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ABSTRACT 

The purpose of the present study was to determine the role of 

norepinephrine in the generation of hippocampal type 2 theta activity. 

Experiments were performed on urethane anesthetized rats, implanted 

with recording electrodes in the dentate gyrus and stimulating 

electrodes in the dorso-medial posterior hypothalamus. The effects of 

norepinephrine on hippocampal theta activity was studied by directly 

infusing norepinephrine and other noradrenergic agents into the 

hippocampus. Norepinephrine microinfusion produced a decrease in the 

amplitude of theta activity as observed in the polygraph chart record. 

Subsequent spectral analyses demonstrated a decrease in power at peak 

theta frequencies, as well as a decrease in power at frequencies 

between 20-25 Hz (noise). The inhibitory effect of norepinephrine on 

hippocampal type 2 theta activity was found to be mediated by alpha2 

adrenergic receptors. Microinfusions of an alpha2 agonist 

(detomidine) mimicked the effects produced by norepinephrine, whereas 

alpha1 and beta agonists were ineffective. The inhibitory effect of 

detomidine was blocked by microinfusions of an alpha2 antagonist 

(tolazoline), which indicates that the site of action was specific to 

the noradrenergic alpha2 receptor. Results were discussed in terms of 

a modulatory role for norepinephrine, rather than as a primary drive, 

in the production of type 2 theta activity. 
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nmwcric 

A primary aim of Physiological Psychology is to study the 

relationship between brain and behavior. The hippocanal formation 

is a structure where the relationship between brain and behavior has 

been intensively studied. As a result (in humans), this structure has 

come to be associated with such concepts as learning, memory, emotion, 

arousal, and attention. 

One approach employed to study hippocanal function has been to 

record electrophysiologim1 activity from within it and correlate 

behavior with such activity. From within the hippocampus of a number 

of different mammals, a large quasi-sinusoidal waveform can be 

recorded. This waveform, termed theta or rhythmic slow wave activity, 

has been found to vary in a very consistent manner with ongoing animal 

behavior. On the basis of electrophysiological, pharmacological, and 

anatominnl studies, theta has been divided into type 1 and type 2 

components. The former is associated with behaviours such as walking, 

running, and rern-ing; the lattr is associated with more psychological 

concepts such as attention, arousal, and information processing. 

It is the purpose of the present research to further investigate 

the pharmacological characteristics of type 2 theta activity, and show 

how this relates to e1ectrophysiologicl activity. The introduction 

to follow provides a review of the area and develops the logic from 

which this research approach arose. 
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UIPEOPAL MMMON ANIY 

The hippocanal formation is a telencephalic structure which 

borders the lateral ventricles, fanning a semi-circle around the 

thalamus of each hemisphere. It is often divided into dorsal and 

ventral components; the former lying over top of the thalamus, and the 

latter found postrior and ventral to the thalamus, running into the 

posterior horn of the lateral ventricles. 

The hippocampal formation is made up of two intirlocking gyri-

the hippocampus proper (Arration's horn) and the dentate gyrus (fascia 

dentata). The ,subiculum, a zone leading into the hippocampus proper 

from the entorhinal cortex, is often included in anatomical 

descriptions of the hippocampal formation. Based on the morphology of 

cells in the area, the anatomist Lrenth de No (1934) subdivided the 

hippocampus proper into four fields. Each field is labelled with the 

letters C (cornu animonis) and the numbers one through four. The Cl 

region is found adjacent to the subiculum and contains a double row of 

tightly packed pyramidal cells. This area has been designati-1 as 

Regio Superior by Blackstad (1956). The C2 region is considered a 

transition zone between CAl and CA3, and also contains large pyramidal 

cells, although they are arranged in loosely packed rows. The CA3 

region also contains rows of loosely packed pyramidal cells which 

receive mossy fiber projections from the dentate granule cells, and 

project, via the Schaffer collaterals, to the CAl pyramidal cells. 

The CA2 and CA3 regions are collectively known as the Regio Inferior. 

The CM region is the transition zone from the hippocampus proper to 
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the dentate gyrus, this layer contains rows of loosely arranged 

pyramidal cells. The CM region is often referred to as the hilus of 

the fascia dentata (Blackstad, 1956). 

The subiculum lies between the CAl region of the hippocainpus 

proper and the medial entorhinal cortex; it is composed of three 

layers (Bayer, 1985; Lorente de No, 1934). Lying adjacent to the 

medial entorhinal cortex, containing a layer of medium sized cells, is 

the parasubiculum. Lying adjacent to the parasubiculum and abutting 

the hippocampal fissure is the presubiculum. This region' contains a 

superficial layer of relatively small sized cells. The subiculum 

proper is locat  proximal to the CAl region and contains large, 

loosely arranged pyramidal cells, as well as a superficial layer of 

granule cells. The transition area betweon the subiculum and CA1 

region of the hippocampus proper is known as the prosubiculum (Bayer, 

1985). The top portion of Figure 1 shows a schematic representation 

of the hippocampus proper, dentate gyrus, and subiculum. 

The hippocampus proper and dentate gyrus are both laminated 

structures, with the layers oriented perpendicular to the principal 

cells in the area. In the hippocampus proper the principal cells are 

the pyramidal cells. The most superficial layer in the hippocampus 

proper, the stratum lacunosum-moleculare, lies adjacent to the 

hippocampal fissure and contains the distal portions of pyramidal 

cell apical dendrites. This layer is relatively void of cells, 

although fibers entering the hippocampus proper from the subicular 

region are found here. The stratum radiatuin contains the main shafts 

of the apic 1 dendrites arising f.wat the pyramidal cells. The stratum 
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pyramidal is composed of a tightly packed layer of pyramidal cells. 

Unlike the pyramidal cells of the neocortex, which have only one 

dendritic process, these cells have two dendritic processes-the basal 

and apical dendrites. Also found within the pyramidal rl  1 layer are 

interneurons, mostly basket cells, which extend their axonic 

processes around the somas of the pyramidal l  is creating a basket-

like plexus. P.ket cells rcive afferents from the medial septum-

diagonal band complex (Lewis and Shute, 1967), and are thought to have 

an inhibitory effect on pyramidal cell activity (Andersen, Eccles, and 

Loyning, 1964). Lying below the pyramidal cell layer is the stratum 

oriens which contains the basal dendrites of the pyramidal cells. 

Also found within this layer are the proximal segments of pyramidal 

cell axons which enter into the alveus, as well as a number of 

interneurons. The alveus contains axonic fibers arising from the 

pyramidal cells, and projects to the firia, fornix, and subiculuni. 

Found at the end of the moleculare layer of the hippocanus 

proper is the dentate gyiis. The dentate region's principal cell type 

is the granule cell. The most superficial layer of the dentate gyus 

is the stratum moleculare. This layer contains the apil dendrites 

arising from cells in the granular layer and receives perforant path 

projections fLoln the entorhinal cortex. The stratum granulare 

contains several rows of densely packed granule cells. Unlike the 

pyramidal cells of the hippocampus proper these cells have very few 

basal dendrites, but like pyramidal cells they are surrounded by 

interneurons. The third layer of the dentate gyrus is the polymorph 

layer which is located within the hilus and abutts the CM region of 
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the hippocanus proper. This layer contains granule cell axons which 

travel through the polymorph layer and end as mossy fibers above the 

pyramidal cells of the CA2 - CM regions. Also found in this layer 

are a number of basket cells. The lower portion of Figure 1 shows the 

relationship between the various layers and the principal cells of the 

hippocampus proper (Am-non's horn) and the dentate gyrus. 
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Fiqure 1 Hipocança]. Jbrnat cxi Anatcixty 

The upper portion of this figure is a horizontal section through 

the hippocaial formation. Arrows indicate the boundaries between 

each cornu anxtonis (CZ) field, as well as the dentate region and 

subiculurn. The lower portion of the figure shows the various 

hippocarcal layers and their relationship to the pyranddi1 cells of 

the hippocanus proper (Aiion's horn) and the granule cells of the 

dentate area. 
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HIYSIOIOGY OF ThEIA ACrIVrr1 

The first crehensive study of theta activity, also known as 

rhythmic slow activity (RSA), was done by Green and ?rduini (1954). 

These researchers demoristratr1 that theta activity could be elicited 

from the hippocaxri of cats, rabbits, and monkeys by a nuner of 

sensory stimuli, as well as by stimulation of the reticular activating 

system. T,--, ions of the fornix and septum were found to abolish theta. 

These resrchers concluded that theta activity reflected an alerting 

reaction in the hippocampus. Since that time numerous studies have 

been done which further elaborate on the initial descriptions 

provided by Green and Arduini (1954). Hippocaitpal theta activity can 

be recorded f uu a number of manaals including the rat (Bland and 

Vandewo1f, 1972; Bland and Whishaw, 1976; Vandewolf, 1971), rabbit 

(Bland, Andersen, and Ganes, 1976; Andersen, Bland, Mbrer, and 

Schwartzkroin, 1979; Bland and Bland, 1986; Creery and Bland, 1980; 

Kramis, Vanderwolf and Bland, 1975), cat (Bland, Sainsbury, and 

Creely, 1979; Whishaw and Vandeiwoif, 1973), gerbils, (Kramis and 

Routtenberg, 1969; Whishaw, 1972) and guinea pigs (Montoya and 

Sainsbury, 1985; Sainsbury, 1970; Sainsbury and Montoya, 1984). 

Pharmacological and behavioural findings have demonstrati-1 that 

two types of theta activity are present in the majority of these 

species. Type 1 theta (movement related RSA) occurs during what is 

considered operant or voluntary motor behaviours such as walking, 

running, jumping, swimming, manipulating objects with forelimbs, head 

movements, and postural shifts. Vandeiwolf (1969) refers to these 
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behaviours as type 1 behaviours. The frequency range of this type of 

theta is between 6-12 Hz and varies with the speed with which 

movements are initiated (Vanderwolf, 1969; Whishaw, 1982). Type 1 

theta, as well as its behavioural correlates are abolished by a number 

of anesthetics such as alcohol, ether, urethane, and sodium 

pentobarbital, but is resistant to large doses of atropine sulphate (a 

cholinergic blocker). 

The second form of theta activity, type 2 theta, occurs during 

complete immobility and the concomitant presentation of sensory 

stimuli such as hand claps, tones, owl vocalizations, and touching the 

animals fur (Bland, Sainsbury, Seto, Sinclair, and Whishaw, 1981; 

Bland, Seth, Sinclair, and Fraser, 1981; Sainsbury, Heyrien, and 

Montoya, 1987; Sainsbury, and Montoya, 1984). Sainsbury (1985) 

suggests that immobility related, type 2 theta activity occurs in 

response to sensory stimuli when the animal is in an arouzod state. 

He notes that the level of arousal, or ability of sensory stimuli to 

elicit type 2 theta, may vary between species as well as individuals 

within a species. Other conditions where type 2 theta is also present 

include: (1) during conditioning paradigms where electrical shock 

results in freezing behaviour (Sainsbury, Harris, and Rowland, 1987; 

Vandewo1f, 1969; Whishaw, 1972); (2) after brain stem and 

hypothalamic lesions (Kolb and Whishaw, 1977; Robinson and Whishaw, 

1974); and (3) following treatment with a number of drugs such as 

physostigmine, urethane, and reserpine (Robinson, Vanderwolf, and 

Pappas, 1977; Vanderwolf, 1975; Vanderwolf, Krainis, Gillespie, and 

Bland, 1975). This type of theta activity is believed to be 
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cho1inergir1  ly mediated, as administration of drugs which interfere 

with central cholinergic transmission (eg. atropine sulphate, 

scopolamine, hemicholinium-3) block its occurrence (Robinson and 

Green, 1980; KrantLs, Vanderwoif, and Bland 1975; Vanderwolf, Kramis, 

Gillespie, and Bland, 1975). Atropine methyiriltrate, a drug which 

mimics the peripheral effects of atropine sulphate, but is unable to 

cross the blood brain barrier, has no effect (Vandeiwoif et al, 1975). 

The overall frequency range of type 2 theta (4-9 Hz) is lower than 

that found for type 1 theta activity. 

Two other wave forms which can be recorded from the hippocaus 

are large amplitude irregular activity (LTA), and small amplitude 

irregular activity (SIA). Large amplitude irregular activity is found 

during immobility and the occurrence of type 2 behaviours (Vandeiwolf, 

1971). These behaviours are considered to be automatic or reflexive 

and include: chewing, grooming, teeth chattering, licking, drinking, 

urinating, and pelvic thrusting (see Vandeiwolf et al, 1975 for 

review). Small amplitude irregular activity occurs in short 1-2 

second segments and appears during sudden pauses in ongoing behaviour 

(Vandeiwoif, 1971). 

Leung, Lopes Da Silva, and Wadinan (1982) characterized the 

hippocampal field activity using spectral analysis and found that 

theta activity had a sharp, narrow band peak which was often 

accompanied by second and third harmonics. The harmonics were found 

to be most prominent during walking when the power of the fundament-Al  

frequency (first harmonic) was largest. During LIA and relatPA  

behaviours a power peak in the theta frequency range (6-8 Hz) was 
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still present, but was flattened and reduced in size. Subsequent 

studies by Leung (1984, 1985) have demonstrated that the power of the 

second and third harmonics increase with the frequency of theta. 

Administration of cholinergic agonists induced a low frequency (3-6 

Hz) power peak during iitmobility while subsequent atropine sulphate 

injections abolished this power peak. 

IILPFXNPAL THEM GEERAO1 

'Iwo theta amplitude maxima have been located in the hippocampal 

formation of rats (Bland and Vhishaw, 1976; Winson, 1974), rabbits 

(Bland, Andersen, and Ganes, 1975), and cats (Bland, Sainsbury, and 

Creery, 1979). A dorsal amplitude maximum is found in the stratum 

orieris of the CAl region. A second amplitude maximum is found ventral 

to the hippocampal fissure in the stratum moleculare of the dentate 

gyrus region (Bland et al., 1975; Winson, 1976a, 1976b). The dentate 

gyrus region typic1  ly shows larger amplitude field activity than that 

found in the CAl region (Bland et al., 1975; Bland and Wishaw, 1976). 

Theta activity recorded from the CAl region is found to be 

approximately 180 degrees out of phase with theta recorded in the 

dentate region. A 1iu11 zone, where theta is absent, is locai 

between the two regions in the stratum radiatum (Bland et al., 1975; 

Bland and Wishaw, 1976; Winson, 1974). Although the theta generators 

are considered closely coupled, studies suggest that they are able to 

generate theta activity independent of one another. Tciofls of the 

lateral septum (Sainsbury and Bland, 1981), and entorhinal cortex 
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lesions (Vandeiwolf and Leung, 1983), have been shown to eliminate 

theta occurring in the C1 region while leaving theta in the dentate 

region intact:. Bland et al. (1975) showed that manually stroking the 

surface of the CL region, as well as cooling it with Ringer's 

solution, selectively abolished Cl theta while theta recorded in the 

dentate region remained unaltered. These researchers were unable to 

eliminate theta occurring in the dentate region without affecting CAI 

theta. Rowntree and Bland (1986) found tora1 differenr  in the 

responses of these generator regions to cholinergic agonists 

(carbachol and physostiginine), and antagonists (atropine sulphate) 

infused directly into the hippocaxral formation. Theta activity could 

often be driven/abolished in the hippocanal region ipsilateral to the 

site of infusion with no effects seen in the contralateral hippocanus 

until several minutes after infusion. Recent work in the in vitro 

hippocapal slice preparation has shown that the two theta generator 

zones can produce theta activity that no longer has a 180 degree phase 

shift relationship as is found in the in vivo preparation (Konopacki, 

Bland, and Roth, 1987). Further, both generators have been found to 

be capable of generating theta following deaf ferentation f.wat one 

another (Konopacki, Bland, Maclver, and Roth, 1987). Controversy 

surrounds the possibility that a third independent theta generator 

exists in the hippocanipal CA3 region. Some researchers have recorded 

theta activity (Bland, and Vhishaw, 1976; Konopacki, Bland and Roth, 

1988a) and a phase reversal (Buzsaki, 1986) in this region, while 

others have found neither (Bland, Andersen, and Ganes, 1975). 

Disagreement in results are most likely due to differences in the 
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experimental procedures employed, and the species under study. 

A number of researchers have found what appears to be theta 

outside of the hippocampal formation. Feenstra and Holshe±mer (1979) 

reported a 180 degree phase reversal in layer five of the posterior 

cingulate cortex. Moreover, cells in this region were found to have 

periodic spike activity which was phase locked to the locally recorded 

theta rhythm (Hoisheliner, 1982). In the freely moving rat, Leung and 

Borst (1987) recorded unit activity that was phase locked to the local 

theta rhythm, although these researchers were unable to find a phase 

reversal. A follow up study showed that some septal lesions caused a 

release of theta activity in the cingulate cortex while theta was 

abolished in the hippocamnpal formation. Recently, Colom, Christie, 

and Bland (1988) performed depth profiles through the posterior 

cingulate cortex and found no evidence of a phase reversal. Further, 

these researcher recorded from a number of neurons in this area and 

found, according to Colom and Bland's (1987) cell nosology, a 

predominance of tonic, non-rhythmic theta-on cells. They concluded 

that the lack of a phase reversal and an abundance of tonic, non-

rhythmic theta-on cells suggests that the posterior cingulate cortex 

does not contain an independent theta generator, but rather monitors 

transitions from theta to LIA states. 

Theta activity has also been recorded in the entorhinal cortex 

(Alonso and Garcia-Austt, 1987a, 1987b; Mitchell and Ranck, 1980), 

which provides a major afferent to the hippocarrpus. Depth profiles 

performed with moving electrodes have shown that theta activity 

recorded in the deeper layers of the entorhinal cortex is 180 degrees 



14 

out of phase with respect to theta recorded in superficial layers. It 

has been suggestnd that the medial septum may act as a pacemaker for 

the theta activity recorded in the entorhinal cortex, although no 

studies have been done to determine if lesions of the medial septum 

abolish theta recorded in this area. 

Other areas of the brain where theta has been reported are: the 

thalamus (Leinoal and Cardo, 1975), hypothalamus (Bland and Whishaw, 

1976; Petsche and Stumpf, 1960), ventral inesencepbalic tegmentum (Le 

Moal and Cardo, 1975), and pontis oralis (Fans and Sainshaiy, 1989). 

In this latter study, lesions of the pontis oralis had no effect on 

hippocanal theta or its behavioural corre1atc, suggesting that theta 

recorded in the hippocaitus is not dependent upon the integrity of the 

pontis oralis. T,---,ions of the medial septum were found to abolish 

theta activity in both the hippocanus and pontis oralis. Cross 

correlations of field activity from both sit-,---, remained unaltered both 

before and after medial septal lesions - suggesting that both 

structures share a common input. 

ari1 ACIVlT! 

Single r1  1 activity within the hippocana1 formation has been 

found to be related to locally recorded theta activity. Bland and 

colleagues have done a considerable amount of research in this area-

both in the freely moving rabbit, and urethane anesthetized rat. 

Sinclair, Seto, and Bland (1982), in the freely moving rabbit, 

originally described cell firing patterns that were related to local 
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field activity and ongoing behaviour. During IIA and related 

behaviours (eg. immobility) theta relatod cells were arhytbrnic. 

During type 1 theta and related behaviours (eg. walking), these cells 

fired in a rhythmic manner. Similarly, these cells also displayed 

rhythmic activity during the occurrence of type 2 theta. The authors 

noted that there were fewer rhythmic discharges during type 2 as 

compared to type 1 theta, even though the frequency of both types of 

theta were often identi1. The number of cell discharges during 

type 2 theta was found to be similar to the number during flEA, 

although in this lattr case the discharges were in an athythinic 

manner. Sinclair et al. (1982) suggested that the increase in the 

number of rhythmic cell discharges during type 1 theta activity could 

be evidence for: (1) both type 1 and 2 theta being present during type 

1 behaviours; and (2) two anatomically distinct afferent drives for 

the production of theta activity, with both systems being active 

during type 1 theta. Bland, Seth, and Rowntree (1983) replicated the 

above study and also showed that theta related cells exhibited a 

linear increase in rhythmic discharge rat  as the frequency of both 

type 1 and 2 theta increased. In a modification of Ranck' S (1973) 

definition of theta cells, Bland et al. (1983) defined theta cells as 

cells that always fired in rhythmic, simple spike manner, locked to 

the negative phase of the locally recorded theta wave. During tIA, 

these cells were silent or discharged arhythmicafly, and as 

frequencies of type 1 and 2 theta increed, they linrly increased 

their discharge rates. A later study by Bland, Seto, Sinclair, and 

Fraser (1984) provided more evidence for the hypothesis that two 
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afferent systems mediate the production of type 1 and 2 theta 

activity. These researchers found that the administration of the 

cholinergic agonist, physostiginine, resulted in the production of type 

2 theta and theta cell rhythmicity. Administration of atropine 

sulphate (a cholinergic antagonist) abolished type 2 theta and 

accompanying cell rhythmicity. Further, following atropine sulphate 

injections, a decrease in the number of cell discharges during type 1 

theta and related behaviours was also found. This suggests that the 

type 2 theta system is operational during the production of type 1 

theta and that following atropine sulphate administration, a rhythmic, 

non-cholinergic system remains. As is found for hippocarral theta 

activity, the integrity of the medial septum is required for normal 

theta cell activity. Lesions of this area have been shown to 

decrease theta cell discharge rates by approximately 50 percent. 

Tions of this area have also been found to disrupt rhythmicity of 

theta cells in the freely moving rabbit (Bland and Bland, 1986). 

Coloin and Bland (1987), using the urethane anesthetized rat 

(type 2 theta only) developed a nosology to describe theta related 

cell activity, and its relationship to the theta and LIA states. 

Theta relatc1 cells were classified into theta-on and theta-off 

categories. Within each of these categories two subtypes - tonic and 

phasic, were also described. Tonic theta-on cells fired 

nonrhythinic'1  ly while theta activity was present, and did not change 

their firing rate in response to frequency changes of theta activity. 

During flEA activity, these cells fired at low rates or were silent. 

Phasic theta-on cells were found to discharge rhythmically during 
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theta activity, and as the frequency of • theta incred, these cells 

showed a linear increase in discharge rate. Discharges were arhytthinic 

during LIA and the rate of discharge varied from cell to cell. Tonic 

theta-off cells never fired during theta activity, but discharged at a 

low, constant rate during LIA. Phasic theta-off cells were found to 

never fire during high frequency theta activity, but began to fire, 

sometimes rhythmic-ally, at lower frequencies of theta. During flEA, 

phasic theta-off cells discharged continn1  ly at high rates. These 

researchers proposed that tonic cells code the changes from theta to 

LTA states, where.c phasic cells code changes within the lIlA or theta 

state. Further investigation by Bland and colleagues have shown that 

phasic theta-on r1  ls code increasing levels of activation in the 

septo-hippocaital cholinergic system, during both spontaneously 

occurring and stimulation induced (dorso-medial posterior 

hypothalamus) theta activity. Theta-off cells were shown to have an 

inverse relationship to such activation. Administration of atropine 

sulphate abolished theta-on cell rhythmicity, as well as their ability 

to code the level of dorso-medial posterior hypothalamus stimulation 

(EMPH) (Colom, Ford, and Bland, 1987). Muscarinic receptor activation 

appears to mediate tonic and phasic theta-on cell activity as 

systemic administration of eserine and carbachol excite both types of 

cells, wherets atropine sulphate aciminstration antagonizes these 

effects. Activation of nicotinic receptors causes an inhibition of 

theta-on cell activity, although theta activity may still be present. 

It is liJcely that theta activity induced by nicotine is mediated 

outside of the hippocanus (Bland and Colom, 1988). Bland and Colom 
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(1989) have recently investigated theta-off cell activity using a 

number of physiologic-al and pharmacologic1 manipulations. Phasic 

linear theta-off cells were found to be inhibit9 during theta 

frequencies above 5.0 Hz irrespective of whether this frequency of 

theta occurred spontaneously, or was induced by tail pinches, 

physostigmine, or electric'1 stimulation of the 1]iMi . Tonic 

nonlinv theta-off cells were inhibited at all frequencies of theta 

produced with the above manipulations. Both cell types exhibit 

typical arhythrnic firing patterns associated with flE?. Atropine 

sulphate abolished all theta activity in response to theta producing 

stimuli, but tail pinches and E]H stimulation still resulted in 

inhibition of both types of cells. These researchers concluded that 

inhibition of theta-off cells is most likely due to a GB-ergic 

pathway originating in the medial septum. 

The morphology of theta cells is still under debate (see Bland 

1986, for review). Based on anatomical and electrophysiological 

evidence, Fox and Ranck (1975, 1981) have concluded that the majority 

of theta cells are interneurons and complex-spike cells are pyramidal 

cells. Conversely, Leung and Yin (1986) found that CAl pyramidal 

cells showed intrarl  lular oscillations of the resting membrane 

potential that were phase locked to extracellularly recorded theta 

rhythms. Nunez, Garcia-Austt, and Buno Jr. (1987) also recorded 

intracellularly from CAl cells, as well as injecting these cells with 

Lucifer yellow for morphologil identification. These authors 

concluded that cells showing intracellular theta oscillations and 

rhythmic spike activity were pyramidal cells. 
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HrND' S SEISQRIJDR MDT%U, 

Bland (1985, 1986) has posited a sensorimotor model to account 

for the appearance of type 1 and 2 theta activity. Key to his model 

are the assumptions that there are two distinct afferent systems which 

are involved in the generation of type 1 and 2 theta, and that the 

type 2 theta system is active during voluntary movements. A 

considerable amount of e1ectrophysiologir1 and pbantaco1ogiral 

evidence exists which substantiates these two assumptions (see Bland, 

1986 for review). The type 2 theta system is posited to monitor 

sensory systems. Tonic activity is reflected in LIA activity, whereas 

phasic changes in the sensory afferents result in the production of 

type 2 theta and rhythmic theta cell activity. The type 1 theta 

system is an indicator of the level of activation in the voluntary 

motor system. The type 2 theta system is considered to have two 

roles: (1) acting as a priming input to the voluntary motor system for 

the initiation of motor programs; and (2) providing sensory feedback 

for those motor programs already initiati. In this latter case, 

phasic changes in the type 2 theta system result in alterations of an 

already activatpA motor program. These alterations may be reflected 

in changes of the speed, intensity or pattern of an ongoing motor 

program. A question inherent in this model is how or why does tonic 

activity in the sensory systems shift to phasic activity? Bland 

(1986) suggests that arousal of the animal and the significance it 
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plarec on a particular stimulus event may determine whether that event 

results in tonic (LIA) or phasic (type 2 theta) activity. Sainsbury 

and colleagues have done a number of studies which address the issue 

of arousal and the production of type 2 theta. These researchers have 

found in the guinea pig and rat, that stimuli which have no "species 

relevance" (eg. a tone) are unlikely to elicit type 2 theta during 

immobility. If these stimuli are paired with "species relevant" 

stimuli, such as sight or sound of predators (eg. snakes and ferrets), 

type 2 theta is produced during immobility. Further, the production 

of type 2 theta in response to continuous stimulus presentation has 

been shown to be prone to habituation. In this case type 2 theta is 

replaced by LIA (Sainsbury, Heynen, and Montoya, 1987; Sainsbury and 

Montoya, 1984). According to Bland's sensorimotor model habituation 

of the type 2 theta response is an example of phasic activity being 

replaced by tonic activity and as a result there is a decrease in the 

probability of the sensory processing system priming the voluntary 

motor system for action. It is important to note that both 

differences between species (Bland, 1986; Robinson, 1980), and 

differenr  within species (Sainsbury and Montoya, 1984,) in the 

production of type 2 theta occur. The rabbit appears to be the most 

reliable producer of type 2 theta and therefore the most likely 

species in which to t(--,t this model (Bland, 1986). 
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IN VITM TEEMACPIVIT 

Bland, Konopacki, Roth, and colleagues have recently studied the 

production of theta activity in •the hippocanal slice (in vitro) 

preparation. The major findings of their research have shown: (1) the 

hippocanal slice is capable of generating theta activity despite 

being deaf ferented of all extrinsic inputs such as the entorhirial 

cortex and medial septum (Maclver, Harris, Konopacki, Roth, and Bland, 

1986); (2) theta activity can be induced by the application of 

carbachol and antagonized by atropine sulphate, suggesting that the 

cholinergic receptor mediating in vitro theta activity is muscarinic 

(Konopacki, Maclver, Bland, and Roth, 1987). Other neurotransmitters, 

such as dopamine, serotonin, GABZ, nicotine, glutamate, and 

norepinephrine are unable to produce or antagonize theta generati1 by 

application of carbachol (Konopacki, Bland, and Roth, 1988b); (3) like 

in vivo preparations, the C2l region shows smaller axrlitude theta 

activity than the dentate region, although the 180 degree phase 

relationship betwccn these two generators that is found in vivo is no 

longer present in the hippocaxral slice preparation (Konopacki, Bland, 

and Roth, 1987). Furthermore, isolated sections (trans-slices) of 

just the C1 and dentate gyrus regions can independently generate 

theta activity following application of carbachol (Konopacki, Bland, 

Maclver, and Roth, 1987); (4) intracellular recordings of cells in the 

C1, C\3, and dentate gyrus regions show membrane potential 
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oscillations and rhythmic discharge patterns that are re1at9 to 

extracellularly recorded theta rhythm. This provides evidence that 

the theta recorded in vitro is not an epiphenomenon, but has a 

ri1  lular basis (Bland, Col(x, Konopacki, and Roth, 1988); and (5) a 

third independent generator of theta rhythm was found in the CA3c 

region of the hippocaus proper. Isolation of this area from the Cl 

and dentate gyrus regions did not affect its ability to generate 

carbachol induced theta rhythm (Konopacki, Bland, and Roth, 1988a). 

'IHE MEDIAL SEPB]M AND 'IHETA ACT= 

The medial septum-diagonal band area (NSDB) is considered a 

pivotal region in the generation of hippocaxrqpal theta activity. The 

NSDB sends its efferent projections to the hippocaxrus via the dorsal 

for -d, fria, and possibly the cingulum (Meibach and Siegal, 1977; 

Swanson and Cowan, 1979). Terminals from these fibers have been found 

in all CA fields (1-4), the dentate gyrus region, and the subiculum 

(Chandler and Crutcher, 1983; Meibach and Siegel, 1977; Nyakas, 

Luiten, Spencer, and Thaber, 1987). At one time this projection was 

considered to be primarily cholinergic, but recent double-labeling 

techniques suggest that less than 50 percent of the hippoca]lpal 

innervation by the septum is cholinergic (Amaral and Kurz, 1985; 

Baisden, Woodruff, and Hoover, 1984). A significant portion of the 

septo-hippocampal projections have been found to stain positively for 

glutamic acid decarboxylase (GAD) the enzyme mediating synthesis of 

the inhibitory neurotransmitter gamna-aminobutyric acid (GBA) 
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(Kohler, than-Palay, and Wu, 1984). The MSDB receives ascending 

inputs from the hypothalamus and a number of brain start nuclei (Sega]. 

and Landis, 1974; Swanson and Cowan, 1979); as well, the hipocanipal 

formation projects back to the MSDB via the lateral septum which in 

turn projects to the MSDB. These efferents fLLt the hippocaxnpus arise 

from the Cl - C3 regions and the subicular region (Swanson and 

Cowan, 1979). 

Tsions of the MSDB abolish hippocanal theta activity in both 

generator sitec (Andersen, Bland, Mybrer, and Schwartzkroin, 1979; 

Donovick, 1968; Sainsbury and Bland, 1981), as well as cause a 

significant decrease in acetyicholinesterase (AWE) activity 

(Meligren and Srebro, 1973). Sainsbury and Bland (1981) suggest that 

MSDB projections mediating C2U and dentate theta are at one point 

anatomically distinct. These researchers found that lesions of the 

lateral septum abolished theta activity only in the CAI region, 

whereas medial septal lesions abolished theta in both generator 

regions. The mediation of CA]. theta by the lateral septum is likely 

to be polysynaptic. Studies have shown that injection of retrograde 

label into the CAl region, following recordings of theta activity with 

HRP-filled microelectrodes, result in labelling of  is only in the 

medial portions of the MSDB (Monniaur and Thorson, 1983; Oka and 

Yoshida, 1985). 

Krainis and co-workers have demonstratpA that stimulation of the 

MSDB with frequency trains equal to the frequencies of naturally 

occurring theta produces hippocampal driving. Moreover, this driving 

of theta activity was found to be independent of ongoing behaviour. 
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Behaviours normally correlated with theta activity would still occur 

despite stimulation induri4 desyncbrony in the hippoca1Tpus. 

Conversely, behaviours correlated with IZA were not disrupi-  by 

stimulation indurd synchrony (Kramis and Routtenberg, 1977; Kramis 

and Vandeawolf, 1980). These two studies provide evidence that the 

medial septum provides a rhythmic input to the hippocaius and that 

that behaviours associai- d with hippocampal theta activity are not 

n-sari1y dependent upon, or the result of, theta activity. 

Petsche, Stumpf, and Gogolak (1962) considered the septal area 

(MSDB) to be the "pacemaker" of hippocaal theta rhythm. Based on 

lesion and stimulation experiments, Petsche, Stimipf and co11ues 

hypothesized that the septal area transformed the steady flow of brain 

stem impulses into rhythmic discharges which were passed onto the 

hippocarcal formation and resulted in theta activity (Gogolak, Stumpf, 

Petsche, and Sterc, 1968; Petsche, Gogolak, and Sterc, 1968). More 

recent studies by Brazhnik, Vinogradova and co-workers have 

substantiated this assertion. Within the MSDB a number of cells show 

rhythmic bursting which persists despite deafferentation from both the 

hippocarral formation and ascending brain stem pathways. In the 

former case no theta is present in the hippocanal EEG. The 

spontaneously rhythmic bursting displayed by these cells is within the 

normal theta frequencies of 4-5 Hz (bursts/sec). Stimulation of 

afferent MSDB pathways results in an increase of bursts per second as 

well as a corresponding increase in hippocampal theta frequency. An 

irii- resting finding not  by these researchers was that during driving 

of frequencies outside those which occurred spontaneously, a number of 
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rhythmic septal cells would jump to higher or lower harmonics of the 

stimulation frequency. Others would reset to baseline spontaneous 

levels of bursting (Brazhnik and Vinogradova, 1986; Brazhnik, 

Vinogradova, and Karanov, 1985; Vinogradova, Brazhnik, Karanov, and 

Zhadini, 1980a,b). 

Recording of NSDB cells during pharmacological manipulations 

has led to conflicting reports between researchers. Brazhnik and 

Vinogradova (1986) found that pentobarbital and atropine sulphate 

eliminated hippocaial theta but had relatively small effects on 

rhythmic NSDB neurons, which continued to burst in a rhythmic manner. 

Mysostigmine (an ACHE inhibitor) administration was also without 

effect on MSDB neurons, although theta was now present in the 

hippocampus. Following physostigmine, NSDB neurons typically failed 

to respond to afferent stimulation (Brazhnik and Vinogradova, 1986). 

Conversely, [amour, Dutar, and Jobert (1984) found that rhythmic NSDB 

neurons showed excitation following administration of cholinergic 

agonists (carbachol, physostigmine, and acetylcholine), and inhibition 

following antagonism by the niuscarinic blocker, atropine sulphate. In 

a recent study by these researchers GABA was found to have a marked 

inhibitory effect on MSDB cell firing (Fssant, Jobert, Dutar and 

Lamour, 1988). The conflicting results by the above two groups is 

most likely due to the experiment-al methods eiiployed. The studies by 

Brazhnik and Vinogradova were done with fr1  y moving rabbits and 

drugs were administred intravenously (IV). Conversely, Lamour, 

Dutar, Jobert and associates used urethane anesthetized preparations 

and drugs were iontophoreti1  ly applied onto the cell. Recently, 
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Stewart and. Fox (1989) found in the anesthetized preparation, MSDB 

neurons that were both resistant and sensitive to IV atropine 

sulphate. Recordings obtained f.wju pairs of MSDB neurons showed that 

a close coupling exist  between cells irrespective of whether they 

were atropine sensitive or resistant. These researchers are currently 

investigating whether the atropine-resistant neurons are involved in 

the generation of atropine-resistant (type 1) theta. 

E!ffORHINAL COP= AND ¶LHE'] ACIIVTP( 

The entorhinal cortex is considered the largest source of 

afferent innervation to the hippocairal formation (Blackstad, 1958; 

Lorento de No, 1934). The entorhinal area projects to the hippocanipus 

via three pathways: the perforant path, alvear bundle, and crossed 

animonic path. The main entorhinal input, the perforant path, arises 

from both the lateral and medial entorhinal cortices and projects to 

the dendritic branches of the Cl-CM pyraniicil '1  ls, as well as 

dentate granule cells (Blackstad, 1958; Hjorth-Simonsen and Jeune, 

1972). The perforant path gives rise to the trisynaptic pathway, 

which is frequently used in the study of long term potentiation 

phenomena. This synaptic loop begins with the perforant path 

impinging upon the distal dendrites of granular cells. The granule 

cells send out axons (mossy fibers) which innervate pyramided r1  ls of 

the C3 region, which in turn send axonic processes (Schaffer 

collaterals) to the apical dendrites of Cl pyramidal cells. High 

frequency stimulation of this pathway is known to create long lasting 
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enhancement of synaptic transmission, which may be important in such 

processes as learning and memory. The crossed amrnonic pathway 

originates in the lateral entorhinal area and like the perforant path, 

innervates the CAl-CP3 regions and dentate gyrus (Blackstad, 1958; 

Hamilton, 1976). The alvear path originates in the medial entorhinal 

cortex and terminats in the subiculum and on the basal dendrites of 

C1 pyramid1 cells (Swanson and Cowan, 1977). The entorhinal cortex 

receives afferent connections from the hippocampal formation as well 

as a number of cortical and subcortical sensory areas (Sorenson, 

1985). 

Vanderwolf and Leung (1983) studied the effects of total 

entorhinal aspiration and disconnection lesions on theta activity in 

the frly moving rat. Tcions were found to selectively abolish all 

theta activity in the CZl region, whera dentate theta was left 

intact, although it was not always present during spontaneous walking. 

In the intact animal, type 1 theta activity (atropine-resistant) 

always accompanies voluntary movements such as walking; following 

entorhinal lesions this correlation was absent. Further, the theta 

activity that did periodically occur during walking was abolished by 

anticholinergic agents (atropine sulphate and muscarine), suggesting 

that the theta present following the lesions was tholinergic'1  ly 

mediated (type 2 theta), and that entorhinal lesions had eliminated 

the type 1 theta system. Vanderwolf and Leung (1983) concluded that 

the type 2 theta system is active during type 1 theta and related 

behaviours, and that entorhinal lesions selectively eliminate type 1 

theta. Montoya and Sainsbury (1985) chose to study the effects of 
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entorhinal lesions on theta activity. in the guinea pig, as this 

species is a reliable produr-r of type 2 theta during immobility. 

Vanderwoif and Leung (1983) were unable to examine the effects of 

these lesions on naturally occurring type 2 theta, as rats rarely 

produce theta during immobility. In agreement with Vanderwoif and 

Leung (1983) theta was not always present during walking following 

entorhinal lesions. A similar decrease in the incidence of theta 

activity during immobility was also found. Administration of atropine 

sulphate abolished all theta activity during both walking and 

immobility (Montoya and Sainsbury, 1985). These researchers concluded 

that entorhinal lesions, in addition to abolishing type 1 theta, 

interrupt the production of type 2 theta during iimiiobility. 

ACIIVT 

The hypothalamus is considered to be a nodal point in the ascent 

of synchronizing and desynchronizing brain stem influences on 

hippocaiial formation theta activity (see Vertes, 1981 for review). 

Numerous studies have shown that e1ec±rir1 stimulation of the dorso-

medial posterior hypothalamus (EMPH) results in synchronous activity 

(theta) in the hippocanQa1 formation of both freely moving and 

anesthetized animals (Bland and Vanderwoif, 1972; Bland, Andersen, and 

Ganes, 1975; Col(an, Ford, and Bland, 1987; Christie, 1989; Destrade, 

1982; Destrade and Ott, 1982; Vanderwoif, Bland, and Whishaw, 1973). 

Bland and Vandeiwolf (1972), in the freely moving rat, demonstrated 

that stimulation of the UIPH indur-3 voluntary motor movements (eg. 
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running) and concomitant hippocanpal theta activity. These 

researchers found a direct relationship between stimulation intensity, 

theta frequency, and running speed. This synchronizing influence is 

likely mediated via the medial septal region as anatomiri1 evidence 

has shown that the EVIPH not only innervates the hippocanpal region, 

but also sends efferents to the septum (Riley and Moore, 1981; Ter 

Horst and Luiten, 1986). Wilson, Mott-pr, and Lindsley (1976) found 

that Ii'1PH stimulation evoked theta activity in the hippocanpus, and 

firing at theta frequencies by rhythmic bursting septa]. cells. 

Lateral hypothalamic (Iii) stimulation resulted in hippocanpal 

desynchronization as well as disrupting rhythmic septal cell 

activity. Hippocanpal desyricbrony following LH stimulation has also 

been shown in the freely moving rat (Whishaw, Bland, and Vanderwoif, 

1972). Colcan, Ford, and Bland (1987) demonstrated that theta related 

cells in the hippocampus coded the level of activation of the CPH. 

As theta frequency in the hippocampus increased as a result of tEi 

stimulation, so did the discharge rates of theta-on cells. Following 

administration of atropine sulphate, theta-on cells no longer coded 

tX']PH stimulation. 

The hypothalamus is also known to possess circuitry involved in 

the modulation of locomotion. Stimulation of various sites, including 

the MPH, result in hindlimb and forelinth stepping movements in the 

anesthetized rat (Parker and Sirinamon, 1983; Sinriamon, 1984; Sinnamon 

and Stopford, 1987). According to Bland (1986) these movements could 

possibly be accompanied by atropine-resistant (type 1) theta activity, 

as well as rhythmic bursting by theta-related cells. To date no 
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studies have been done which directly tt this possibility, although 

Colom et al. (1987) did describe a hippocarnpal theta-on cell which 

continued to code the level of EfYIPH stimulation following atropine 

sulphate administration. Research in this area may provide definitive 

answers to what anatomical and pharmacologi1 systems are involved in 

the generation of type 1 theta activity. 

In the experiments to follow, EI'4PH stimulation was used to 

produce theta activity in the hippocana1 formation. Dorso-medial 

posterior hypothalamic stimulation has been shown to be an effective 

way of producing varying frequencies of theta activity in the urethane 

anesthetized preparation (Christie, 1989; Colam et al, 1987). 

AIN SUM AM U1ZUA AC11BrLTr 

A number of brain stem regions are believed to have 

synchronizing and desynchronizing influences upon hippocaa1 theta 

activity. Vertes (1982, 1985) provides a comprehensive review of the 

studies demonstrating these effects. Robinson and Vanderwoif (1978) 

stimulated throughout the brain stem of the freely moving rat and 

found that all stimulation sites resulted in synchronous theta 

activity, except the locus coeruleus which was ineffective for both 

synchrony and desyncbrony. Vertes (1980) replicated Robinson and 

VanderwolfIs (1978) results in the anesthetized rat; although contrary 

to these reserthers, he showed that stimulation of the median raphe 

resultc1 in hippocainpal desynchrony. The nucleus pontis oralis was 

reported as the most effective brain stem synchronizing site, where 



31 

pronounced theta of high frequency (8 Hz or great-Pr) and amplitude 

could be produced. This finding has also been replicated in the cat 

(Macadr, Chalupa, and Lindsley, 1974), and freely moving guinea pig 

(Fans and Sainsbury, 1989). In response to Vertes' (1984) assertion 

that the nucleus pontis oralis is the critical brain stem site in the 

generation of hippocampal theta activity, Fans and Sainsbury (1989) 

did lesions of this area and recorded hippocanpal field activity. No 

significant effects on the frequency or amplitude of hippocarnpal theta 

were I observed following lesions. Other brain stem areas which have 

been implicated in playing a synchronizing role in hippocampal field 

activity are the nucleus pontis caudalis, pontine central grey region, 

nucleus gigantoceflularis, and nucleus raphe inagnus (Macarbr et al, 

1974; Robinson and Vanderwoif, 1978; Vertes, 1980, 1981, 1982). 

Vertes (1981) found that these ascending synchronizing jnf1uenriq 

followed three major pathways: (1) the medial longitudinal fasciculus; 

(2) the medial forebrain bundle; and (3) the central tegmental tract. 

These fiber bundles exert their influences on the hippocampal activity 

both directly and via other known hippocampal afferents such as the 

hypothalamus and MSDB region (for review see Vertes, 1985). 

Desynchronization of hippocanpal field activity appears to be 

solely mediated by the median raphe of the brain stem (Vertes, 1985). 

Although discrepancies in the literature exist, most brain stem 

stimulation and lesion studies suggest that this area exerts a 

desynchronizing influence on hippocampal theta (Macadar et al, 1974; 

McNaughthn, Azrnitta, Williams, Buchan, and Gray, 1980; Vertes, 1980, 

1981). Assaf and Miller (1978) demonstrat  that stimulation of the 
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median raphe result ;  in desyncbronization of hippocana1 theta as 

well as producing asynchronous firing of rhythmi1  ly bursting septal 

cells. These researchers believed that the median raphe exerted its 

desynchronizing effects via septal pacemaker r1  is. Similarly, 

McNaughton et al (1980) found that lower stimulation intensities were 

needed to drive hippocanal theta f.wiu the septum following lesions of 

ascending median raphe pathways. I sions of the median raphe nucleus 

have been shown to cause a release of theta activity in the rat. 

Following lesions, theta activity was often present during immobility; 

a behaviour typically associated with hippocanai TJA activity (Naru, 

Takahashi, and Iwahara, 1979). This desynchronizing influence has 

been shown to reach the hippocaius and theta-related nuclei via the 

ventromedial aspect of the medial forebrain bundle (Segal and landis, 

1974; Ver'ces, 1981, 1986). 

M:ie locus ODeruleus aixl nieta 2ctivity 

The locus coeruleus is a ccact nucleus located on the floor of 

the fourth ventricle in the brain stem. It is the largest group of 

norepinephrine containing neurons in the brain and it sends 

projections to virtually all areas of the cerebral hemispheres and 

spinal cord (see Amaral and Sinnamon, 1977 for review). Estimat 

suggest that it provides up to 95 percent of the norepinephrine (NE) 

found in the rat brain (Descarries, and Saucier, 1972; Kobayashi, 

Palkovits, Kopin, and Jacabowitz, 1974). Moore and co-workers have 

used a number of anatcmi1 mapping techniques (eg. antrograde and 

retrograde labeling, fluorescent iminunohistochemistry, and 
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autoradiography) to study the locus coeruleus (LC) innervation of the 

hippocanal formation. These researchers have found that the LC 

innervates the hippocanus proper at all C (1-4) fields; typic1  ly at 

the soma and apical dendrites of the pyrandc1 cells. The dentate 

gyrus and hilar regions receive considerably heavier projections, with 

processes ending adjacent to the granular layer (Jones and Moore, 

1977). Projections to other lirabic areas such as the medial septum, 

hypothalamus, cingulate and entorhirial cortirec have also been 

demonstrated (Jones, Halaris, Mcllhany, and Moore, 1977). 

Projections to the hippocaal formation leave the LC via the dorsal 

and ventral bundles, and entr the NFB at the level of the thalamus. 

From the MFB three groups of fibers branch off to innervate the 

hippocanipus. One group of fibers pass through the medial septum and 

enter the hippocanus via the fornix. A larger group of fibers, the 

fasciculus cinguli, continue from the MFB into the cingulate cortex 

and enter the subiculumn and hippocanipus proper. A third fiber bundle 

enters ventrally into the hippocanus via the ventral amygdel  oid 

bundle (Jones and Moore 1977; Loy, Koziell, Lindsey, and Moore, 1980; 

Riley and Moore, 1981). Electron microscopic visualization of the 

innervation patterns in the hippocaxrus has shown that the majority 

(80 percent) of NE containing fibers have varicosities which do not 

make conventional synaptic contacts with the post synaptic membrane 

(Koda and Bloom, 1977; Koda, Shulman, and Bloom, 1978). This type of 

nonsynaptic innervation is typical of what is found at postganglionic 

fibers in the autonomic nervous system (Burnstock and Costa, 1975). 

Electrir1 stimulation of the LC has proven it to be an 
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ineffective site for the production of hippocaia1 theta activity 

(Robinson and Vandei:wolf, 1978; Robinson, Vandeiwoif, and Paps, 

1977; Vertes, 1980, 1981, 1982). Findings by Macac9r et al. (1974) 

are the exception, as they found the LC to be an effective theta 

inducing site in the cat. Vertes (1982) challenged this finding by 

noting that these researchers used stimulation intensities three to 

four times greater than needed to generate theta from other brain stem 

synchronizing sit. Vertes proposed that these researchers may have 

been stimulating synchronizing sites outside the LC with such high 

current levels. Electrolytic lesions of the LC have not been found to 

directly affect type 1 or type 2 theta activity (Kolb and Whisbaw, 

1977), although these authors did see a "release" of 5-6 Hz theta 

activity during spontaneous imobility and in response to sensory 

stimulation (eg. hand claps). Administration of atropine sulphate 

abolished this imiobility related theta, suggesting a cholinergic 

basis. A similar release of theta activity acccnanying imnobility 

has been shown in rats receiving intraventricular injections of 6-

hydroxydopamine (6OHD.), a neurotoxin of NE and dopamine containing 

fibers (Whishaw, Robinson, Schallert, De Ryck, and Ramirez, 1978). 

These resern-chers also demonstrated that atropine sulphate abolished 

this immobility related theta activity. Robinson, Vandeiwoif, and 

Pappas (1977) found a release of flmiobility related theta activity 

following reserpine treatment (known to deplete monoamine stores in 

the brain) in both control and 6OHDA. treat-,  animals. The above 

studies suggest that hippocanpal noradrenergic innervation fLout the LC 

may play an inhibitory role on mechanisms underlying the production 
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of type 2 theta activity. Disruption of this influence, either by LC 

lesions or NE depletions, appear to release type 2 theta activity. 

Sal and Bloom (1974a, 1974b, 1976a, 1976b) studied the 

involvement of the LC in presumed hippocaxral pyramidi  ci1  1 activity. 

During and following stimulation of the LC the majority of cells 

studied showed a marked reduction in discharge rate which often 

persisted for several seconds. Similar inhibition of spontaneous 

hippocampal cell activity was shown following presentation of sensory 

stimuli, such as tones and flashes of light. In all instances these 

inhibitory responses could be antagonized by drugs interfering with NE 

transmission. In addition to inhibitory effects, Segal (1977, 1982) 

demonstrated that LC stimulation could also enhance excitatory evoked 

potentials produced by stimulation of known hippocampal inputs. Segal 

(1982) concluded that LC/NE involvement in hippocampal functioning was 

to decrease spontaneous noise (spike activity) and increase the 

efficacy of neurotransmission in excitatory pathways. The end result 

of this processes being a greater signal to noise ratio. 

Tr"vs Qe.ruls Cc1 1 .P.ct1v1ty 

Locus coeruleus neurons have been shown to have low spontaneous 

discharge rates which fluctuate systematically with environmental 

events and changes in animal behaviour (Aston-Jones and Bloom, 198Th; 

Jones, Segal, Foote, and Bloom 1979). During periods of slow wave 

sleep these neurons fire at redurd rates (1 Hz) and during REM there 

is almost a cclete absence of activity (Aston-Jones and Bloom, 

1981a). Similarly, during what Foote, Aston-Tones, and Bloom (1980) 
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termed "low vigilant states", such as quiet-awakening, grooming, and 

eating, IC neurons exhibited low levels of spontaneous firing. The 

highest levels of activity were found during the presentation of 

sensory stimuli (eg. tones, hand claps, light flashes). Cosparable 

firing rates have also been shown' in response to more conpiex stimuli 

such as food and the presentation of a novel object in the animal's 

environment (Aston-Jones and Bloom, 198Th; Foote et al, 1980). 

Repeat  presentations of these stimuli result in habituation where 

these neurons no longer change their rate of firing in response to the 

stimulus. This type of neuronal activity appears to be characteristic 

of the majority of cells in the IC. 

NEURVIRAMETTTERS OF 'jp pijr pp 

A number of putative transmitters have been localized to the 

hippocanpal formation and it is well beyond the scope of this 

discussion to review each one in detail. Storfr-Nathisen and Otterson 

(1984), and Haas (1983) provide reviews of the transmitter candidates, 

their sites of origin, and terminal fields within the hippocanpus. 

2cetyld]oline 

The cholinergic innervation of the hippocanpal formation arises 

primarily from neurons in the MSDB region (Lewis and Shute, 1967). A 

stratified pattern of acetylcholine esterase (ACHE; dradative enzyme 

of acetylcholine) and choline acetyltransferase (CHAT; enzyme 

necessary for the synthesis of acetylcholine) staining has been shown 
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above and below the pyramidal cell layer of the hippocampus proper and 

the granule cell layer of the dentate gyrus (Storm-Nathisen, 1970; 

Storm-Mathisen and Fonnum, 1969). Cholinergic fibers from the NSDB 

ascend to the hippocanpal formation via the firia and dorsal fornix; 

transectioris of this fiber pathway result in a decrease of ACHE and 

CHAT activity (Meligren and Srebro, 1973; Storm-Mathisen and Guldberg, 

1974). Similarly, lesions of the MSDB deplete the amount of 

acetyicholine (ACH) that can be collected from the surface of the 

dorsal hippocampus, whereas stimulation of this region increases 

hippocampal ACH levels (Dudar, 1975). J1idir, Whishaw, and Szerb 

(1979) demonstrated an increase in the release of ACH from the 

hippocampus during sensory stimulation and running in freely moving 

rats. Localization of cholinergic receptors in the hippocampus have 

shown that muscarinic receptors predominate throughout the hippocanpus 

proper and dentate gyrus, whereas nicotinic rcptors are more 

prevalent in the latter region (Kuhar and Yamaxnura, 1975; Polz-

Tejera, Schmidt, and Irten, 1975). Whether there is an intrinsic 

ACh system in the hippocanpus is debatable, although Storm-Mathisen 

(1977) describes an area within the CAl region (area 31) which retains 

ACHE and CHAT activity following lesions of the cholinergic NSDB 

input. This residual ACH activity may be the result of cholinergic 

inputs from brain ar,--as other than the NSDB. 

Microinfusions of muscarinic agonists into the hippocanpal 

formation produce theta activity in both the freely moving (Malisch 

and Ott, 1982) and anesthetized rat (Rowntree and Bland, 1985). This 

theta activity is abolished by subsequent infusions of muscarinic 
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blocking agents. Studies using the hippocarnpal slice preparation have 

shown similar results with the use of cholineigic agonists and 

antagonists (Konopacki, Maclver, Bland, and Roth, 1987). At the 

cellular level application of ACH on neurons in the C1 and dentate 

regions results in excitation (Icrnj evic, Reifferistein, and Jobert, 

1981), which can be antagonized by atropine sulphate (Bland, 

Kostopoulos, and Phillis, 1974). Bland et al (1974) found that cells 

in the dentate gyrus had a faster onset of excitation following ACH 

iontophoresis than cells recorded in the C1 region. Cell excitation 

in the dentate region was also less likely to be blocked following 

atropine sulphate administration. Storm-Mathisen (1977) suggests that 

the differences in response to ACH by cells in the CZ1 and dentate 

regions may have been due to a larger number of nicotinic receptors in 

dentate versus CJ. region. 

Serotcgiin 

Histochemic-1 studies suggest that the serotonergic activity 

found in the hippocanipal formation is the result of neuronal fibers 

projecting to the hippocanus from the median raphe nucleus of the 

brain stem (Fuxe, 1965; Moore and Halaris, 1975). Terminals from the 

mian raphe are found primarily in the inoleculare layer of the 

hippocarrus proper and adjacent to granule cells of the dentate gyrus 

(Moore and Halaris, 1975). Tions of the median raphe or its 

pathways to the hippocanus result in an almost total depletion of 

serotonin (SHT) (Kuhar, Aghajanian, and Roth, 1972a; Storm-Mathisen 

and Guldberg 1974). 
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Serotonin is likely involved in the generation of type 1 

(atropine-resistant) theta activity as administration of 

parachiorophenylalanine, a SET synthesis inhibitor, abolishes type 1 

theta (Vandewolf and Baker, 1986). Similarly, lesions of the 

serotonergic pathways entering the hippocaxrus via the entorhinal 

cortex also have been found to abolish type 1 theta activity 

(Vandewo1f and Leung, 1983). Application of SET onto presumed 

pyramim11 cells results in an inhibition of spontaneous activity which 

can be antagonized by SHT blocking drugs (Segal, 1975, 1976). Colino 

and Halliwell (1986) provide evidence suggesting that the 5HT 

rptor subtype mediat  the inhibition produced by application of 

5HT. 

('m-aminbityric Acid 

Irnmunohistochemical studies have shown that cells containing 

glutaimic acid d rboxylase (GAD), the synthesizing enzyme for ga1iaa-

anthiobutyric acid (GABA) are found throughout all layers and fields 

of the hippocampal formation (Barber and Saito, 1976; Ribak, Vaughn, 

and Saito, 1976). Inuuunohistochnj,r1 visualization of GABA 

containing neurons have shown similar results as those done on GAD 

(Storm-Mathisen, Leknes, Bore, Line Vaaland, Edminson , Haug, and 

Otterson, 1983). GAD containing neurons appear to have nerve 

terminals which form a plexus around the soma and dendrites of 

hippocampal pyramidal and granule cells. This suggests that these 

cells may be inhibitory interneurons (basket cells) (Barber and Saito, 

1976). These GABA containing cells appear indigenous to the 
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hippocairipus as deafferentation of the hippocaxrus from its afferent 

pathways result in a negligible decrse of GAD activity (Stonm-

Mathisen, 1972). Also a number of the GABA containing cells appear to 

be projection cells both within and outside the hippocairus (Ribak, 

Seress, Peterson, Seroogy, Fallon, and Schinued, 1986; Shinoda, 

Tohyania, and Shiotani, 1987). Shinocla et al (1987) using double 

labeling methods, found that GABA containing cells in the CAl - CA3 

regions have both ipsilateral and contralateral projections to the 

MSDB region. GABA containing neurons within the MSDB are also 

believed to synapse back upon inhibitory neurons in the hippocarral 

formation (Freund and Antal, 1988), creating a GABA-ergic loop between 

these two structures. 

lontophoretic application of GABA onto hippocanipal pyramidal 

cells have been shown to produce both inhibitory and excitatory 

effects (Alger and Nicoll, 1982; Andersen, Bie, and Ganes 1982). 

Contradictions between studies also exist with respect to what part of 

the pyramidal c-1  1 body GABA acts upon to produce inhibition and 

excitation (see Schwartzkroin, 1986 for review). Conflicting reports 

are most likely the result of differenre' in the site of iontophoresis 

and the hippocanipal region from which the pyramidal cells are 

obtained. To date no studies have been done to determine if GABA 

plays a role in the production of theta activity in the intact animal, 

although Konopacki, Bland, and Roth (1988b) have found that GABA had 

no effect on carbachol induced theta in the slice preparation. 
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Glutamate 

Glutamate, an excitatory amino acid, is believed to act as a 

neurotransinittr in the hippocainpus. Evidence suggests that 

glutaminergic activity in the hippocanipus may be the result of 

intrinsic and/or extrinsic innervation. Storm-Mathisen (1981) has 

demonstrated that glutamate acts as a neurotransmitter in the 

perforant path input to the hippocarnpus f.wtu the entoithinal cortex. 

Glutaminergic activity has also been demonstrated at dentate granule 

cells, and C3 - CM pyramidal cells. Stimulation of the perforant 

path input has been shown to cause a two-fold increase above basal 

levels of glutamate in the hippocanipus (Crawford and Conner, 1973). 

Wheal and Miller (1980) demonstrated that application of glutamate 

onto dentate granule cells mimicked the excitation produced by 

perforant path stimulation. Further, administration of glutamate 

diethylester (GDEE), a post synaptic glutaminergic antagonist, blocked 

the excitation produced by both perforant path stimulation and 

glutamate application. Pyramidal cells of the hippocanipus proper also 

exhibit excitation following glutamate application (Dudar, 1974; 

Schwartzkroin and Andersen, 1975). These results are consistent with 

the finding that glutaminergic receptors have been localized in both 

the hippocanpus proper and dentate gyrus (Monaghan, Holets, Toy, and 

Cotman, 1983). Neurons in the hippocanipus proper have been shown to 

have a glutaminergic projection to the lateral septum (Zaczek, 

Hreen, and Coyle, 1979). 

The majority of research into the role of glutamate in the 

hippocarnpus has focused on long term potentiation (LTP) phenomena (for 
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review see Raicine and Kairiss, 1987). Interestingly, recent studies 

suggest that the theta activity may be involved in LIP?. Greenstein, 

Pavlides, and Winson (1987) have shown that enhanced, evoked synaptic 

potentials (ES?) in dentate granule cells occurred when stimulation of 

the perforant path (PP) had a periodicity (5 Hz) within the range of 

theta activity. These researchers have also demonstrated that ESP' s 

are most likely to occur when PP stimulation is applied at the peak 

rather than the trough of the locally recorded theta rhythm (Pavlides, 

Greenstein, Grudman, and Winson, 1988). Similar MP effects have been 

shown with theta frequency stimulation of the Schaffer collaterals in 

freely moving animals (Staubli, and Lynch, 1987). 

Nrepinerine 

A diffuse noradenergic innervation of the hippocaxtus 

originating the from locus coeruleus exists. Based on 

autoradiographic studies, the distribution of noradrenergic receptors 

have also been found to be diffuse. Both alpha and beta receptors, 

and their subtypes have been localized in the hippocainpus proper and 

dentate gyrus regions (Crutcher and Davis, 1980; Rainbow, Parsons, and 

Wolfe, 1984; Young and Kuhar, 1980). Segal and Bloom (1974a,b, 

1976a,b) were amongst the first researchers to study the effects of NE 

on hippocanal cell activity. These researchers 

spontaneously occurring and ACH induced firing of cells 

C2\3 regions were depressed following application of 

inhibition of firing was long lasting (several seconds) 

by beta receptors. Based on the finding that 6OI-1D. 

found that 

in the C2U-

NE. This 

and mediated 

treat-,---4 rats 
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showed higher spontaneous hippocarra1 cell activity as compared to 

controls, these researchers hypothesized that the IC-NE innervation of 

the hippocaitus was inhibitory in nature. In addition to the 

inhibitory responses described above, these researchers found that NE 

application also enhanced excitatory hippocapal cellular responses. 

Since this early work by Segal and Bloom a number of studies 

have further investigated the role of NE in the hippocanus, although 

none have been done which directly test the role of NE in theta 

production. Rather, these studies have primarily dealt with the 

effects of NE on evoked potentials. The general finding has been that 

application of NE enhanos the evoked potential (population spike) 

produced by trisynaptic pathway activation in the CAl and C3 

pyraridal cell regions. This finding has been demonstrated in both in 

vivo and in vitro preparations (Hopkins and Johnston, 1984; Madison 

and Nicoll, 1986; Mueller, Hoffer, and Dunwiddie, 1981; Mueller, 

Palmer, Hoffer, and Dunwiddie, 1982). Mueller et al. (1982) found 

that at higher concentrations of NE the population spike was 

depressed rather than enhanced. These 

higher concentrations of NE no longer 

endogenously released NE and therefore 

authors hypothesized that 

mimicked the effects of 

re should be taken in 

interpreting results where high volumes or concentrations of 

exogenously applied neurotransmitters are, used. The excitatory 

effects produced by NE application appear to be mediat1 by beta 

adrenoreceptors, as beta agonists iriiinic NE application and beta 

antagonists block these effects. 

The effects of NE on evoked potentials in the dentate gyrus have 
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been shown to be more variable than that found in the hippocanus 

proper. Harley and co-workers have found in the in vitro hippocaxral 

slice preparation that iontophoretic application of NE onto the 

granule cell region, as well as application of NE into the bathing 

medium, results in enhanced population spikes. This effect was found 

to be mediated by stimulation of beta receptors as beta antagonists 

abolished this response. (Lacaille and Harley, 1985; Neuman and 

Harley, 1983). Contrary to these findings, Swanson and Dahl (1985) 

have shown in the anesthetized preparation that iontophoresis of NE 

onto granule cells has no effect on perforant path evoked population 

spikes, although beta receptor activation enhances the population 

spikes and alphai receptor activation causes inhibition. When NE was 

applied to the apical dendrites of the granule cells inhibition was 

found. Subsequent application of various receptor agonists showed 

that both beta and alpha receptors mediated this inhibition. 

Investigations into the role of NE in the hippocaxral formation 

has also looked at the response of individual neurons in this area. 

Obnakhov and Bragin (1982), using the in vitro hippocainpal slice 

preparation, studied the effects of NE application on two populations 

of cells in the C2U and CZ3 regions. Rased on firing repertoires, the 

two categories of cells studied were complex spike (pyramidal) cells 

and simple spike (interneurons) cells. Both types of cells showed 

enhanced firing rates when NE application preceded mossy fiber 

stimulation. Spontaneous complex cell firing was inhibit  following 

NE administration, whereas it was facilitat  in simple spike cells. 

The enhanced spontaneous activity exhibited by simple spike cells was 
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found to be dose-relabnA and mediated by alpha1 reptor activation. 

Recently, Pang and Rose (1987) used cell firing patterns to classify 

cells into complex spike and theta neurons, and iiwestigatc9 the 

effects of NE on their activity. These researchers found that NE 

inhibit  the majority of complex spike cells while exciting theta 

neurons in both the Cl and dentate gyrus. The inhibition of complex 

spike cells was mediatid by alpha1 receptors and theta cell excitation 

was mediated by alpha2 and beta receptor activation. Complex spike 

cells were excitii when alpha2 and beta agonists were applied. It 

appears that when NE was applied to complex spike cells the inhibitory 

response mediated by alpha1 receptor activation dominated over the 

excitation produced by alpha2 and beta receptor activation. 

The above findings provide evidence that NE does act upon the 

hippocanus at the cellular level, with the rptor subtype involved 

dramatically influencing the type of activity seen. A number of 

reasons can account for the often conflicting nature of some of these 

studies. Firstly, the type of animal preparation used may influence 

the end results. Some studies were undertaken in anesthetized 

animals, whera others were done in the in vitro preparation. 

Whether the cells studied were located in the hippocairus proper or in 

the dentate gyrus may also lead to conflicting reports as the 

principal cell in these two ar  differ from one another. It is also 

possible that these researchers were not recording from the principal 

cells in the area. In iontophoretic studies, whether the drug is 

applied to the soma or dendrit'  of the cell can also lead to varying 

results. Tatly, alpha2 and beta2 receptors are known to occur both 
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postsynaptically and presynaptically. The alpha2 receptor plays an 

autoinhibitoy role presynaptir1  ly where stimulation of this rci?ptor 

reduces cell firing and release of NE. The aJPha2 receptor is also 

known to occur postsynaptica1 ly at the terminal of ACH containing 

neurons. Activation of the receptor in this instance results in an 

inhibition of ACH release (for review see Vizi, 1974a). Stimulation 

of presynaptic beta receptors has the opposite effect on adrenergic 

neurons, causing an increase in cell firing and release of NE. 

Therefore, the possibility exists that both presynaptic and 

postsynaptic events, not lindtd just to the NE system, may be 

occurring in some of the above studies. 
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EXPERIMENI' I 

The purpose of this first experiment was to determine the role 

NE plays in the production of type 2 theta activity. Based on prior 

observations made by reserchers, it appears that disruption of the 

IC/NE system results in an increase in the production of type 2 theta 

in freely moving animals (Robinson et al, 1977; Kolb and Whishaw, 

1977; Whishaw et al, 1978). One may conclude from these findings 

that, when intact, the IC/NE system plays an inhibitory role in the 

production of type 2 theta activity. Therefore, direct application of 

NE into the hipocaira1 formation should result in a reduction or 

inhibition of type 2 theta activity; the following experiments were 

designed to test this assuimption. 

The experiment was performed using the urethane anesthetized 

rat preparation. This allowed for control of a number of variables 

such as heart rate and core teiterature. Although not lending itself 

to the analysis of animal behaviour, this type of preparation is known 

to produce long trains of spontaneous type 2 theta activity (Bland, 

1986), which is often difficult to elicit in the freely moving rat 

(Sainsbury et al. 1987). 

In order to bypass systemic effects which are likely to occur 

when intravenous or intraperitoneal administration of drugs are used, 

drugs were infused directly into the hippocaius at the level of the 

stratum moleculare of the dentate gyrus. This procedure has proven 

fruitful in past research concerning the cholinergic basis of type 2 

theta activity (Rowntree and Bland, 1986). The procedure employed in 
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this study was similar to that of Rowntree and Bland (1986) with the 

exception that these experiments included a stimulating electrode in 

the UIPH. Stimulation of the II has been shown to be a reliable 

procedure for producing varying frequencies of type 2 theta in the 

urethane anesthetized preparation (Christie, 1989; Colom et al, 

1987). 

Rased on pilot research conducted prior to these experiments, 

only hippocampal theta activity recorded ipsilateral to the site of 

infusion was considered in the analysis. Effects occurring in the 

hippocampus contralateral to hippocanipus of infusion were believed to 

be suspect as they appeared to occur as a result of drug spread 

outside the hippocaxrus rather than within it. Therefore, the 

hippocanipus contralateral to the site of infusion served as a control 

throughout all experiments. Any changes in the contralateral 

hippocanus appearing to mimic that of the side receiving a 

imicroinfusion were considered to be signs that the drug was no longer 

confined to the hippocairus receiving microinfusion, and the animal 

was discarded from the analysis. Also, microinfusions of drugs were 

limited to a volume of 2.5 ul, as histo1ogic1 analysis had previously 

shown that a 2.5 ul infusion of a marker dye had a spread confined to 

the dentate gyrus and did not extend outside this area. 

Power spectral analyses were performed on hippocaxra1 field 

activity before and after drug infusions. This analysis has been 

proven to be an effective method for quantifying hippocaia1 field 

activity (Leung, 1984, 1985; Leung et al. 1982). 
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Subjects and Surgical Procedure 

Data for the present experiment were obtained from 10 male, Long 

Evans black-hooded rats bred at the University of Calgary, Psychology 

Department. Pats were raised in groups of three or four, in cler 

polycarbonate cages with bedding covering the floor of the cage to a 

depth of two cm. Animals were given free access to food (Rat Blox) 

and water, and were maintained on a 12 hour on, 12 hour off light/dark 

cycle. The animal room was kept at a teiterature of 24 degr 

celsius. 

All animals were initially anesthetized with halothane, had 

their heads shaven, and then had tracheal and jugular catheters 

inserted. The rats were then maintained for the duration of 

experimentation with urethane (ethyl carbamate 0.8 g/rnl) administered 

via the jugular cathetr. After surgir1 anesthesia was achieved, the 

animal was placed in a stereotaxic instrument, a midline incision made 

and the wound margins infiltrati  with local anesthetic (Lidocaine 

Hydrochloride). The scalp was then retracted to expose the skull and 

the plane between bregma and lambda was leveled to horizontal. 

An uninsulated tungsten wire was plar9 in the cortex below the 

frontal bone to serve as an indifferent electrode during field 

activity recordings. Electrolytically sharpened, Kynar insulated, 

tungsten inicroelectrodes (0.2-0.4 Nohrns) were used to record field 

activity from the dentate molecular layer of each hippocampus. The 

coordinai  used were: 3.5 ma posterior to bregma and 2.5 ma lateral 
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to the midline suture. Each microelectrode was lowered to a depth 

where high amplitude (1-2 mV) theta could be recorded. Theta was 

found to be maximal between 2.2 and 2.8 iran ventral to the dural 

surface. 

A bipolar (250 urn), stainless ste1 electrode, insulated to the 

tip was used for stimulation of the EPH. The electrode was lowered 

through a 0.5 iran hole drilled 0.5 iran lateral to the midline and 3.3 iran 

posterior to bregma. The stimulating electrode was lowered and 

affixed to the skull when low levels of stimulation (0.5 mni) reliably 

produced peripheral (i.e. vibrissae movements, pupil dilation, and 

increased respiration) and central (i.e. theta activity) effects 

consistent with EPH stimulation. All electrodes were affixed to the 

skull with stainless steel jewelers screws and dental acrylic (Caulk 

Weld). 

Throughout experimentation the rat's body temperature was 

maintained at 37 degrees celsius using a theMaostatic1  ly regulated 

heating pad (Harvard Instruments Servosystem). Heart rate was 

monitored using a Grass EKG tachograph and a digital heart display 

designed by Tech Services at the University of Calgary. 

Recording and St±wil aticxi Apparatus 

Brain activity was passed through two Grass, wide-band AC 

preamplifiers (model P511K) to a Grass polygraph (model 7D) with 

amplifiers set at one and 35 Hz for the low and high amplitude filter 

settings respectively. Hippocampal field activity was displayed on a 

Tektronix (model 5441) storage oscilloscope. Data was stored on 
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video cAssettes using a 'IC XR-30, 7 channel FM tape recorder which 

had a voice channel so that not  could be made throughout the 

experiment. Data from the tap-, were later taken for off line 

analysis. 

A Grass multifunction stimulator (model S88) connected to a 

photoelectric stimulus isolation unit (model PSItJ6) was used to 

deliver square-wave pulses (0.1 ms) at a frequency of 100 Hz. 

Periods when stimulation was applied were recorded onto the video tape 

via a synchronizing pulse from the stimulator. 

Infusicgi Apparatus 

The hippocairal infusion cannula was positioned 0.5 - 1.0 mm 

posterior to one of the recording electrodes and lowered to a depth 

equivalent to that of the electrode. Following insertion of the 

cannula, a 30 minute period for stabilization of the hippocanpal field 

activity was allowed before infusions were begun. The guide tube for 

the cannula was constructed of 23 gauge stainless steel tubing. The 

infusion cannula consisted of 30 gauge stainless st- el tubing, 

connected by PE5O intramedic tubing to a 2 CC glass syringe. When 

inserted in the guide tube, the cannula protruded 2.0 mm past the end 

of the tube. A multispeed Harvard Apparatus servo-control system 

(model 2990) and a Harvard Apparatus multi-speed dual 

infusion/withdrawal pump (model 2202) were used to generate and 

maintain a constant infusion rate during experimentation. 
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flrs 

The agent infused in this experiment was D, L norepinephrine 

hydrochloride (Sigma). The drug was freshly made prior to each 

experiment, in a 0.. percent physiologira1 saline vehicle. The drug 

was pH balanc -1 to between 6.8 and 7.2 by adding sodium hydroxide to 

the solution. 

Procedure 

Following cannula insertion, baseline recordings of field 

activity, both spontaneously occurring, and in response to random 

presentations of 0.5 mP and 1.0 mA DMPH stimulation (20 seconds in 

duration) were carried out. An minimum interval of 30 seconds was 

given between each stimulation epoch so that no cumulative effects of 

stimulation would occur. Following baseline recordings, a 5 minute 

microinfusion of norepinephrine, at a rate of 0.5 ul/min was 

performed. Upon completion of the infusion, a one minute period was 

given to allow for the infused drug to diffuse away from the cannula. 

Recordings of spontaneous and stimulation induced field activity were 

once again done. 

Upon completion of the experiment, each animal's cannula 

placement was marked with either pyronin red placed on the tip of the 

cannula, or an infusion of Evan's blue dye (3 mg/ml). Bright field 

and fluorescence microscopy have shown that Evan' s blue dye has an 

infusion spread similar to that of norepinephrine and its receptor 

agonists and antagonists (Flicker and Geyer, 1982). This allowed for 

verification of cannula placement and physir1 spread of the drug. 
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Histology 

At the conclusion of the experiment each rat was euthanized by 

an overdose of urethane, and perfused through the heart with saline 

followed by a 10 percent fonnalin solution. The brain was removed 

and left in a formalin solution until sectioning. Brains were 

front1  ly sectioned on a 2-freezing michrothme at 40 urn intervals. 

Sections were mount1 on slides and verification of all electrode and 

cannula sites were made relative to Paxinos and Watson's (1986) 

stereotaxic atlas. 

Data Analysis 

Upon completion of each experiment a polygraph chart record of 

the experiment was created by playing the FM tape back through a 

Grass polygraph (model 7D). As the chart record was being plotted, 

all notes made on the audio channel of the FM tape were written down 

beside corresponding sections of hippocanpal field activity. The 

record was then used to select data for subsequent power spectral 

analysis. For each animal, 15 seconds of spontaneous theta activity 

and 0.5 mA and 1.0 mA I1PH stimulation induced theta, both before and 

after drug infusion were analyzed. The power spectra for these data 

were obtained by taking the signal from the FM tape and passing it 

through a Keno (type VBF8) dual acoustic variable filtr (1.0 Hz high 

pass), and into a Bruel and Kjaer (type 2032) dual channel signal 

analyzer (Hanning window in place). Records of power spectra and 

corresponding hippocainpal theta activity were plottd using a Bruel 
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and Kjaer (type 2319) graphics plotter. Four measures were obtained 

fwitt each power spectrum: (1) peak theta frequency (Hz), which was 

considered to be the largest power peak in the power spectrum; (2) 

power (dB) of the peak theta frequency; (3) noise level (dB), which 

was obtained by measuring the power of the signal at five points 

(20,21,22,23 and 24 Hz) on the spectrum and then r1cu1ating a mean 

for those five points. This procedure was considered the most 

appropriate method for obtaining a noise value as the slope of the 

power spectrum levelled off past 18 Hz; and (4) signal to noise ratio, 

calculated by dividing the power 

noise (3). 

To determine if 

of the peak frequency (2) by the 

niicroinfusions of NE had any significant 

effects on the four dependent measures a repeated measures analysis of 

variance (ANOVA) was carried out. Tests for sphericity were 

calculated and if found to be significant the Greenhouse-Geisser 

adjusthent for degrees of freedom was applied. If required, multiple 

comparisons were done using the Tukey B procedure. 
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Histology 

Histological analysis indicated that all stimulation and 

recording electrodes were positioned in the tX1PH and stratum 

moleculare of the dentate gyrus, respectively. Figure 2 shows a 

schematic diagram of the 10 NE cannulae placements in the hippocarra1 

formation. All placements were found to be in or near the stratum 

moleculare layer of the dentate gyros. Figure 3 provides photographs 

of a brain receiving a 2.5 Ul infusion of Evan's blue dye (3.0 mg/ml). 

Dye spread is shown to encompass a large portion of the dentate gyros 

region. 
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Fiqure 2. Nririiirine Hicroinfusici Sites 

Coronal section through the dorsal hippocaitus showing the 10 

histologically verified niicroinfusion sites for norepinepbrine (1.0 

ug/ul). The three infusion sites in the neocortex overlying the 

hippocairus produced no effect on hippocanal field activity. 
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Riqure 3.. Dye Infusici IIotograhs 

The top photograph shows a whole brain section through the 

dorsal hippocanus. The arrow in this photograph points to the 

hippocanipus receiving a 2.5 ul infusion of Evan's blue dye (3.0 

mg/ml). The lower photograph provides a higher magnification of the 

hippocanipus receiving dye infusion. The arrow indicates the point of 

entry for the infusion cannula and the asterisk denotes depth where 

the tip of the cannula was positioned. Notice the spread of dye 

encompasses a large area of the dentate gyrus, both above (stratum 

moleculare) and below (hilus) the granule cell layer. The dye spread 

above the Cl region at the point of cannula entry is due to leakage 

from the cannula as it was reinserted. 



I 
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Microinfusics of NoriT1rine 

All animals rcived a 2.5 ul microinfusion of NE (1.0 ug/ul). 

Following infusion a noticeable reduction in theta air1itude was 

observed in the polygraph chart records. This apparently was an 

effect of drug action and not due to the volume of the solution, as 

three animals receiving 10.0 ul control microinfusions of saline 

showed no depression of hippocanal theta activity. Three animals 

receiving 2.5 Ui microinfusions of NE into the neocortex overlying the 

hippocaxrus also showed no apparent changes in hippocanpal field 

activity. There were no instances there microinfusions of NE totally 

abolished stimulation induced or spontaneously occurring  theta 

activity. The effects of NE were long lasting, as alterations in 

hippocanipal field activity persisted for up to five hours following 

microinfusion. Figure 4 provides examples of hippocanpal theta 

activity before and after microinfusions of NE. 

A repeated measures ANOVA showed that there was a significant 

effect of NE microinfusion on noise level LF (1,9) = 21.80 p < .01). 

Prior to infusion the mean level of noise was 18.31 dB (SD = 2.02) and 

following microinfusion the level of noise dropped to a mean of 14.90 

dB (Q = 2.76). There was also a significant main effect of NE on the 

power of the peak theta frequency LF (1,9) = 73.20, .p < .01). The 

mean powers of the peak theta frequencies before and after 

microinfusion of NE were 48.21 dB CQ = 3.31) and 43.63 dB (Q = 

2.26), respectively. No other main effects or interactions involving 

NE were found. Figure 5 provides the power spectra for a subject 

receiving a microinfusion of NE. Notice the drop in power of the 
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peak theta frequency and noise level following microinfusion, whereas 

theta frequency remains relatively unaltrred. 

Stimulation of the tXEI was found to have a significant effect 

on peak theta frequency LF (2,18) = 160.75, < .01). Post-hoc 

analyses reve l ed that the frequency of spontaneously occurring theta 

LM = 4.75 Hz, SD = 0.37), and in response to 0.5 m2 (M = 5.62 Hz, SD = 

0.29), and 1.0 MA LM = 6.70 Hz, SD = 0.31) 111PH stimulation, all 

varied significantly from one another. Stimulation of the Et'4M1 also 

had a significant effect on the powers of the peak theta frequencies 

( (2,18) = 6.35, LD < .01). The post-hoc analysis demonstratd that 

the power at the peak theta frequency during 1.0 mA LM = 46.74 dB, .Q 

= 2.76) and 0.5 mA LM = 46.31 dB, SD = 2.29) stimulation were 

significantly larger than the power during spontaneous theta activity 

(M = 44.72 dB, .Q = 3.33). No other main effects or interactions were 

obtained in the analysis (see Appendix A for sunmialy tables). 
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Fiqure 4. Hiocançal 'flta Activity Before and After Narinerine 

Nicminfusicgi 

Representative 8 second sanles of hippocairpal theta activity 

from a subject before (predrug) and after infusion of norepinephrine. 

Precirug column shows the theta occurring spontaneously (SON) and in 

response to 0.5 and 1.0 mZ LV]PH stimulation. Column labelled 

Norepinephrine shows corresponding field activity following a 2.5 ul 

infusion of norepinephrine (1.0 ug/ul). Note the considerable drop in 

amplitude of the signal following norepinephrine infusion whereas 

frequency appears to be only slightly altered. 
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Fiqure 5. Power Spectra P.-fore and After Norepirrir microinfusicgi 

Corresponding power spectra for hippocaxra1 field activity 

presented in figure 4. Measurements for power (dB) are located on the 

y axis, whereas frequency (1-25 Hz) is locatd on the x axis. Located 

at the bottom right band corner of each spectrum are two measures: (1) 

main y: provides the power of the largest peak in the window; this 

peak is found underneath the arrow at the top of the window. (2) X: 

corresponds to the frequency of the main power peak. Note the 

increase in frequency of the main power peak as incririg 

intensities of EMM stimulation are applied. Also note the drop in 

peak power (main y value) following infusion of norepinepbrine. 
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DISJSSIC* 

Histological analyses of dye spreads produced by raicroinfusion 

of 2.5 U]. of Evan's blue dye demonstratocO that the dye was confined to 

the hippocarrus of infusion, concentrated primarily in the dentate 

gyrus reqion. Therefore the same volume of drug was used in the 

experiment to follow. 

Microinfusions of NE were found to result in a decrease in theta 

axrlitude on the polygraph chart record, as well as a decrease in 

power of the theta peak as ascertained by spectral analysis. Leung 

(1985) has demonstrated a similar decrease in theta power following 

atropine sulphate administration in control and eserine-treated rats. 

The present study also demonstrated a decrease in power of frequencies 

between 20-25 Hz (noise), which likely accounts for NE not having a 

significant effect on signal to noise ratio, as both signal and noise 

covaried (decreed) together. Unlike microinfusions of atropine 

sulphate, which have been found to tot- 1  ly eliminate type 2 theta 

(Rowntree & Bland, 1985), NE microinfusion only attenuati3 the 

anplitude of spontaneous and stimulation induced type 2 theta. 

Rowntree and Bland' s (1985) findings are strong evidence that type 2 

theta is cholinergically mediated, whereas the present results suggest 

that NE may play a role in modulating this cholinergic activity. 

Prior research supports the contention that NE modulates ACH activity. 

Vizi (1980b) demonstrated that cheimtc'1 (60HDA lesions) and 

electric-1 (LC lesions) destruction of the noradrenergic innervation 

of the cerebral cortex resulted in an increase of ACH release. 

Similarly, enhancement of the NE system, by electrical stimulation of 
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the LC, result5 in a decrease of cortical ACH release. It is 

possible that microinfusioris of NE into the hippocaius inhibit the 

production of cholinergically mediated type 2 theta by decreasing the 

amount of ACEI release. 

Increasing intensities of DMPH stimulation were found to result 

in a significant increase in theta frequency. This finding is 

consistent with Christie (1989), who showed a linear increase in theta 

frequency with increasing intensities of IPH stimulation. The 

present results also demonstrated that the power of the theta peak 

increased with tNE'H stimulation, although no significant difference 

between the power during 0.5 xn. and 1.0 xth EI1Mi stimulation was found. 

It would appear that a plateau in peak power is reached with 0.5 m 

DMPH stimulation. Increases in stimulation intensity above this value 

does not appear to significantly alter the power of the theta peak, 

although the frequency of theta continues to increase. Along similar 

lines, Leung (1984) has shown that the power of theta increased with 

incraing frequencies of theta in the freely moving rat, although 

Leung did not observe an asymptote where power no longer increced 

with theta frequency. Not finding a drug by stimulation interaction 

suggests that the L1IPH exerts its effects on theta power and frequency 

irrespective of the presence of NE. This in turn suggests that L4PH 

stimulation is very effective in producing hippocampal type 2 theta, 

and that NE miLuinfusion does not totally disrupt this cholinergic 

system. 

The purpose of experiment II was to determine which adrenergic 

receptor(s) are mediating the inhibitory effects produced by NE. The 
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four subtypes of adrenoceptor, defined pharmacologically as alpha1, 

alpha2, betal, beth2, are known to be present in the hippocarripal 

formation (for review see Storm-Mathisen and Ottersen, 1984). 

Therefore, specific receptor agonists will be used in hopes of 

mimicking the effects of NE. 

Av 
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CLMMENT II 

The purpose of experiment II was to determine which adrenergic 

receptor(s) mediate the inhibitory effects produr  by NE 

microinfusion as seen in experiment I. Therefore m1oLw.nfUsions of 

specific noradrenergic agonists were performed using different 

concentrations of the agonists to determine dose-response curves. 

Upon finding the receptor(s) mediating inhibition, attempts were made 

to block the effect with receptor antagonists. This allowed for the 

determination of whether effects were receptor specific or the result 

of non-specific drug actions. 

In experiment I, it was demonstrated that UIPH stimulation has a 

significant effect on theta frequency and power of the peak theta 

frequency. This was shown to occur irrespective of whether NE was 

infused into the hippocampus, which suggests that the ETYIPH stimulation 

has a very powerful effect on hippocampal type 2 theta activity. In 

this experiment, the effects of tZ'IPH stimulation were tested by 

pooling the data from all subjects prior to drug infusion, and 

performing a repeated measures ZNOVA. This allowed for a more 

sensitive analysis of the effects of stimulation on the four dependent 

measures. 
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NEfl 

sujects and Surgical Procedure 

Fifty-five rats were used in this experiment; all animals 

underwent the same surgir1 procedure as described in experiment I. 

Recording, stimulation, and infusion apparatus were the same as in 

experiment I. 

Drugs 

In order to determine the noradrenergic receptor(s) mediating 

the effects obtained with NE in experiment I, the following drugs were 

test: isoproterenol (beta agonist); phenylephrine (alpha1 agonist); 

detomidine (alpha2 agonist); and tolazoline (alpha2 antagonist). 

Phenylephrine, isoproterenol, and tolazoline were all obtained from 

Sigma Chemical Ccirrany. Detoiriidine was obtained fLout Norden 

Laboratories. All drugs were dissolved in a 0.9 percent physiological 

saline solution and pH balanced between 6.8 and 7:2 by adding sodium 

hydroxide to the solution. Drugs were prepared fresh prior to each 

experiment. 

Procedure 

In this experiment, three different concentrations of 

noradrenergic agonists were studied in order to determine if varying 

drug concentration had differential effects on hippocaxral theta 

activity. The three different concentrations used were: 0.1 ug/ul, 1.0 

ug/ul, and 10.0 ug/ul. Groups of five animals were tested at each 



71 

concentration for each drug used (total n = 45). One group of five 

animals received a 2.5 ul microinfusion of tolazoline (1.0 ug/ul), 

and five more animals received a 2.5 Ui microinfusion of thiazoline 

(1.0 ug/ul) followed by a 2.5 Ui microinfusion of detidine (1.0 

ug/ui) into the same site. Following completion of experimentation 

each animal underwent the same histologiral procedure used in 

experiment I. 
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R1as 

Histology 

Histological analysis revealed that all recording and 

stimulation electrodes were positioned in the stratum moleculare 

layer and I]YIPH respectively. Histology also verified that cannulae 

for isoproterenol, phenylephrine, and detornidine imicroinfusions were 

sithat  in or bordering the stratum moleculare region of the dentate 

gyrus. Figure 6 provides schematic diagrams of the hippocainpus and 

the infusion sites for all three drugs. Figure 6C shows the infusion 

sites for detnidine in the dentate gyrus region, and for three 

control infusions placed in the neocortex overlying the hippocanus. 

Microinfusion sites for tolazoline and tolazoline-detnidine 

combinations are presented in Figure 7. Cannulae placements in these 

instances were also found to be situated in, or proximal to the 

moleculare layer of the denate gyrus. Three control microinfusions of 

tolazoline are shown as being situai- 9 in the neocortex above the 

hippocaxnpus. Neocortical control infusions for both detomidine 

(figure 6C) and tolazoline (figure 7) did not affect hippocanpal field 

activity. 
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Fiqure 6. Infusion Sites for Specific Naradrenergic 2gciists 

Presented in this figure are the histologic--q   ly verified 

infusion sites for isoproterenol , phenylephrine (B), and 

detomidine (C). Open circles denote infusion sites receiving a 

concentration of 0,1 ug/ul. Half-filled circles correspond to sites 

receiving concentrations of 1.0 ug/ul. Filled circles correspond to 

sites rciving infusions with a concentration of 10.0 ug/ul. Note 

that all three drugs had infusion sites which were in or near the 

stratumi moleculare layer of the dentate gyius. Infusions in this area 

with isoproirenol (A) and phenylephrine (B) had no effect on 

hippocanipal field activity. All infusion sites of detomidine (C), 

regardless of concentration, affected hippocaxral field activity. 

The three control infusions of detomidine (C) in the neocortex above 

the hippocanus had no effect. 
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Fiqure 7. Infusion Sites for ¶tblazo]ine and Tolazoline - Detnidine 

Qithinaticgis 

Histologically verified microinfusion sites for tolazoline (1.0 

ug/ul) and dettddine (1.0 ug/ul). Circles correspond to sites 

receiving tolazoline alone. Circles with line extensions correspond 

to sites receiving inicroinfusions of tolazoline followed by 

detornidine. Circles in neocortex overlying hippocarrqpus are sites 

where control tolazoline infusions took place, none of which affected 

hippocanal theta activity. 
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SHiniilatkxi ard Theta Activity 

The data from all animals (n = 55) in this experiment were 

pooled and a repeated measures ANOVA was performed to more closely 

determine the effects of LI stimulation on the spectral 

characteristics of theta activity. Only data obtained prior to drug 

infusions were used in the analyses. Stimulation of the EMPH was 

found to have a significant effect on peak theta frequency LF (2,108) 

= 234.00, Lp < .01). The post-hoc analyses demonstrated that the 

frequency of spontaneously occurring theta Lm = 4.48 Hz, • = 0.51), 

and in response to 0.5 MA Lm = 5.36 Hz, SD = 0.60) and 1.0 mA Lm = 

6.53 Hz, SD = 0.88) UY]PH stimulation, all varied significantly from 

one another. A significant effect of EMPH stimulation on the power of 

the peak theta frequency was also demonstrated LF (2,108) = 52 • 21, 

• 01). The power of the theta peak during 0.5 mA Lm = 48.33 dB, SD = 

2.96) and 1.0 mA LM = 48.52 dB, SD = 2.40) tZPH stimulation was found 

to be significantly greater than the power found during spontaneously 

occurring theta LM = 44.61 dB, SD = 3.18). No other significant 

results were found in the analyses (Appendix B contains source tables 

for the analysis). A graphic representaion of these results is 

presented in figure 8. Apparent in this figure is that theta 

frequency continues to increase with increasing intensities of EI 

stimulation, whereas the power of the peak theta frequency tends to 

level off at approximately 48.0 dB. Based on the overall analysis of 

the effects of C4MI stimulation on the spectral characteristics of 

hippocaitpal field activity, it can be assumed that any subsequent 

deviations by the groups to follow are the result of random 
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variability, unless an interaction is present. Therefore, only 

instances where stiirulation is found to occur within an interaction 

will be presented. 
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Fiqure 8. Frequency and Peak Frequency Power During IPH SHimil aticxi 

• Figure BA shows the relationship between theta frequency and 

levels of LtIEI stimulation. Notice the increase in theta frequency as 

higher intensities of 11"iMi stimulation were used. Figure 8B depicts 

how the power of the theta peak increases as one goes from spontaneous 

activity to 0.5 mA and 1.0 mA stimulation induced theta activity. 

Notice how the power of the theta peak appears to reach asyitote at 

0.5 mA. Data for this figure were obtained by pooling results from 

all 55 animals participating in experiment II. 
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Microinfusicns of Noradrerr4c 2'gcthsts 

All microinfusions of the three agonists used in this 

experiment were limited to a volume of 2.5 ul. Isoproterenol (beta 

agonist) and phenylepbrine (alpha1 agonist) infusions, regardless of 

dose, did not result in any noticeable changes in theta activity as 

seen in the polygraph records. Conversely, all mioinfusions of 

detomidine (alpha2 agonist) irrespective of dose, resulted in a 

noticeable reduction in theta ailitude as visualized in the polygraph 

chart records. No instances were found where spontaneous or 

stimulation induced theta was totally abolished following detomidine 

Tnicroinfusion. Alterations in hippocaral theta activity following 

detomidine microinfusions persisi- d for several hours, and did not 

return to baseline values during the experimental period. Figure 9 

provides eight second samples of hippocartal theta activity from a 

subject before and after a 2.5  Ui microinfusion of detomidine (1.0 

ug/ul). The reduction in signal amplitude following detomidine is 

quite apparent, and mimics the effects found in experiment I following 

infusions of NE. 

Spectral analyses performed on the theta activity obtained from 

the isoprotrenol and phenylephrine groups did not show any obvious 

variation. ANOVA with repeated measures statistir1  ly confirmed this 

observation as no significant changes in the four dependant variables 

of interest were obtained. Conversely, a repeated measures ANOVA 

performed on the detomidine group demonstrated that drug had a 

significant effect on the power of the peak theta frequency. LF (1, 12) 

= 15.98, p < . 01). The mean power of the peak theta frequency prior 
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to microinfusion was 48.35 dB (Q = 2.34), while following infusion it 

dropped to 46.60 dB (Q = 2.74). The drop in power of the peak theta 

frequency is reflected in the decrease in amplitude of the theta 

activity present  in figure 9. Detomidine microinfusions were also 

found to have a significant effect on noise level LF (1,12) = 16.99, 

< .01). Prior to rnicroinfusion the mean power of noise was 18.60 dB 

CaD = 2.48), while following infusion the power dropped to 17.12 dB 

(Q = 2.73). These effects appear to be the result of drug actions 

occurring within the hippocanipus, as control infusions of saline into 

the hippocarnpus, and detomidine infusions into the neocortex above the 

hippocaxnpus did not alter theta activity. No other main effects or 

interactions involving detomidine were obtained (refer to appendix B 

for source tables). Figure 10 provides the power spectra for a 

subject receiving a 2.5  ul microinfusion of detomidine (1.0 ug/ul). 

Power of the peak theta frequency (main y value) and noise level show 

a decre following detomidine, where- frequency of theta remains 

relatively unaltered. An animal receiving a microinfusion of 

detomidine with a concentration of 1.0 ug/ul was chosen for this 

figure as the obtained values closely approximate the means obtained 

for the group. 
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Fiqure 9.. Hiocanpal Theta 2ctiv1ty Before and After Detanidine 

Hicroinfusiai 

Representative 8 second samples of hippocarral theta activity 

from one subject before (predrug) and after 2.5 Ui microinfusion of 

detomidine (1.0 ug/ul). Note the obvious decre in amplitude of 

field activity following detomidine, whereas frequency appears 

unaltered. 
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Fiqure 10. Power Spectra Before and After Detxinidine Microinfusicn 

Power spectra corresponding to hippocana1 theta activity 

presented in figure 8. Notice that following microinfusion of 2.5  ul 

of detornidine (1.0 ug/ul) that the power of the theta peak (main y) 

decreases. Also notice how the power in the spectra between 20-25 Hz 

appears- to decrease after detomidine. Noise values were obtained 

from this area. 
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Nicroinfusiczs of -ine and Tblazoline-Detcmidine Qithinaticzis 

Tolazoline (1.0 ug/ul) inicroinfusions were performed on five 

animals to determine if alpha2 receptor blockade had any effects on 

hippocaxral theta activity. Observations of polygraph chart records 

failed to find any noticeable change in the amplitude or frequency of 

the hippocampal signal. Subsequent spectral and statisti1 analyses 

substantiated these observations, as no significant effects of the 

drug were obtained. Figure 11 provides examples of hippocampal theta 

activity before and after a 2.5 ug/ul microinfusion of tolazoline (1.0 

ug/ul) into the hippocampus of one animal. The similarities between 

theta activity occurring before and after microinfusion is reflected 

in the corresponding power spectra presented in figure 12. 

Although not quantified, an observation made during these 

experiments merits comment at this point. Three of the five animals 

receiving microinfusions of tolazoline exhibited LI immediately 

before and immediately after tMi stimulation during precfrug 

recordings. This is a common occurrence for animals deeply 

anesthetized with urethane. Following mioruinfusions of tolazoline, 

LTh activity was still present prior to Ui stimulation; however 

after stimulation LIA no longer occurred, but was replac--P,9 by theta 

activity which persisted throughout the remainder of the experiment. 

Stimulation of the [XVIEi still proved effective in altering the 

frequency of theta activity, but the occurrance of LTA 
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Fiqure II. Hiocan?a1 Theta Activity Before and After Iblazolire 

Hicroinfusic*i 

Representative 8 second samples of hippocaxra1 theta activity 

before and after a 2.5 Ui infusion of the alpha2 blocker, tolazoline 

(1.0 ug/ul). Note that spontaneous hippocaxra1 theta activity, and 

theta activity produc  by 0.5 mA and 1.0 mA tEH stimulation appears 

unaltered following tolazoline iriicroinfusions. 
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Fiqure 12. Power Spectra Pfare and After Tolazoline Nicroirrfusion 

Power spectra corresponding to the samples of hippocarca1 field 

activity presented in figure 11. Notice that the power spectra before 

and after microinfusions of tolazoline (1.0 ug/ul) appear similar. 

Also notice the appearance of a large power peak in the 2-4 Hz range 

in a number of the spectra; this was a common occurrence across 

animals. 
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before and after stimulation was no longer present. Figure 13 

provides eight second samples of hippocanpal field activity prior, 

during, and after 0.5 mA tPH stimulation for one subject. Notice 

that following tolazoline microinfusion theta activity is present 

after EMi stimulation wher  ILIA is present in the predrug state. 

Statistical analyses of hippocanpal theta activity for the group 

receiving 2.5 ul imtcroinfusions of tolazoline (1.0 ug/ul) followed by 

a 2.5 ul infusion of detomidine (1.0 ug/ul) proved none significant. 

Figures 14 and 15 present the hippocampal theta activity and spectral 

analyses for an animal receiving the above manipulations. As seen in 

figure 14, the field activity following tolazoline infusion does not 

appear to change after subsequent infusion of detcanidine. Power 

spectra for the corresponding theta activity corroborate this 

observation. 
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Riqure 13  }Ltocaiipa1 Field Activity in Response to 0.5 mA. 

Stiiii1 aticzi Before and After ¶[b1az011r 

Eight second samples of hippocanpal field activity immediately 

before (A), during (B), and immediately after (C) 0.5 mA 1]'1PH 

stimulation. Notice that before tolazoline microinfusions (prrug) 

LTA precedes and follows DMPH stimulation. After microinfusion of 

tolazoline (1.0 ug/ul) EPH stimulation is followed by theta activity. 

Theta activity persisted for several seconds following stimulation in 

this instance. Three of the five animals receiving tolazoline 

microinfusions exhibited this effect. Calibration: 1.0 sec., 500 my. 
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Fiqure 14. Hiçocaiça1 '1Ita activity Fbr Nicroinfusicis of ¶ft1azo1ir 

bUc1 by Detciuii1ir 

Eight second samples of hippocaxta1 theta activity obtained from 

one subject following tolazoline (1.0 ug/ul), and subsequent 

microinfusion of detomidine (1.0 ug/ul) into the same site. Notice 

that the theta activity following tolazoline alone and following a 

combination of tolazoline-detomidine are similar in both instanc-. 

Tolazoline inicroinfusion blocked the inhibitory effects of detoniidine 

irticroinfusion. 
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Fiqure 15. Power Spectra for ¶Itlazoline FoUcd by Detcinidii nn 

Nicroinfusion 

Power spectra corresponding to hippocaira1 field activity 

presented in figure 14. This figure shows the power spectra following 

tolazoline (1.0 ug/ul) microinfusion, and then following detomidine 

(1.0 ug/ul) microinfusion into the same site. Notice that the power 

spectra in both instances appear relatively equal, a finding confirmed 

by the main y and x values shown. 
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3CLTSSICIN 

As in experiment I, histologirn 1 analyses proved that cannulae 

were confined to the dentate gyius region. This, and the finding that 

control infusions into the neocortex above the hippocaxnpus did not 

affect field activity, are evidence that drug effects were localized 

to the dentate region. 

The analyses, testing for the effects of stimulation on 

hippocampal spectral characteristics, replicat  the findings of 

experiment I. Dorso-medial posterior hypothalamus stimulation 

resulted in a significant increase in theta frequency; as higher 

intensities of stimulation were applied, theta frequency was found to 

increase. IH stimulation also resulted in an increase in power of 

the theta peak, although no significant difference in theta peak power 

was found when comparing 0.5  mA to 1.0 mA stimulation levels. There 

appears to be an upper limit in the power of the theta peak where, 

following attainment, increasing intensities of DMPH stimulation does 

not result in a substantial increase. Christie (1989) demonstrated 

that increasing intensities of EI stimulation resulted in marked 

increases of theta frequency, whereas amplitude (power) of stimulation 

induced theta did not vary in any noticeable fashion. The results of 

the present study are in agreement with Christie 's (1989) findings. 

It appears as though the MSDB codes increcing activation of the Ei 

with linear increases of frequency, wherec amplitude, once reaching 

its maximum, no longer varies with stimulation intensity. This 

frequency modulated response is then passed onto the hippocampus where 

increased theta frequencies are recorded in response to greater I]'IPH 
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activation of the MSDB. A more thorough examination of how tl"IPH 

stimulation intensity is related to the spectral characteristics of 

hippocarral field activity should be performed, varying intensity in 

much finer increments than done in the present experiments. 

Once again, as in experiment I, no interactions involving 

stimulation were found, which suggests that the above effects of 

stimulation were still present despite pharmacologira1 manipulations 

within the hippocaxrqpus. Finally, the analyses performed on 

stimulation did not show a significant main effect of stimulation on 

signal to noise ratio. 

Microinfusions of the beta agonist isoproterenol, and the alpha1 

agonist phenylephrine, were found to have no effect on hippocal 

theta activity. As experimentation was taking place, no changes in 

theta activity were observed on the polygraph chart records. 

Subsequent spectral and statistir1 analyses substantiated these 

observations. The lack of any noticeable effect by these agonists was 

somewhat unexpected given the number of studies which have found that 

administration of these drugs, especially in the case of 

isoproterenol, result in marked changes in hippocampal cell activity. 

The work by Segal and Bloom (see Segal 1980 for review) typically 

found that isoprotrenol iontophoresed onto hippocampal cells resulted 

in a similar inhibition of spontaneous cell activity as seen during NE 

iontophoresis and LC stimulation. Moreover, all inhibitory responses 

produced by the above manipulations were blocked by the 

administration of beta receptor antagonists. Beta rerptor agonists 

have also been found to excite hippocampal cells. Most pertinent to 
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this discussion are the findings by Pang and Rose (1987). Upon 

differentiating between complex spike and theta ri1  is, these 

researchers found that theta neurons exhibited excitation following 

iontophoresis of NE, which was mediated by beta and alpha2 receptors. 

It is possible that these cellular responses are occurring in the 

present study but are not affecting hippocanpal theta activity in any 

observable manner. Combined field and single unit recordings during 

manipulations similar to those used in the present study may prove 

fruitful in determining how changes at the cellular level are 

reflected in hippocanpal field activity. 

Microinfusions of the alpha2 agonist detoxrtidine, resulted in an 

attenuation in power of the hippocanpal theta peak, as well as noise 

level, whereas the frequency and signal to noise ratio remained 

unaffected. These results correspond well with the effects found for 

NE in experiment I. Moreover the inhibitory effects of detartidine 

appear to be receptor specific as infusion of the alpha2 antagonist, 

tolazoline, blocked these effects. The attenuation of theta produced 

by detoinidine occurred irrespective of dose which suggests that 

smaller concentrations of drug are needed to observe dose-response 

curves. Binding studies have shown detoniidine to be a very specific 

and potent alpha2 adrenoceptor agonist, having weak affinity for 

alpha1 and beta receptors and able to produce a marked displacement of 

other alpha2 ligands (Virtanen, Savola, Saano, and Nyman, 1988). 

The fact that NE and detoniidine both caused an inhibiton of type 

2 theta activity rules out the possibility that this effect was 

mediatpd by presynaptic alpha2 rcpthrs. Stimulation of the 
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presynaptic alpha2 receptor would have caused a decrease in the amount 

of NE available to bind postsynaptically; therefore infusions of NE 

should not have caused inhibition, since NE would also diffuse to 

postsynaptic sit  and offset the loss of endogenously released NE. 

Further support for an inhibitory alpha2 postsynaptic site is evident 

from the results of the tolazoline group. Tolazoline niicroinfusion 

would have likely resulted in an increase in the release of NE, due to 

presynaptic alpha2 receptor blockade. Despite the probable pooling of 

NE in the synapse, hippocaitpal theta activity remained unaffected. 

This is likely due to the ability of tolazoline to bind 

postsynaptic1  ly and block any inhibitory effects endogenously 

released NE might have produced. Postsynaptic alpha2 receptors have 

been shown to be present on cells intrinsic to the hippocaus, as 

well as on the terminal fields of neurons innervating the hippocaxtus 

(Madison and Nicoll, 1986; Segal, 1981; Vizi, 1983). The alpha2 

receptors locatM postsynaptically have been found to be unaffected by 

6OHDA lesions which result in destruction of presynaptic alpha2 

receptors (U' Prichard, Bechtel, Rouot, and Snyder, 1979). The role of 

alpha2 receptors located on the presynaptic endings of non-

adrenergic neurons appears to be inhibitory in nature. Naura, 

Geinigenoni, and Paiteri (1982) demonstrat  that 5HT fibers within the 

hippocanus have nerve terminals that are endowed with alpha2 

adrenoceptors, which modulate the release of 5HT. Stimulation of 

these receptors by alpha2 agonistic drugs inhibits the release of 

5HT. Relevant to the effects found in the present study is the 

finding' that postsynaptic alpha2 receptors are localized on the 
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synaptic tenninals of cholinergic fibers innervating both the 

neocortex and hippocanus, stimulation of which results in a decrease 

of ACH release (see Vizi, 1983 for review). It is likely that the 

inhibitory effects 'produrm by NE and detomidine were the result of 

postsyriaptic activation of alpha2 receptors, located on the synaptic 

endings of cholinergic fibers within the hippocanipus. This may help 

to explain the results obtained for those animals rciving tolazoline 

microinfusions. During baseline recordings, LTA followed very shortly 

afi- r EMPH stimulation. Following the first epoch of EMPH stimulation 

after tolazoline inicroinfusion, LLZ no longer occurred, but was 

replaced by theta activity which persisted throughout the remainder of 

experimentation. Similarly, Vizi (1980) found that administration of 

an alpha2 antagonist resulted in long lasting enhancement of 

stimulation induced ACH relae from neocortex, wherc resting 

release of ACH remained unaltered. A similar process may be occurring 

in the present study, whereby stimulation induced release of ACH by 

E1V]PH stimulation is no longer modulated by endogenous NE due to alpha2 

receptor blockade at the ACH terminal. 
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GENERAL DISCUSSION 

The results of the present experiments demonstrated that 

microinfusion of NE, likely acting via a postsynaptic alpha2 receptor, 

has an inhibitory influence on the production of hippocairal type 2 

theta activity. This inhibitory 'influence was reflected in a drop in 

theta peak power and noise level, where  frequency was unaffected. 

It is apparent from the present and previous studies (see Bland, 1986 

for review), that the the primary drive for type 2 theta is 

cholinergic, and that NE modulates this activity. 

The hypothesis that NE modulates the principal neurotransmission 

between structures is not new. Numerous studies have demonstrat 

that NE can both facilitate and inhibit the principal 

neurotransmission already taking place within a defined system 

(Harley, 1989; Vizi, 1981, 1983). The anatomical makeup of the NE/LC 

system would appear to serve this purpose. The LC shows widespread 

innervation throughout the brain, making few classical synaptic 

contacts. Rather, LC fibers possess varicosities which allows for 

the liberation of NE into the extraceflular medium anywhere along its 

axonic length. This in turn allows for the effects of NE to be far 

reaching, although relatively slow in onset. The actions of NE are 

typir1  ly found to be long and tonic, lasting several seconds, whera 

other neurotransmitters such as ACH and glutamate, show relatively 

short, phasic actions which last on the order of milliseconds. Such 

long lasting activity exhibited by NE allows for an overall pacing of 

activity within a given system. 
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Within the hippocanal formation NE can be seen as modulating 

the interactions between this structure and ara  such as the medial 

septum, entorhinal cortex, and various brain stem nuclei. Having not 

found any other adrenoceptor responses in the current study appeared 

puzzling given the evidence for the contrary (refer to introduction). 

It may be that NE exerts its modulatory role on the cholinergic 

activities between the NSDB/PH and hippocaius via alpha2 receptors, 

wher.c the glutaminergic1  ly mediated interaction between the 

entorhinal cortex and hippocanus may be modulattzri by NE in the form 

of beta receptor activities. Harley (1989) provides a review of the 

modulatory acti,ons of NE in the development of long term potentation 

and population spike activity in the hippocairus, as induced by 

entorhinal/perforant path stimulation. In virtually all studies 

cited, the glutaminergic activity mediating these phenomena were found 

to be enhanced by beta adrenoceptor activity, wherea  alpha receptor 

activity was of no consequence. It is possible that the IC/NE system 

interacts with the various hippocairal inputs, such as the median 

raphe (serotonin), entorhinal cortex (glutamate), and MSDB 

(acetylcholine), via different receptor subtypes. This may provide a 

partial explanation for why no other receptor involvement was 

exhibitrl in the present study. 

Furthermore, t'ting the effects of NE microinfusion in the 

freely moving animal would allow for a more precise evaluation of the 

modulatory role of NE on theta activity, as atropine-resistant, (i.e. 

noncholinergic) type 1 theta is produced during this state. Flicker 

and Geyer (1982) have found marked behavioural changes in rats 
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receiving hippocampal microinfusions of NE, which were inediatd by 

beta receptor activation. 

Interestingly, comparisons can be made between activity in the 

hippocampus and that which occurs in the IC. Neurons within the IC 

have been shown to increase activity during arousal stats, and in 

response to the presentation of sensory stimuli (Aston-Jones and 

Bloom, 198Th; Foote et al, 1980). Similar behavioural and sensory 

events have been correlated with the production of type 2 theta 

activity (Bland, 1986: Sainsbury, 1985). How these two structures 

interact during such events is currently unknown but warrants further 

study. The lesion studies done by Kolb and Whishaw (1977), Robinson 

et al., (1977), and Whishaw et al., (1978), were correct in concluding 

that the IC/NE system did not play a principal role in the production 

of theta activity. Careful observations made by these researchers, of 

the release of type 2 theta activity occurring following lesions, 

provided much of the impetus for the present work. 

The contention that the inhibitory effects of detomidine are a 

result of inhibition of ACH release via activation of alpha2 receptors 

is speculative. This is partially based upon personal observations; 

during similar microinfusion experiments low concentrations (< 5.0 

ug/ul) of atropine sulphate resulted in an inhibition of type 2 

theta. Amplitude (power) of the theta activity was considerably 

reduced, where's spontaneous production and frequency of theta 

appeared unaltcred. Partial disruption of the cholinergic system 

mediating type 2 theta, either by presynaptic inhibition (detornidine) 

or partial postsynaptic blockade (atropine sulphate), appear to 
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result in similar ructions in hippocarnpal theta activity. Further 

investigations will prove whether these observations are of 

significance. 

Undoubti1  y the interaction between the NE and ACH systems is 

very complex, requiring considerably more study. The hippocampal 

formation's well-defined electrophysiologic-al activity and the 

behavioral correlates of this activity, provides a prime testing 

ground for further research on how these two systems interact with one 

another. 
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APPENDIX A 

Source Tables for Experiment I 

Effect of EMi Stimulation on Peak Theta Frequency 

source SS df 14S F 2 

Drug 0.37 1 0.37 9.25 

Error 0.34 9 0.04 

Stun 51.64 2 25.82 160.75* 0.95 

Error 2.89 18 0.16 

Drug x Stim 0.08 2 0.04 0.81 

Error 0.87 18 0.05 

' p<.01 

SCN 0.51n 1.0mZ. 

* 
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Effect of NE on Noise Level 

SS df NS F 2 

Drug 174.35 1 174.35 21.80* 0.71 

Error 71.99 9 8.00 

Stun 47.64 2 23.82 5.57 

Error 76.92 18 4.27 

Drug x Sttm 3.25 2 1.62 0.87 

Error 33.47 18 1.86 

*p<..01 
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Effect of NE on Power at Peak Theta Frequency 

source 2 

Drug 315.10 1 315.10 73.20* 0.89 

Error 38.74 9 4.30 

Stint 45.13 2 22.56 6.35* 0.41 

Error 63.98 18 3.55 

Drug X Sttm 1.10 2 0.55 0.22 

Error 45.85 18 2.55 

*P<.01 

SON 

0. 5n 

1. 0ni2 

SN 0.5xnZ. 

* 

* 



130 

APPENDIX B 

Sc*irce Tables for Experi]int U 

Effect of Stimulation on Theta Frequency 

Sc*irce SS df MS F 2 

Stint 116.57 2 58.28 234.00* 0.81 

Error 26.83 108 0.25 

*p<.01 

(Greenhouse-Geisser adjustment made for analysis.) 

SFON 0.5mZ 1.0m2 

SFON 

0. 5inZ 

1. 0n 

* 

Effect of Stimulation on Peak Theta Power 

Source SS df Ms F 2 

Stint 535.08 2 267.54 52.21* 0.50 

Error 553.44 108 5.12 

*p<.01 

(Greenhouse-Geisser adjustment made for analysis.) 

SON 0.5mA 1.0ni1 

SPON 

0. 5mP 

1. OniA 

* 

* 
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Effects of Detiidine on Peak Frequency Strength 

Source 55 df ms F 2 

Dose 84.79 2 42.40 4.91 

Error 103.57 12 8.63 

Drug 68.43 1 68.43 15.98* 0.57 

Drug x Dose 20.88 2 10.44 2.44 

Error 51.38 12 4.28 

Stim 183.93 2 91.97 12.07* 0.50 

Dose x Stim 15.75 4 3.94 0.52 

Error 182.86 24 7.62 

Drug x Stim 19.37 1.20 9.68 2.30 

Dose x Drug x Stim 9.16 2.4 2.29 0.54 

Error 101.21 14.40 4.22 

*p<. 01 
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Effect of Detomidine on Noise Level 

source SS df HS F 2 

Dose 60.73 2 30.36 1.21 

Error 300.60 12 25.05 

Drug 49.80 1 49.80 16.99* 0.59 

Drug x Dose 3.45 2 1.73 0.59 

Error 35.17 12 2.93 

Stim 37.55 2 18.78 3.83 

Dose x Stint 5.68 4 1.42 0.29 

Error 117.52 24 4.90 

Drug x Stint 6.92 2 3.46 1.69 

Dose x Drug x Stint 7.41 4 1.85 0.90 

Error 49.23 24 2.05 

*p<01 


