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ABSTRACT

(EP)recorded from

the dentate gyrus (DG) of the hippocampus in vivo (Neuman and Harley, 1983; Winson and

Dahl. 1985) and in vitro (Lacaille and Harley, 1985; Stanton and Sarvey, 1985b).

NE released by activation of the leus (LC) system by

(Harley and Milway. 1986; Harley and Evans, 1988) or electrical stimulation (Dahl and
Winson, 1985, Assaf et al., 1979; Washburn and Moises, 1989) of the LC or its input, the

nucleus paragigantocellularis (Babstock and Harley, 1992) has similar effects. Evidence

suggests that the initiation of thes iati mediated by B- ic activation and
that local B-receptors in the DG play an important role in this phenomenon (Lacaille and
Harley, 1985; Stanton and Sarvey, 1985b; Babstock and Harley, 1992; Washbumn and
Moises, 1989; Harley and Milway, 1986). NE has also been shown to excite and inhibit
intemneurons recorded in the DG (Rose and Pang, 1989; Clarke 1995).

Y et another method of releasis LC-NE and iatior: of

the DG EP is via systemic application of the a2-antagonist idazoxan (IDA) (Cedarbaum and
Aghajanian, 1978; Richter-Levin, 1991; Sara and Bergis, 1991). [DA has also been shown
10 result in an increase in paired-pulse inhibition in the DG (Sara and Bergis, 1991).

The present study utilized the paired-pulse paradigm and double pipette technique to
examine the role of B-receptor activation in [DA-induced NE modulation of excitation and
inhibition in the local circuitry of the DG. Saline and timolol-filled micropipettes were

placed in the DG of urethane-anaesthetized rats. The perforant path was stimulated with



paired pulses spaced at short intervals and rats were given systemic injection of [DA after
baseline recroding. Evidence was demonstrated for five distinct effects of NE in the local
circuitry of the DG. These were: 1) enhancement of tonic activity of somatic inhibitory
interneurons at baseline via low threshold B-receptor activation: 2) increased cell firing to
a constant input supported by a high-threshold direct B-receptor action on granule cell
membranes; ?) a decrease in EPSP size probably due to increased feed-forward dendritic
inhibition: 4) inhibition of somatic feedback disinhibition circuits (rather than an increase
in inhibition per se); and 5) enhancement of firing of feedback dendritic inhibitory
interneurons possibly via al-receptor activation. Effects observed in the DG with IDA in the
present study were compared to those observed during learning and exploration of a new

environment in other studies.
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1.1 The Hippocampus and learning and memory
It has been the dream of many neurobiologists to discover the physiological basis

ind memory. Central to learnis

of cognitive phenomema like learnis and memory is the

part of the brain known s the hippocampus. [t first became known that the hippocampus
was involved in memory from studies of patients with amnesia resulting from surgical or
pathological alterations to the brain. Perhaps the most famous of these is H.M. who
underwent bilateral resection of the medial temporal lobe. including the hippocampus as

a treatment for epilepsy. H.M. was able to remember much from before surgery but could

not learn new fucts or come to recognize fuces of new people (Scolville and Milner. 1957).
This is called unterograde amnesia. He retained working memory and the ability to form
procedural memones but could no longer form declarative memories. Another patient. R.
B.. who wus found to have ischemia-induced bilateral damage localized mainly to the CA1
region of the hippocampus. exhibited similar although less severe symptoms. This led
scientists to conclude that the hippocampus was involved in consolidation of declarative

memory but not working or procedural memory or memory stor: Individuals with

Korakoff's syndrome. involving extensive damage to the diencephalon - a target of
hippocampal efferents. show similar memory impairments.
In animals. hippocampal damage is generally associated with deficits in spatial

te through its environment. One area of animal

memory: i.e. an animal’s ability to na

research involving the hippocampus and memory has focused on lesion studies. Lesion



studies involve surgically. electrically or ically-induced damage to. destruction of. or
removal of the hippocampus or its afferents or efterents and training the lesioned animal
in a task which tests its ability to form and retain long-term memories of its spatial
environment.

For example. initial aquisition of the Morris Water Muze task - in which animals
are trained 10 find a platform submerged just beneath the surface in a pool of water made
opaque by powdered milk - has been found to be sensitive to hippocampal lesions (Morris
ctal.. 1982: Sutherland et al.. 1982). and selective lesions of the dentate gyvrus (Sutherland
et al. 1983). Initial acquisition is also disrupted by lesions downstream of the
hippocampus. in the subicular complex (Morris et al.. 1990) and medial frontal cortical
region (Sutherland et al.. 1982). Lesions upstream of the hippocampus such as the
perforant path. the main entorhinal input to the hippocampus (Skelton and McNamara.
1992) and lesions to the medial septum. another major input to the hippocampus (Hagan

et al.. 1988) also disrupt acquisition.

Hippocampal lesions have also been shown to result in deficits in delayed-non-
matching-to-sample tasks (Mishkin, [978: Zola Morgan et al.. 1982: Squire. 1985) and the
radial arm maze tasks (Olon. 1983: Olton. Becker and Handelmann. 1979: Olton and
Papus. 1979).

A second area of animal research relating the hippocampus to learning and memory

involves electrophysiology or recording of responses from the brain with electrodes. For

example. O'Keefe and D y. 1971 that neurons fire



selectively when an animal is in different regions or “place fields™ of an environment. A
given neuron fires when the animal is in a certain area of its environment. This area is
known as the cell's ‘place field” and these neurons are known as “place cells’. This
discovery lead to the development of a comprehensive theory by O'Keefe and Nadel. 1978

entitled. “The Hippocampus as a Cognitive Map.” Further understanding of hippocampal

electrophysiological research knowledge of hippocampal anatomy and

physiology

1.2 The Hippocampal Formation

The hippocampus is part of the limbic system locuted in the medial temporal lobe.
whose structures have been shown to be involved in emotion (Kluver and Bucy. 1937:
Mishkin and Apenzeller. 1987). motivation (Pinel. 1993) and learning and memory
(Bumes. 1988: Squire and Zola-Morgan. 1988). The limbic system is. in turn. part of the
paleocortex or “older” cortex in an evolutionary sense (Pinel. 1993). This is in contrast to
the neocortex or ‘newer’ cortex. The name hippocampus literally means horse field
referring to the shape of stained cell fields that form the shape of a seahorse. Along its
long axis the hippocumpus forms a sea horse or cashew shape extending from the septal

nuclei 1 y. behind the to the incipient temporal lobe

caudoventrally (Amaral and Witter. 1989). The two extremes are therefore called the

septal and temporal poles. The consists of 4 ly distinct




regions. including: 1) the dentate gyrus: 2) hippocampus proper (Ammon’s Hom).
subdivided into three fields (CAL. CA2 and CA3): 3) the subicular complex and 4) the
entorhinal cortex. If one examines a hippocampal section in the transverse plane one can
see the basic mtrinsic circuitry of the hippocampus (Figure 1). Sensory information is
thought to enter the hippocampus through its major input. the perforant path (PP). in the
angular bundle. from entorhinal cortex to the dentate gyrus (DG). The main cell type in the
DG. the granule cells. send axons called the mossy fibers to synapse with the pyramidal
cells of CA3 which. in turn relay multisensory information to the pyramidal cells of CA1
via the Shueffer colluterals. These pathways are largely umdirectional and together are
termed the trisynuptic circuit. The amnesic patient. R.B. described above. proved to have
4 lesion which was spatially limited to pyramidal neurons in the CAl field. Such a lesion
would open the trisynaptic circuit (Squire and Zola-Morgan. 1988).  According to
McNaughton and Morris (1987) some computation must occur in this circuitry if learning
is 10 be accomplished in a normal way. In rats it has been found that the dentate gyrus
must be mtact n order for spatial learning to occur (Sutherland et al.. 1983: Walshet al..
1986: McNaughton et al.. 1989: Armstrong et al.. 1993: Conrad and Roy. 1993).

CAL. in turn. sends axons to the subiculum which is responsible for the major
output of the hippocampus. The subiculum sends axons to the mammillary bodies and
hypothalamus via the fornix as well as axons back to entorhinal cortex which relays
informution back to sensory cortices. Thus there is a4 continuous loop from sensory

cortices. through the hippocampus and back again to sensory cortices. It is thought that

4
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memory 1s born somewhere within.

Figure 1

Tranverse section through rat hippocampus illustrating cell layers



1.3 Anatomy of the Dentate Gyrus

The principal cells of the DG are the granule cells. The dentate gyrus consists of three
layers: the molecular layer. the cell layer and the polymorph region or hilus (Amaral and
Witter. 1989). The most obvious in a transverse section is the cell layer which consists of
tightly-packed cell bodies which form a U-shape or V-shape depending on antero-posterior
extent. the apex of which points medially (Figure 1). The arms of the U are termed the dorsal
and ventral blades of the DG. The molecular lyer. which is on the outer periphery of the U-
shaped cell layer. consists of dendritic trees with which the PP and other terminals synapse.
Between the blades is the polymorph layer or hilus. The granule cells send axons. the mossy
fibers. into the hilus where they collateralize and then form synapses with the pyramidal cells
of the CA3 region (Amaral and Witter. 1989). Found in the granule cell layer and subgranular
region. but in greatest numbers in the hilus. are interncurons (Amaral. 1978). These cells
form a local network in the DG and function as modulatory cells (Leranth et al.. 1990).
Interneurons of the DG may exert inhibitory influence upon their target cells (the granule
cells) or they may inhibit other interneurons resulting in net excitatory influence on the target

cells (Buckmaster and Soltesz. 1996). The interneurons are a heterogeneous group of cells

whose subtypes differ in physi P
charucteristics and the target of their projections (Buckmaster and Soltesz. 1996: Scharfman

et al., 1990). Perhaps the main reason why interneurons were thought to exert inhibitory



1996). Esclapez and Houser (1995) have provided evidence that a subpopulation of GABA-
containing hilar interneurons also release the peptide neurotransmitter somatostatin (SS).
Sloviter and Nilaver (1987) found no co-localization of SS and GABA in hilar interneurons.
thus supporting the existence of two separate populations of interneurons in the hilus.

Interneurons inhibit the principal cells by two mechanisms. In feed-back inhibition.
when excitatory activity occurs in the granule cells. this activity is fed back to the interneurons
by collaterals. The interneurons then exert an inhibitory influence on subsequent excitation
of the granule cells (Buzaki, 1984, Sloviter, 1987). Feed-forward inhibition involves the
direct excitation of interneurons by perforant path input. Interneurons then inhibit tiring of
target cells (Buzaki. 1984).

Another type of neuron. w hich appears to be glutamatergic (Amaral and Witter, 1989)
and is numerous in the hilus (Amarul. 1978) is the mossy cell. Mossy cells receive input from
mossy fibers und send their axons to synapse with other hilar local circuit neurons (Ribak et
al.. 1985): Scharfman et al.. 1990) as well as others in the inner molecular zone. (Amaral and
Witter. 1989). The circuitry and neurotransmitter of mossy cells implies a role in feed-back

or feed-forward excitation of granule cells (Carre. 1993).

1.4 The search for the physical memory trace
How does the brain store 4 memory? Presumably. when we learn a new skill or form

a new memory. something in the brain changes in order to encode the memory. A popular



approach used in trying to determine the neurophysiological correlate(s) of memory is to
search for plasticity exhibited by brain areas involved in memory. Neuronal plasticity can be

defined as the capacity of neurons to change functionally or even structurally in a relatively

short period of time. Where should we look for such plasticity? What better place to start

than the hippocampus? Groups of neurons in the hippocampus show plasticity of synaptic
strength. Synaptic strength or efficacy refers to the effectiveness of presynaptic cell activity

in inducing post-synaptic cell firing

1.3 The measurement of synaptic efficacy - recording of the evoked field potential

The regular and parallel arrangement of hippocampal neurons is very fortunate for the
electrophysiologist as it is possible to generate very large extracellular responses via
stimulation of excitatory afferents (Burmes. 1988). Because the granule cell neurons are so

tightly packed it is relatively easy to record extracellularly. the activity of a group of principal

anule cells of the DG) in an area called a field. It is much less

cells (for our purposes the
difficult than recording the activity of single cells and gives a picture of how cells are
responding as a group. For example, by placing a stimulating electrode in the PP one can
produce a response in the DG in the millivolt (mV) range. The response can be recorded with
an extracellular electrode and is a measure of excitability of a population of granule cells in
the area of the recording electrode. (Andersen et al.. 1966) which is referred to as the field

of the electrode. This type of recording is therefore called field recording. The response can



be measured over time before and after some experimental manipulation. The elicited
response 1s referred to as an evoked field potential or simply an evoked potential (EP) and.
in the DG. consists of 1wo man components. the population excitatory-post-synaptic-
potential (or simply EPSP) and the population spike.

The EPSP is a measure of synaptic efficacy: a measure of current flow into the
dendrites of the post-synaptic cells in the general area or ficld of the recording electrode.
Included in its makeup are fuctors such as the number of perforant path fibres activated by

amount of released and the sensitivity and number of

postsynaptic receptors (Lomo. 1971). If measured in the moleculur layer (dendrites) the
EPSP 1s a negative-going wave reflecting an inward current flow. After the recording
clectrode passes into the granule cell layer (cell bodies) the evoked potential reverses and

appears as a positive-going wave reflecting outward current flow.

If the total sum of EPSPs becomes great enough. granule cell action potentials occur.
The second component of the evoked potential. the population spike. is actually a measure
of postsynaptic cell firing. At the cell layer. it appears as a negative deflection superimposed

onto the positive-going EPSP. The ion spike amp! (PSA) reflects the synchrony

of granule cell firing and the number of granule cells generating action potentials (Andersen
etal.. 1971: Bliss and Lomo. 1973 and Lomo 1971). In the present study the measures of the
evoked potential used are EPSP Slope (Figure 2A). PSA (Figure 2B) and population spike

latency (PSL) (measured from stimulus artifact to peak of population spike - Figure 2C).



Figure 2

Perforant-path evoked potential recorded from cell layer of the dentate gyrus
illustrating measured parameters



1.6 Long-term potentiation and ion of hippocampal newronal

As discovered in rabbit hippocampus by Bliss and Lomo (1973) application of a high-
frequency stimulus train or tetanus to the PP results in a long-lasting enhancement of the
dentate gyrus EP. This widely-studied form of synaptic plasticity is called long-term
potentiation (LTP) and is considered a prime candidate for a mechanism of memory storage
in the mammalian brain (Teyler and Discenna. 1984). Initiation of LTP in the DG has been
attributed to glutamate receptors of the NMDA (N-methyl-D-asparate) receptor subtype. As

an illustration. Butcher et al. (1990) found that the NMDA receptor antagonist D-2-amino-5-

hosphonovalerate caused a dose-reluted impairment of both LTP and spatial learning.

NMDA receptors are glutamate-d dent and. also. voltage-d due to blockade by
magnesium ions. Temporal summation of EPSPs by a tetanus brings the membrane potential
to 4 level where magnesium ions no longer block the channels. thereby allowing their
activation.

Neuronal excitability and transmission through the hippocampal formation have been
found to be modulated by sensory input and by behavioral state. For example, Herreras et
al. (1988) found that DG responses to PP stimulation were enhanced during periods of
sensory stimulation (produced by gentle stroking of the animal's fur) and the cellular
excitability increased as judged by the shift to the left of the EPSP-PSA relation. Opposite
effects were seen in CAl. The results demonstrate that sensory stimulation causes

modulation of information transfer through the hippocampus. The modification of



hippocampal transmission may serve to gate the information reaching CAl and the DG.

‘Winson and Abzug (1978) found that the monosynaptic PSA recorded in the upper
blade of the dentate gyrus (DG) was greater in slow-wave sleep (SWS) than during alertness
and was intermediate in the awake state and REM sleep. The monosynaptic EPSP recorded
in the DG. in contrast to the PSA. was greater in magnitude during alertness than during
SWS. The primary afferent volley was also recorded at high gain in the DG. The amplitude
of this was found to be dependent solely on stimulus intensity and not on behavioral state.
Thus the number of neurons responding while the animal was alert was small while the
number was much greater during SWS and REM sleep. These findings are interpreted in
terms of the existence of a behaviorally-dependent gate of neural transmission in the
hippocampus. The granule cell membranes in the DG are relatively hyperpolarized during
alertness compared with SWS as the result of either tonic excitatory bombardment occurring
during SWS or tonic inhibitory bombardment during alertness or a combination of both
(Winson and Abzug. 1978).

Sharpe et al. (1989) found that animals transferred from one environment to another
exhibited a substantial increase in EPSPs and large decreases in PSA and latency to peak of
PS. Unlike the changes scen by Winson and Abzug (1978). these changes considerably

outlasted the behavior that produced them.

Greenet al. (1990) had similar results to Sharpe with these new observations: Neither

the rotor component of exploratory behaviors nor the hippocampal theta rhythm itself was



sufficient to account for the changes in the synaptic and PSA components of the response
when animals were introduced into a new environment. Thus. the changes may depend on
reorientation of the animal’s sensonum during exploration. rather than on movement (Green

et al.. 1990).

Moseret al. (1993a) and (1993b) lter provided evidence that these changes in the EP

were most likely brought about by duced increases in Later

c for showed long-lusting increases in PSA and EPSP

slope during spatial learning in an exploration task (Moser. 1994) as well as more transient
PSA potentiation when a rat was placed in a novel holeboard environment or encountered

novel stimulus in a hole (Kitchigina et al.. 1997).

1.7 The Locus Coerules and Norepinephrine (NE)

While LTP has been widely studied. its physiological relevance has remuined
somewhat of a mystery as a phenomenon similar to a tetanus does not occur naturally in the
nervous system. The search for a connection between LTP and memory has led
neuroscientists 1o investigate the role which monoaminergic projections from the brain stem
play in modulation of hippocampul electrical activity (Kobayashi et al.. 1974: Loy et al..
1980). I will focus on NE.

The major source of NE to the hi as well z bral and cerebellar cortices

is the nucleus located in the pons known as the locus coeruleus (LC). The LC is a small dense

13



group of NE-containing cell bodies whose axons constitute the major sources of NE
innervation of the hippocampus (Kobayashi et al.. 1974: Loy et al.. 1980. Aston-Jones and
Bloom. 1981a). Fibres from the LC form the dorsal noradrenergic bundle before joining the
medial forebrain bundle and subsequently entering the hippocampus (Loy et al.. 1980). The
densest projection is to the hilar region of the DG while there are less diffuse projections to
the molecular and granule cell layers (Loy et al.. 1980: Stanton and Sarvey. 1985b: Winson
and Dahl. 1985). The highly clustered appearance of this cell group within the pons
reinforces the ideu that these cells would be activated in concert and LC output would be
relatively synchronous (Watabe and Satoh. 1980).

In the awake animal the level of LC firing is a direct function of arousal. Cells fire
most slowly during slow wave sleep and increase to higher levels with alert arousal (Foote
et al.. 1980) which is likely when an animal would learn or form a memory. Furthermore.
phasic increases in firing occur to any behaviorally-arousing stimulus in awake animals
(Aston-Jones and Bloom. 1981a and 1981b). The firing rate of NE cells is highly dependent
upon behavioural state. sensory input from all modalities (Aston Jones and Bloom. 1981b)
and changes of significance of environmental stimuli (Sara and Segal. 1991). Also. it has been
found that LC neurons fire in a burst when a rat e es a novel hole in a hole-board
environment and when the rat encounters a novel stimulus in a hole (Sara et al., 1994:
Vankov et al.. 1995) Thus. the conditions which lead to increase in release of NE from the
LC onto the hippocampus seem to be similar to those which are involved in the modulation

of hippocampal activity mentioned earlier.



1.8 Neuromodulatory actions of NE

1.8.1 Exogenous NE

Historically. NE was classified as an inhibitory neurotransmitter (Kety. 1970). More
recently. however. there is abundant evidence that NE enhances the signal-to-noise ratio in
the neocortex and cerebellum by suppressing spontaneous activity of neurons and enhancing
the activity evoked by sensory stimuli. For example Foote et al. (1975) found that
iontophoresed NE enhanced neuronal activity in the auditory cortex of the squirrel monkey
evoked by species-specific calls. Weodward et al. (1979) found that glutamate-induced
excitation and GABA-induced inhibition as well as synaptically-evoked excitation and
inhibition of cerebellar Purkinje cells were enhanced by NE. [t has also been found that both
NE application and presumed NE-release activated by electrical stimulation of LC. enhanced
both signal and surround inhibition in visual (Waterhouse et al.. 1983) and somatosensory
(Waterhouse and Woodward. 1980: Waterhouse et al.. 1980) cortices. This suggests that NE

is involved in modulation of arousal and attention.

Neuromodulatory effects of NE have also been reported in the hippocampus (Harley.
1987). Unconditioned tones normally inhibit evoked hippocampal unit firing while

conditioned tones. signaling food. excite unit firng. With concurrent LC stimulation

unconditioned tones produced greater unit inhibition while conditioned tones produced
greater unit excitation. Thus. NE also appears to enhance signal-to-noise-ratio in the

hippocampus (Segal and Bloom. 1976).



Here we will concentrate on NE effects in the hippocampus. Segal and Bloom (1976)
recorded the activity of hippocampal pyramidal neurons (HPNs) in the DG in awake, freely-
moving rats. Most cells were inhibited by a loud auditory stimulus and by electrical

stimulation of LC. Inhibitory responses to the tone were antagonized by drugs interfering

with g When LC sti ion was used as the UCS in a classical

£

conditioning paradigm. previous inhibitory responses to the tone were reinstituted and when
subthreshold LC stimulation preceded a tone the existing conditioned response to the tone

was potentiated. These data suggest that the observed inhibitory response to the tone is

modulated by the LC NE pathway and that activation of LC can potentiate hippocampal
pyramidal neuron responses to behaviorally-significant conditioned stimuli.

Neuman and Harley (1983) showed that both short and long-term potentiation of the
field potential in the DG evoked by stimulation of medial PP fibers could be produced in the

absence of tetunus by local i of NE in the ized rat. In41

of 54 sites tested. potentiation of PSA was observed while in 16 of these 41 sites the
potentation was long-lasting (i.e. lusting greater than 30 minutes). and like LTP. persisted
after the initiuting stimulus. in this case NE. was discontinued. The latter is termed NE-
induced long-lasting potentation (NE-LLP). Maximal PSA increases were typically attained
30 minutes after NE application. Given the abundant evidence implicating the hippocampus
ested that these short and long-term

in learning and memory. investigators have s

modulatory actions of NE might play a role in attention and memory processes (Harley.
1987). Harley (1991) suggests that the short-term effect would presumably increase the
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intensity of sensory input/experience or promote attention to the input while the long-term
effect could be viewed as the promotion of memory.

Neuman and Harley (1983) observed no consistent EPSP changes. This is typically
the cuse in vivo. In vitro both PSA and EPSP slope increases are seen (Lacaille and Harley.
1985: Stanton and Sarvey. 1987: Duhland Sarvey. 1989). The induction of NE-potentiation
was shown to be B-receptor mediated as NE-LLP can be blocked if a B-blocker is
administered prior to NE application (Lacaille and Harley. 1985: Stanton und Sarvey. 1987)
but once the NE potentiation has been initiated B-blockers have no effect (Harley and Evans.

1988). Potentiation of PP-EP has also been achieved with the p-

gonist  isoproterenol
(Lucaille and Harley. 1985: Dahl and Sarvey. 1989: Dahl and Li. 1994: Knight et al.. 1997:

Chaulk and Harley. 1998).

1.8.2 Release of endogenous NE

Endogenous release of NE from LC projections in the hippocampus has also been
shown to result in potentiation of the PP- EP in the DG. Endogenous release of NE can be
achieved by stimulation of LC neurons.

Potentation of PP-induced PSA and a decrease in population spike onset latency can
be produced by electrical stimulation of the LC (Duhl and Winson. 1985: Assaf et al.. 1979:
Washbum and Moises. 1989). It was found that systemic propranolol, however, did not

always block the effects elicited in the hippocampus by LC electrical stimulation, indicating
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that the B-receptor may not solely responsible for the potentiation observed with this
approach (Harley et al.. 1989). A more selective method of inducing endogenous NE release
is direct glutaminergic stimulation of the LC. A single pressure ejection of glutamate (100-
150 nl) within 300 pum of the LC has been shown to result in reliable potentiation of PSA and

inincreases in EPSP slope (Harley and Evans. 1988). In another study the potentiation of the

DG PP-EP induced by glutaminerg of the LC is long-lasting in 37% of cases
(Harley and Milway. 1986). Systemic istration of prop I and intra-d
of prop or timolol significantly these g duced effects

(Harley and Milway. 1986: Harley and Evans. 1988) while B-blockers udministered after
glutamate-LC-induced potentiation had no effect on the potentiation. Electrical stimulation
in the area of the LC is likely to activate fibers of passage in addition to the intended LC cells,
thus recruiting other transmitter systems. This may explain why B-blockers did not

ly attenuate potentiation resulting from electrical stimulation of the LC in Harley

signific
etal. 1989.

Potentiation of the DG-EP can also be achieved by electrical stimulation of the nucleus
paragigantocellularis (PGi). which is the major input to the LC. Stimulation of PGi with 10
ms 333 Hz trains 20-50 ms prior to PP stimulation resulted in potentiation of the DG PSA
with no consistent effects on EPSP slope or PSL (Babstock and Harley. 1992). Systemic

of the effects of PGi stimulation on PP-

evoked DG-EP’s (Babstock and Harley. 1992). PGi stimulation results in activation of LC
cells (Ennis and Aston-Jones, 1986) which, in turn potentiate of the DG EP.
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NE-LLP supports the prediction of Kety (1970) who hypothesised that the aroused

states. simulated here by of NEorLC would induce a
“persistent facilitation” of inputs. For example. an animal attacked by a predator would
become aroused and this would presumably increase the probability of the animal forming a
memory of the predator and related warning cues as a survival mechanism.  This model
implies that a pairing of the sensory input with the aroused state may result in a strong
memory of the sensory input. Human studies have ulso suggested that B-adrenergic-mediated
arousal promotes long-term memory for informational input (Cahill et al.. 1994). Consistent
with this hypothesis. Hopkins and Johnson (1984) found in CA3 that when high-frequency

train (HFT) sumulation. which did not produce LTP on its own. was paired with NE

P LTP was seen. F when a HFT that did produce LTP on its own. was
paired with NE. the frequency-induced LTP was prolonged. [n addition. Stanton and Sarvey.
19854 have reported that frequency-induced LTP does not occur in the DG following NE
depletion.

As an example of an effect of NE on memory in the DG. Kovacs et al. (1979) reported

that NE depletion blocked the duced effect of improving fa passive-

avoidance task. In addition depletion of LC-NE by 6-OHDA in the accessory olfactory bulb
abolishes olfactory memory for male mouse odor in the female mouse (Kevemne and de la

Riva. 1982).



Yet another method of inducing endogenous release of NE and achieving potentiation
of the PP-evoked potential is through systemic injection of the a2-adrenoreceptor antagonist
iduzoxan (IDA). In the anesthetized rat. Richter-Levin et al. (1991) found that systemic IDA
(2 mg/kg i.p.) enhanced the population spike of the PP-EP and decreased the field EPSP in

the DG. In the awake. freely moving rat. Sara and Bergis (1991) found that systemic IDA

(2 mg/kg i.p.) enhanced the population spike of the PP-EP in the DG with no effect on the
tield EPSP. IDA. via blockade of inhibitory autoreceptors. increases the firing rate of NE-LC
neurons (Cedarbaum and Aghajanian. 1978) and increases release of NE in the hippocampus
in a dose-dependent manner (Thomas and Holman. 1991).

IDA s a useful method of activation of LC cells and of increasing NE levels to
produce NE-related DG-EP potentiation. The Sara lab has found that IDA results in enhanced
memory retrieval (Sura and Devauges. 1989). increased behavioral responses to novel objects
in a familiar environment and fucilitated learning of new response contingencies in a familiar
task (Devauges and Sara. 1990) presumably due to its effects on LC-NE.

The previous paragraphs have focused on the effects of NE on the excitatory
responses of the principal cells in the DG. How do we study the effects of NE on inhibition

or on local circuit interneurons?

1.9 Paired-pulse paradiem
Evoking two PP-EPs in quick succession reveals a change in the response (P2) to the
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second pulse relative to the response (P1) to the first pulse (Figure 3). The first pulse enables
us to measure the excitatory response of the granule cells and at the same time activates the
local hippocampal interneuronal network. By observing P2 we can learn about the
modulatory effect which the local network has on the excitatory response. The differences
in the resultant response are dependent upon the interval between Pl and P2. called the

interstimulus interval (ISI) (DiScenna and Teyler. 1994).

When P2 is smaller than P1. this is referred to as paired-pulse inhibition (PPI) (Joy and
Albertson. 1993) (See Figure 3a). The second evoked response is strongly inhibited when
stimulation of the PP is spuced by a ISI of approximately 10-20 ms and is inhibited but less
strongly when the [SI is between 200-2000 ms (DiScenna and Teyler. 1994). These 2 stages
are termed carly and late inhibition. PPl s believed to be produced by both feed-forward and
feed-back mechunisms (Sloviter. 1987). It has been shown that early inhibition is GABA -
mediated whereas late inhibition is GABAy-mediated (DiScenna and Teyler. 1994).

Atan ISI of 40-200 ms P2 is larger than P1. This is called paired-pulse facilitation
(PPF) (See Figure 3b) and is thought to be controlled by excitation of granule cells via
glutamate receptors of the N-methyl-D-aspartate (NMDA) subtype as it is blocked by NMDA

receptor ion channel blockers (Joy and Albertson. 1993).



Figure 3
Representative Waveforms from the Results

A. Example of apparent increase in PPI seen after [DA. Waveforms were taken
from pre-and post-IDA /O curves on the saline pipette of a single animal.
(stimulation current = 450 pA)

B. Example of PPF observed at low currents pre-idazoxan. Waveform was taken
from from pre-IDA /O curve on the timolol pipette of a single animal.
(stimulation current=125 pA)






While most paired-pulse work has been carried out in anesthetized animals, it has
been found that the characteristics of responses to paired-pulse stimulation in awake rats are
dependent on the animal’s behavioural state (Austin et al. 1989). In the experiment
mentioned above. Sara and Bergis (1991) tested the effect of IDA on enhancement of the PP-
evoked DG-EP as well as on PPI of the EP in a two-part study. In the first part of the
experiment they found that IDA increased PSA of P1 but had no effect on EPSP slope. This
effect was seen in 7 of 8 animals tested and only at currents less than 400 pA. In the second
experiment. the effect of IDA on PPl was tested only at currents which evoked a population
spike of 30% maximum and for which IDA did not increase PSA (usually 400 pA) in order
to ensure that any increase in inhibition seen was not due to the effect of the drug on the first
spike.  An apparent increase in PPl was seen in 5 of 8 animals. [n these the increase in PPl
occurred at current intensities at which there was no effect of the drug on the first spike
suggesting the increase in inhibition is independent of changes in the size of PSA of P1 and
that NE-induced potentiation of Pland the increase in PPl are separate processes. Sara and
Bergis (1991) argue that the effect of IDA on DG cell excitability is dependent on drug-

induced release of NE since in a previous study (Richter-Levin et al.. 1991) it did not occur

when the NE terminals were destroyed by the DSP4.

Moser (1996) an experiment using the paired-pulse paradigm with ISs <
40 ms 1o investigate the extent to which inhibitory interneurons control impulse flow through
the dentate gyrus during spatial learning in exploration of an unfamiliar enviroment. It was
found that the EPSP of P2 was reduced further in the exploration condition when compared
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to P2s with similar P1 sizes in the resting condition. PSA of P2 was fucilitated. This suggests
that exploration involves increased inhibition on PP terminals or granule cell dendrites while
inhibition on the somata is actually decreased (Moser, 1996). Kitchigina et al. (1997) had
previously shown that PSA of P1 increase during exploration of a novel environment and that

this increase is blocked by a B-blocker.

1.10 The present study
The purpose of the current study was to further explore the modulatory eftects of NE

in the DG of the dorsal hippocampus. The goals were to:

1) repeat the enhancing effect of IDA on the DG-EP:

2) test local B-blockade on this phenomenon:

3) repeat the effect of IDA on PPI found by Sara and Bergis. 1991 and ensure the observed

effect is independent of the effects of NE on Pl:

+4) explore the role of B-receptor activation on the apparent NE-induced change in inhibition

and

5) assess the possibility that NE release might mediate the effects of exploration on dendritic

inhibition by looking at PPI of the EPSP siope as well as of PSA.
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The study involves the evaluation of the effects of NE on excitation and inhibition of

the PP-evoked potential by using systemic administration of the a-2 antagonist IDA to
increase NE levels over an extended period and by using the paired-pulse paradigm to probe
local-circuit feedback inhibition. [n order to explore the pharmacology of the system we used
a double pipette technique similar to that employed by Steward et al.. 1990.

The logic of the double-pipette technique is illustrated through a study by Steward et

al. (1990). They recorded simultaneously from two glass recording micropipettes separated

by a distance of 0.5-1.0 mm - one containing saline and the other the GABA antagenist

bi lline - in order to igate the effects of onthe

PP-EP in the DG. Relatively

ge openings in the pipette tips ensured that local passive

diffusion of drugs from the pipettes could occur. Spread of bicuculline did not extend to the
control site as the combined effects of GABA inhibition and commissural stimulation - i.e.
multiple spiking and LTP - were only seen at the bicuculline site and not at the saline control
site. Recording from the bicucciline site was stable for long periods of time and did not effect
the suline recording site indicating a continuous. loculized diffusion of drug (Steward et al.
1990).

The double-pipette set-up. while technically more difficult, has many advantages over
single pipette recording experiments. Each animal acts as its own internal control as the
control (saline) and test (drug) experiments are conducted concurrently. As the two pipettes
are recording from the same animal at virtually the same site at the same time. many

physiologicul changes and other variables. which would contribute to interanimal variability.
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are the same at both recording sites. Some examples of these variables are temperature,
anaesthetic. stimulating electrode placement and ceiling effects. The drug effect is easily
determined by a comparison of the control and test sites. The blunt-tip micropipette
technique provides a useful alternative to iontophoresis for local drug delivery (Steward et
al.. 1990).

In the current study. pipettes contain saline and the B-blocker timolol. Thus. effects
of local B-receptor block on IDA-induced modulation of the EP can cusily be assessed by
comparison of the 2 responses after systemic injection of the a2-antagonist. Both pipettes

were directed at the dentate gyrus of the left hemisphere of the hippocampus.



2. Methods
2.1 Subjects

Subjects were 15 male Sprague-Dawley rats (Memorial University Vivarium)
weighing 250-350g. The experimental protocol conformed to IACC/CCAC guidelines. Each
animal was anesthetized with urethane (1.5 g/kg i.p.) and placed skull-flat in a stereotaxic
frame. Supplemental doses of urethane were given at 30-minute intervals following the first
injection if animals continued to respond to foot pinch. No animal required more than 2

Core body was at 3721°C using a rectal probe coupled

to a heating pad and temperature control unit. Small holes were drilled in the skull at points

from bregma to ct s in the DG and PP.

2.2 Electrode placements
A bipolur stimulating electrode (NE100) was placed in the PP of the left hemisphere
(7.2 mm posterior. 4.1 mm lateral and 3.0-3.5 mm ventral to brain surface). Recording

were 2 glass in the cell body layer or hilus of the dentate

gyrus of the dorsal hippocampus (3.5 mm posterior and 2.0 mm lateral to bregma). Exact
depths of stimulating and recording electrodes were determined by monitoring of obtained
responses. One recording pipette contained 0.9% saline while the second contained 100 uM
timolol hydrochloride (Sigma) in 0.9% saline. Inner pipette tip diameters ranged from 40-55
pm while outer diameters were 50-65 um. I[mpedances of the pipettes ranged from [-3 MQ.

In a given experiment. diameters of the 2 pipettes never differed by more than § um and
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impedances never differed by more than 0.5 MQ  Both pipettes were held in a Narishige

holder which permitted movement of the timolol pipette in 3 dimensions relative to the

aline pipette and

stationary saline pipette. The timolol pipette posterolateral to the

pipettes were at a distance of 0.5 to Imm from each other.

2.3 Stimulation and recording of evoked potentials
The "Workbench' program in the commercial electrophysiological software package
‘Brainwave’ (Datawave Technologies) was used to control the stimulation and recording

parameters in the experiment. Two 0.2 seconds pulses with an I

interval (IS1) of 15-30 ms were generated by a Datawave A/D board and delivered through
aconstant current unit at a frequency of 0.1 hz. Signals were amplified using a bandwidth of
0.1-3.0 Khz by a Grass pre-amplifier and displayed on a dual-channel analogue oscilloscope.
Waveforms were digitized on-line at a rate of 10.000 points/ second. displayed on a computer

monitor and stored using Brainwave and a PC.

2.4 Experimental protocol

For each subject stimulating electrodes were lowered first. Then. animals received
paired-pulse stimulation typically at 200-400 p A current as recording electrodes were lowered
to approximate depths of 3.0-3.5 mm below brain surface until maximal PSA was obtained.
Position of the recording electrodes were adjusted until responses (P1) to the first pulse on

the two pipettes were matched as closely as possible with respect to PSA and each showed
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population spike Lutencies of 4 milliseconds or less. ISI was then adjusted until paired-pulse
inhibition was observed on both pipettes and until PSA of the second response on each pipette
was large enough to be measured.

Initially. an input-output (I/O) curve was obtained. typically beginni

50 pA and proceeding in 25 pA increments at intervals of 1-minute (6 stimulations) per

current value. 1o the current yielding apparent maximal popspike amplitude as observed on

the oscilloscope. 1/0 curves for each animal consisted of different currents.

In the second step stimulation was adjusted to the lowest current at which a
measurable PSA was observed in the second response on both pipettes and a 15-minute pre-
idazoxan baseline was taken.

In the third step the subject was injected with idazoxan hydrochloride (5 mg/kg i.p.)
after which evoked potentials were recorded for approximately 1.5 hours post-drug.

For 8 of the 15 animals. a fourth step was included in the protocol in which a post-

iduzoxan I/O curve wus obtained starting at approximately 1.5 hours post-iduzoxan using the

same currents as the pre-idazoxan /O curve.

Histology
Immediately afier the recording procedure the subject was removed from the
stereotuxic apparatus and decapitated with a guillotine. Within 10 minutes of sacrifice. the

brain was removed and frozen in approximately 20 mL of 2-methyl butane which had been



previously cooled in a -80°C freezer for at least 20 minutes. Brains were stored in the same
freezer unul sectioning.

For easy verification of recording electrode position. brains were cut into 30 pm
sections on a Jung Frugocut cryostat microtome and alternate consecutive sections were
placed on 2 groups of gliss microscope slides. One group was subjected to

1 i (Paxit d Watson. 1986) and

the other stained for glycogen phosphorylase a (Harley and Bieljew. 1992). The latter stain

assisted in localizing the glass pipette tip. the former in identifying cells layers.

2.6 Evoked potential parameter extraction

Foreuchanimal the parumeter: i inthe " ' prog used
to measure PSA and EPSP slope. Measurement #25 (Peak to valley) from the
‘Electrophysiology’ function set was used to obtain PSA while measurement #1 was used to

determine EPSP slope. PSL was also measured.

2.7 Statistics

2.7.1 The effect of idazoxan on the response to the first pulse

A paired (-test was carried out in which the meun PSA and EPSP slope measurements

for each rat from the response to the first pulse obtained during the | 5-minute pre-idazoxan



baseline (90 records) in step 2 of the protocol. were compared to measures in the 15-minute
period from 30-minutes-post idazoxan injection to 45-minutes post injection.

In the 8 animals which had post-idazoxan VO curves in their protocols. comparisons
of PSA and EPSP slope measures from the response to the first pulse were also carried out
between pre- and post-drug I/O curves. Mean PSA and EPSP slope values were calculated
for each current in cach of the 2 curves by averaging each of the PSA  values from the 6
records obtained at cuch current. These mean values were averaged over all 8 animals to
obtain overall mean responses at each current. Using currents of 150-750 pA. to which all
8 animuls were exposed. repeated measures ANOVA wus also used to determine difterences

among means at each current.

2.7.2 The effect of idazoxan on paired-pulse inhibition (P1 overlap pre- and post-Idazoxan)

2.7.2.1 Population spike amplitude

For each pair of recorded responses to paired-pulse stimulation on each pipette. an
inhibition ratio (P2/P1) value was calculated by dividing the PSA of the response to the
second pulse by that to the first. Foreach animal inhibition plots were constructed by plotting
the inhibition ratio (P2/P1) versus the response to the first pulse (P1). Four plots were
generated for each animal: 2 for each recording pipette. One plot was constructed using the

records in the pre-idazoxan /O curve and the 15-minute pre-iduzoxan buseline (i.e. before



idazoxan injection) for each pipette and a second plot using all records after 30-minutes post-
idazoxan injection for each pipette.

Since PPl PSA ratio varies with magnitude of P1. the spreadsheet Excel' was used
to determine PSA Plvalues which were in the area of P1 overlap of the pre-idazoxan and 30-
minutes-post-idazoxan inhibition plots. Unpaired t-tests for unequal variances were carried
out comparing pre-iduzoxan PSA P1 values within this overlap to 30-minute-post-iduzoxan
value within the overlap. One t-test was done for each of the recording pipettes. If
necessary. an approximately equal number of values were removed from the appropriate
extremes of each of the pre- and post- inhibition plots with overlapping P1's until PSA Pl
values in the pre- and post- plots were not significantly different (i.e. until p>0.05). Then.
the P2/P1 values associated with the P1 values remaining after removal of extremes were used
to calculate pre- and post-idazoxan P2/P1 means which were subjected to statistical analysis
of grouped data in the form of paired t-tests in order to determine if inhibition before idazoxan

was significantly different from that after the drug.

2.7.2.2 EPSP slope

Only those slope values that were associated with PSA Pl values in the pre- and post-
idazoxan plots that were not significantly different (i.e. until p > 0.05) were used in the
analysis. Grouped paired t-test analysis were carried out to determine pre- and post-IDA

differences in EPSP slope values as was done for PSA P2/P1 ratios above.
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2.7.3 The effect of idazoxan and timolol on paired-pulse inhibition at constant current levels
(1/O curves pre- and post-idazoxan)

In the 8 animals which had post-idazoxan /O curves in their protocols. comparisons
of PSA and EPSP slope inhibition measures were carried out between the pre- and post-IDA
/O curves on each pipette for each animal. For each pair of recorded responses to paired-
pulse stimulation in each /O curve on each pipette. an inhibition ratio (P2/P1) value was
calculated by dividing the PSA of the response to the second pulse by that of the first. Mean
PSA and EPSP slope P2/P1 values were calculated for each current in each of the 2 curves
by averaging each of the PSA values from the 6 records obtained at cach current. These
mean values were averaged over all 8 animals to obtain overall mean responses at euach
current. Pipette x Drug x Current 3-way repeated measures ANOV As were used to evaluate

differences among means.

2.7.4 Population spike amplitude-to-EPSP slope correlation

PSA -10-EPSP-Slope Pearson i ients were incd for responses

on each pipette using all records pre-idazoxan and all records 30-minutes post-idazoxan and

later for each animal for both Pl and P2/P1 ratios.



3. Results

3.1 General

One of the 15 animals was excluded from the analysis because of unexplained abrupt
changes in EP parameters. Significant negative Pl to P2/P1 correlations (p<0.01). ranging
from -0.11 to -0.78. were found in all but 1 animal confirming the hypothesis that stronger
Pls are associated with stronger feedback inhibition and. justifying the use of the P1-matching

technique for analysis of PPI. described in the Methods section.

3.2 Histology

A composite drawing of recording electrode placement is provided in Figure 4.
Placements were in or near the granule cell layer of the DG or hilus. Although the drawing
shows the DG at 3.5 mm posterior to Bregma, the saline electrodes were in reality positioned
slightly anterior to this while timolol electrodes were slightly posterior. Timolol pipettes were
directed anterolateral to saline pipettes in an attempt to compensate for hippocampus
becoming more lateral as one proceeds posteriorly. Despite this. however. timolol placements
in the DG were generally more medial than those of saline pipettes. Seven timolol pipettes
were placed in the medial hilur apex while the remaining 7. and all 14 saline pipettes. were in
the laterodorsal cell blade of dentate gyrus. This placement difference will be addressed in

the discussion.
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X - Position of saline pipette
O - Position of timolol pipette

Figure 4

Composite diagram of tranverse section through hippocampus illustrating placement
of saline and timolol recording electrodes in 14 animals



3.3 Effect of idazoxan on the response to the first pulse (P1)
3.3.1 Effect on population spike amplitde
3.3.1.1 Fifteen- minute recording pre- and post-idazoxan
Meun buseline PSA (Figure SA) for the suline pipette (n=14) was 4.37 mV: mean
baseline PSA for the timolol pipette was 5.19 mV. This difference was significant (paired t-

.36: p<0.01). Following IDA. as predicted. PSA on the saline pipette was

ificantly increased to 116 % of buseline (paired t-test: t;=5.89: p<0.01). On the timolol

pipette the increase (108%) was not significant (paired t-test: t;,=1.11: p>0.05).

2.3.1.2 /O Curves pre- and post idazoxan

Figures 6 and 7 show PSA means obtained using pre- and post-idazoxan /O curves
(n=8) for each current for the saline and timolol pipettes separately. Pipette x iduzoxan x
current (2 x 2 x 25) repeated measures ANOVA revealed a significant main effect of current
(F.,,=8.99: p<0.0001) on PSA as well as a significant IDA X current interaction
(Fu; =2.04: p<0.01). Newman-Keuls post-hoc comparisons at P=0.03 showed that [DA

from 175-475 pA. Since potentiation of PSA

significantly increased PSA for currents ranging
was observed only on the saline pipette in the fifteen- minute recording pre- and post-IDA and
on both pipettes in the /O curve 3-way ANOVA. separate two way ANOVAs were carried
out for each pipette. This analysis showed that significant potentiation occurred on the saline

pipette (F,.,=13.19: p<0.05) while there was no significunt potentiation on the timolol




Figure §
Effect of Idazoxan on the response to the first pulse (P1) (15-minute intervals)

A. PSA: Mean P1 PSA ( S.E.M) across animals is shown for saline and timolol
pipettes pre- and post-idazoxan. N =14

B. EPSP slope: Mean P1 EPSP slope (+ S.E.M) across animals is shown for saline
and timolol pipettes pre- and post-idazoxan. N=14

C.PSL: Mean P1 PSL (+ S.E.M) across animals is shown for saline and timolol
pipettes pre- and post-idazoxan. N =14
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Figure 6

Effect of Idazoxan on PSA of the response to the first pulse (P1) on saline pipette.

Mean P1 PSA (=S| ) across animals is shown for each current in pre- and post-
idazoxan I/O curves. N =8
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Figure 7
Effect of Idazoxan on PSA of the response to the first pulse (P1) on timolol pipette.

Mean P1 PSA (x S.E.M) across animals is shown for each current in pre- and post-
idazoxan /O curves. N =8
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pipette (F, .,=0.17: p>0.05). in agreement with the 15-minute analysis.

3.3.2 Effect on EPSP slope

3.3.2.1 I5-Minute recording pre- and post-idazoxan

Mean baseline EPSP slope (Figure 5B) for the suline pipette (n=14) was 5.08 mV/ms.
Meaun baseline EPSP slope for the timolol pipette was 6.04 mV/ms. This difference was not
significant (paired t-test: t,,=1.72: p>0.1) Following iduzoxan there was no change in EPSP
slope on either the saline (paired t-test: t,, = 0.574: p>0.05) or the timolol pipette (paired t-
test: 1, =1.63: p>0.05). Post-IDA EPSP slope size averaged 98% of baseline on the saline

pipette and 93% of buseline on the timolol pipette.

/O curves pre- and post-idazoxan

Figures 8 and 9 show EPSP slope means obtained using pre- and post-idazoxan /0
curves (n=8) for each current for the saline and timolol pipettes separately. Pipette x [DA x
current (2 x 2 x 25) repeated measures ANOVA showed significant effects of current
(F.; 145=3.32: p<0.05) and idazoxan (F, -=5.70: p<0.001) as well as a significant idazoxan x

current interaction (F,, ,=2.16. p<0.0l). N Keuls post-hoc
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Figure 8

Effect of Idazoxan on EPSP slope of the response to the first pulse (P1) on the saline
pipette. Mean P1 EPSP slope (+ S.E.M) across animals is shown for each current in
pre- and post-idazoxan I/O curves. N = 8§
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Figure 9

Effect of Idazoxan on EPSP slope of the response to the first pulse (P1) on the timolol
pipette. Mean P1 EPSP slope (+ S.E.M) across animals is shown for each current in
pre- and post-idazoxan I/O curves. N =8



at P=0.05 showed that IDA significantly decreased EPSP slope at all current levels (150-750

HA)

3.3.3 Effect on population spike latency

3330 15-Minute recording pre- and post-idazoxan
Meun baseline P1 PSL (Figure 5C) for the saline pipette (n=14) was 3.86 ms: mean
baseline P1 PSL for the timolol pipette was 3.91 ms. Following IDA there was no significant

change in P1 PSL on either the saline (paired t-test: t,, = 0.062: p>0.05) or the timolol pipette

(paired t-test: t,; =0.913: p>0.03). Post-idazoxan P| PSL means were 3.86 ms on the saline

pipette and 3.69 ms on the timolol pipette.

3.3.3.2 1O curves pre- and post-idazoxan

Figures 10:and 11 show spike latency means obtained using pre- and post-
idazoxan I/0 curves (n=8) for each current for the saline and timolol pipettes separately.
Pipette x iduzoxan x current repeated measures ANOVA showed only a significant effect of
current on population spike latency (F,, ,,=8.07: p<0.0001). Stronger currents reduced

population spike latency.

3.4 Effect of idazoxan on paired-pulse inhibition



* Pre-ldazoxan
+  Post-ldazoan

Figure 10
Effect of Idazoxan on PSL of the response to the first pulse (P1) on the saline pipette.

Mean P1 PSL (+ S.E.M) across animals is shown for each current in pre- and post-
idazoxan I/O curves. N =8

46



559

5.04

i 45
ji

(ms)

35

{

i

|

* Pre-ldazoan
+ Post-ldazoran

{”W“Hmmifﬂf

Figure 11

5 PR SO F o e R
15d250350450560€°50750

Current (1uA)

Effect of Idazoxan on PSL of the response to the first pulse (P1) on the timolol pipette.
Mean P1 PSL (+ S.E.M) across animals is shown for each current in pre- and post-
idazoxan /O curves. N =8
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341 Effect on population spike amplitude

3411 Effect of idazoxan on paired-pulse inhibition wsing P2/PI values associated with
overlapping P1 values that were not significantly different pre- and post-idazoxan
Figure 12 shows mean P2/P1 PSA ratio pre- and post-idazoxan for saline and timolol

pipettes seperately (n=14). Meun baseline P2/P1 PSA ratio on the saline pipette was 0.481:

mean baseline P2/P1 PSA ratio on the the timolol pipette was 0.614. This difference was not
significant (paired t-test: t,;=1.72: p>0.1). Pl mean on the saline pipette was 4.72 mV (mean
number of records = 233) while P1 mean on the timolol pipette was 5.31 mV (mean number

of records = 242).  Following IDA. ratios decreased to 0.376 on the saline pipette (paired

t-test: t;,=3.71 . p<0.01) and to 0.471 on the timolol pipette (paired t-test: t,,= 3.17: p<0.01)
indicating increases in inhibition on both pipettes. P1 mean on the suline pipette was 4.67 mV
(mean number of records = 328) while P1 mean on the timolol pipette was 5.43 mV (meun

number of records = 315).

3.4.1.2 Effect of idazoxan and timolol on paired-pulse inhibition at constant current levels
Figures 14 and 15 compare mean P2/P1 population spike amplitude ratios obtained
using pre- und post-idazoxan I/0 curves (n=8) for each current for the saline and timolol

pipettes sepurately. PPF can be seen ut lower currents. Although there was a lot of
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Figure 12

Effect of Idazoxan on paired-pulse inhibition of PSA on saline pipette and timolol
matched for P1 PSA (= S.E.M) averaged
= 14 A significant decrease in P2/P1 PSA ratios (i.e.

increase in inhibition) was seen on both pipettes.
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Figure 13

Effect of Idazoxan on paired-pulse inhibition of EPSP slope on saline and timolol
pipettes. Mean P2/P1 EPSP slope ratio for analysis matched for P1 PSA (+ S.E.M)
averaged across animals is shown. N = 14 A significant decrease in P2/P1 EPSP slope
ratios (i.e. increase in inhibition) was seen on the timolol pipette but not on the saline

pipette.
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Figure 14

Effect of Idazoxan on paired-pulse inhibition of PSA on the saline pipette. Mean P2/P1
PSA ratio (+S.E.M) across animals is shown for each current in pre- and post-idazoxan
VO curves. N=8
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Figure 15

Effect of ldazoxan on paired-pulse inhibition of PSA on the timolol pipette. Mean
P2/P1 PSA ratio (= S.E.M) across animals is shown for each current in pre- and post-
idazoxan VO curves. NV =8



variation in responses at lower current prior to IDA all animals showed some degree of PPF
pre-IDA at lower currents (Figure 3 B).

Repeated measures ANOV'A showed that there was a significant idazoxan x current
interaction (F, ., =4.19: p<0.0001). Newman-Keuls post-hoc comparisons P=0.03 showed
that IDA actually caused a reduction of a facilitation (rather than an increase in inhibition) of

PSA P2/PI ratio at currents of 150 and 175 uA (Figure 3A).

3.4.2 Effect on EPSP slope

3421 Effect of idazoxan on paired-pulse inhibition using P2/P1 values associated with
overlapping P1 values that were not significantly different pre- and post-idazoxan

Figure 13 shows the mean P2/P1 EPSP slope ratio for pre- and post-idazoxan for both
pipettes (n=14). Meun baseline P2/P1 EPSP slope ratio for the saline pipette was 0.730 :
mean baseline P2/P1 EPSP slope ratio for the timolol pipette was 0.721. This difference was
not significant (paired t-test: t,,=0.45: p>0.5) P1 mean on the saline pipette was 5.39 mV/ms
while P1 mean on the timolol pipetie was 6.05 mV/ms. Following IDA. P2/P1 EPSP slope
ratio on the timolol pipette wus significantly decreased to 0.653 (paired t-test: 1,,=2.59.
p<0.05) indicating an increase in inhibition. There was no corresponding change on the saline
pipette (paired (-test: ;.= . p>0.035) where post-IDA the P2/P1 EPSP slope ratio wus 0.718.
Post-IDA P1 mean on the saline pipette was 4.68 mV while P1 mean on the timolol pipette

was 5.18 mV.

w
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34.2.2 Effect of idazoxan and timolol on puired-pulse inhibition at constant current levels
Figures 16 and 17 compare mean P2/P1 EPSP slope ratios obtained using pre- and

post-IDA I/0 curves (n=8) for each current for the saline and timolol pipettes separately.
Repeated measures ANOVA showed that there was a significant main effect of

idazoxan in decreasing EPSP slope P2/P1 ratio (F, -=17.4: p<0.01) as well as a significant

main effect of current (F, -=1.63: p<0.05).

3.4.3 Effect on population spike latency

3.4.3.1 Effect of idazoxan on paired-pulse inhibition using P2/P1 values associated with
averlapping P1 values that were not significanily different pre- and post-idazoxan

Mean baseline P2 PSL for the saline pipette (n=14) was 4.79 ms: mean baseline P2
PSL for the timolol pipette was 4.62 ms. Following iduzoxan there was no significant change
in PSL on either the saline (paired t-test: t,, =-0.483: p>0.05) or the timolol pipette (paired
t-test: t,; =-0.198: p>0.05). Post-IDA PSL meuns were 4.82 ms on the saline pipette and

4.64 ms on the timolol pipette.

3.4.3.2 Effect of idazoxan and timolol on paired-pulse inhibition ar constant current levels
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Figure 16
Effect of Idazoxan on paired-pulse inhibition of EPSP slope on the saline pipette. Mean

P2/P1 EPSP slope ratio (+ S.E.M) across animals is shown for each current in pre- and
post-idazoxan /O curves. N =8
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Figure 17

Effect of Idazoxan on paired-pulse inhibition of EPSP slope on the timolol pipette.
Mean P2/P1 EPSP slope ratio (+ S.E.M) across animals is shown for each current in
pre- and post-idazoxan /O curves. N =8




Figure 18 and 19 compare mean P2/P1 population spike latency ratios obtained using
saline and timolol pipette I/O curves averaged over the 8 animals for each current pre- and
post-idazoxan separately. Pipette x IDA x current repeated measures ANOVA showed only
a significant main effect of increasing current levels in decreasing P2/P1 (F., ,o=8.07:

p<0.0001) population spike latency ratio.

3.5 Population spike amplitude-EPSP slope correlations

S8 el

On both the saline and timolol pipettes there were significant positive correlations
between population spike amplitude and EPSP slope in each animal (n=14) pre-idazoxan
(p<0.01) and in all but 1 animal post-IDA (p<0.01). Correlation magnitude grew smaller after
[DA administration on both pipettes in all animals. Overall. mean correlations were 0.777 pre-
IDA and 0.430 post-IDA for the saline pipette and 0.792 pre-IDA and 0.499 post-IDA for
the timolol pipette. Overall. correlations were significantly lower after IDA than before on

both the saline (paired t-test: t= 5.69: df=13: p<0.0001) and timolol (paired t-test: t=3.67:

df=13: p=0.01) pipettes.

3.5.2 P2/PI ratio
There were no significant correlations between PSA P2/P1 ratio and EPSP slope

P2/PI ratio pre- or post-IDA on either pipette (p>0.05) in any animal (n=14). Over
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Figure 19

Effect of Idazoxan on paired-pulse inhibition of PSL on the timolol pipette. Mean
P2/P1 PSL ratio (= S.E.M) across animals is shown for each current in pre- and post-
idazoxan I/0 curves. N = 8



all 14 animals. mean ions were 0.064 pre-idazoxan and 0.062 post-idazoxan for the

saline pipette and 0.266 pre-idazoxan and 0.148 post-idazoxan for the timolol pipette. There

were no signific in ions pre- and post-idazoxan on either the saline

(pared t-test: 1=0.025: df=13: p>0.05) or the timolol (paired t-test: t=1.26: df=13: p>0.05)

pipette.



4. Discussion

4.1 Effect of timolol on baseline response (P1)

Seven timolol pipettes were placed in the medial hilar apex while the remaining 7. and
all 14 saline pipettes. were in the luterodorsal cell blade of dentate gyrus. An analysis of
pipette placement x drug pipette did not show an etfect of placement (F, ,,=0.00: p>0.05) but
only of timolol itself (F, ;;=10.89: p<0.05). Thus. although the difference was small (0.9-1
mV). there was a consistently lurger spike from pipettes containing the B-receptor antagonist.
Tonic blockade of B-receptors may result in an enhanced PSA for a given input. possibly by

reducing the activity of tonically or feed-forward uctivated interneurons.

Rose and Pang (1989) have shown tonically active interneurons near the cell body
layer of dentate gyrus are excited by B-receptor activation. Other studics also report larger
PSA following 6-OHDA depletion of NE (Robinson and Rucine. 1985: Robinson et al..
1993). Finally. Winson and Dahl (1985) showed that iontophoresis of sotalol. another B-
receptor antagonist. also increased PSA at the cell body layer. These results all support the

present observation.

In contrast. Bliss et al. (1983) found that NE-depletion in vivo with 6-OHDA did not
effect excitability of granule cells. /n vitro studies have not reported increased medial PP

spike size with perfusion of timolol (Lacaille and Harley. 1985) or metoprolol (Stanton and
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Sarvey. 1985b). However. Pelletier et al. (1994) did see increased lateral PP PSA and
decreased mediul PP PSA with perfusion of metoprolol. Systemic B-blockade in vive also
does not increase. and may decrease PSA size (Babstock and Harley. 1992). However. in
vitro results may be affected by the abnormal status of inhibitory systems in the slice and
systemic B-receptor antagonism would affect heart rate and other systemic variables that
might depress responses and mask small changes in somatic inhibition. More closely related
is an earlier study with 7 rats using timolol or propranolol in 4 similar two-pipette experiment
(Munro et al. 2001). No significant difference in spike size was reported. Howenver. in this
study. timolol concentrations used varied from 10 to 50 pM while the present study used 100

M.

The PSA difference between pipettes in the present study did not reach significance

ina 3-way ANOV'A on the smaller set of I/O curve data although the direction of difference
is the same (see Figures 6 and 7). Thus. the positive results favoring a role for B-receptors in
mediating inhibitory effects of basal levels of NE i dentate gyrus is only suggestive and
further experimentation will be needed. The main strength of this result is its correspondence

with interneuron recording evidence that p-receptor activation increases firing in a somatic

subpopulation of GABAergic interneurons.

4.2 Effect of Iduzoxan on P1

4.2.1 Effect on population spike amplitude
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IDA (5 mg/kg i.p.) resulted in an increase in PSA of the EP in the dorsal DG similar
1o that demonstrated by Sara and Bergis (1991) and Richter-Levin et al. (1991) with DA (2
me/ke i.p.). Enhanced activation of the LC-NE system by IDA produced a significant increase
n PSA size that also appeared to depend on B-receptor activation. The PSA increase was
seen in both the 15-minute and /O curve analyses. In the latter analysis PSA was only
significantly increased at currents in the 175475 pA range. Again this follows the pattern

seen by Sara and Bergis. 1991, which occurred only at currents less than 400 pA.

It is likely that the IDA effect is mediated by an increase in the basal firing of LC-NE
neurons und in reduced autoreceptor inhibition at NE terminals that together produce an
increase the release of NE at DG synapses. Richter-Levin et al. (1991) found that IDA-

induced p i was absent after LC-NE neurons by application of the NE

neurotoxin DSP4. There is evidence that IDA can bring about an increase in firing of LC
neurons by blockade of a2 inhibitory autoreceptors that exist in the LC (Cedarbaum and
Aghajanian. 1978) and in the hippocampus (Unerstall et al.. 1984). More recent evidence
suggests that IDA. which is structurally similar to the imiduzolines (Bousquet et al., 1992).
increases the finng rate of LC neurons mainly through actions on imidazoline receptors rather

than by a2-receptor blockade (Ugedo et al.. 1998).

Regardiess of the mechanism by which IDA induces increased LC activity. it has been
shown that IDA increases the release of NE in the hippocampus (Thomas and Holman, 1991).

In this study. 5 mg/kg IDA increased NE levels by approximately 100% over a 75-minute



period. NE-mediated PSA potentiation in the DG has been reported many times since its

initial description in 1983 (Neuman and Harley) and pharmacologi h: i ly

implicated the B-receptor in this increase both in virro (Lacaille and Harley. 1985: Stanton and
Sarvey. 19854 and b) and in vivo (Harley and Milway. 1986: Harley and Evans. 1988:

Babstock and Harley. 1992).

Since. in previous IDA experiments. the PSA potentiation effect was clearest at low
currents. a ceiling cffect on the timolol pipette is not a likely explanation for the loss of
potentiation with B-receptor antagonism in the present study. Although. the 3-way ANOVA
onthe P1 /0 curve duta showed that IDA increased the PSA on both pipettes. separate two
way ANOV'As on cach pipette showed that significant potentiation only occurred on the

saline pipette whereas there was no significant potentiation on the timolol pipette. even at low

currents that resulted in similar PSA mag The gence with data fi her ways
of munipulating NE. including direct application and synaptic release of NE. and other ways
of producing p-blockade. including other antagonists and direct and systemic applications.
argues strongly for a role for NE in the PSA potentiation. The ability of B-receptor blockude
at the DG cell layer to attenuate LC-NE or NE-evoked potentiation of perforant path PSA
agrees with other results using B-receptor blockade locally or systemically in both in vivo
and in virro NE studies (Harley and Evans. 1985: Lacaille and Harley, 1985: Stanton and

Sarvey. 1985b: Harley and Milway. 1986: Chaulk and Harley. 1998).

A direct effect of B-receptor activation on granule cells may be the most parsimonious



explanation of the apparent B-receptor-mediated NE-induced increase in PSA of P1 in the

present study. although a disinhibitory effect is not ruled out. In an earlier paper. another a2-

2 . decreases activity (Pang and Rose. 1987). Through

intracellular recording from granule cells. Lacaille and Schwartzkroin (1988) and later.

Stanton et al. (1989) reported a B-recep diated. mild but ged depolarization of

the granule cell membranes accompanied by an increase in membrane resistance which they
attributed to a blocking of a potassium conductance activated at resting membrane potential.
Thus. in the presence of NE. granule cells would be more depolarised. and inputs would be
more effectively transmitted. producing an increased likelihood of cell firing through both
effects und thus greater PSA. This PSA enhancement effect might only be activated at
suprabasal NE levels in contrast to a possible basal NE promotion of interneuron activity that
reduces cell firing. The potentiation of PSA seems to be a higher threshold effect than the

difference in baseline already discussed.

4.2.2 Effects on P1 EPSP slope

In the /O curve analysis there was clear evidence of a decrease in EPSP slope
following IDA. This was not seen in the data set comparing the | 5-minute period before IDA
to one 30 min after [IDA. There was no effect of timolol on the decrease in slope. Decreases
in EPSP slope with NE have been reported in other in vivo experiments, but so have increases

and no changes (Lacaille and Harley. 1985: Harley and Milway, 1986; Sara and Bergis, 1991:
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Chaulk and Harley. 1998). Thus it is uncertain whether this is a typical NE effect. A
consistent decrease in slope with IDA was reported in an earlier study (Richter-Livin et al..
1991). however, and this may be related more closely to IDA. which could affect hippocampal

imidazoline receptors directly.

On the other hund. Winson and Dahl (1985) reported a decrease in EPSP slope as a
reliable effect when iontophoresing NE in the dentate gyrus molecular layer. Any
interpretation of slope effects with NE is complicated by the more recently acknowledged
ditferential effect of NE on medial and lateral perforant path input. NE enhances PSA and
EPSP slope trom the medial PP. NE depresses PSA and EPSP slope from the lateral PP
(Dahl and Sarvey. 1989). In the present study latency data suggest all spikes were medial PP
spikes. but the angular bundle clectrode placements would have excited both medial and
lateral synaptic input, thus a predominance of lateral synaptic input in the EPSP slope measure
of the 8 rats used in the 1/O analysis. for example. might have given rise to the significant
decrease observed. This could also account for the oceurrence of an apparent slope decrease
(lateral PP) coupled with a spike increase (medial PP) under the influence of NE. Increase
in the PSA at the same current level with no increase or a decrease in EPSP slope may also
be evidence that NE improves EPSP-population spike coupling, with the same synaptic input

producing more cell firing in the presence of NE (Sara and Bergis. 1991).

The mechanism for the lateral PP selective slope decrease has not been identified.

There are numerous interneuron subtypes in the dentate gyrus and other data from our
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luboratory suggests NE release can excite. inhibit or not affect interneurons depending on
their subtype (Clarke. 1995). Thus the EPSP slope inhibition may be an indirect effect of

recruiting a population of interneurons with axonal arbors restricted to the outer molecular

layer thus producing dendritic inhibition. ~ Alternatively. ptic NE p
might mediate such differential modulation. Although there was no significant difference in

EPSP slope between pipettes. EPSP slope decreases were. if anything. greater on the timolol

pipette pointing toward a possible al-receptor-mediated depressive effect on EPSP slope.
On the other hand. as mentioned. since this effect has been seen previously with idazoxan it
may be due to imidazoline effects rather than NE. The detailed location of imiduzoline

receptors present in the hippocampus has not been described (Kamisaki et al., 1990).

4.3 Effect of idazoxan on paired-pulse inhibition (P2/P1)
4.3.1 Effects on population spike amplitude

Analysis for matched Pl values showed an increase in PPI of PSA in apparent
agreement with the results of Sara and Bergis. 1991. However, analysis by current showed
that. pre-IDA. there was uctually an enhancement of the PSA (i.e. PPF) (Figure 3B) at the
lowest two currents (150 and 175 pA) and IDA reduced this enhancement at these currents.
There was no difference in feedback inhibition at higher currents. There was variation in
responses at low currents prior to IDA administration. however, all animals showed some
degree of pre-IDA PPF at one or more of the lowest five currents which was absent post-
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IDA. Similar effects were observed on both pipettes so it was not clear which receptor might

have been involved in the effect.

Saraand Bergis (1991) state that the NE-induced increase in PPI which they observed
was surprising given disinhibitory effects of NE reported in CAl by Mueller et al. (1981).
Given this. the authors argued different mechanisms producing opposite effects would likely
be required to produce the increase seen in P1 and the increase in inhibition seen with the
paired-pulse paradigm (Sara and Bergis. 1991). In the present study, we did not observe an
increase in inhibition. but a decrease in a fucilitatory process. which was present before IDA
activated the LC-NE input. Nonetheless. the loss of PPF in the presence of P1 fucilitation

with IDA still argues for distinct mechanisms.

Sloviter (1991) reported a similar PPF of the PSA even in the absence of a population
spike associated with the first response. In the present study. PPF was observed at low
currents when no population spike or a small population spike only was associated with the

first response. We have two kinds of ions for this early ;.

Paired pulse enhancement of calcium loading in the synaptic terminals favoring increased cell
firing to a second pulse before overriding feedback inhibitory circuitry is strongly engaged.

2. Small spikes di ly recruit a disinhil ionof it while larger

spikes also engage higher threshold feedback inhibition.

With respect to the first hypothesis, Stanton and Heinemann (1986) have shown no

change in molecular layer calcium fluxes with NE although cell layer fluxes increase. which
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suggests terminal calcium entry may not be affected by NE. Thus, the disinhibitory

interncuron hypothesis is favored here although there is. as yet. no direct evidence.

Sayin et al. (2000) have recently shown that activation of GABA, autoreceptors can
produce PPF of the PSA in the DG at intervals that normally exhibit PPL. If GABA,
autoreceptor activation occurs at lower levels of GABA release. such an effect could play a
role in the PPF observed here and in other studies at low currents without invoking a separate

di i As a second ive to disinhibition. NE may be acting on

excitatory feedback mossy cells causing an increase in their activity and resulting in a net

facilitation of granule cell PSA.

In the matched P1 analysis. average stimulation current over all 14 animals during the

main phase of the experiment was approximately 275 pA with currents ranging from 125 to

500 uA. The fact that low currents were used in the matched analysis may explain why this

analysis appeared to also indicate a post-IDA increase in PPL. In the /O curve analysis
(Figure 15) one can sec that pre- and post-IDA inhibition is almost identical at currents of 300

A and higher while at around 250-275 pA (about the mean current for the matched analysis)

the P2/P1 ratio magnitude is lower after IDA administration.

In sum. a modulation of somatic disinhibitory circuits is favored over direct

presynaptic effects. The data do not suggest an increase in feedback inhibition per se.
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4.3.2 Effects on EPSP Slope

Analysis of matched P1 values showed that IDA increased PPI of the EPSP slope on
the timolol pipette. but not on the saline pipette. suggesting that activation of
al-adrenoreceptors may mediate feedback dendritic inhibition. In the I/O curve analysis
(n=8). however. there wus an increase in PPI of EPSP slope on both pipettes with IDA. Sara
and Bergis (1991) did not look at PP1 of EPSP slope. This is actually the first report of

teedbuck inhibition of EPSP slope being enhanced by IDA.

The evidence for EPSP fucilitation itself is weak in the present data set. EPSP
facilitation is not observed at the lowest currents on either pipette. although it does appear
at one current on the timolol pipette. The medial perforant path terminals are high release
terminals thut do not typically show facilitation (McNaughton. 1980). However. as
mentioned. NE preferentially enhances medial perforant path input while depressing lateral
perforant path input (Dahl and Survey. 1989) with effects both on EPSP slope and spike in
each case. A higher proportion of lateral PP fibers is one possible mechanism that may

account for the observed depression of P1 EPSP slope.

The observed increase in PPI of the EPSP slope with IDA is novel. but relates well
to the recent report of the effect of exploration in a novel environment on EPSP slope PPI in
dentate gyrus.  Moeser (1996) found that PPI of EPSP slope was increased during
exploration compared to the control condition at short ISIs. The observed EPSP slope effect

required that a population spike be elicited on the first response. This is evidence that the
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increase in PPl of EPSP slope resulted from an increase in feedback dendritic inhibition
involving an increase in activity of dendritic inhibitory intemeurons after their activation by
the first pulse. It was not possible to determine if the EPSP effect in the present study
required a population spike on the first response because P1s having no population spike were
rare especially after IDA application. Moeser suggests the exploration-induced increase in
PPI of EPSP which he observed is attributable to an increase in ihibition at PP terminals or

granule cell dendrites.

The observed increase in PPl of EPSP slope is not accounted for by the mechanisms
offered previously to explain the effects of IDA on P1 (direct granule cell membrane effects)
or on the change in P2/P1 PSA (removal of feedback disinhibition at low currents) seen in the
present study and therefore must be explained by a separate mechamism. As suggested by
Moser. we propose that feedback intemeurons synapsing on the granule cell dendrites and
increasing dendritic inhibition are also selectively recruited by NE activation. The apparently
separate and distinct effects of NE on grunule cells and intereuron subpopulations suggested
by the present pattern of results would predict a dissociation of the normal EPSP slope/ PSA

relationship. That seems to be the case.

4.3.3 Effects on population spike amplitude-10-EPSP slope

The P1 EPSP slope to PSA correlations which were seen pre-IDA were lower after
IDA application indicating that there was no post-IDA relationship between PSA and EPSP

7



slope and that effects of NE on these two parameters are likely to be distinct.

44 Ce i with listic ob: ion of DG-EP and altering of noradrenergic

during

g for show long-lasting increases in PSA and
EPSP slope during spatial learning in an exploration task (Moser. 1994). Other experiments
have shown B-receptor-sensitive transient PSA potentiation when a rat is placed in a novel
holeboard environment or encountered a novel stimulus in a familiar holeboard environment
(Kitchigina et al.. 1997). The later experiments were initiated because of the evidence that
LC neurons fire in a burst when a rat explores a novel hole in a holeboard environment and
when the rat encounters a novel stimulus in a hole. This LC novelty response habituates
rapidly (Saraetal.. 1994: Vankov et al.. 1995). The fact that LC bursts happen with a similar
time course to hippocampal PSA changes and that both occur with novel encounters during
exploratory behaviour. combined with the finding that DG PSA increases are brought about

by LC activation and blocked by B-blockers. provides strong evidence that the LC-NE system

mediates this i dependent gating in the h (Kitchigina et al.. 1997). In
addition. in a related study. rats in a holeboard spent more time in contact with holes
containing novel objects than with empty holes and this behaviour was enhanced by IDA and

decreased by a B-antagonist or by the a2-agonist clonidine (Sara et al., 1995).

In the present study. in an i ion the NE- ing drug, IDA



produced an increase in PSA. which was attenuated by a B-blocker. adding to the evidence

that the LC-NE system mediats h in in the hij

through the B-receptor. changes which may be behaviourally dependent in the awake animal.

In addition. as previously stated. Moser (1996) found an increase in PPI of EPSP
slope during exploration relative to the control condition. Similarly. in the present study [IDA
resulted in an increase in PP1 of EPSP slope as in Moser's exploration condition. To my
knowledge. this 1s the first observation of NE modulation of PPI of EPSP slope. The result

suggests that LC-NE may also be the involved in increasing dendritic

inhibition during exploration. This can be readily tested. perhaps by using a-blockers. as

evidence from the present study suggests that these effects may be al-receptor mediated.

Opposite to effects on PPI of EPSP slope. Moser (1996) found a decrease in PPI of
PSA during exploration while. in the present study. IDA resulted in a decrease in a facilitatory

contribution. This suggests that a different is involved in the

triggered decrease in PPI that Moser found for PSA.

4.5 Proposed Model Explaining Results

Figure 20 illustrates a proposed model of the effects of LC-NE on granule cells and
interneurons in the DG. In summary. there are five main results in the present study

suggesting five distinct roles for the neuromodulator NE in local circuit operations in the DG.




Each will be considered in turn.

1) First. at baseline. low threshold b-receptor activation enhances tonic activity of
somatic inhibitory interneurons. Interneurons. probably basket cells. represented by
interneuron A. which synapse on the cell bodies of granule cells. fire tonically. at a constant

rate thus playing a role in determining baseline response of granule cells. Significantly larger

P1 population spikes seen on timolol pipettes suggest that the B-blocker is reducing activity

of these interneurons and thus the PSA is larger on the imolol pipette than on the saline

pipette where no attenuation of the interneuron activity occurs.

2) Second. a high-threshold direct B-receptor action on granule cell membrane
supports increased cell firing to a constant input. NE from LC results in an inhibition of a

at resting potential most likely through a B-receptor

(Lacuille and Swartzkroin. 1988). The main effect of this is an increase in membrane
resistance and a small depolarization resulting in an increase in cell-firing to a given synaptic

input resulting in the observed increase in PSA of P1 after IDA.

3) Third. dendritic inhibition may be increased by an elevation in NE. Interneurons
with axonal arbours restricted to the outer molecular layer (interneuron B). providing feed-
forward inhibition to the granule cells may be excited by NE. perhaps through al-receptors.
resulting in a decrease EPSP slope of P1 after IDA. These interneurons are likely to be
Molecular Layer Perforant Path-associated (MOPP) cells as described by Han et al., 1993.
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These neurons. with both axons and dendrites in the molecular layer of the DG are likely to

be driven in a feed-forward manner by entorhinal afferents and to influence granule cell

dendrites (Freund and Buzsaki. 2000). £ . presynaptic NE or

imidazoline receptors may play a role in this effect.

+) Fourth. NE inhibits somatic feedback disinhibition circuits. NE does not alter early
somatic feedbuck inhibition. LC-NE results in a suppression the effect of feedback
disinhibitory interneurons (interneuron C) through an unknown receptor after IDA. This
blocks a fucilitatory contribution to the local circuit effects at short intervals. resulting in an
apparent increase in inhibition after IDA. These interneurons are likely to be [S-1 neurons
which stains for calretinin (Freund and Buzsaki. 1996). Their inputs may arise from
entorhinal afferents and they innervate mostly neurons terminating on principal cell dendrites

(Freund and Buzsaki. 2000). As <l increase. the facilitation effect is masked

or drops out when feed-back inhibitory effects are strongly recruited.

5) Finally. al-receptor activation enhances firing of feedback dendritic inhibitory
interneurons. LC-NE enhances activity of interneuron group D through an al-receptor,
which enhances normal feedbuck dendritic inhibition on the dentate granule cells resulting in
an increase in feedbuck PPI of EPSP slope after IDA. These interneurons are likely to be
Hilar Perforant Path-ussociated (HIPP) cells as described by Han et al.. 1993. HIPP cells are
likely to mediate largely feedback inhibition of granules cells by terminating on their dendrites

along with entorhinal afferents (Fruend and Buzsaki. 2000).
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4.6 Conclusions

Like Sara and Bergis (1991) I observed that NE enhances both excitation and
inhibition in the DG circuit. However somatic feedback inhibition suggested to be the target
of NE action by Sara and Bergis did not appear altered. Rather a reduction of a disinhibitory
effect mediated the apparent increase in somatic inhibition seen with short pulses. A novel
observation of the present study was that dendritic paired pulse inhibition was enhanced by
NE. similar to the change in dendritic inhibition observed with exploration of novel
environments. The overall pattern of effects suggests that NE operates by several different
mechanisms and produces multiple effects. This is consistent with other studies which have

found that NE increases both inhibition and excitation in the cortex (Waterhouse et al. 1980

und 1983: Waterhouse and d. 1980). (W et al., 1979) and
hippocampus (Segal and Bloom. 1976: Sara and Bergis. 1991). The present study thus adds
to the body of evidence that NE is neither an inhibitory nor excitatory neurotransmitter but
a neuromodulator that may enhance the signal-to-noise ratio (Segal and Bloom. 1976) and
thut serves to hone and sharpen the signal thus contributing to selective attention (Sara and
Bergis. 1991) and learning/memory. The present study proposes a specific and at least

partially testable model of NE local circuit modulation in the DG.
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