippocampal 0. They found that 64% of neurons increased their discharge rate, 

21% of neurons decreased their firing rates, and 15% did not alter their firing rates. A l l cells 

would be classified as tonic 0-on or tonic 0-off. 

Focussing on neurons of the RPO and PPT, Hanada, Hallworth, Szgatti, Scarlett, and 

Bland (1999) also observed tonically discharging 0-related cells. Relating brainstem 

neuronal discharge to concurrent hippocampal 0, it was found that 76% of all brainstem 

neurons recorded from were classified as 0-related, of which 90% were classified as tonic 0-

on and 10% were classified as tonic 0-off. 

e) Entorhinal Cortex 

Studies conducted by Alonso and Garcia-Austt (1987) and Dickson, Kirk, Oddie, and 

Bland (1995) have demonstrated populations of rhythmically and non-rhythmically 

discharging 0-on and 0-off neurons in the EC. Given the well documented perforant path 

projection from the EC to the hippocampus, it is conceivable that rhythmically bursting EC 

neurons might rhythmically modulate the discharge patterns of hippocampal pyramidal and 

granule cells. 

The finding that the EC contains two distinct populations of 0-related cells is not 

unexpected in light of the fact that many regions of the ABSS exhibit similar characteristics. 

Collectively, these findings give credence to suggestions by Bland and Colom (1993) that 0-

on and 0-off cells may constitute a general cellular mechanism underlying oscillation and 

synchrony in limbic structures. 
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III. Extrinsic Influences on Hippocampal Field and Cell Activity 

When attempting to elucidate the underlying mechanisms governing physiological 

systems, the techniques of stimulation and lesion are often employed. These techniques have 

proved especially fruitful in the study of hippocampal 6 activity. By chemically or 

electrically stimulating given structures along the ABSS, one can observe the effects on 

hippocampal field and unit activity and draw conclusions regarding the behaviour, 

functionality, and connectivity of the entire system. Likewise, one can use chemical or 

physical methods to remove, block, or otherwise depress specific brain regions so as to 

observe the effects on ongoing hippocampal activity. Before going into greater detail 

regarding the use of these techniques in hippocampal 9 research, some further background 

information is first required. 

In the present study, and in most acute studies of hippocampal 9 in rats, urethane 

anaesthesia was used. This point is important because the type of anaesthetic used can have 

profound effects on the phenomena under investigation. Furthermore, one must be aware of 

the type of anaesthetic and species of animal used by other investigators, for these factors can 

make direct comparisons unwise. In the case of the urethane-anaesthetized rat, the type of 9 

recorded is termed "atropine-sensitive" since it is resistant to anaesthetics, but is blocked by 

anti-cholinergic drugs such as atropine sulfate (more on this in the pharmacology section). 

Under urethane anaesthesia, hippocampal field activity is observed to spontaneously shift 

between states of spontaneous 9 and LIA. These field states reflect particular levels of 

anaesthesia (the deeper an animal is anaesthetized, the less 9 is observed), but can also be 

greatly influenced by the techniques previously mentioned (i.e., stimulation, lesion, etc.). 

Perhaps the most commonly used method of swaying the field state in favour of 9 production 
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is sensory stimulation. This can be accomplished by simply stroking the animal's fur, 

blowing on the animal, or pinching the animal's tail (if applicable). Although sensory 

stimulation is one of the simplest and most direct methods of manipulating hippocampal 0 

activity, it lacks the power required to fully elucidate the mechanisms underlying 0. Thus, 

we turn to chemical, electrical, and other physical methods to investigate the ABSS. 

i) Deafferentation and Lesion 

a) Medial Septum 

Although a great deal of research regarding the ABSS and hippocampal 0 activity is 

surrounded by controversy, the crucial role played by the medial septum in the generation of 

hippocampal 0 is accepted de facto. This conclusion is based on findings dating as far back 

as 1958, when Mayer and Stiimpf demonstrated that a small medial lesion of the medial 

septum abolished hippocampal 0 bilaterally - a finding that has since been replicated on 

numerous occasions (Gray, 1971; Andersen, Bland, Myhrer, and Schwartzkroin, 1979; 

Sainsbury and Bland, 1981; Monmaur, 1982; Bland and Bland, 1986; Partlo and Sainsbury, 

1996). As well, Briicke, Petsche, Pillat, and Deisenhammer (1959) have shown that procaine 

(a local anaesthetic) injections into the medial septum temporarily abolish 0. The technique 

of using procaine, and other local anaesthetics, to temporarily inactivate a given cell group or 

structure is commonly referred to as 'reversible inactivation'. Evidence that procaine 

reversibly inactivates hippocampal field and unit activity has also been reported by Smythe, 

Christie, Colom, Lawson, and Bland (1991), Lawson and Bland (1993), Oddie, Stefanek, 

Kirk, and Bland (1996), Golebiewski, Eckersdorf, and Konopacki (1999), and also by 

Mizumori, Barnes, and McNaughton (1989) who, alternatively, used microinjections of 

lidocaine (also a local anaesthetic) to reversibly inactivate the medial septum. 
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Smythe, et al. (1991) used medial septum inactivation, via procaine, to investigate the 

control of hippocampal 0 activity and 0-on/0-off cell discharge characteristics. As expected, 

reversible blockade of the medial septum immediately abolished spontaneous and 

hypothalamically-elicited 0 (to be discussed in greater detail later in this document). 

Recovery of the frequency, amplitude, and power of hippocampal 0 field activity, in addition 

to the responses of 0-on and 0-off cells, were then monitored over the next 60 minutes. 

Hippocampal 0 frequency was found to exhibit a rapid recovery between 20 and 60 minutes 

post-procaine injection. In contrast, 0 amplitude and power exhibited a more gradual 

recovery between 20 and 60 minutes post-procaine. In terms of cellular discharge, 

hippocampal 0-on cell discharges were reduced to almost zero in most cases during the 

period of maximal septal suppression. The gradual recovery of 0-on cells to their pre-

procaine rates paralleled the recovery of 0 field amplitude and power, but not the recovery of 

8 frequency. In contrast, 0-off cells were observed to continue discharging at rates that were 

not significantly different from their pre-procaine levels accompanying LIA. These results 

provided further support for the authors' contention that the control of hippocampal 0-on cell 

discharges is mediated by excitatory cholinergic septo-hippocampal projections, whereas the 

control of hippocampal 0-off cell discharges is mediated by inhibitory GABAergic septo-

hippocampal projections. It was also suggested that the septal influence over 0-related cells 

is mediated in response to inputs ascending from the brainstem along the ABSS. 

Using anaesthetized cats, Golebiewski, et al. (1999) replicated many of the Smythe, et 

al. (1991) results regarding hippocampal 0 field recovery following reversible inactivation. 

Suppression of 0 amplitude and power lasted for 15 minutes following intraseptal procaine 
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injection, as had been expected; however, 0 frequency did not differ from pre-procaine levels 

at any point during the experiment. These results illustrate the importance of the medial 

septum in influencing the amplitude, rather than the frequency, of hippocampal 0 field 

activity. 

As previously discussed, a large number of anatomical studies have confirmed the 

existence of a projection from the medial septum to the hippocampus via fibres travelling in 

the fimbria and fornix. Efferents from the hippocampus have been shown to course 

reciprocally to the lateral septum and lateral vDBB via this pathway. Musing on the 

significance of these reciprocal septo-hippocampal connections, McLennan and Miller (1974, 

1976) suggested that feedback via the fimbria from the hippocampus activates a frequency-

gating mechanism in the lateral septal nucleus, which, in tum, controls medial septal activity. 

This theory predicts that interruption of the lateral septum will disrupt hippocampal 0 as 

effectively as will lesions of the medial septum itself. To test this prediction, Rawlins, 

Feldon, and Gray (1979) electrolytically lesioned the lateral septum and physically sectioned 

or removed the fimbria, respectively, to observe the effects on hippocampal 0. They found 

that fimbrial section failed to eliminate hippocampal 0 in any animal studied. Furthermore, 

dorso-lateral septal lesions, destroying the greater part of the site of termination of the 

hippocampo-septal output, also failed to eliminate hippocampal 0. Conversely, damage to 

cells of origin of the septo-hippocampal projection in the medial septum, or to their axons 

which travel to the hippocampus via the dorso-medial fornix invariably caused severe and 

often total disruption of hippocampal 0. These results were later confirmed by Bland and 
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Bland (1986). Thus, it appears that efferent hippocampal projections are not essential to the 

generation of 0, although it is unlikely that they exert no influence whatsoever. 

Vinogradova, Brazhnik, Karanov, and Zhadina (1980) similarly investigated the 

effects of various types of septo-hippocampal deafferentations, although they focussed 

primarily on the effects observed on septal neuronal activity. Following an electrolytic lesion 

of hippocampo-septal connections at the level of the septo-fimbrial nucleus, they observed no 

significant changes in the main characteristics of sensory responses of medial septal neurons. 

However, a significant effect was observed on the discharge patterns of lateral septal 

neurons. Following deafferentation, the mean level of spontaneous cell discharge within the 

lateral septum increased significantly, from 19.2 Hz pre-deafferentation, to 31.0 Hz post-

deafferentation. This finding suggested that the hippocampus may be responsible for 

projecting tonic inhibitory influences to lateral septal neurons. 

Vinogradova, et al. (1980) also investigated the effects of undercutting the medial 

septum on medial septal neuronal activity. Using an encephalotome (a needle, within which 

a horizontally-oriented knife resides), all basal connections of the septum (the MFB and other 

fibre systems) were interrupted. Following septal undercutting, the mean frequency of 

spontaneous cell discharge increased twofold in the medial septal nucleus, although the mean 

frequency of rhythmic bursting neurons was significantly lower. Based on this result, the 

authors suggested that afferent connections ascending to the medial septum via the M F B may 

exert a tonic inhibitory influence upon septal neuronal activity; however, they also cautioned 

that these afferent connections are highly heterogeneous in their origin and biochemical 

nature, making such results difficult to interpret. 
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Using freely moving rats, Kvirkvelia, Buzsaki, and Grastyan (1987) followed up on 

these findings to investigate the effect of septal undercutting on hippocampal 6 activity. 

Using an encephalotome, they cut all subcortical afferents to the septum, isolating the medial 

septal nucleus and vDBB. Large amplitude hippocampal 9 in the frequency range of 8 - 9 Hz 

was observed in all animals following septal undercutting. The most striking difference 

observed post-deafferentation was the absence of low frequency and irregular field activity. 

Based on these findings, the authors concluded that it is the irregular E E G state of the 

hippocampus which requires an intact brain stem, controlled presumably via inhibitory 

afferents. 

As an interesting aside, medial septal lesions in freely moving animals have been 

used to assess the contribution of the medial septum and hippocampus to learning and 

memory. Studies have demonstrated that hippocampal damage in humans results in a 

pervasive amnesia for ongoing events, as well as a deficit in spatial orientation (Scoville and 

Milner, 1957; Milner, Corkin, and Tueber, 1968). Given the close relationship that exists 

between the hippocampus and the medial septum, it is not surprising that researchers have 

sought to assess the role played by the septo-hippocampal system in learning and memory. 

Studying spatial memory in rats, Winson (1978) electrolytically lesioned the medial septum, 

thus eliminating hippocampal 0. He found that rats without 0 were no longer able to perform 

a learned spatial task, whereas rats with undisturbed 0 performed normally. More recent 

studies by Poucet and Buhot (1994) and Ridley, Baker, Harder, and Pearson (1996) found 

that septal inactivation or lesion, respectively, results in both reference and working memory 

deficits. A great deal more research exists on this controversial topic of hippocampal 

functionality. 
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Studies concerning deafferentation and lesion of other ABSS structures, though 

sparse, will be discussed in relation to the electrical and pharmacological stimulation of these 

regions. 

ii) Electrical Stimulation 

a) Medial Septum 

Electrical stimulation of the septal area dates back to studies conducted in the early 

1950's by researchers interested in the role of the septum in avoidance behaviour and 

emotionality (Isaacson, 1982). Kaada (1951) was one of the first to investigate the effects of 

septal stimulation, focussing primarily on its effect on the autonomic nervous system (ANS). 

He found that septal area stimulation generally produced inhibitory effects on the ANS in the 

anaesthetized animal. This finding was bolstered by a subsequent study by Brady and Nauta 

(1953), in which they suggested that the septal area acts as a "quieting system", as its surgical 

removal produced an extremely inactive animal. Similar results were also reported by 

Mogenson (1976). 

In 1954, Olds and Milner were the first to demonstrate that electrical stimulation of 

the septal area produced what appeared to be rewarding effects in rats. It was at this same 

time that Green and Arduini's (1954) paper describing hippocampal 0 was published. 

Although not directly stated, Green and Arduini (1954) implied that apparent hippocampal 0 

could be elicited by electrical stimulation of not only the RF, intralaminar thalamic nuclei, 

ventral thalamus, lateral and medial geniculate body, but also the septum. These apparent 

findings were further attributed to Green and Arduini (1954) by Green, et al. (1960) and 

Petsche and Stiimpf (1960). 
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It appears that Briicke, et al. (1959) were the first authors to specifically investigate 

the effects of septal stimulation on hippocampal rhythmical activity. They found that during 

stimulation of the septum at high frequencies (100 Hz), regular hippocampal activity was 

blocked and replaced by an irregular activity of high frequency. Conversely, they also 

demonstrated that stimulation of the medial septum with low frequencies (beginning at 4 Hz) 

provoked activity within the hippocampus which resembled regular arousal activity (0) both 

as to the form and amplitude, and also as to the topographic distribution of waves. 

Moreover, they reported that low frequency septal stimulation (up to a frequency of about 30 

Hz) evoked hippocampal potentials which were similar in every respect to natural 0 rhythms 

observed at frequencies of about 6 Hz. The veracity of this last statement will be scrutinized 

experimentally in this thesis. 

Further support for the findings reported by Briicke, et al. (1959) came from Stiimpf 

(1965a). He found that high frequency septal stimulation, especially at higher intensities, 

produced pronounced desynchronization of the hippocampal EEG. This finding was also 

reported by Ball and Gray (1971) in their study on septal self-stimulation. They were able to 

'drive' the hippocampal 0 rhythm by medial septal stimulation at frequencies in the 0 range 

(6 - 10 Hz in the rat) and to block the 0 rhythm by septal stimulation at higher frequencies 

(75 - 200 Hz). Similar findings were also been reported by Wishart, Bland, Vanderwolf, and 

Altman (1973). 

Collectively, these findings provide strong support for two conclusions: (1) low 

frequency stimulation in the range of 4 - 10 Hz elicits hippocampal 0-like rhythmical 

activity, which, at least to the naked eye, appears to be similar in every respect to naturally 

occurring 0; and (2) high frequency stimulation (above 75 Hz) of the septum acts to block 
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ongoing hippocampal 8, replacing it with desynchronized, high frequency activity. 

Furthermore, it seems that septal stimulation is unique in that the frequency of the activity 

elicited in the hippocampus via such stimulation corresponds directly to the frequency of the 

stimulation pulse applied (Kramis and Routtenberg, 1977). So, for example, a 7 Hz 

stimulation pulse applied to the medial septum elicits hippocampal rhythmical activity of 7 

Hz, 5 Hz septal stimulation elicits 5 Hz hippocampal activity, and so on. As will be 

discussed in more detail in subsequent sections, this is a unique characteristic among 

structures of the ABSS. 

As was alluded to previously, one of the main objectives of this thesis is to ascertain 

the nature of hippocampal field activity elicited via stimulation of the medial septum. As 

such, rather than repeatedly referring to this elicited activity as 8, or 6-like activity (which 

may, or may not, actually be the case), I have elected to refer to this activity as septally-

elicited slow wave hippocampal activity (SESWHA). 

A series of studies conducted in the 1970's by Gray and McNaughton made extensive 

use of the aforementioned characteristics of septal stimulation (which they term 'septal 

driving'). Their focus, however, was not so much on the mechanisms underlying septal 

driving, but rather on the use of septal driving as a tool to distinguish between anti-anxiety 

drugs (anxiolytics) in an effort to determine how these drugs influenced behaviour. They 

hypothesized that minor tranquilizers, among other classes of drugs, influenced behaviour by 

altering septal control of hippocampal 8, specifically at a middle frequency band centred on 

7.7 Hz (McNaughton, et al., 1977). This hypothesis was based on the premise that the 

mechanisms underlying the action of anxiolytic drugs can indicate at least part of the 

neurology of anxiety (Gray and McNaughton, 2000). Numerous studies were conducted to 
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test variants of this hypothesis (Valero, Stewart, McNaughton, and Gray, 1977; Drewett, et 

al., 1977; James, McNaughton, Rawlins, Feldon, and Gray, 1977; Mellanby, Gray, Quintero, 

Holt, and McNaughton, 1981; Azmitia, McNaughton, Tsaltas, Fillenz, and Gray, 1984; 

Quintero, et al., 1985; Zhu and McNaughton, 1994; Williams and Gray, 1996; Snape, 

Grigoryan, Sinden, and Gray, 1996), enabled entirely by the investigators' ability to induce 

frequency-specific SESWHA. 

In a classic paper published in 1969, Vanderwolf correlated hippocampal 0 with 

observable behaviour in rats. He was able to demonstrate high positive correlations between 

hippocampal 0 and what he termed type I behaviours (e.g., walking, rearing, running, 

swimming, head and limb movements), and between hippocampal desynchrony (LIA) and 

so-called type II behaviours (e.g., immobility and small movements associated with eating, 

drinking, and grooming). Similar findings have since been reported by numerous other 

authors (Bland and Vanderwolf, 1972; O'Keefe and Dostrovsky, 1971; Winson, 1974). 

Based on these findings, Vanderwolf proposed that 0 activity is the electrical sign of activity 

in a forebrain mechanism which organizes or initiates voluntary motor acts. 

Through the use of septal stimulation, Kramis and Routtenberg (1977) set out to 

examine the positive correlations observed between specific behaviours and specific E E G 

patterns in the hippocampus; however, they decided to reverse the paradigm normally used to 

investigate hippocampo-behavioural relations. Rather than manipulating behaviour in order 

to examine E E G patterns, they stimulated the septum so as to generate frequency-specific 

SESWHA in order to observe possible pattern-specific effects upon behaviour. What they 

found was that SESWHA did not affect ongoing behaviour, even though the elicited patterns 

were atypical for the concurrent behaviour. Septal stimulation was found to be associated 
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with either of two primary behavioural effects: (1) septal stimulation produced no 

behavioural effect even though stimulation drastically altered the hippocampal patterns 

normally present during specific behaviours. Thus, eating, drinking, grooming, and 

immobility, each normally associated with desynchronous hippocampal E E G patterns, were 

neither prevented nor disrupted during SESWHA; or (2) septal stimulation consistently 

interrupted all four aforementioned behaviours; however, the specific E E G pattern produced 

in the hippocampus was unimportant to the behavioural effect elicited by the stimulus. These 

results differ from those which might be expected in view of the very high positive 

correlations demonstrated for the occurrence of specific hippocampal patterns during specific 

types of behaviour. Two potential conclusions, out of a plethora of many, to be drawn from 

these results are that: (1) the hippocampo43ehavioural correlational studies carried out by 

Vanderwolf and others are in some manner flawed, and that such correlations between the 

hippocampal EEG and behaviour are without basis; or (2) SESWHA is in some manner 

dissimilar to naturally occurring hippocampal 9 activity, hence the dissociation of the 

hippocampal E E G from its behavioural correlates observed by Kramis and Routtenberg 

(1977). 

As alluded to previously, several investigations (Kramis, Vanderwolf, and Bland, 

1975; Robinson, Kramis, and Vanderwolf, 1977; Robinson and Vanderwolf, 1978) have 

indicated that hippocampal 9 of two types is apparently differentiable by pharmacological 

and behavioural criteria. One type, labelled atropine-resistant 9, is relatively unaffected by 

atropine sulfate (a cholinergic antagonist) and occurs in normally behaving animals during 

type I behaviours (discussed previously). In contrast, a second type of 9 termed atropine-

sensitive, is abolished by atropine sulfate and is observed during immobility (type II 
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behaviours). Based on the knowledge that septal stimulation elicits synchronous 

hippocampal waveforms, Kramis and Vanderwolf (1980) set out to determine if SESWHA 

could be characterized according to the criteria used to define atropine-resistant and atropine-

sensitive 6. They found that the elicited waves mimicked normal 0 not only 

morphologically, but also in that they responded to atropine and to urethane in specific 

behavioural situations in the same manner as does normally occurring 8. Thus, two types of 

elicited waves were differentiable by the same criteria used previously to define two types of 

0. Although these results are suggestive of a high degree of commonality between SESWHA 

and naturally occurring hippocampal 6, the authors cautioned that mere electrographic 

similarity to 9 is not sufficient to allow generalization between SESWHA and spontaneously-

generated 9. On the other hand, the high degree of electrographic and pharmacological 

similarity between normal 9 and SESWHA indicated that further use of septal stimulation 

was warranted in the investigation of hippocampal function. 

It has been suggested that 9-patterned septal stimulation probably produces 

synchronous activation of septo-hippocampal projections, fibres of passage, and 

hippocampo-septal projections, and that SESWHA likely represents the sum of a variety of 

rhythmically evoked hippocampal potentials that resemble 9, rather than being homologous 

to actual 9 (Stewart and Fox, 1990). Although previous findings have suggested that on 

several grounds SESWHA is not dissimilar from normal 9, no formal studies have been 

conducted to specifically examine the relationship between these two EEG patterns; 

however, preliminary results reported recently by Kirk, Oddie, McNaughton, and Bland 

(1995) have suggested that, at least in the urethane-anaesthetized rat, SESWHA appears to be 
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generated principally as the result of the activation of septal projections normally active 

during spontaneous and reticularly-elicited 6 (to be discussed subsequently). Depth profile 

analyses demonstrated that spontaneous, reticularly-elicited, and septally-elicited 

hippocampal rhythmical activity all reversed in phase about an amplitude null zone in the 

stratum radiatum. Furthermore, CSD (current source density) analyses comparing all three 

forms of activity revealed predominant rhythmic sink-source pairs in the stratum oriens, 

stratum radiatum, and stratum lacunosum-molecular of field CA1, and at, or just below the 

fissure in the stratum moleculare of the DG. Similar types of analyses will be conducted in 

Experiment I of this thesis to more closely examine the likeness of SESWHA to naturally 

occurring 0. 

One of the least studied phenomena related to septal stimulation concerns its effects 

on single unit activity within the hippocampus. Only a handful of studies have been 

published which deal in any way with the effects of septal stimulation on hippocampal 

neuronal activity. Two early studies by Andersen, Bruland, and Kaada (1960, 1961) were 

conducted to investigate the existence of a septo-hippocampal projection. They managed to 

successfully record evoked potentials from CA1 and D G neurons, respectively, by 

stimulation of the medial septum, thus demonstrating the existence of a true septo-

hippocampal pathway. A similar study conducted by DeFrance, Stanley, Marchand, and 

Chronister (1978) found that CA1 pyramidal cells responded maximally to potentiation of the 

medial septum in the frequency range of 6 - 8 Hz. 

More germane to this thesis is a study conducted by Vinogradova, Brazhnik, 

Stafekhina, and Kitchigina (1993). Their study focussed primarily on the pharmacological 

properties of the septo-hippocampal projection, but, fortunately, also included recordings of 
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single hippocampal neurons in a control state, prior to pharmacological intervention, but 

following (or during - unfortunately, it is not clear) septal stimulation. Their primary finding 

was that 38% of hippocampal neurons responded to septal stimulation by prolonged 

excitation, whereas the activity of 54% of hippocampal neurons was immediately suppressed. 

In cells with 0 modulation, low frequency septal stimulation resulted in an inhibitory phase 

reset and synchronization of 0 cycles. Stimulation of the septum at frequencies outside the 0 

range (usually above 9 Hz) resulted in disorganization of responses. 

Vinogradova, et al. (1993) also tested the effects of septal stimulation following 

undercutting of the septum. Stimulation in these conditions allows one to observe the effects 

of medial septal stimulation on hippocampal neurons without the involvement of the 

ascending pathways. Neurons of the medial septum were shown to have survived after 

elimination of M F B afferents, and retained their normal activity. Stimulation of the medial 

septum was highly effective and demonstrated that the primary influence of septal 

stimulation on hippocampal neurons was inhibitory. Following septal stimulation, 90% of 

hippocampal neurons were inhibited, whereas only 10% of cells responded with excitation. 

The results reported by Vinogradova, et al. serve as a useful starting point in the 

investigation of hippocampal neuronal responses elicited by septal stimulation. It should be 

noted, however, that the experiments reported by Vinogradova, et al. (1993) were performed 

in chronic, alert Chincilla rabbits, mildly restricted in movements. Experiment II of this 

thesis will extend the investigation performed by Vinogradova, et al. utilizing the urethane-

anaesthetized rat. 
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Collectively, these results strongly support the notion that the medial septum is a 

critical nodal point in the ABSS. Hypotheses regarding the nature of SESWHA and its 

likeness to naturally occurring hippocampal 6 will be further investigated later in this thesis. 

b) PH-SUM Complex 

High frequency trains of stimulation applied to the PH have been found to elicit 

rhythmical hippocampal field activity (Green and Arduini, 1954; Bland and Vanderwolf, 

1972; Kramis and Vanderwolf, 1980: Scarlett and Bland, 1997). This form of stimulation 

differs from that applied to the medial septum in that, as stated, the frequency of stimulation 

is high (typically in the range of 100 Hz), and the frequency of the elicited hippocampal 

waveform is dependent not on the frequency of the stimulus, but rather on its intensity. So, 

increasing intensities of PH stimulation elicit increasing frequencies of hippocampal 

rhythmical activity. Thus, it appears that, at some point along the ABSS, high frequency 

afferent information is transformed into 0-frequency activity for transmission to the 

hippocampus (Rawlins, 1984). As discussed previously, the S U M and medial septum have 

been implicated in this role. 

The relationship between stimulation of the medial septum and PH was investigated 

in a preliminary study by Scarlett and Bland (1997). The PH and medial septum were 

stimulated electrically, both independently and simultaneously, with appropriate parameters 

to elicit hippocampal rhythmical activity. The study demonstrated that independent 

stimulation of the medial septum or the PH resulted in rhythmical hippocampal field activity 

that corresponded to either the frequency, in the case of the medial septum, or the intensity of 

stimulation in the case of the PH. When the medial septum and PH were stimulated 

simultaneously, however, the frequency of the stimulus-elicited hippocampal field activity 
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was found to match the frequency of the stimulus applied to the medial septum, regardless of 

the intensity of stimulus applied to the PH. Furthermore, the addition of medial septal 

stimulation during PH stimulation was found to increase the amplitude of the stimulation-

elicited hippocampal activity. These results support suggestions that the frequency 

component of hippocampal 9 field activity is determined by the level of activation of the 

ABSS, originating in the brainstem, and also that the medial septum plays a role in 

determining the amplitude component of hippocampal 9 field activity. 

In contrast to the dissociation of the hippocampal EEG from its behavioural correlates 

observed via electrical stimulation of the septum (Kramis and Routtenberg, 1977), Bland and 

Vanderwolf (1972) have shown that electrical stimulation of the PH is associated with type I 

behaviours such as rearing, walking, running, and jumping. Furthermore, they demonstrated 

that increasing intensities of electrical stimulation produced increasing intensities of type I 

behaviours. For example, PH stimulation applied to a rat placed in a running wheel has been 

shown to result in increased running speeds as the intensity of the PH stimulation is 

increased. As well, Oddie, et al. (1996) found that the intraseptal injection of procaine 

during electrical stimulation of the PH abolished wheel running behaviour and hippocampal 

9 activity. However, by 69 minutes after procaine administration, PH-elicited hippocampal 9 

and wheel running speeds were observed to return to their baseline values. 

The importance of the PH-SUM complex in the generation of hippocampal 9 has 

been further demonstrated by Gottesmann (1992), who found that midhypothalamic 

transections in rats abolished hippocampal 9 activity. Using the technique of reversible 

inactivation of the PH-SUM via procaine, Oddie, Bland, Colom and Vertes (1994) further 

confirmed this finding. They demonstrated that following inactivation of the PH, all attempts 
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to induce hippocampal 6 caudal to the PH (i.e., sensory-induced 6 and 9 elicited via electrical 

stimulation of the brainstem) were ineffective. Hippocampal 9 activity was absent for a 

minimum 19 minute period. However, attempts to induce hippocampal 9 rostral to the PH 

via pharmacological interventions at the level of the medial septum were successful, although 

the resultant amplitude of such activity was reduced (frequency was unaffected). 

Regarding the response characteristics of 9-related cells to PH stimulation, Colom, 

Ford, and Bland (1987) demonstrated that hippocampal 9-on cells are activated by PH 

stimulation, whereas septal 9-off cells are inactivated by such stimulation. Similar findings 

were reported by Bland, Colom, and Ford (1990), who also reported that septal 9-on cells are 

activated by PH stimulation, whereas septal 9-off cells are inactivated by the same 

stimulation. 

c) Brainstem 

Based on electrical stimulation studies, the origin of the ABSS has been localized to 

the brainstem nuclei, specifically the RPO (Macadar, Chalupa, and Lindsley, 1974; Paiva, 

Lopes Da Silva, and Mollevanger, 1976; Vertes, 1989, 1981, 1982, 1986, 1988). 

Furthermore, a desynchronizing system has been demonstrated whose origins lie in the MR 

of the brainstem. High frequency (199 Hz) electrical stimulation of these regions produces 

hippocampal synchrony or desynchrony, respectively. 

The effect of electrical stimulation of the RPO on 9-related cellular activity in the 

medial septum was investigated recently by Bland, Oddie, Colom, and Vertes (1994). They 

found that such stimulation resulted in the intense activation of phasic and tonic 9-on cells in 

the medial septum, in addition to eliciting 9 field activity in the hippocampus. In a 
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subsequent study carried out by Kirk, Oddie, Konopacki, and Bland (1996), the effects of 

electrical stimulation of the RPO on PH, SUM, and M M cellular activity was examined. The 

authors found that upon RPO stimulation, PH cells increased their tonic discharge rate, while 

cells of the S U M and M M did not change their discharge rates, but did alter their discharge 

patterns to a rhythmically bursting pattern characteristic of phasic 0-on cells. To date no 

studies have been conducted to investigate the effects of electrical stimulation of the 

brainstem on 0-related cells in the hippocampus. 

Relatively few studies have examined the effects of brainstem lesions on the 

hippocampal EEG. Those that have been conducted have been difficult to interpret given the 

diffuse organization of the brainstem, in addition to the close proximity of both 

synchronizing and desynchronizing origins. Generally speaking though, lesions of the 

brainstem have been shown to result in a chronic reduction in 0 frequency and alterations in 

patterns of both hippocampal synchronization and desynchronization (Vertes, 1982). 

Focussing specifically on the MR, Vinogradova, Kitchigina, Kudina, and Zenchenko (1999) 

recently reversibly inactivated the M R with lidocaine and observed the appearance of 

persistent hippocampal 0 activity. These results were taken to indicate that the MR exerts a 

tonic inhibitory influence on hippocampal neurons, 

ii) Pharmacology 

a) Hippocampal Field Activity 

Using acetylcholine esterase (AChE - an enzyme associated with the degradation of 

acetylcholine) staining, Shute and Lewis (1963, 1967) and Lewis and Shute (1967) 

demonstrated that the hippocampus was rich in AChE. Thus, it is hardly surprising that 
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hippocampal 9 activity has been shown to be mediated to a great degree by acetylcholine 

(ACh) (Bland, 1986). 

As discussed previously, pharmacologically, hippocampal 9 activity can be 

subdivided into two distinct classes: type I 9 (atropine-resistant) and type II 9 (atropine-

sensitive). Kramis, et al. (1975) demonstrated in rats and rabbits that type II 9 was abolished 

by injections of atropine sulphate, whereas type I 9 was unaffected by atropine. Thus, type II 

9 has been shown to be mediated by A C H , specifically by muscarinic receptors. Muscarinic 

antagonists, such as atropine sulphate and scopolamine, have been shown to abolish type II 9, 

whereas agonists, such as carbachol, eserine, and physostigmine, elicit type II 9 (Rowntree 

and Bland, 1986). 

Since type I 9 is apparently sensitive to urethane anaesthesia, when recording from 

the urethane-anaesthetized rat it is generally assumed that only type II 9 is apparent; 

however, Bland and Colom (1993) have noted that hippocampal 6 generated under urethane 

anaesthesia may also include type I components. In fact, Stewart and Fox (1989a) have 

demonstrated that a small atropine-resistant (type I) component of 9 is detectable in urethane-

anaesthetized rats treated with atropine. Others have suggested that type II 9 is also 

dependent on the coactivation of septal cholinergic and GABAergic projections (to be 

discussed subsequently) (Smythe, Christie, et al., 1991; Smythe, Colom, and Bland, 1992). 

Research regarding the pharmacological nature of type I 9 has suggested its 

mediation by y-Aminobutyric acid (GABA) (Stewart and Fox, 1989b) and 5HT (serotonin) 

(Vanderwolf and Cain, 1994). 
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b) Hippocampal Cell Activity 

The cholinergic sensitivity of CA1 pyramidal and D G granule cells was investigated 

by Bland, Kostopoulos, and Phillis (1974) via the microiontophoretic application of ACh in 

the hippocampus of the anaesthetized rabbit. They found that, following the application of 

ACh, the vast majority of dentate granule cells (92%) were excited and a smaller proportion 

(36%) of CA1 pyramidal neurons were also excited. Confirming the cholinergic modulation 

of D G granule cells, Frotscher and Leranth (1986), using an antibody for choline 

acetyltransferase (ChAT - an ACh synthesizing enzyme), demonstrated that, with the 

exception of the axon, all parts of DG granule cells synapse with ChAT-immunoreactive 

fibres. 

Focussing strictly on CA1 neurons within the hippocampus of the urethane-

anaesthetized rat, Segal (1978) extended the findings of Bland, et al. (1974) and found that 

the majority of bursting-type cells (97%) were excited by the application of ACh. He also 

noted that about half of CA1 cells were depressed by the application of nicotine (a nicotinic 

cholinergic agonist). 

In 1988, Bland and Colom demonstrated that the administration of cholinergic 

agonists, such as carbachol and eserine, not only elicited hippocampal 0 field activity, but 

also activated hippocampal phasic and tonic 9-on cells. The subsequent administration of a 

cholinergic antagonist, such as atropine sulfate, abolished both hippocampal 9 field activity 

and accompanying cellular activation. In addition, the administration of nicotine was found 

to temporarily synchronize hippocampal field activity, but suppress both tonic and phasic 9-

on cell activity. 
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Bland and Colom (1989) next decided to investigate the cholinergic modulation of 

hippocampal 6-off cells. They found that eserine produced a reduction in the discharge rate 

of phasic 0-off cells, and totally abolished tonic 0-off cell discharge. The subsequent 

administration of atropine abolished all 0 field activity previously elicited by eserine, sensory 

stimulation, or PH stimulation. As well, sensory and PH stimulation produced a reduction in 

the discharge rates of both types of 0-off cells in the presence of atropine. Thus, it appeared 

that 0-off cells were associated with ongoing cholinergically elicited field activity, but were 

still inhibited by ascending inputs in the absence of cholinergically-induced 0 field activity. 

The authors suggested that while hippocampal 0-off cells are involved in 0 circuitry, they 

appear to not be directly mediated by cholinergic synapses. Support for this notion has been 

provided in the form of models of 0 generation proposed by Bland (2000). 

c) Medial Septum 

The cholinergic nature of the septo-hippocampal projection has received strong 

support (see Dutar, et al., 1995; Horntagl and Hellweg, 1997). Lesions of the septum have 

been shown to result in a loss of AChE staining in the hippocampus and decreases in 

hippocampal ChAT activity (Lewis and Shute, 1967; Lewis, Shute, and Silver, 1967; 

Mellgren and Srebro, 1973; Sethy, Kuhar, Roth, Van Woert, and Aghajanian, 1973; Alonso, 

Sang U, and Amaral, 1996). Such effects have also been observed in the EC following 

lesions to the medial septum (Mitchell, Rawlins, Steward, and Olton, 1982). Numerous other 

studies have also demonstrated the cholinergic innervation of hippocampal neurons via the 

septo-hippocampal projection (Kimura, McGeer, Peng, and McGeer, 1980; Frotscher and 

Leranth, 1985; Stewart and Vanderwolf, 1987; Monmaur, Ayadi, and Breton, 1993; 
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Heimrich and Frotscher, 1993; Walsh, Herzog, Gandhi, Stackman, and Wiley, 1996; Potter, 

Gaughan, and Assouline, 1999). 

Regarding the nature of the role played by ACh within the hippocampus, Dudar 

(1975) has demonstrated that stimulation of the medial septum causes the release of ACh in 

the dorsal hippocampus. Stimulation of the lateral septum and of the contralateral 

hippocampus were without effect. Dudar, Whishaw, and Szerb (1979) have also reported 

increases in hippocampal ACh release during sensory stimulation. The subsequent 

administration of atropine was found to block this effect, again suggesting the muscarinic 

mediation of the septo-hippocampal projection. Similar findings were also reported by Cao, 

Inanami, Sato, and Sato (1989). Interestingly, the intraseptal administration of amyloid P-

peptides (the precursors to amyloid plaques which are a characteristic feature of Alzheimer's 

disease) has been shown to decrease ACh release within the hippocampus (Abe, Casamenti, 

Giovanelli, Scali, and Pepeu, 1994). 

In a more recent study, Monmaur, Collet, Puma, Frankel-Kohn, and Sharif (1997) 

reported increased ACh outflow in the dorsal hippocampus with increased amplitudes of 

hippocampal 6. Frequency and duration of 0 were not significantly correlated with dorsal 

hippocampal ACh release. These findings support the view that, at least in the dorsal 

hippocampus of the urethane-anaesthetized rat, the septo-hippocampal cholinergic projection 

is more important in the regulation of 0 amplitude than 9 frequency. 

Krnjevic and Ropert (1981) recorded field responses of CA1 hippocampal pyramidal 

cells evoked by medial septal stimulation. They found this effect to be potentiated by the 

local administration of ACh, and subsequently observed a sharp reduction of this effect 
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following injections of atropine. Similar findings were later reported by Rovira, Ben-Ari, 

and Cherubini (1983). 

The medial septum not only provides much of the cholinergic innervation to the 

hippocampus but many medial septal cells are also cholinoceptive. Monmaur and Breton 

(1991), using the freely moving rat, have demonstrated that the intraseptal microinfusion of 

carbachol elicits hippocampal 6. This activity is accompanied by immobility behaviour, 

which is typically an automatic LIA-related behaviour. Subsequent intraseptal injection of 

atropine abolishes 9 accompanying immobility, but not 9 accompanying voluntary 

movement (atropine-resistant 9). Lawson and Bland (1993) corroborated the findings of 

Monmaur and Breton (1991), and further evaluated the effect of septal inactivation in freely 

moving rats. Procaine inactivation of the septum abolished both types of hippocampal 9 field 

activity. They also found that during the recovery period following septal inactivation, 9 

frequency recovered rapidly compared to the slower recovery of amplitude. This was 

precisely what Smythe, et al. (1991) had reported following septal inactivation in the 

urethane-anaesthetized rat. 

In addition to the prominent septo-hippocampal cholinergic projection, and the large 

population of cholinergic septal neurons involved in the generation and modulation of 

hippocampal 9 activity, a great deal of evidence has been accumulating which suggests that 

previously unidentified, non-cholinergic septo-hippocampal fibre connections and septal 

neurons exist which also play an important role in the maintenance of 9. Many have pointed 

to G A B A as the unidentified non-cholinergic agent which is important in the mediation of 

hippocampal 9 activity. 
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Early evidence that the septo-hippocampal projection is not entirely cholinergic in 

nature was provided by Baisden, Woodruff, and Hoover (1984). They sought to determine 

the actual percentages of cholinergic and non-cholinergic neurons in the medial septum 

which project to the hippocampus. Using HRP and AChE histochemistry, they found that 

less than 50% of the neurons in the medial septum were labelled as cholinergic. Using the 

technique of ChAT immunoreactivity, Wainer, Levey, Rye, Mesulam, and Mufson (1985) 

reported nearly identical findings. These data strongly suggested that much of the septo-

hippocampal projection was not cholinergic. 

To investigate the possibility that G A B A mediated part of the non-cholinergic septo-

hippocampal projection, Allen and Crawford (1984) injected muscimol (a G A B A agonist) 

into the medial septum and observed its effect on the hippocampal EEG. Muscimol 

injections resulted in low amplitude, asynchronous hippocampal field activity, thus 

implicating G A B A as a mediator of hippocampal 0. 

To confirm the location of GABAergic neurons within the septal area, an 

immunohistochemical study using antisera against L-glutamate decarboxylase (GAD - the 

synthesizing enzyme of G A B A ) was conducted by Panula, Revuelta, Cheney, and Costa 

(1984). They found GAD-immunoreactive neurons present in the medial septal nucleus and 

vDBB distributed in a manner similar to cholinergic neurons. Intense immunoreactivity was 

observed in neurons of the lateral septum and in the septo-fimbrial nuclei. A number of other 

authors subsequently provided evidence corroborating these findings (Amaral and Kurz, 

1985; Onteniente, Tago, Kimura, and Maeda, 1986; Brashear, Zaborszky, and Heimer, 1986; 

Leranth and Frotscher, 1989). These results provided direct morphological evidence for the 

presence of neurons capable of synthesizing G A B A in the medial septum. 



Schwerdtfeger (1986) and Freund and Antal (1988) have shown that G A B A -

containing afferents originating in the medial septum innervate most of the G A B A -

containing interneurons in the hippocampus. Activation of these neurons in the medial 

septum likely leads to disinhibition of principal neurons in the hippocampus and so this 

pathway is probably crucial in the induction of hippocampal 6 field activity. This theory has 

recently been reiterated by Toth, Freund, and Miles (1997) who, based on recent findings, 

have suggested that GABAergic septo-hippocampal afferents selectively inhibit hippocampal 

inhibitory cells and so disinhibit pyramidal cells. This disinhibition could clearly contribute 

to the transmission of the 0 rhythm from the medial septum to the hippocampus. 

Investigating GABAergic efferents leaving the hippocampus, Toth, Borhegyi, and 

Freund (1993) have demonstrated the existence of a direct hippocampal projection to the 

medial septum arising from GABAergic nonpyramidal cells, which they suggest may control 

the activity of septal projection neurons as a function of hippocampal synchrony. 

Research was carried out by Bland, Trepel, Oddie, and Kirk (1996) to further 

investigate the role of the septo-hippocampal GABAergic projection. They examined the 

effect of infusing muscimol into the medial septum of urethane-anaesthetized rats. They 

found that increasing concentrations of muscimol decreased the amplitude of hippocampal 0 

(elicited via electrical stimulation of the PH) until 0 field activity was eventually abolished. 

Hippocampal 0-related cells showed a corresponding decrease in their discharge rates; 

however, the frequency of 0, nor the phase relationship of phasic 0-on cells, changed 

following the infusion. These data support the conclusion that the medial septum influences 

primarily the amplitude of hippocampal field activity as opposed to pacing the frequency of 

the hippocampal 0 rhythm. 
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With respect to the pharmacological properties associated with the EEG of medial 

septal neurons, Petsche, et al. (1962) reported that they were activated by the intravenous 

administration of eserine. Lamour, Dutar, and Jobert (1984) have also reported that the vast 

majority of medial septal neurons are excited by the application of ACh or cholinergic 

agonists, carbachol being the most effective. Such ACh-induced excitations are also readily 

abolished by atropine and scopolamine (Brazhnik and Vinogradova, 1986; Brazhnik and 

Vinogradova, 1987). Studying this phenomenon in greater detail, Stewart and Fox (1989b) 

demonstrated the existence of two populations of rhythmically bursting neurons in the medial 

septum. Of the rhythmically bursting cells recorded, 67% continued to burst at 6 field 

frequencies following the administration of intravenous atropine; the remaining 33% of the 

cells lost their rhythmic discharge pattern which accompanied the loss of hippocampal 0 field 

activity. Colom and Bland (1991) have found similar results following systemic 

administration of atropine in urethane-anaesthetized rats. Seventy-one percent of phasic G 

cells recorded in the medial septum continued to discharge rhythmically, while the remaining 

28% discharged irregularly following atropine. These data suggest that rhythmic cells of the 

medial septum are composed of at least two distinct types, and that both may contribute to 

the production of 6 in the hippocampus. 

d) PH-SUM Complex 

In a recent study examining the chemoarchitecture of the PH area, Abrahamson and 

Moore (2001) found that the majority of PH neurons contain glutamate. Hypocretin, melanin 

concentrating hormone, tyrosine hydroxylase, neuropeptide Y , serotonin, and G A B A were 

also found in subsets of PH neurons. 
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There are surprisingly few studies dealing specifically with pharmacological 

manipulations of the PH-SUM complex. In 1994, Bland, Oddie, Colom, and Vertes 

demonstrated that the microinfusion of carbachol into the PH elicited continuous trains of 

hippocampal 0, and also resulted in the activation of 0-on cells in the medial septum. Oddie, 

et al. (1994) have also reported the elicitation of hippocampal 0 via the infusion of carbachol 

into the PH. 

e) Brainstem 

Mapping studies of the brainstem, using microinjections of carbachol, have revealed 

that both the RPO, the putative brainstem source for the generation of hippocampal 0, and the 

PPT are cholinergically-mediated and likely provide cholinergic afferents important in the 

generation of hippocampal 0 (Vertes, Colom, Fortin, and Bland, 1993; Vertes, et al., 1995). 

Furthermore, infusion of carbachol into this region results in intense activation of phasic and 

tonic 0-on cells in the medial septum (Bland, et al., 1994). 

The MR, thought to exert a strongly desynchronizing influence on the hippocampal 

EEG, is known to receive pronounced excitatory amino acid (EAA)-containing afferents. 

Kinney, Kocsis, and Vertes (1994) have demonstrated that injections of E A A antagonists into 

the M R results in the elicitation of hippocampal 0 activity in the urethane-anaesthetized rat. 

Thus, E A A afferents to the M R appear to play an important modulatory role in the M R 

control of the hippocampal EEG. 

V. Objectives and Hypotheses 

The primary objective of this thesis is to determine the likeness of spontaneously-

generated hippocampal neuronal activity to that generated via stimulation of the medial 

septum. As described previously, many studies have utilized the technique of medial septal 
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stimulation, but none have been conducted to compare the activity generated by such 

stimulation (SESWHA) to naturally occurring hippocampal EEG activity. Although the high 

degree of electrographic similarity between spontaneously-generated 9 and SESWHA 

suggests a common mechanism of generation, this may not be the case. As Stewart and Fox 

(1999) have suggested, 9-patterned septal stimulation may simply represent the synchronous 

activation of septo-hippocampal projections, fibres of passage, and hippocampo-septal 

projections, and, as such, may not be representative of naturally occurring hippocampal 9 

activity. 

In an effort to compare spontaneously-generated 9 with SESWHA, two experiments 

will be performed. The first experiment will compare hippocampal field activity generated 

spontaneously with activity generated by stimulation of the medial septum. Amplitude and 

phase profile analyses will be utilized to enable such comparisons. A great degree of 

similarity between these profiles would indicate that SESWHA is representative of 

spontaneously-generated 0. Based on preliminary findings reported by Kirk, et al. (1995), it 

is hypothesized that amplitude, phase, and frequency profiles comparing spontaneously-

generated 9 with SESWHA will exhibit a great degree of similarity, thus indicating that both 

forms of activity are, at least homologous, and perhaps identical in nature. 

The focus of Experiment II is on single unit activity recorded from the hippocampus. 

Attempts will be made to compare the activity of single hippocampal 9-related cells recorded 

under spontaneous conditions with their activity during stimulation of the medial septum; 

the rationale being that if SESWHA is indeed identical in nature to spontaneously-generated 

hippocampal activity, then single cells recorded during septal stimulation should behave as 
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they do under spontaneous 9 conditions. Auto- and cross-correlation analyses will be 

performed to enable such comparisons. 

Given that only one study has reported on the effects of septal stimulation on 

hippocampal neuronal activity (Vinogradova, et al., 1993), there is little foundation upon 

which to base a hypothesis for Experiment II. Vinogradova, et al. did, however, report that 

the primary effect of septal stimulation was to inhibit hippocampal cell responses, but since 

their cells were not classified according to the Colom and Bland (1987) 9-related cell 

classification system, it is difficult to know the types of cells from which they were 

recording. As such, the hypothesis for this experiment will be based on the preliminary 

findings reported for the field comparisons of SESWHA which suggest a common form of 

activity. Thus, it is hypothesized that 9-related cells recorded from the hippocampus during 

SESWHA will react in much the same way as they do under spontaneous conditions. 

The successful completion of these experiments will contribute to our understanding 

of the mechanisms underlying hippocampal 9 generation and modulation, and will provide 

support for, or against, the use of medial septal stimulation as a valid experimental technique. 



GENERAL METHODS 

Subjects 

The data collected in this study were obtained from ninety-four naive, male, Long-

Evans strain rats, weighing between 300 and 500g. The animals were supplied by the 

Animal Care Services facility at the University of Calgary where they were bred and reared. 

Rats were housed individually in clear polycarbonate cages with ad libitum access to water 

and food (Purina rat chow). The day/night cycle was 12 hours on, 12 hours off, with the 

lights turning off at 20:00. A l l experiments were conducted between 8:00 and 22:00. 

Surgical Procedure 

On the day of an experiment, a rat was selected from the colony and weighed. It was 

then placed in a gas anaesthetic chamber (a sealed Nalgene cage with gas entry ducts). The 

rat was then initially anaesthetized by infusing a mixture of the M.T.C. Pharmaceutical's 

inhalation anaesthetic Halothane (2-Bromo-2-Chloro-l, 1, 1-Trifluoroethane) in oxygen at 

approximately 2% M A C (minimum alveolar concentration). Once the behavioural signs of 

anaesthesia were observed, the rat was removed from the anaesthetic chamber, shaved over 

its scalp and thoracic region, and placed backside down on a dissection table. The dissection 

table's design allowed for the continued administration of Halothane throughout the 

remainder of the surgical procedure, which at this point was decreased in concentration to 

approximately 1.5% M A C . An incision was made along the ventral midline of the animal's 

thoracic and cervical regions, extending cranially from the xyphisternum to immediately 

caudal to the mandibular symphysis. Using blunt dissection techniques, the right jugular 

vein was separated from the surrounding tissue. A small incision was made in the vein to 

allow for the insertion of a cannula (Dow Corning 602-155 Silastic tubing, 0.030" I.D. X 
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0.065" O.D.) through which urethane (ethyl carbamate) at a concentration of 0.8 g/ml could 

be infused. The catheter was secured within the vein by surgical silk and the thoracic 

incision closed with simple interrupted sutures. Following the cannulation procedure, the 

Halothane anaesthesia was discontinued and the administration of urethane initiated at a rate 

of approximately 0.025 ml every 2 minutes. The administration of urethane was continued at 

this rate until such time that the animal was judged to be sufficiently anaesthetized. 

Upon reaching a suitable level of urethane anaesthesia, the rat was transferred to a 

Narishige stereotaxic apparatus. Once the rat was secured, the rectal probe of a Harvard 

Instruments homeothermic blanket control unit was inserted to monitor the animal's core 

body temperature. The servosystem was connected to an electric heating pad placed beneath 

the animal to maintain a constant core temperature of 37 ± 1°C. Grass pin electrodes were 

inserted subcutaneously in the rat's lateral thoracic area to monitor heart rate as a measure of 

depth of anaesthesia. 

A mid-sagittal scalp incision was made to reveal the dorsal surface of the skull. Skin 

flaps were tied to the ear bars with surgical silk, and the periosteum lining the skull surface 

removed. The dorso-ventral plane of the rat's skull was then levelled to horizontal in relation 

to bregma and lambda. Anterior-posterior and medial-lateral coordinates for bregma were 

obtained, and stimulating and recording electrode placement sites were determined and 

marked on the surface of the skull relative to bregma. Holes were drilled at the following 

surface coordinates: right hippocampal recording electrode (reference electrode): 3.3 mm 

posterior, 2.2 mm lateral, 2.7 to 3.2 mm ventral; left hippocampal recording electrode 

(roving/unit electrode): 3.3 mm posterior, 2.2 mm lateral, 0 to 4.0 mm ventral; medial septum 

stimulating electrode: 0.5 mm anterior, 0 mm lateral, 4.0 to 6.0 mm ventral. 
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A small hole was drilled laterally to the right and anterior to bregma for the cortical 

placement of an indifferent electrode. In the far right central region of the skull's surface, a 

final hole was drilled to accommodate a jeweler's screw. Reference and stimulating 

electrodes were secured to the screw with dental acrylic. 

Electrodes were then lowered individually through the center of the previously drilled 

skull holes. From first to last, the order of electrode implantations follows: indifferent 

electrode, right hippocampal reference recording electrode, medial septal stimulating 

electrode, and left hippocampal roving field/unit recording electrode. A diagram depicting 

the relative locations of the electrodes and structures under study is illustrated in Figure 5. 

Apparatus 

The right hippocampal reference and left hippocampal roving electrodes were 

manufactured by soldering a female amphenol connector pin to the main shaft of a 30 G 

needle. The main body of this apparatus was then insulated via the application of shrink 

tube. Thin tungsten wire (A.M. Systems, 0.005" diameter) was placed within the shaft of the 

holder, its tip electrolytically etched to a sharp point in a saturated potassium nitrite solution, 

and its entire length insulated with a vinyl coating (Dykor, Whitford) to a final resistance of 5 

to 7 M£2. Prior to implantation, a fraction of insulation was etched from the electrode's tip to 

bring the resistance within the range of 0.2 to 1.0 MQ,. After a day's use as a recording 

electrode, these tungsten electrodes were recycled for use as indifferent electrodes in 

subsequent experiments by stripping the electrode of its insulation and hooking its tip for 

cortical implantation. 

Unit electrodes used to record single cell activity from the left hippocampus were 

fabricated using thin-walled glass micropipettes (World Precision Instruments, 1.5 mm O.D.) 



65 
Figure 5. Diagrammatic representation of the structures under investigation in this thesis and 

the associated electrode locations. The hippocampal reference 9 electrode is the first to be 

descended, followed by the medial septal stimulating electrode, and finally the hippocampal 

roving electrode, which is used to record both field and unit activity throughout the dorso-

ventral plane of the left hippocampus. (Abbreviations: vDBB, vertical limb of the diagonal 

band of broca) 
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pulled to a fine tip with a Narishige Glass Puller. The glass electrodes were filled with a 

mixture of 2 M sodium acetate and 2% pontamine sky blue, yielding an initial resistance of 

25 to 30 M Q . The final resistance was lowered to the range of 2 to 10 M£2 by carefully 

swiping the very tip of the electrode with a piece of tissue. Roving electrodes (so named 

since they are maneuvered up and down in the dorso-ventral plane) were lowered through the 

hippocampus via a Kopf hydraulic micropositioner (model 650). Field and unit activity were 

recorded differentially with respect to the indifferent electrode implanted in the frontal 

cortex. Brain signals recorded by each electrode were passed through high impedance inputs 

into two Grass P51 IK wide-band A C preamplifiers. One preamplifier was used to separate 

slow wave (field) activity from unit activity by setting the half amplitude low and high filters 

at 1 Hz and 35 Hz (3dB slope), respectively. The second preamplifier was used to pass brain 

signals in the frequency range of single unit activity. This amplifier was set with the half 

amplitude low and high filter settings at 300 Hz and 3 kHz, respectively. The gains of the 

unit and field preamplifiers were set to 20 000 and 200, respectively. The 60 Hz notch filter 

was activated on both preamplifiers. 

The output of the field activity from the preamplifiers was sent to a Grass polygraph 

(model RPS 7C 8), where the signals were amplified differentially with respect to the 

indifferent signal, and displayed on a paper chart via a Grass W V ink writing oscillograph 

(model 7D). Both field and unit activity were then fed through a Tektronix four channel 

amplifier (model 121). Unit activity was further fed to a WP Instruments window 

discriminator (model 5A22N). The resulting logic pulse was sent out to a Grass polygraph 

(model 7D), and then to the ink writing oscillograph. 
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The output of the unit activity from the preamplifiers was sent to a Nicolet digital 

oscilloscope (model 310) and to a Grass audio monitor (model AM8) and speaker. The audio 

monitor was used to listen to the cell layers encountered on the descent of the recording 

electrodes, thus aiding in the identification of single units and neural layers. Brain signals 

were further fed to a 7 channel Teac F M cassette data recorder (model XR-30) for 

subsequent off-line analysis. As well, a Hewlett Packard ink jet printer was used to print 

E E G sweeps directly from the digital oscilloscope as necessary. 

Stimulating electrodes were constructed with porcelain insulated stainless steel wire 

(Driver-Harris, 0.01" diameter). Two pieces of wire were wound together along their length 

and each was connected to a miniature male Winchester pin. The pins were then connected to 

a Grass photoelectric stimulus isolation unit (model PSIU6C) for constant current output 

(current range setting of 1 - 1.5 mA). The stimulation intensity was controlled by the voltage 

output of a Grass stimulator (model S88). The medial septum received biphasic stimulation 

with a pulse duration of 0.5 ms, an inter-stimulus delay of 0.1 ms, a range of stimulus 

intensities from 150 to 600 uA, pulse train durations ranging from 4 to 15 seconds, and 

frequencies ranging from 4 to 10 Hz. 

Data Analysis 

Data segments of interest were initially selected by visually inspecting the annotated 

paper charts run off directly from the Teac data recorder, as well as by inspection of the 

printed oscilloscope sweeps made during the course of an experiment. Data segments were 

initially considered suitable if they were clean (had no obvious unwanted signal present), had 

a duration of at least 4000 ms (the minimum sample length required for off-line computer 
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Bite analysis), and were reflective of the signal under study (i.e., segments of LIA, 

spontaneous 9, and SESWHA were generally required). 

Selected data segments were analyzed off-line using a PC microcomputer and a 

Brainwave software acquisition and analysis package (Datawave Technologies, Longmount, 

Colorado). The Brainwave software allowed one to distinguish between several 'channels' 

of EEG activity recorded from various locales. Specifically, it was possible to display and 

analyze both field and unit EEG activity recorded from both the reference and roving 

electrodes. The primary channels of interest for the experiments conducted in this thesis 

were the field channels from both electrodes and the unit activity recorded by the roving 

electrode. Unit activity recorded by the reference electrode was typically non-existent since 

single units were not sought by this electrode; however, this channel was utilized to record 

artifact generated by stimulation of the medial septum. 

Stimulation of the medial septum caused a great deal of artifact in the unit channels of 

both the reference and roving electrodes, so using the reference unit channel to isolate the 

effects of septal stimulation alone was useful in subsequently eliminating unwanted artifact 

from the roving unit channel. Roving unit activity was isolated by using the 'cluster cutting' 

feature in Brainwave. This feature allowed one to plot unit activity as a function of various 

unit characteristics, such as discharge rate, interburst interval, amplitude, etc. By adjusting 

these parameters, and also using one's auditory senses to concentrate on the sound of the unit 

activity through the speakers, it was possible to determine which area of the cluster plot 

represented the unit sought for isolation. The activity plotted in that area was then separated 

from all other concurrent unit activity recorded by that electrode, so only units whose 

characteristics matched the limits set by the user passed through for subsequent analysis. Me 
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To be sure that the isolated unit activity was pure and did not include unwanted artifact 

generated by septal stimulation, comparisons were made between the isolated unit activity 

and the simultaneously recorded septal stimulation artifact from the reference unit channel. 

By overlaying ACHs (discussed below) generated by both forms of activity, it was possible 

to determine if artifact was present in the isolated unit channel. If the ACHs exhibited 

similar characteristics in terms of discharge pattern, etc., then it was deemed that stimulus 

artifact was present in the unit channel, and vice-versa. If the desired unit isolation was 

deemed to be corrupted, further attempts were made to isolate it from the stimulus artifact, 

but such attempts were not always successful. In such cases, the unit was no longer 

considered for subsequent analysis. 

Both unit and field activity were digitized (sampled and quantized) through a 12 bit 

A/D converter and stored on a Pinnacle Micro 5.25 rewritable optical hard drive (PMO 650). 

Unit activity was sampled at a frequency of approximately 1.6 kHz, whereas field activity 

was sampled at a frequency of approximately 133 Hz. A l l data segments had a total duration 

of at least 4000 ms. The obtained data segments were then subjected to the following 

analyses. 

Fourier Analysis 

Based on Fourier's theorem that any time domain waveform can be constructed from 

a sum of its sinusoidal components, fast Fourier transforms (FFTs) are commonly employed 

in signal analysis to extract the fundamental frequency (the frequency at which the periodic 

time domain waveform repeats) and any of the higher harmonics (integer multiples of the 

fundamental frequency) that are present (Yost & Nielsen, 1985). The FFT yields an 

amplitude spectrum which is squared to produce a power spectrum of the signal. 



71 
FFTs were performed on obtained segments of field activity to determine the 

fundamental frequency (and possible harmonics) of the signal. This information was then 

used, in conjunction with auto-correlation results (discussed below), to classify HPC field 

activity as either 6 or LIA according to the following criteria: (1)0 was defined as a 

sinusoidal-like waveform with a peak frequency of 3 - 8 Hz and a small band width; (2) LIA 

was defined as a large amplitude irregular activity with a broad frequency band (0.5 - 25 Hz). 

Again, the DataWave Technologies software acquisition and analysis package was used to 

produce the FFTs. 

Auto-Correlation Analysis 

In this procedure, the signal of interest is correlated with itself at specified delay 

intervals (x's), the signals are then multiplied together and averaged over a specified time 

period. Auto-correlations are most often used to identify periodicities in signals which may 

be distorted by noise. 

To test for periodicities in the obtained data segments, auto-correlations (ACFs) were 

carried out on field signals, and auto-correlation histograms (ACHs) were performed on unit 

activity. Digitized field and unit activity were converted to ASCII files, split into 512 bit 

(3.85 second) segments, and normalized before undergoing auto-correlation analysis. For 

A C F analysis, a data segment of field activity was cross-correlated with itself using a 

customized frequency-domain algorithm. The more sinusoidal-like the resultant ACF, the 

more rhythmic (periodic) the waveform was said to be, and vice versa. 

ACHs were produced by the DataWave Technologies software acquisition and 

analysis package. The following criteria was set to determine the rhythmicity (periodicity) of 

unit activity as shown by the A C H : cells which had ACHs that were sinusoidal-like in 
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appearance indicated a rhythmic discharge pattern, whereas non-sinusoidal, irregular, or flat 

ACHs indicated a non-rhythmic or tonic pattern. 

Cross-Correlation Analysis 

The method used to calculate cross-correlations (CCFs) is identical to that described 

for A C F analysis, the only difference being that two signals are being correlated with one 

another as opposed to one signal being correlated with itself. The results of a CCF allow one 

to determine the degree of correlation between corresponding segments of field and/or unit 

activity. 

As with the A C F analysis discussed previously, both the digitized field and unit 

activity were converted to ASCII files, split into 512 bit (3.85 second) segments, and 

normalized. Each spike train was then convolved with a Gaussian kernel and cross-

correlated relative to the corresponding hippocampal field activity (recorded via the reference 

electrode) using a customized frequency-domain algorithm. 

Cell Classification 

Based on the analytical techniques described above, recorded cells were classified as 

per the Colom & Bland (1987) 6-related cell classification system. Cells which were 

rhythmic (as discerned by the A C H analysis) and produced sinusoidal CCFs were classified 

as phasic 0-on cells. Cells that discharged non-rhythmically or tonically, had flat CCF's 

during hippocampal 0, yet significantly increased their discharge rates during hippocampal 0 

relative to the LIA condition, were classified as tonic 0-on cells. Cells which significantly 

decreased their discharge rates during hippocampal 0 relative to LIA, and revealed no phasic 

relationship to low frequency 0 were classified as tonic 0-off cells. Finally, cells that 

discharged non-rhythmically, displayed flat CCF's during hippocampal 0, and did not change 
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their discharge rates across hippocampal E E G conditions, were classified as non-related 

cells. 

Histology 

At an experiment's conclusion, lesions were made at all field recording sites by 

passing D.C. current at an intensity of 1 to 2 raA for 10 seconds. To mark the tip location of 

the roving glass electrode, dye was iontophoretically ejected from its tip by passing D.C. 

current at an intensity of 1 mA for 5 to 10 minutes. The animal was then killed with an 

overdose of urethane anaesthesia. An intracardiac perfusion with 0.9% saline followed by a 

10% formalin solution was then performed on the animal. Following perfusion, the brain 

was removed and stored overnight in a 30% solution of sucrose in 10% formalin. 

Brains were subsequently frozen with liquid CO2, sectioned into 40 p.m coronal 

slices, and mounted on gelatin-coated slides. Slides were later inspected under high 

magnification to record electrode locations. 
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EXPERIMENT I 

A Comparison of Spontaneous and Septally-Elicited Hippocampal Field Activity 
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Methods 

Subjects 

Sixteen naive, male, Long-Evans strain rats weighing between 300 and 500g were 

used for the experimental procedure; however, the data from six of these animals was not 

used due to inadequate SESWHA, or other complications resulting from implantation of the 

medial septal stimulating electrode. Thus, the number of subjects which contributed to the 

group data was ten. 

Experimental Procedure 

A l l animals underwent the surgical procedure described previously. An indifferent 

tungsten electrode was placed in the right dorsal cortex, a tungsten microelectrode was 

placed in the dentate molecular layer of the right dorsal hippocampus, and a stimulating 

electrode was descended to the medial septum (see Figure 5). Due to an initial disruption of 

the hippocampal EEG associated with the placement of the stimulating electrode, a waiting 

period of at least 30 minutes was imposed following the descent of the stimulating electrode 

so that the EEG could recover to its baseline state. Once brain activity had stabilized, test 

pulses were sent through the stimulating electrode at or near the final stimulation location so 

that the final electrode location could be determined. These test pulses were also applied to 

help establish appropriate levels of stimulation to elicit the desired slow wave activity in the 

hippocampus. Square wave pulses were delivered to the medial septum as stated previously. 

Additionally, it was possible to reverse the polarity of the stimulus in an attempt to alter the 

characteristics of SESWHA. Once the final location and stimulating parameters were 

determined, the stimulating electrode was cemented into place. 
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Prior to performing any experimental protocols, it was decided that it would be 

preferable to stimulate the medial septum at both low and high frequencies in order to elicit 

slow wave hippocampal activity at more than one base frequency. The reasons for this were 

twofold. Firstly, eliciting hippocampal slow wave activity at more than one frequency served 

as a control measure to ensure that the effects of medial septal stimulation were not specific 

to one particular frequency. Secondly, it was prudent to compare SESWHA with 

hippocampal slow wave activity observed throughout the physiological frequency range of 

naturally occurring 9 activity, which in the urethane anesthezied rat ranges from 3 - 9 Hz 

(Bland, 1986). Attempts were made to elicit hippocampal slow wave activity at the outer 

range frequencies of 3 Hz and 9 Hz via medial septal stimulation, but this was found not to 

be practicable. Pilot testing indicated that the frequencies of 5 Hz and 7 Hz were the most 

amenable to experimentation within the physiological range, and these frequencies were thus 

chosen as the base frequencies for testing in both experiments contained in this thesis. 

To perform depth profiles, either a roving tungsten or glass microelectrode was 

slowly lowered to a depth of 1.59 mm ventral to the dural surface through the hole drilled for 

recording from the left hippocampus. Once the roving electrode had reached the appropriate 

starting depth, the following data samples were recorded: (1) spontaneous field activity; (2) 

activity elicited during the application of a tail-pinch to the animal (sensory-induced); and (3) 

activity elicited via electrical stimulation of the medial septum. In the latter recording 

condition, electrical stimulation was applied in such a manner that slow wave activity 

recorded from the hippocampus had a resultant frequency of 5 Hz and 7 Hz, respectively. 

This was easily accomplished by adjusting the stimulation frequency to the desired frequency 

of hippocampal slow wave activity. 
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At this point, the roving electrode was further lowered in 100 pm increments to a 

final depth of 3.50 mm ventral to the dural surface, so as to make an accurate topographical 

record of the EEG activity observed on its descent. The data segments described above were 

recorded at each 100 pm increment travelled by the roving electrode. A l l data samples 

recorded in the aforementioned conditions had a total duration of at least 4000 ms. 

At the experiment's conclusion, the rat was killed via an anaesthetic overdose, 

perfused with saline and formalin, and its brain was then sectioned for histological 

verification of electrode tracks and locations. 

Data Analysis 

As described previously, in addition to samples of spontaneously-generated slow 

wave 0 and LIA recorded throughout the descent of the roving electrode, 0 produced in 

response to a tail-pinch was also elicited and recorded. It is important to note at this point, 

however, that slow wave and unit activity recorded during the application of a tail-pinch was 

sensory-induced, and thus did not occur spontaneously. For the most parsimonious analysis, 

it was decided that the data produced via sensory stimulation would be combined with 

spontaneously generated data. Consequently, it is necessary to briefly distinguish between 

these two forms of activity. 

It is generally accepted that in the urethane-anaesthetized rat, slow wave field activity 

that occurs 'spontaneously' is directly comparable to that which is sensory-induced (Bland, 

1986). Were this not the case, one could find oneself on a slippery slope when trying to 

differentiate between the two forms of activity. This is due to the fact that hippocampal 0 

activity that is apparently spontaneous may not truly be so, given that the animal may be 

generating that particular form of activity in response to subtle changes in the environment, 
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the time of day, level of anaesthesia, or numerous other variables not under the deliberate 

manipulation of the experimenter. Thus, sensory-induced activity can, for the most part, be 

thought of simply as an exaggerated form of spontaneously-generated activity. To confirm 

that sensory-induced 9 and spontaneous 9 are comparable in the experimental paradigms 

presented in this thesis, ACFs were generated to compare samples of slow wave activity 

recorded under both conditions. In all instances sensory-induced 9 resulted in the same 

pattern in the A C F as spontaneously-generated slow wave 9. Because the results for both 

conditions were identical, and because spontaneously-generated 9 and sensory-induced 9 

have the same cholinergic properties in urethane-anaesthetized preparations (Bland, 1986), 

data produced during a tail-pinch were combined with spontaneously-generated data. Since 

spontaneous and sensory-induced data were combined in all instances, and for lack of a 

better term, the combined data will be collectively referred to as spontaneous activity 

throughout the remainder of this document. The only apparent difference noted in the 

analysis of purely spontaneous versus sensory-induced activity was in the frequency of the 

slow wave activity recorded. Sensory-induced 9 occasionally resulted in higher frequency 9; 

however, this was often a beneficial effect since higher frequency slow wave activity 

typically made a better basis for comparison to SESWHA. 

Prior to field analysis, data segments were digitized and converted into appropriate 

file types, as described previously. Field signals recorded by the reference and roving 

electrodes were of primary interest. Each data segment was subjected to an FFT to determine 

the power of the fundamental (dominant) and harmonic frequencies present in the field 

signal. The information garnered from the FFT analysis was used to aid in the classification 

of data segments of slow wave activity as either 9 or LIA. 
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Statistical analysis of the numerous E E G records which were obtained during this 

study was unnecessary to demonstrate unambiguously the results reported below. 

Quantitative comparisons of amplitude, phase, and frequency characteristics were, however, 

conducted. 

Amplitude Profiles 

At each 100 pm increment travelled by the roving electrode, peak amplitudes of the 

activity recorded during the aforementioned experimental conditions were calculated. The 

mean amplitude and standard error of the mean (SEM) at each depth was then computed and 

plotted as amplitude (mV) ± S E M (mV) versus depth (mm). 

Phase Profiles 

Phase profiles were assembled by correlating field activity recorded by the roving 

microelectrode with that recorded by the reference hippocampal microelectrode. Cross-

correlating these signals yielded a figure representing the angle at which the roving signal 

was displaced relative to the reference signal. The roving and reference signals were cross-

correlated at 100 pm increments, the means and SEMs calculated, and the resultant mean 

phase (°) ± S E M (°) plotted versus depth (mm). 

Results 

Histological Results 

Histological analyses revealed that in all cases the hippocampal reference recording 

electrode was accurately placed in the region of the stratum moleculare of the upper blade of 

the DG. Furthermore, all tracks made by the roving electrode were found to penetrate the left 

hippocampus, extending from just below the corpus callossum to just above the thalamus. Of 

the stimulating electrodes aimed at the medial septum, 8 of 10 were found to be precisely 
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located with the tip of the electrode resting in the upper body of the medial septum. Two of 

the ten septal stimulating electrodes were located slightly more ventrally, coming to rest 

along the border of the lower portion of the medial septum and the upper portion of the 

nucleus of the vDBB. 

Amplitude Profiles 

Moving in 100 urn increments from a starting location of 1.50 mm ventral to the 

surface of the brain down to 3.50 mm resulted in a depth profile spanning 2.00 mm and 

comprised of 21 separate recording locations. I will begin the presentation of the depth 

profile results by focussing first on the profile generated under the spontaneous 0 condition. 

This profile is illustrated in Figure 6. The first of the depth profile locations to be recorded 

from corresponded to the cortical layer immediately dorsal to the alveus (1.50 mm ventral to 

the dural surface of the brain). At this level, small amplitude (mean = 0.3 mV) slow wave 

activity was observed. As the electrode descended further through the alveus and approached 

the stratum oriens, the amplitude of slow wave activity increased, reaching a maximum at the 

level of the stratum oriens (2.00 mm ventral; mean amplitude = 0.7 mV). Slow wave 

amplitude declined from its peak in the stratum oriens as the electrode approached the 

pyramidal cell bodies of CA1. As the electrode penetrated the CA1 cell body layer (2.2 mm 

ventral), slow wave activity became less regular. This marked the so-called null zone of 

activity as the mean amplitude of the slow wave activity dropped to 0.1 mV. 0 amplitude 

remained low (mean = 0.3 mV) as the electrode descended to the stratum radiatum (2.4 mm 

ventral), but then began to rapidly increase as it penetrated the stratum lacunosum (2.6 mm 

ventral; mean amplitude = 0.9 mV). 0 amplitude further increased as the electrode reached 

the level of the hippocampal fissure and the upper blade of the stratum moleculare (3.00 mm 
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Figure 6. Amplitude Profiles Comparing Hippocampal Field Activity Under Spontaneous 

and Septally-Elicited Conditions. The group data show the mean amplitudes (mV) ± SEM 

(mV) of activity recorded during the decent of a roving microelectrode through the dorso-

ventral plane of the hippocampus (from 1.50 mm ventral to the dural surface of the brain 

down to 3.50 mm). Activity was recorded during spontaneous 0, 5 Hz septal stimulation, and 

7 Hz septal stimulation. Amplitude maxima were recorded at the level of the stratum oriens 

(2.00 - 2.10 mm ventral to dura) and the stratum moleculare of the dentate gyrus (3.00 mm 

ventral to dura). These amplitude maxima were separated by a null zone at the level of the 

stratum radiatum (2.2 mm ventral to dura). A l l three forms of activity exhibited this general 

profile of activity. 
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ventral), at which point 0 amplitude reached its maximum (1.5 mV). From this point, 0 

amplitude began to decrease as the electrode approached the dentate granule cells 

(approximately 3.1 mm ventral) and penetrated the hilus (3.2 mm ventral), at which point the 

mean amplitude value was 1.2 mV. 0 amplitude continued to drop somewhat, but remained 

at a relatively high level as the electrode descended through the hilar region toward the lower 

blade of the stratum moleculare (3.5 mm ventral). The mean amplitude at this final 

recording location of the profile was 0.9 mV. As illustrated in Figure 6, the mean amplitude 

values peaked in two locations, the stratum oriens and the upper blade of the stratum 

moleculare. These peaks were separated by a null zone spanning approximately 100 pm, 

located at the level of the pyramidal cell body region (stratum radiatum). 

The amplitude profiles generated by medial septal stimulation are illustrated as the 

uppermost traces of Figure 6. The results from both 5 Hz and 7 Hz septal stimulation will be 

presented together since their pattern of values are quite similar. Beginning again at the 

cortical layer (1.50 mm ventral to the dural surface), medial septal stimulation at both 5 Hz 

and 7 Hz elicited small amplitude rhythmical hippocampal slow wave activity (mean 

amplitude of 5 Hz stimulation = 0.4 mV; 7 Hz stimulation = 0.5 mV). SESWHA increased 

in amplitude as the electrode descended to the region of the stratum oriens (2.00 mm 

ventral), reaching a maximum mean amplitude at 2.10 mm ventral (5 Hz = 0.9 mV; 7 Hz = 

1.2 mV). SESWHA then decreased in amplitude rapidly as the electrode descended to the 

null zone region at 2.2 mm ventral. At this point the mean amplitude of 5 Hz SESWHA fell 

to 0.3 mV, whereas the mean amplitude of 7 Hz SESWHA dropped to 0.3 mV. As the 

electrode descended further ventrally, the amplitude of SESWHA began to increase, reaching 

a second maximum in the region of the hippocampal fissure and the upper blade of the 
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stratum moleculare (2.9 - 3.1 mm ventral). The mean amplitude maximum for both 5 Hz and 

7 Hz SESWHA was recorded at 3.0 mm ventral (5 Hz = 1.8 mV; 7 Hz = 1.9 mV). Mean 

SESWHA amplitude remained high in this region, but as the electrode descended through the 

hilar region the mean amplitude of SESWHA declined, but still remained higher than that 

recorded under spontaneous conditions. The mean amplitudes of SESWHA recorded 3.50 

mm ventral to dura were 1.2 mV under 5 Hz stimulation, and 1.3 mV under 7 Hz stimulation. 

Averaging the mean amplitude values at each depth location over all 21 recording 

locations yielded a composite amplitude value for each condition. For spontaneously-

generated 8 this value was 0.8 mV, for 5 Hz SESWHA the value was 1.0 mV, and for 7 Hz 

SESWHA it was 1.1 mV. Thus, irrespective of depth location, the amplitude of 

spontaneously-generated hippocampal slow wave activity was on average 20% less than that 

recorded by stimulating the septum at 5 Hz, which in turn was on average 10% less than that 

recorded under 7 Hz septal stimulation. A large part of this difference in amplitude between 

the conditions, however, was observed within two narrow ranges of amplitude maxima, 

namely in the stratum oriens region (1.90 mm - 2.10 mm) and the stratum molecular region 

(2.80 mm - 3.10 mm). 

Phase Profiles 

Figure 7 illustrates the mean phase profiles generated by spontaneous hippocampal 

slow wave activity and septal stimulation at 5 Hz and 7 Hz. Spontaneously-generated 0 

recorded in the cortex (1.5 mm) by the roving electrode was found to be displaced by 172° 

relative to activity recorded in the stratum moleculare by the reference recording electrode. 

SESWHA was found to show similar displacement values at that depth (5 Hz = 179°; 7 Hz = 

173°). Little change was observed in the relative displacements of all three signals as the 
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Figure 7. Phase Profiles Comparing The Phase Relationship Between Hippocampal 

Reference Theta Field Activity and Roving Field Activity Recorded Under Spontaneous and 

Septally-Elicited Conditions. These profiles were assembled by correlating reference 

hippocampal field activity with activity recorded by a roving microelectrode moving through 

the dorso-ventral hippocampal plane (from 1.50 mm to 3.50 mm ventral to dura). Cross-

correlating these signals yielded a figure representing the angle that the roving signal was 

displaced relative to the reference signal. Means and SEMs were then calculated and plotted. 

Little difference was observed in the relative displacements of all three signals under 

investigation throughout the depth profile. A l l signals were approximately 180° out of phase 

relative to reference dentate theta during the ventral portion of the profile. A near-180° phase 

reversal was observed to occur in all three signals between 2.20 mm and 2.70 mm ventral to 

dura, at the level of the stratum radiatum. Beyond this point all signals were approximately 

in phase with activity recorded in the stratum moleculare of the DG. 
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electrode was descended over the next 600 - 700 pm. From 1.5 mm ventral through to 2.2 

mm ventral, spontaneously-generated 0 exhibited an average displacement of 168°. Through 

this same region, 5 Hz SESWHA exhibited an average displacement of 174°, compared to 

172° of average displacement exhibited under 7 Hz stimulation. Following penetration of the 

pyramidal cell body layer located 2.2 mm ventral, there was a sharp drop in the relative 

displacement of the spontaneously-generated slow wave signal recorded from the roving 

electrode as the phase displacement dropped from 158° at 2.2 mm ventral to 105° 

displacement. A similar shift in the phase displacement was observed under both SESWHA 

conditions, albeit slightly more ventrally at 2.3 mm. At this point the phase profile of 5 Hz 

SESWHA decreased in displacement from 163° at 2.3 mm ventral to 110° at 2.4 mm ventral. 

Likewise, the phase displacement of 7 Hz SESWHA decreased from 167° to 150° over the 

same region. This region of the hippocampus, located 2.2 - 2.3 mm ventral to the surface, 

corresponds to the null zone found at the level of the stratum radiatum. The sudden decrease 

in phase displacement observed at the null zone continued as the phase relation of the 

reference and roving signals appeared to begin to reverse. Large decreases in phase 

displacement were observed in all three phase profiles as the electrode descended through the 

null zone and approached the stratum lacunosum. Phase displacement averaged over all 

three conditions dropped from 164° at the level of the stratum radiatum (2.2 mm ventral) to 

104° (2.4 mm ventral) as the electrode approached the stratum lacunosum. Phase 

displacement continued to decline as the electrode approached the stratum moleculare, 

averaging 14° at 2.6 mm ventral. From this point on, all three phase profiles again stabilized 

and exhibited average phase displacements of 8° (spontaneously-generated 0), 5° (5 Hz 
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stimulation), and 8° (7 Hz stimulation) from 2.6 mm through 3.5 mm ventral. Roving signals 

in all three conditions were observed to be especially isomorphic in both phase and 

appearance when the roving electrode was at the level of the stratum moleculare, which was 

the level at which the reference electrode was implanted in the contralateral hippocampus. 

A l l three profiles conformed to the same general shape with little variation observed among 

them. 

Other Observations 

As described previously, FFT analyses were performed to differentiate between 

spontaneous LIA and 9 field activity, and also to gauge changes in frequency observed 

throughout the depth profiles. Depending on the level of anaesthesia, animals were observed 

to cycle spontaneously between LIA and 9 states. Illustrated in Figure 8 are samples of LIA 

and spontaneous 9 and their associated FFTs taken from one of the subjects in this 

experiment. The EEG activity shown in the top trace of Panel A (upper box) represents 

irregular activity typical of LIA with a broad frequency range, as evidenced by the absence of 

a predominant peak in its associated FFT (lower box of Panel A). The lower trace in both 

E E G boxes represents hippocampal unit activity, which in this case is absent. Panel B 

represents spontaneously-generated 9, which appears in the top trace of the EEG as a 

sinusoidal-like waveform. The associated FFT depicts a prominent peak at 5.2 Hz, within 

the 9 band width of 3 - 9 Hz, lending further evidence to support the claim that this segment 

of data is indeed 9. Also visible in this FFT is a smaller, less prominent peak centered at 

19.4 Hz. This smaller peak represents a higher harmonic, which is simply an integer multiple 

of the fundamental frequency, in this case 5.2 Hz. 
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Figure 8. Frequency and Form Analysis of LIA and Spontaneous Theta. Panel A (upper 

box) depicts an example of LIA field activity from a single subject. The upper trace 

represents field activity, and the lower trace represents unit activity, which in this case is 

absent. The field activity depicted represents irregular activity typical of LIA, with a broad 

frequency range, as evidenced by the absence of a predominant peak in its associated FFT 

(lower box). Panel B (upper box) depicts an example of spontaneous hippocampal theta field 

activity. Its appearance is sinusoidal-like, and its frequency band is narrow, ranging from 3 

to 8 Hz. The peak frequency of this sample is 5.2 Hz, illustrated by the FFT in the lower box 

of Panel B. Also visible in this FFT is a smaller, less prominent peak centred at 10.4 Hz 

which represents a higher harmonic of the fundamental frequency (5.2 Hz). 



A. LIA B. Spontaneous Theta 

HPC 
Field 

HPC Unit 
Activity 

* V 
> 

1 S 1 s 

Frequency (Hz) Frequency (Hz) 



91 
Samples of 5 Hz and 7 Hz septal stimulation are illustrated in Figure 9. The upper 

boxes of Panels A and B depict the effects of 5 Hz and 7 Hz septal stimulation, respectively, 

on the hippocampal EEG. The top EEG trace represents hippocampal field activity, while 

the lower trace represents artifact generated by stimulation of the medial septum which was 

recorded by the hippocampal reference electrode's unit channel. In both cases, the stimulus 

artifact is observed immediately following the negative valley of the elicited field activity. 

This observation was noted during septal stimulation in the majority of subjects. 

In comparison to the field EEG depicted for spontaneously-generated 6 (illustrated in 

Figure 8, Panel B), the SESWHA illustrated in the upper boxes of Figure 9 appears very 

similar morphologically. The amplitude of SESWHA is clearly somewhat larger than that 

observed under spontaneous conditions, especially so during 7 Hz stimulation (Panel B), but 

the sinusoidal-like characteristic associated with 0 is present in all three forms. The 

morphological similarity of SESWHA to spontaneously-generated 0 was noted during 

stimulation of all subjects. Furthermore, it was often found that 7 Hz SESWHA was 

morphologically cleaner than that elicited by 5 Hz stimulation. In nearly all cases, 

stimulation at 7 Hz elicited field activity that was more sinusoidal-like in appearance. 

Stimulation at 5 Hz consistently elicited sinusoidal-like field activity, but the elicited activity 

was more likely to include more non-sinusoidal components ('spikes' and 'bumps') than that 

elicited by stimulation at 7 Hz. However, when animals became over-stimulated (i.e., if too 

many stimulation bouts were applied during a given experiment, typically after 8 hours or so) 

SESWHA tended to become more irregular regardless of the stimulus frequency. 

Spontaneously-generated 0 reacted similarly. In such cases the appearance of sharp spikes 

and epileptiform activity in the hippocampal EEG record was often observed. 



Figure 9. Frequency and Form Analysis of Hippocampal Field Activity Elicited by 

Stimulation of the Medial Septum at 5 Hz and 7 Hz. The upper boxes of Panels A and B 

depict examples of SESWHA elicited by stimulation of the septum at 5 Hz and 7 Hz, 

respectively (top trace). The lower trace represents artifact generated by stimulation of the 

septum which was recorded by the hippocampal reference electrode's unit channel. In both 

cases, the elicited waveforms are very similar morphologically in comparison to spontaneous 

hippocampal theta (see Figure 8). FFT analyses of both signals (lower boxes) revealed peak 

frequencies in the theta bandwidth (5 Hz SESWHA = 4.8 Hz; 7 Hz SESWHA = 6.8 Hz). 

Also present in both FFTs are higher harmonics, as observed in the FFT of spontaneous 

theta. 
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The peak frequencies garnered by FFT analysis for SESWHA are typically 

unsurprising since they should theoretically match the frequency of the stimulus applied to 

the medial septum. In fact, averaging over all subjects (including Experiment II), FFT 

analyses revealed that the peak frequency elicited via 5 Hz stimulation was 4.9 Hz, and in the 

case of 7 Hz stimulation the peak frequency was 6.8 Hz. 

Illustrated in the lower boxes of Panels A and B in Figure 9 are the results of FFT 

analyses for corresponding SESWHA activity. The FFT associated with 5 Hz septal 

stimulation, depicted in Panel A, has a peak fundamental frequency of 4.8 Hz. Also present 

is a large peak centered around 10 Hz, which represents a higher harmonic frequency. A 

second smaller harmonic is also visible around 15 Hz. 

The FFT associated with 7 Hz SESWHA (Panel B, Figure 9) is similar to that 

generated for 5 Hz SESWHA. A large peak representing the fundamental frequency of the 

signal is apparent at 6.8 Hz, followed by higher harmonics at 13.6 Hz and 20.4 Hz. 

Little variation was observed in the frequency of both forms of activity throughout 

the dorso-ventral profiles carried out in this experiment. The lack of variation was especially 

pronounced under SESWHA, the frequency of which differed little from the stimulus 

frequency applied to the medial septum throughout its profile. Spontaneously-generated 0 

was slightly more variable in this regard, exhibiting some variability in its frequency in the 

regions of the null zone of the stratum radiatum and the hilus. In these regions, 0 activity 

was diminished greatly and the frequency of the hippocampal E E G was increased. Apart 

from these small areas of higher frequency activity, spontaneously-generated 0 was typically 

observed at frequencies in the range of 4 - 5 Hz throughout its profile. 
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Discussion 

The present experiment was performed to determine the likeness of spontaneous 

hippocampal 0 field activity to that elicited via stimulation of the medial septum. Depth and 

phase profile analyses were utilized to enable such comparisons. The findings reported 

demonstrate that SESWHA and spontaneously-generated hippocampal 0 field activity exhibit 

a high degree of similarity on several axes. 

As previously reported by Briicke, et al. (1959) and others (Kramis and Routtenberg, 

1977; Kramis and Vanderwolf, 1980), the results reported in this experiment demonstrate 

that stimulation of the medial septum, at frequencies in the 0 range (i.e., 5 Hz and 7 Hz), 

elicits activity within the hippocampus which morphologically resembles spontaneous 

hippocampal 0 field activity. Although not manipulated experimentally, it was actually 

possible to elicit such activity via septal stimulation throughout the 0 range, from as low as 4 

Hz up to 9 Hz, albeit with greater difficulty at lower frequencies. 

The strongest evidence provided to support the claim that SESWHA is generated by 

the same mechanisms responsible for spontaneous 0 comes from the amplitude and phase 

profile results. If SESWHA is indeed homologous to spontaneous 0, one would expect phase 

and amplitude profiles that conform to the type I profile described by Winson (1976a). 

Winson described such a profile as one that exhibits a rapid reversal of phase coincident with 

a null occurring in the stratum radiatum of CA1, in addition to an amplitude maxima located 

ventral to the stratum radiatum. Furthermore, based on the findings of Bland and Whishaw 

(1976), one would also expect to observe an amplitude maxima at the level of the stratum 

oriens, though lower in amplitude than that found more ventrally at the level of the stratum 

moleculare of the DG. Unsurprisingly, such findings were replicated under the spontaneous 
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9 condition. Amplitude maxima were reported at the level of the stratum oriens, followed 

immediately by a null zone of activity coincident with a rapid reversal of phase, followed 

then by a second, larger amplitude maxima at the level of the stratum moleculare. 

Amplitude and phase profiles generated for 5 Hz and 7 Hz SESWHA exhibited essentially 

the same characteristics. Amplitude maxima were observed at the level of the stratum 

oriens, followed by a null zone of activity coincident with a rapid phase reversal, followed 

subsequently by a second, larger amplitude maxima at the level of the stratum moleculare. 

Although all forms of activity were quite consistent throughout their amplitude and 

phase profiles, some minor variations were noted. Specifically, the first amplitude maxima 

(stratum oriens) was consistently observed to occur slightly more ventrally under SESWHA 

relative to spontaneous 9. The average location of this first amplitude maxima was only 19 

mm more ventral under SESWHA, and the difference in amplitude between these two 

locations was small, but, nevertheless, the amplitude maxima observed under SESWHA was 

located slightly past that observed under spontaneous 9. A similar finding was observed 

regarding the point of phase reversal of SESWHA relative to spontaneous 9. Although the 

same pattern of reversal was followed, the initiation of SESWHA phase reversal occurred 

approximately 10 mm ventral to that observed for spontaneous 9. The reasons underlying 

these minor variations are unknown, but could be due to any number of effects associated 

with electrical stimulation in general. 

Apart from the minor exceptions noted, the amplitude profiles of SESWHA and 

spontaneous 9 followed the same pattern of maxima and minima throughout; however, it is 

clear that the amplitude of SESWHA was generally greater than that of spontaneous 9. As 

well, the amplitude of 7 Hz SESWHA was consistently slightly higher than that of 5 Hz 
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SESWHA. A possible explanation for this finding relates to previous work carried out by 

Gray and McNaughton (2000). As mentioned previously, these authors have performed 

numerous studies utilizing septal stimulation as a tool to distinguish between different types 

of anxiolytics, their goal being to determine how anxiolytics influence behaviour. They have 

found that these drugs influence behaviour by altering septal control of hippocampal 0, 

specifically at a middle frequency band centred on 7.7 Hz. Thus, it seems that the frequency 

of 7.7 Hz may be of some special significance when stimulating the medial septum. 

If, indeed, this is the case, and stimulation of the medial septum at 7.7 Hz is 

especially conducive to eliciting field activity that more closely mimics hippocampal 0, then 

it follows that stimulation of the septum at frequencies closer to this 'magic' frequency of 7.7 

Hz would elicit higher amplitude, more sinusoidal-like, and, indeed, more 9-like 

hippocampal field activity. Thus, stimulation of the medial septum at 7 Hz may result in 

hippocampal field activity that is higher in amplitude, and more similar in appearance to 

spontaneous 9, relative to that elicited via lower frequency septal stimulation, as a result of it 

being nearer to the frequency of 7.7 Hz. It would be interesting to follow up on this effect by 

stimulating the septum at higher frequencies, especially 7.7 Hz, to observe the effects on 

SESWHA amplitude. 

The results of Experiment I also demonstrated that the frequency characteristics of 

both spontaneous 9 and SESWHA share common features. FFTs conducted on both forms of 

activity showed both to exhibit peak frequencies in the 9 bandwidth. As well, higher 

harmonics were noted in the FFTs of both spontaneous 9 and SESWHA. These were 

especially prominent in the FFT of 7 Hz SESWHA. 
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The primary results reported in Experiment I are in agreement with the preliminary 

findings reported by Kirk, et al. (1995). Their depth profile analyses demonstrated that 

spontaneous, reticularly-elicited, and septally-elicited hippocampal rhythmical activity all 

reversed in phase about an amplitude null zone in the stratum radiatum, and exhibited 

amplitude maxima at the level of the stratum oriens and stratum moleculare. Furthermore, 

CSD analysis comparing all three forms of activity revealed predominant rhythmic sink-

source pairs in the stratum oriens, stratum radiatum, and stratum moleculare. 

The results reported in the present experiment do not speak directly to the suggestion 

made by Stewart, et al. (1990) that 0-patterned stimulation probably produces synchronous 

activation of septo-hippocampal projections, fibres of passage, and hippocampo-septal 

projections, and that SESWHA likely represents the sum of a variety of rhythmically evoked 

hippocampal projections that resemble 0, rather than being homologous to actual 0. The 

results of amplitude and phase profile analyses are not sufficient to refute this suggestion; 

however, the preliminary CSD findings reported by Kirk, et al. (1995) suggest that the same 

synaptic connections are activated during SESWHA as under spontaneous 0. Further 

research to confirm these CSD findings would help to clarify the pattern of activation elicited 

during septal stimulation. 

Based on their preliminary findings, Kirk, et al. (1995) concluded that, at least in the 

urethane anaesthetized rat, hippocampal field activity elicited via stimulation of the medial 

septum is principally the result of the activation of septal projections normally active during 

spontaneous and reticularly-elicited 0. Further support for this conclusion comes from 

Kramis and Vanderwolf (1980), who reported that hippocampal waveforms elicited by septal 

stimulation mimicked normal hippocampal 0 not only morphologically, but also in that they 



responded to atropine and urethane in specific behavioural situations in the same manner as 

spontaneous 9. The results presented in the present experiment, in conjunction with the 

aforementioned previous findings, indicate that hippocampal field activity elicited via medial 

septal stimulation may be considered homologous to spontaneous hippocampal 9 field 

activity. 
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Experiment II 

A Comparison of Spontaneous and Septally-Elicited Hippocampal Unit Activity 
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Methods 

Subjects 

Seventy-eight naive, male, Long-Evans strain rats weighing between 300 and 500g 

were used for the experimental procedure. 

Experimental Procedure 

A l l animals underwent the surgical procedure described previously. An indifferent 

tungsten electrode was then placed in the right dorsal cortex, followed by a tungsten 

microelectrode which was descended to the dentate molecular layer of the right dorsal 

hippocampus and cemented into place. Next, a stimulating electrode was descended to the 

medial septum. A 30 minute recovery period was observed following the placement of the 

stimulating electrode. Once brain activity had stabilized, test pulses were sent through the 

stimulating electrode so that stimulation parameters and the final electrode location could be 

determined. At this point the stimulating electrode was cemented into place. Stimulation 

parameters were applied as stated previously. As noted previously, a diagrammatic 

representation of the recording and stimulation arrangement is illustrated in Figure 5. 

At this point, a glass microelectrode was slowly lowered to the left hippocampus in 

an attempt to isolate and record the activity of a single hippocampal cell. Once a cell was 

located within the hippocampus and stabilized, attempts were made to record its activity 

during each of the following conditions: (1) spontaneous hippocampal LIA; (2) spontaneous 

hippocampal 0 field activity; (3) hippocampal 0 field activity elicited during the application 

of a tail-pinch to the animal (sensory-induced); and (4) hippocampal field activity elicited via 

electrical stimulation of the medial septum at 5 Hz and 7 Hz. A l l data samples had a total 

duration of at least 4000 ms. 
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Cells of interest that were successfully located and recorded had their locations 

marked for subsequent histological analysis. This was accomplished by iontophoretically 

ejecting dye from the tip of the glass electrode by passing a D.C. current, as described 

previously. At the experiment's conclusion, the rat was killed via an anaesthetic overdose, 

perfused with saline and formalin, and its brain was then sectioned for histological 

verification of electrode tracks and dot locations. 

Data Analysis 

As described previously, data segments were digitized and converted into appropriate 

file types for subsequent computer analysis. Each data segment was then subjected to EFT 

analysis to determine the power of the fundamental and harmonic frequencies present in the 

field signal. The information garnered from the FFT analysis was then used to classify the 

data segments as either 0 or LIA, as described previously. Auto- and cross-correlation 

analyses were also performed to examine signal periodicities and unit/field relationships, 

respectively. 

Results 

Histological Results 

Histological analysis revealed that in all cases the hippocampal reference recording 

electrode was accurately placed in the region of the stratum moleculare of the upper blade of 

the DG. 

Histological analysis of stimulating electrode tracks descending to the medial septal 

area verified that all electrodes were located in either the medial septal nucleus or vDBB. 

Within these nuclei the electrode locations ranged from the midline, laterally to the border of 
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the medial septum, and from the dorsal tip to the more ventral portions of the medial 

septal/vDBB complex. 

Ninety-seven neurons were isolated and recorded from the hippocampus; however, 

sixty of those were not considered for analysis. The primary reason for disqualifying a cell 

from analysis was that it was not possible to record the cell's activity during each of the 

aforementioned testing conditions. This was typically due to the cell being lost prior to, at 

the onset of, or during stimulation of the medial septum. Hence, 37 cells remained for 

subsequent analysis. Attempted verification of electrode tip locations using Pontamine sky 

blue, when successful, indicated that the majority of cells were localized to the CA1 

pyramidal and dentate granular cell layers. 

Classification of Theta-Related Cells Recorded During Spontaneous Theta & LIA 

Samples of SESWHA, spontaneously-generated slow wave 0, and LIA were 

recorded, along with the accompanying unit discharges for each of the 37 cells. Sensory-

induced 0 produced in response to a tail-pinch was also recorded in most cases. As discussed 

in Experiment I, data generated by such stimulation were combined with spontaneously-

generated data. 

Spontaneous slow wave 0 and unit activity were compared in several ways. The first 

level of analysis involved classifying cells according to the Colom and Bland (1987) 0-

related cell classification system. As illustrated in Figure 10, 27 of 37 cells (73%) were 

found to be 0-related (i.e., they modified their activity in the presence of concurrent 

hippocampal 0 field activity). The most prominent cell type recorded was the tonic 0-on cell 

(12 of 37 cells; 32%). These cells were observed to increase their discharge rate during 

hippocampal 0 (mean = 10.5 Hz) relative to hippocampal LIA (mean = 3.4 Hz), but 



Figure 10. Theta-Related Cell Classification. Based on activity recorded during spontaneous 

theta and LIA, hippocampal cells were classified according to the Colom and Bland (1987) 

theta-related cell classification system. Of the 37 cells under investigation, 27 (73%) were 

found to be theta-related. Twelve of thirty-seven (32%) were classified as tonic 0-on cells, 

ten (27%) were classified as phasic 0-on cells, five (14%) were classified as tonic 0-off cells, 

and ten (27%) were classified as non-related. No cells were classified as phasic 0-off cells 

due to the inability to record the activity of such cells during stimulation of the medial 

septum. 
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maintained a constant, non-rhythmic discharge during the accompanying slow wave 0. The 

counterpart to the tonic 0-on cell is the tonic 0-off cell, of which 5 of 37 (14%) were 

classified. These cells tended not to fire during slow wave 0 activity (during this condition 

the mean discharge rate was 0.1 Hz), and discharged in an arhythmic manner during LIA 

(mean - 5.3 Hz). 

The second most prominent cell type recorded was the phasic 0-on cell (10 of 37; 

27%). The discharge rates of these cells increased during hippocampal 0 (mean = 10.4 Hz) 

relative to hippocampal LIA (mean = 5.2 Hz). These cells were further distinguished by the 

fact that, during concurrent hippocampal 0 field activity, they discharged rhythmically and in 

phase with ongoing hippocampal 0 (mean phase preference = 119°). 

Ten of thirty-seven cells (27%) were classified as non-related. These cells discharged 

at similar rates during both 0 (mean = 8.1 Hz) and LIA conditions (mean = 8.9 Hz), and 

exhibited no apparent rhythmicity or phase relationship to concurrently occurring 

hippocampal field activity. 

Although a number of phasic 0-off cells were encountered while collecting data for 

this experiment, these cells seemed to be particularly sensitive and, consequently, all were 

lost during stimulation of the medial septum. To elaborate, once a phasic 0-off cell was 

detected, stabilized, and recorded under LIA and spontaneous 0 conditions, attempts were 

made to stimulate the septum to record its response. If the cell failed to discharge during 

stimulation of the septum, time was allowed during which the septum was not stimulated so 

that the cell, if still present, could return to its pre-stimulation discharge mode. If after 

several minutes post-stimulation the cell did not discharge, it was deemed to have been lost 
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(i.e., destroyed, damaged, relocated) during stimulation. Unfortunately, this proved to be the 

case following the detection of each and every phasic 9-off cell recorded. Thus, no phasic 9-

off cells are included in the data presented for this experiment. 

Theta-Related Neuronal Activity During Septal Stimulation 

To aid in the presentation of results relating to the activity of 9-related cells during 

septal stimulation, I will utilize exemplars of each 9-related cell type analyzed as per the 

protocol described previously. These exemplars typify the observed behaviour of other cells 

of the same type within their respective category, and, as such, will allow for a clearer 

description of the results. 

The first cell type to be presented is the tonic 9-on cell, the analysis of which is 

illustrated in Figures 11 and 12. Presented in Panel A of Figure 11, and in all panels of the 

subsequent exemplar figures, are three boxes. The uppermost box illustrates a 4 second 

sample of EEG activity printed from the digitized data samples entered into the computer for 

analysis. The top trace of activity observed within this box represents field activity recorded 

from the hippocampal reference electrode, the middle trace (when present) represents the 

stimulus pulse present during septal stimulation, and the bottom trace represents the cell 

discharging. The middle box of the panel illustrates the A C H computed to discern cell 

rhythmicity. The lowermost box illustrates the CCF computed between the discharging cell 

and the reference field activity. The vertical line in the middle of the plot represents the 

phase-point of the ongoing reference field activity at which the cell most prefers to discharge. 

Zero degrees represents the positive peak of dentate 9. 

Focussing now on the actual analyses of the tonic 9-on cell featured in Figure 11, 

Panel A illustrates the field and unit activity recorded during LIA. The appearance of the 



Figure 11. Tonic 9-On Cell - LIA/Spontaneous 9 Exemplar. Presented in Panel A are three 

boxes which depict the activity of a tonic 9-on cell recorded during LIA. The EEG activity 

presented in the uppermost box is irregular with variable amplitude. The cell discharged at 

an average rate of 6.9 Hz and exhibited little or no rhythmical content, as evidenced by the 

A C H presented in the middle box. The CCF illustrated in the lower box exhibits no phase 

relationship between cell discharge and accompanying 9 field activity. Presented in Panel B 

is the activity of this same cell during spontaneous 9. The E E G field trace is sinusoidal-like 

in appearance and exhibits a peak frequency of 4.2 Hz, which classifies the signal as 9. 

Relative to the LIA condition, the cell discharge rate increased dramatically to an average 

rate of 18.2 Hz. As demonstrated by the A C H illustrated in the middle box, the pattern of 

cell discharge was non-rhythmic and constant throughout the appearance of 9. The CCF 

exhibited no phase relationship between cell discharge and accompanying 9 field activity. 
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Figure 12. Tonic 0-On Cell - 5 Hz/7 Hz Septal Stimulation Exemplar. Presented in Panel A 

are three boxes which depict the activity of a tonic 0-on cell recorded during stimulation of 

the medial septum at a frequency of 5 Hz. Sinusoidal-like SESWHA is apparent in the top 

trace of the upper box, in addition, hippocampal unit activity is depicted in the lower trace, 

and stimulus artifact representing the stimulus pulses applied to the medial septum are 

depicted in the middle trace of this box. The cell discharge rate averaged 8.8 Hz, a drop of 

nearly 10 Hz relative to the spontaneous 0 condition. The A C H demonstrated a relatively 

tonic discharge pattern, though certainly more rhythmic in comparison to the arhythmic A C H 

observed during spontaneous 0. CCF analysis revealed a strong phase relationship between 

the cell discharge and SESWHA, with the cell preferring to fire near the positive peak of 

concurrent SESWHA. Panel B illustrates activity recorded during 7 Hz septal stimulation. 

Sinusoidal-like SESWHA is illustrated in the upper box. The average cell discharge rate 

during stimulation was 8.8 Hz. The A C H , illustrated in the middle box, was very similar to 

that generated by 5 Hz stimulation, appearing slightly more rhythmic than that generated 

under spontaneous 0. CCF calculation revealed a preferred phase of cell firing near the 

negative peak of ongoing SESWHA. 
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EEG field trace is irregular with variable amplitude. FFT analysis revealed a peak field 

frequency during this condition of 1.6 Hz. The cell discharged at an average rate of 6.0 Hz. 

The A C H exhibited little or no rhythmical content, and the CCF provided no evidence of a 

phase preference for the cell firing during LIA. Panel B illustrates activity recorded during 

the spontaneous 0 condition. The EEG field trace is sinusoidal-like in its appearance and 

exhibits a peak frequency of 4.2 Hz, which classifies the signal as 0. The cell discharge rate 

increased dramatically, relative to its discharge rate during LIA, to an average rate of 18.2 

Hz. As demonstrated by the A C H , the pattern of cell discharge was non-rhythmic and 

constant throughout the appearance of 0. The CCF exhibited no phase relationship between 

cell discharge and accompanying 0 field activity. These results typify those observed in all 

other tonic 0-on cells recorded during these conditions. 

The behaviour of the cell in response to septal stimulation is illustrated in Figure 12. 

The results of 5 Hz septal stimulation are depicted in Panel A. Perhaps the first feature one 

notices when comparing the appearance of 5 Hz SESWHA with that observed under 

spontaneous 0 conditions is the gross shape of the septally-elicited waveform. As mentioned 

previously, 5 Hz SESWHA , though similar in frequency and amplitude to spontaneous 0, 

has a tendency to, at times, appear 'spiky' and not as rounded at its peak in comparison to 

spontaneous 0. This was unfortunately unavoidable at times, despite alterations in 

stimulation parameters to try and rectify the appearance of the waveform. The peak 

frequency of the field activity in this case was 4.9 Hz. 

Immediately below the EEG are the stimulus pulses administered to elicit SESWHA. 

These pulses were applied as per the frequency condition required. As mentioned in 
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Experiment I, given the nature of septal stimulation, there was little reason to doubt that a 

stimulus applied at a given frequency would not induce activity at that same frequency in the 

hippocampal EEG; however, to be certain that this was indeed the case, FFT analyses were 

performed on SESWHA data segments. These results were then compared to discharge rates 

computed for septal stimulation artifact recorded by the hippocampal reference electrode's 

field channel. This process served to both confirm the frequency of SESWHA, and also to 

ensure that the artifact/unit separation was properly conducted. In this case the peak 

frequency of the stimulus artifact was 5.1 Hz. The frequency of SESWHA was found to 

always be equivalent (within 0.2 Hz) to the applied frequency of stimulation. 

On the lower line of the upper box of Panel A (Figure 12) is the unit activity recorded 

during stimulation. The cell discharge rate averaged 8.8 Hz, a drop of nearly 10 Hz relative 

to the spontaneous 0 condition. The A C H demonstrated a relatively tonic discharge pattern, 

though certainly more rhythmic in comparison to the arhythmic A C H observed during 

spontaneous 0. CCF analysis revealed a strong phase relationship between the cell discharge 

and SESWHA, with the cell preferring to fire in the 14° phase range of SESWHA. 

Panel B of Figure 12 illustrates activity recorded during 7 Hz septal stimulation. The 

appearance of SESWHA is more 9-like than that observed under 5 Hz stimulation, as was the 

case in the majority of experiments. Field activity exhibited a peak frequency of 7.0 Hz. The 

average cell discharge rate during stimulation was 8.8 Hz. The A C H was very similar to that 

generated by 5 Hz stimulation, appearing slightly more rhythmic than that generated under 

spontaneous conditions. Calculation of the CCF revealed a preferred phase of 180°, 

indicating that the cell tended to discharge at, or near, the negative peak of the SESWHA. 
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The aforementioned results detailing the effects of septal stimulation on tonic 9-on 

cell activity are typical of the majority of cells of this type (9 of 12; 75%). Three of twelve 

cells (25%), however, tended to respond to stimulation with complete inhibition. These cells 

rarely fired during septal stimulation, and thus exhibited no rhythmicity or phase relationship 

with concurrent SESWHA. These cells did, however, respond as the majority of cells did 

during LIA and spontaneous 0 conditions. 

Figure 13 depicts the mean discharge rates of all tonic 9-on cells recorded as a 

function of the field state during which they were recorded. A l l cells were observed to 

increase their discharge rate during spontaneous 9 relative to LIA, and subsequently 

decreased their firing during 5 Hz stimulation, and even more so during 7 Hz stimulation. 

The exemplar depicted in Figure 14 illustrates the activity of a phasic 9-on cell. The 

LIA field trace in Panel A appears to contain some slight rhythmicity, which is reflected to 

some degree by the A C H ; however, no phase relationship was reported by the CCF. 

Field activity depicted in Panel B is sinusoidal-like and represents a good example of 

spontaneous hippocampal 9 activity. The peak frequency of this signal was 4.4 Hz. The cell 

discharged rhythmically, as evidenced by the rhythmic appearance of the ACF, at an average 

rate of 4.8 Hz. The CCF revealed a strong tendency for the cell to fire at a preferred phase of 

129° relative to 9 field activity. 

Figure 15 depicts the effects of septal stimulation on the phasic 9-on cell. As in the 

tonic 9-on cell example (Figure 12), the 5 Hz SESWHA E E G is slightly misshapen relative 

to the spontaneous condition, but is of similar amplitude and frequency (4.9 Hz). The 

stimulus pulse is again evident in the upper box of Panel A and the cell is seen to discharge 
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Figure 13. Mean Discharge Rates of Tonic 6-On Cells Relative to Field State. On average, 

tonic 6-on cells were observed to increase their discharge rate during spontaneous 0 relative 

to LIA, and subsequently decreased their firing rate during 5 Hz septal stimulation, and even 

more so during 7 Hz septal stimulation. 
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Figure 14. Phasic 0-On Cell - LI A/Spontaneous 0 Exemplar. Field activity depicted in the 

upper box of Panel A represents the EEG activity of a phasic 0-on cell. The LIA illustrated 

in this instance appears to contains some slight rhythmicity, which is reflected to some 

degree by the A C H (middle box); however, no phase relationship was reported by the CCF 

(lower box). Panel B represents phasic 0-on cell activity during spontaneous 0. The field 

activity in this case (upper box) is sinusoidal-like and represents a good example of 

spontaneous hippocampal 0 field activity. The cell was observed to discharge rhythmically, 

as evidenced by the pattern of the A C H (middle box), at an average rate of 4.8 Hz. The CCF 

(lower box) revealed a strong tendency for the cell to fire at a preferred phase of 120° relative 

to ongoing hippocampal field activity. 
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Figure 15. Phasic 9-On Cell - 5 Hz/7 Hz Septal Stimulation Exemplar. Depicted in the 

upper box of Panel A is field and unit activity elicited by stimulation of the medial septum at 

5 Hz. Slightly misshapen 5 Hz SESWHA is illustrated in the upper trace. The cell is 

observed to discharge in a similar manner as observed during spontaneous 9, though at a 

decreased rate of 4.4 Hz. The A C H (middle box) is of a similar shape exhibited under 

spontaneous 9, although to a lesser extent. The CCF (lower box) revealed a phase 

relationship between cell firing and SESWHA, with the cell preferring to fire near the 

positive peak of SESWHA. The response of the phasic 9-on cell during stimulation of the 

medial septum at 7 Hz is depicted in Panel B. The SESWHA depicted in this case is more 9-

like in appearance than that seen during 5 Hz stimulation (upper boxes). The cell is observed 

to discharge at a decreased rate of firing (4.9 Hz) relative to spontaneous 9 and 5 Hz 

stimulating conditions. The A C H (middle box) is also less rhythmic than in the previous two 

cases. The CCF, however, reveals a phase relationship between 7 Hz SESWHA and cell 

firing, with the cell preferring to discharge near the positive peak of ongoing SESWHA. 
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in a similar manner to what was exhibited under spontaneous 0 activity, though at a 

decreased rate of 4.4 Hz. The A C H is of a similar shape to that exhibited under spontaneous 

0, although to a lesser extent. The CCF revealed a phase relationship between the cell firing 

and the SESWHA at 5 Hz with the cell firing at a preferred phase of 13°. 

The response of the phasic 0-on cell during stimulation of the septum at 7 Hz is 

depicted in Panel B of Figure 15. Again, SESWHA is more 0-like in appearance than that 

seen during 5 Hz stimulation; however, in this case the amplitude is slightly smaller than that 

observed under spontaneous and 5 Hz stimulation conditions. The peak frequency of this 

activity was 6.8 Hz. The cell can be observed to discharge at a decreased rate (4.0 Hz) 

relative to spontaneous and 5 Hz stimulating conditions. Also, the A C H is less rhythmic than 

in the previous two cases. The CCF, however, reveals a phase relationship between 7 Hz 

SESWHA and cell firing, with the cell preferring to discharge at 189°. In fact, the phase 

preferences noted for both phasic and tonic 0-on cells were fairly typical of the majority of 0-

related cells recorded during septal stimulation. Regardless of the phase relationship 

demonstrated during spontaneous 0, during septal stimulation, 0-related cells preferred to 

discharge nearer to the positive peak of SESWHA under 5 Hz septal stimulation (mean = 

37°), and just past the negative valley of SESWHA under 7 Hz septal stimulation (mean = 

189°). 

As was the case for tonic 0-on cells, the results given detailing the effects of septal 

stimulation on phasic 0-on cell activity are typical of the majority of cells of this type (8 of 

10; 80%); however, 2 of 10 cells (20%) responded to stimulation with complete inhibition. 

Like the minority of tonic 0-on cells, this minority population of phasic 0-on cells did not fire 
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during septal stimulation, and thus exhibited no rhythmicity or phase relationship with 

concurrent SESWHA. Again, these cells responded as the majority of phasic B-on cells did 

during LIA and spontaneous 9 conditions. 

Figure 16 depicts the mean discharge rates of all phasic 9-on cells recorded as a 

function of the field state during which they were recorded. A l l cells were observed to 

increase their discharge rate during spontaneous 9 relative to LIA, and subsequently 

exhibited decreased activity during 5 Hz stimulation, and even more so during 7 Hz 

stimulation. 

The last 9-related cell type to undergo analysis was the tonic-off cell. As can be seen 

in Panel A of Figure 17, the LIA field signal is typically arhythmic and irregular in 

appearance. During LIA, the cell discharged at an average rate of 5.3 Hz, but in an 

arhythmic manner. CCF analysis revealed no phase relationship between the cell discharge 

and LIA field activity. During spontaneous 9, shown in Panel B, the slow wave E E G trace 

represents weak hippocampal 9 of low amplitude with a peak frequency (3.7 Hz) at the low 

end of the 9 bandwidth. The cell discharges just once in the epoch illustrated and averages 

9.3 Hz over the sample. Given the lack of cell discharge, the A C H is blank. As well, there is 

no phase relationship noted by the CCF analysis as a result of the paucity of cell firing. 

Figure 18 shows the discharge pattern of the tonic-off cell during septal stimulation. 

As can be seen in Panel A, 5 Hz SESWHA E E G (peak frequency of 4.9 Hz) is sinusoidal-

like and appears more 9-like than in previous examples. Contrary to the activity observed 

under spontaneous 9, the cell is firing at a mean rate of 14.5 Hz, much greater than the 

observed discharge rate in the LIA condition. Furthermore, the cell appears to be discharging 
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Figure 16. Mean Discharge Rates of Phasic 0-On Cells Relative to Field State. On average, 

phasic 0-on cells were observed to increase their discharge rate during spontaneous 9 relative 

to LIA, and subsequently exhibited decreased activity during 5 Hz septal stimulation, and 

even more so during 7 Hz septal stimulation. 
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Figure 17. Tonic 9-Off Cell - LIA/Spontaneous 8 Exemplar. Depicted in Panel A are the 

E E G activity and associated analyses conducted for a tonic 8-off cell. The LIA signal is 

typically irregular in appearance and arhythmic (upper box). During LIA, the cell discharged 

at an average rate of 5.3 Hz, but in an arhythmic manner (middle box). CCF analysis 

revealed no phase relationship between cell discharge and LIA field activity (lower box). 

During spontaneous 8, depicted in Panel B, the slow wave E E G trace represents weak 

hippocampal 6 activity of low amplitude with a peak frequency (3.7 Hz) near the low end of 

the 8 bandwidth. The cell discharges just once in the epoch illustrated and averages 0.3 Hz 

over the sample. Given the lack of cell discharge, the A C H is blank (middle box). As well, 

there is no phase relationship noted by the CCF analysis as a result of the paucity of cell 

firing (lower box). 
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Figure 18. Tonic 0-Off Cell - 5Hz/7 Hz Septal Stimulation Exemplar. Featured in Panel A is 

the activity and analyses of a tonic 9-off cell recorded during stimulation of the medial 

septum at 5 Hz. Sinusoidal-like 5 Hz SESWHA EEG is apparent in the upper box. Contrary 

to the activity observed under spontaneous 9, the cell is firing at a mean frequency of 14.5 

Hz, much greater than the observed discharge rate during LIA. Furthermore, the cell appears 

to be discharging rhythmically in response to SESWHA, as evidenced by the high degree of 

rhythmicity revealed by the A C H (middle box). CCF analysis of the cell discharge relative 

to SESWHA field activity shows a phase preference for firing nearer to the positive peak of 

concurrent SESWHA (lower box). SESWHA E E G generated at 7 Hz is illustrated in Panel B 

(upper box). Cell discharge was observed to decrease to an average of 9.1 Hz, but continued 

to fire rhythmically in relation to ongoing SESWHA (middle box). The A C F was extremely 

rhythmic in appearance. A high degree of phase relation was exhibited by the CCF, with the 

cell preferring to fire near the negative valley of concurrent SESWHA. 
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rhythmically in response to SESWHA, as evidenced by the high degree of rhythmicity 

revealed by the A C H . CCF analysis of the cell discharge relative to the field activity shows a 

phase preference for firing at 124°. 

SESWHA EEG at 7 Hz, illustrated in Panel B of Figure 18, exhibits a peak frequency 

of 7.0 Hz. Cell discharge decreased to an average of 9.1 Hz, but continued to fire 

rhythmically in relation to the ongoing field activity. The A C F was extremely rhythmic in 

appearance. A high degree of phase relation was exhibited by the CCF, with the cell 

preferring to fire at 212° relative to the field signal. 

Although only 5 tonic 9-off cells were recorded during all four field conditions, two 

disparate patterns of activity were observed within the population. Three of the five tonic 9-

off cells (69%) behaved in a manner similar to that discussed in the previous exemplar, albeit 

with less rhythmicity and lower discharge rates during stimulation compared to the cell 

discussed. The remaining 2 tonic 9-off cells (49%) exhibited complete inhibition during 

septal stimulation. 

The mean discharge rates of tonic 9-off cells across the four tested field states are 

illustrated in Figure 19. As expected of 9-off cells, discharge rates approached zero (mean = 

9.1 Hz) during spontaneous 9, but were higher during LIA (mean = 6.0 Hz). Discharge rates 

returned to near-LIA levels during 5 Hz stimulation (mean = 5.7 Hz), but were inhibited 

during 7 Hz stimulation (mean = 1.7 Hz). 

As depicted in Figure 20, averaging cell discharge rates of all 0-related cells recorded 

over the four field conditions tested gives one an overall impression of the effect septal 

stimulation had on hippocampal unit discharge rates. Overall, maximal unit discharge was 



Figure 19. Mean Discharge Rates of Tonic 9-Off Cells Relative to Field State. On avera; 

the discharge rates of tonic 9-off cells approached zero during spontaneous 9, but were 

higher during LIA. Discharge rates tended to return to near-LIA levels during 5 Hz 

stimulation, but were inhibited during 7 Hz stimulation. 
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Figure 20. Mean Discharge Rates of 0-Related Cells Relative to Field State. Averaging cell 

discharge rates of all 0-related cells recorded over all field states, it was found that, overall, 

maximal unit discharge was occurred during spontaneous 0. The next highest rate of cell 

discharge was observed during LIA. The two stimulating conditions were associated with 

the lowest mean discharge rates, with 7 Hz septal stimulation resulting in lower discharge 

rates than 5 Hz septal stimulation. 
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observed during the spontaneous 9 condition (mean = 8.2 Hz). The condition where one 

observes the next highest rate of cell discharge is LIA (mean = 4.9 Hz). The two stimulating 

conditions were associated with the lowest mean discharge rate. SESWHA at 5 Hz 

corresponded to a mean discharge rate of 4.6 Hz, and 7 Hz stimulation was associated with 

the lowest cell discharge rate of all conditions (mean = 2.1 Hz). 

One last cell type to be presented is the non-related cell. These cells were not related 

to ongoing hippocampal 8 field activity, hence their name. Ten such cells were recorded. 

These cells tended to discharge in a tonic manner throughout LIA, spontaneous 0, and both 

stimulating conditions. In no way was it apparent that their activity was related to ongoing 

hippocampal EEG activity. As illustrated in Figure 21, their discharge rates varied little 

regardless of the field state, although there was a tendency for decreased discharge during 5 

Hz stimulation. A C H and CCF analyses, respectively, demonstrated that these units lacked 

both rhythmicity and phase preference in relation to hippocampal field activity. 



Figure 21. Mean Discharge Rates of Non-Related Cells Relative to Field State. On average, 

the cell discharge rates of non-related cells varied little regardless of the field state, although 

there was a tendency for decreased discharge during 5 Hz septal stimulation. 
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Discussion 

The present experiment was performed to compare the activity of single hippocampal 

0-related cells recorded under spontaneous conditions with their activity during stimulation 

of the medial septum. Although somewhat equivocal, the results of the present experiment 

suggest that 0-related cells behave differently during spontaneous 0 compared to SESWHA. 

Furthermore, it appears that the primary influence exerted by medial septal stimulation on 

hippocampal 0-related cell activity is that of inhibition. 

Thirty-seven cells were recorded under the conditions of LIA, spontaneous 0, and 

septal stimulation administered at 5 Hz and 7 Hz. Of these cells, 73% were found to be 0-

related, as per the guidelines of the Colom and Bland (1987) 0-related cell classification 

system. The most prominent cell type recorded was the tonic 0-on cell. These cells 

increased their discharge rates during hippocampal 0, relative to LIA, but maintained a 

constant, non-rhythmic pattern of activity during the accompanying slow wave 0. During 

stimulation of the medial septum, the discharge rates of these cells were greatly inhibited 

relative to spontaneous 0, especially so during 7 Hz stimulation. The pattern of cellular 

activity exhibited during stimulation appeared less tonic than had been observed during 

spontaneous 0, and appeared to actually become slightly rhythmic in nature. Given that tonic 

0-on cells are, by definition, tonic, they do not exhibit phase relationships with ongoing 

hippocampal 0 field activity during spontaneous conditions; however, during septal 

stimulation these cells exhibited strong phase relationships with ongoing SESWHA, firing 

preferentially near the positive peak of SESWHA during 5 Hz stimulation, and at the 

negative valley of SESWHA during 7 Hz stimulation. In opposition to the majority of tonic 
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0-on cells, a small population of these cells (25%) were found to respond to septal 

stimulation with complete inhibition. These cells thus exhibited no rhythmicity or phase 

relationship with concurrent SESWHA. 

The next most prominent 0-related cell type recorded was the phasic 0-on cell. The 

discharge rates of these cells increased during spontaneous 0 relative to LIA, and they were 

observed to fire rhythmically and in phase with concurrent hippocampal 0 field activity, 

typically firing just prior to the negative-most valley of dentate 0. As was the case with tonic 

0-on cells, the discharge rates of phasic 0-on cells were observed to be inhibited during 

stimulation of the medial septum. Again, this was especially prevalent during 7 Hz 

stimulation. The discharge patterns of phasic 0-on cells maintained a level of rhythmicity 

during septal stimulation, but not to the extent observed during spontaneous 0. Cell 

rhythmicity was attenuated more so during 7 Hz stimulation, due in large part, perhaps, to the 

dramatic decrease in cell discharge during this condition. The preferred phase of firing of 

phasic 0-on cells during septal stimulation mimicked the findings reported for tonic 0-on 

cells. The preferred phase during 5 Hz stimulation was observed to be nearer the positive 

peak of SESWHA, whereas during 7 Hz stimulation cells preferred to fire nearer to the 

negative valley of SESWHA. As was the case for tonic 0-on cells, a minority of phasic 0-on 

cells (20%) responded to septal stimulation with complete inhibition of activity. 

Given that it was not possible to successfully record phasic 0-off cells during septal 

stimulation, the final 0-related cell to be investigated in the present experiment was the tonic 

0-off cell. These cells discharged in a predominantly tonic manner during LIA and ceased to 

fire during spontaneous 0; however, during stimulation of the medial septum, they exhibited 



the potential to discharge with extreme rhythmicity. Given that these cells are 6-off, it is 

necessary to compare their firing rates during LIA, relative to SESWHA, since there is 

typically no cell firing during spontaneous 6. It was found that tonic 9-off cells decreased 

their firing somewhat during 5 Hz stimulation compared to LIA, but quite dramatically 

during 7 Hz stimulation. As observed with 9-on cells, tonic 9-off cells discharged 

preferentially nearer to the positive peak of SESWHA during 5 Hz septal stimulation, and 

near the negative valley of SESWHA during 7 Hz stimulation. Also in keeping with the 

results reported for 9-on cells, a minority of tonic 9-off cells (49%) exhibited complete 

inhibition during septal stimulation. 

As expected, the activity of non-related cells was independent of ongoing field 

activity, regardless of the field state under investigation (including septal stimulation); 

however, these cells tended to be slightly more inhibited during 5 Hz stimulation relative to 

all other field states. 

To summarize these results according to the three main axes by which cell responses 

were differentiated (discharge rate, periodicity, and phase relation), the majority of tonic 9-on 

and tonic 9-off cells both tended to respond to septal stimulation by increasing their 

rhythmicity, decreasing their discharge rates, especially at 7 Hz, and firing at a preferred 

phase of concurrent SESWHA. Phasic 9-on cells maintained a degree of rhythmicity during 

septal stimulation, decreased their discharge rates, and also tended to fire at preferred phases 

of concurrent SESWHA. The activity of non-related cells was found to be independent of 

the field state. 



140 
Unfortunately, for reasons that will be discussed subsequently, it is difficult to make 

unequivocal conclusions regarding the activity of single hippocampal 0-related cells based on 

the results presented in the present experiment. The most solid conclusions one can make are 

that: (1) the predominant effect of septal stimulation is to inhibit 0-related cell discharge; (2) 

based on these findings, there may exist at least two populations of hippocampal 0-related 

neurons which respond differentially to electrical stimulation of the medial septum. The 

majority of 0-related cells (perhaps 70%) respond to such stimulation by decreasing their 

discharge rate with increasing frequencies of septal stimulation, whereas the minority of 

these cells respond to septal stimulation with complete inhibition; and (3) 0-related cells alter 

their pattern of activity during septal stimulation in a manner that is not consistent with their 

activity during spontaneous 0. 

The finding of cellular discharge inhibition was observed in all 0-related cells 

recorded in the present experiment, and was especially prominent as the frequency of medial 

septal stimulation was increased (i.e., from 5 Hz to 7 Hz). This finding alone differentiates 

0-related and SESWHA-related cellular activity since 0-on cells tend to increase their 

discharge rates with increasing frequencies of spontaneous 0 (Bland, 1986). It could be 

argued that rather than being simply inhibited in the present experiment, 0-related cells were 

'driven' or 'entrained' by septal stimulation, given that most cells exhibited a greater degree 

of rhythmicity during stimulation and exhibited a phase relationship to SESWHA. This may, 

indeed, be the case. Nevertheless, the goal of this thesis was to assess the similarity of 0-

related cell activity during SESWHA to that observed during spontaneous 0, and so, 

accordingly, I will focus on that aspect of SESWHA-related cell activity. 
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As mentioned previously, excluding the present experiment, just one study has 

examined the effects of septal stimulation on hippocampal cellular activity. Vinogradova, et 

al. (1993) reported that, in unanaesthetized rabbits, the majority of hippocampal cells 

recorded during septal stimulation were inhibited. They also reported that there was no 

correlation between the activity of cells recorded during septal stimulation to their pre-

stimulation, spontaneous patterns of activity. The results reported in the present experiment 

support these findings. 

The finding that subpopulations of cells exist that exhibit complete inhibition during 

septal stimulation was reported in all 9-related cell types examined. As suggested above, this 

may indicate that two or more populations of hippocampal 9-related neurons exist which 

respond differentially to septal stimulation; however, given that 62% of all cells recorded in 

the present experiment were excluded, largely because they were lost during septal 

stimulation, it is likely that a complete sampling of all hippocampal 9-related cell types did 

not occur. The fact that so many cells were lost during septal stimulation may, however, 

suggest a third population of cells in the hippocampus which are particularly sensitive to 

extra-hippocampal activation. 

Another effect reported in the present experiment that was quite robust, if unexpected, 

was the finding that 9-related cells tended to fire near the positive peak of SESWHA during 5 

Hz septal stimulation, but nearer to the negative valley of SESWHA during 7 Hz stimulation. 

One possible explanation for this effect relates to the finding of increased cell discharge 

suppression during 7 Hz stimulation. It could be that these higher levels of suppression act to 

rhythmically inhibit cell firing, thus shifting their preferred phase of firing nearer to the 

negative valley of SESWHA. Another explanation could be related to the less than perfect 



field activity elicited via septal stimulation at 5 Hz. The appearance of many of the CCFs 

conducted to relate unit activity to 5 Hz SESWHA were less than perfect themselves. This is 

presumably a direct result of the suspect 5 Hz SESWHA recorded at times. As such, the 

finding that cells tend to fire nearer to the positive peak of SESWHA during 5 Hz stimulation 

may be spurious. 

Based on the present findings, it is impossible to know why 9-related cells behave 

differently during SESWHA relative to spontaneous 9, but it is probably best explained by 

the diffuse effects of electrical stimulation and the complexity of septo-hippocampal 

connections. Many brainstem-diencephalic pathways, running through the M F B , including 

various pharmacologically distinct fibres, project to the medial septum and ascend to the 

hippocampus. Thus, stimulation of the medial septum without the involvement of these 

fibres is technically impossible. As well, during any given bout of septal stimulation, one 

could be differentially activating distinct pharmacological projections as a result of minute 

differences in the location of the stimulating electrode. Furthermore, when utilizing 

electrical stimulation of the septum, there is always a possibility of current spread to the 

lateral septum and antidromic stimulation of hippocampo-septal fibres (Vinogradova, et al., 

1993). The presence of these potential confounds thus complicates the interpretation of the 

data reported in the present experiment. That being said, the primary effect of 9-related cell 

inhibition during septal stimulation was well founded despite these potential confounds. 

Furthermore, it is clear that the pattern of activity exhibited by 9-related cells during septal 

stimulation is not consistent with their activity during spontaneous 9. 
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GENERAL DISCUSSION 

The experiments described in this thesis were carried out to determine the likeness of 

spontaneous hippocampal 6 field activity to that generated via stimulation of the medial 

septum. So, are these two forms of activity homologous? Are they identical? Taken 

collectively, the findings reported herein indicate that they are likely homologous forms of 

activity. It would be naive to presume that any experimentally-induced form of activity is 

identical to that observed in the natural state, except, perhaps, in extremely simple systems, 

and even were this not the case, the findings reported in this thesis would not allow for such a 

conclusive statement. 

The conclusion that SESWHA is homologous to spontaneous 0 is based primarily on 

the results reported in Experiment I. Given that the main focus of this thesis was on the 

comparison of septally-elicited and spontaneous hippocampal field activity, it seems logical 

that the results of the field analysis should take precedence over other findings. The reported 

morphological similarity of the two E E G patterns, the comparable amplitude and phase 

profiles, and the preliminary CSD analysis reported by Kirk, et al. (1995), lend strong 

support to the notion that SESWHA represents a homologous form of hippocampal 0 field 

activity. 

Speaking against this conclusion are the results reported in Experiment II. The 

rationale behind this experiment was that, assuming spontaneous 0 and SESWHA are 

homologous forms of activity, 0-related cells would behave similarly under both spontaneous 

0 and SESWHA. As reported, this was found not to be the case. In retrospect, given the 

difficulties associated with septal stimulation (to be discussed in further detail below), it 

would now seem that such a rationale may have been somewhat misguided. Of course, if the 
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results had demonstrated similar cell responses under both conditions, then perhaps this 

would not appear to be the case. 

Given that Experiment II represents the first study ever conducted to examine the 

discharge characteristics of hippocampal 0-related cells during stimulation of the medial 

septum, recording and analysis techniques had to be devised 'on the fly'. Of the numerous 

difficulties encountered during the course of the experiment, the primary problem was 

locating cells that were strong enough to withstand the force of medial septal stimulation. 

Such problems had not been reported in studies conducted on electrical stimulation of the PH 

(Bland, et al., 1990; Smythe, et al, 1991), and so were unexpected in this experiment. 

Another complicating factor concerned the analysis of those cells that did survive septal 

stimulation. The goal of the experiment was to directly compare the activity of hippocampal 

0-related cells under both spontaneous and septally-elicited conditions. Prior studies 

investigating the effects of PH stimulation on 0-related cellular activity have used stimulation 

frequencies in the 100 Hz range, which completely mask ongoing cellular activity. As such, 

quantitative analysis in these studies relied on data recorded immediately after the 

stimulation was terminated. The use of such a technique was not in keeping with the goal of 

this experiment, nor would it have been practicable, so to record activity during septal 

stimulation meant that the stimulus artifact and cellular activity had to be isolated in every 

case. This was a daunting task given that the stimulus frequency was typically in the same 

bandwidth as the concurrently recorded field and unit activity. As described previously, 

every effort was made to fully isolate the stimulus artifact from unit activity, but it is 

conceivable that this was not always accomplished. 
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An unavoidable effect of using the technique of electrical stimulation of the septum is 

that, obviously, a stimulating electrode must be implanted in the medial septum. The process 

of implanting this electrode can itself be catastrophic to an experimental preparation. In both 

experiments reported in this thesis, the implantation of the septal stimulating electrode was 

often accompanied with a great deal of blood loss from the animal. In many cases this effect 

was so severe that the experiment had to be stopped immediately. Although every effort was 

made to minimize the diameter of the stimulating electrode, it was imperative that it be 

strong enough, and hence large enough in diameter, to penetrate the brain and descend along 

a vertical path en route to the medial septum. The relative large size of these electrodes 

certainly contributed to the large amount of blood lost. Furthermore, Monmaur, Fage, 

M'Harzi, Delacour, and Scatton (1984) have demonstrated that macroelectrode implantation 

in the dorsomedial part of the septum results in decreases in both ChAT and spontaneous 0 

recorded from the hippocampus. The latter finding was observed on many occasions during 

the course of the experiments reported in this thesis. Spontaneous 0 rhythmicity and 

amplitude were commonly observed to be affected detrimentally following the implantation 

of the septal stimulating electrode. It is logical to presume that this effect also impacted the 

activity of 0-related cells within the hippocampus. 

Despite these inherent methodological shortcomings, robust effects were reported by 

both experiments. It is unfortunate that the results reported in Experiment II do not speak to 

the original hypotheses as well as the results reported in Experiment I, but the results of 

Experiment II were nonetheless thought-provoking and illustrative of the effects of septal 

stimulation on hippocampal neuronal activity. 
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Putting aside the SESWHA versus spontaneous 0 issue momentarily, the results of 

both experiments more generally are supportive of current theories of hippocampal 0 

modulation. As described in the introduction, it is now generally accepted that the septo-

hippocampal projection is composed primarily of cholinergic and GABAergic components. 

Consequently, most current theories regarding the generation and modulation of hippocampal 

0 recognize that activity observed within the hippocampus is dependent on the dynamic 

balance between these pharmacologically distinct projections (Bland, 2000). Furthermore, it 

has been suggested that the medial septum primarily controls the amplitude of hippocampal 0 

field activity, whereas the PH, S U M , and other associated structures may relay the frequency 

component of 0 to the medial septum (Smythe, et al., 1991; Bland, et al., 1995; Bland, et al., 

1996). The results reported in this thesis are supportive of these notions. By electrically 

stimulating the medial septum and eliciting activity that, based on the current findings, is 

homologous to spontaneous 0, it could be argued that the frequency-specific stimulation 

applied to the septum takes the place of frequency-coded information sent to the septum by 

ABSS structures located downstream. If, indeed, this is the case, then undercutting the 

septum, thus depriving it of all ascending inputs, should have little or no effect on SESWHA. 

In fact, Vinogradova, et al. (1993) have found this to be the case. They demonstrated that, 

following basal undercutting of the septum, stimulation of the medial septum was highly 

effective in eliciting synchronous hippocampal field activity. Thus, based on the current 

findings and past research, it is suggested that electrical stimulation of the septum elicits 

hippocampal 0 field activity by mimicking the frequency input typically supplied by 

ascending inputs to the septum. This frequency-specific input supplied by septal stimulation 
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probably activates cholinergic and GABAergic septal projections normally active during 

spontaneous 6. 

Future studies utilizing septal stimulation in the acute preparation are certain to 

further elucidate the role of the medial septum and other ABSS structures in the generation 

and modulation of hippocampal 6 activity. Given that the S U M has been implicated in the 

frequency transduction of ascending inputs to the medial septum and hippocampus (Kirk and 

McNaughton, 1991), it would be interesting to observe the effects of S U M stimulation on 

hippocampal field activity. It would also be interesting, if technically possible, to record 

intracellularly from single hippocampal neurons during septal stimulation, following which 

the cells would be stained for subsequent identification. Such an experiment would certainly 

contribute to the understanding of the results presented in Experiment II. 

Due to numerous constraints inherent with the acute preparation, it would also be 

fruitful to further investigate the technique of septal stimulation in the freely moving, chronic 

preparation. Regarding the limitations of the acute preparation, the primary concern is the 

effect anaesthetics have on the hippocampal EEG. Mercer, Remley, and Gilman (1978) 

demonstrated that the intravenous injection of urethane inhibited hippocampal unit 

discharges. The activity of some cells remained depressed for periods of time up to 90 

minutes or more in some cases. Furthermore, Brazhnik and Vinogradova (1986) have 

reported that some anaesthetics alter the discharge properties of medial septal neurons, thus 

influencing the activity of their targets in the hippocampus. 

Given the numerous recent findings regarding the pharmacology and 

electrophysiology of the septo-hippocampal projection, it would be interesting to revisit some 

of the septal stimulation experiments conducted in the freely moving preparation in the late 
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1970's and early 1980's. Given the results reported in this thesis, it would be especially 

interesting to return to the Kramis and Routtenberg (1977) study in which they noted a 

dissociation of the hippocampal EEG from its behavioural correlates during septal 

stimulation. 

It is hoped that the findings presented in this thesis have contributed to the 

understanding not only of septal stimulation as an experimental technique, but also of the 

septo-hippocampal projection and its role in hippocampal 0 modulation. The frequency-

specific nature of septal stimulation, and the current finding that the activity it elicits is 

homologous to spontaneous 0, make it a potentially powerful tool in the investigation of the 

hippocampal EEG. 
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