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ABSTRACT

I studied how glutamate receptor-mediated responses, spatial arrangements, intrinsic
properties and molecular specificity of cells serve cortical functions. I tested whether two
somatosensory submodalities in the primary somatosensory (SI) cortex can be distinguished by
glutamate receptor involvement in vivo. Low-threshold responses evoked by innocuous stimuli
had a short-duration and long-duration component. The short-duration responses were mostly
mediated by AMPA/kainate receptors and the long-duration responses involved the additional
recruitment of NMDA receptors. High-threshold responses evoked by noxious stimuli were
unimodal and mediated by both AMPA/kainate and NMDA receptors throughout the entire
response. During noxious stimulus trials, an increase in baseline activity in SI cortical cells was
observed. I attribute the changes in baseline activity to cells in the medial thalamic nuclei, which
project to the SI cortex and are involved in the affective-motivational aspects of nociceptive
signalling.

To gain insight into the influence of synaptic organisation of a well-defined cortical area,
[ studied in vitro whether the intrinsic properties of two anatomically well-defined nonpyramidal
cells in the hippocampus can provide clues into the modulation of neuronal signalling. During a
depolarising current pulse, O-LM and O-Bi cells were distinguished by their accommodation of
action potentials depending on the early or late part of the response. Also, during a
hyperpolarising current pulse, O-LM cells displayed a prominent voltage ‘sag’ as compared to
O-Bi cells. Both cell types contain somatostatin and I showed that O-LM cells express the
metabotropic glutamate receptor type lo. Although O-LM and O-Bi cells have a similar
somatodendritic position their different axonal arbours imply that they are involved in the
feedback modulation of the entorhinal and CA3 glutamatergic influences, respectively. I also
found that contrary to previous reports not only somatostatin but also vasoactive intestinal
polypeptide containing cells express mGluR1a, which might facilitate their oscillatory
responses.

To relate the action potential discharge of specific cortical cell classes to behaviourally
relevant network activity, I also sought to identify hippocampal cells following in vivo
recording. Novel information was provided for both the temporal and anatomical properties of
cells not recorded previously. In particular, a putative interneuron targeting nonpyramidal cell
and backprojection cell was recorded in relation to theta field events. A novel nonpyramidal
projection cell was recorded in relation to sharp wave field events. A remarkable specificity was
found in the dendritic and axonal patterns of these cells.

The results show that distinct types of glutamate receptors are differentially involved in
cortical function. The intrinsic properties and expression of mGluR1a in particular is highly

specific in distinct nonpyramidal cell classes.
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CHAPTER 1 GENERAL INTRODUCTION

CHAPTER 1: General Introduction

1.1 Glutamate Receptor Types

The advent of pharmacological tools such as selective agonists and antagonists acting at
subgroups of glutamate receptors has led to advancements in elucidating the functional roles of
glutamate receptors in different brain areas. Following the cloning of most of the receptors, in
situ hybridisation and immunocytochemical techniques have helped to determine the
distribution of receptors and together with the physiological findings the results often provided
molecular explanations for complex physiological phenomena.

Glutamate receptors are currently divided into four groups based on sequence homology,
pharmacology and where applicable, signal transduction pathways. These groups consist of the
oi-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors, kainate receptors,
N-methyl-D-aspartate (NMDA) receptors and the metabotropic glutamate receptors (mGluRs).
The AMPA and kainate receptors are frequently grouped into the category of non-NMDA
receptors because the selectivity of most antagonists has been tested against NMDA and
AMPA/kainate agonist-evoked responses but not mGluR agonist-evoked responses. This is
important in light of the fact that AMPA and kainate are also agonists, albeit very weak, at
group I mGluRs (Houamed et al. 1991; Masu et al. 1991; Pin et al. 1992). In addition, selective
antagonists at AMPA but not kainate receptors have only recently been produced. The AMPA,
kainate and NMDA receptors are classified as ionotropic receptors because they are integral
ligand-gated ion channels whilst mGluRs generally use second messenger systems to activate an

ion channel complex away from the ligand binding site.
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1.2 Molecular Classification

There are four AMPA receptor subunits (GluR1-4) that can form functional homomeric
or heteromeric complexes in Xenopus laevis oocytes or transfected cells (Hollmann et al. 1989;
Boulter et al. 1990; Keinanen et al. 1990; Nakanishi et al. 1990; Sakimura et al. 1990). The
GluR2 subunit confers upon the AMPA receptor a characteristic linear or outward rectification
as well as a block in Ca®" and Mg®* permeability (Boulter et al. 1990; Nakanishi et al. 1990;
Verdoorn et al. 1991; Hollmann et al. 1991). Desensitisation of AMPA receptors may occur
faster than NMDA receptors depending on the agonist involved and subunit composition
(Burnashev et al. 1992). However, lectins decrease or prevent native AMPA receptor
desensitisation (Mayer and Vyklicky 1989; Huettner 1990). Kainate-evoked currents of AMPA
receptors are enhanced by a cyclic adenosine monophosphate (cAMP)-dependent protein kinase
A (PKA) possibly via GluR1 and GluR3 co-expressed subunits (Liman et al. 1989; Keller et al.
1992).

Kainate receptors consist of low-affinity (GluR5-7) and high-affinity (KA1 and KA2)
subunits to [*H]kainate binding (Bettler et al. 1990; Egebjerg et al. 1991; Werner et al. 1991;
Bettler et al. 1992; Morita et al. 1992; Sommer et al. 1992; Herb et al. 1992; Sakimura et al.
1992). The GIuRS5 and GluR6 subunits can form functional homomeric complexes and
depending on their edited form can exhibit either linear or inward rectification (Egebjerg et al.
1991; Sommer et al. 1992; Dingledine et al. 1992; Morita et al. 1992; Egebjerg and Heinemann
1993). The GluRS and GluR6 subunits can also form functional heteromeric complexes with
KA2 (Lomeli et al. 1992) such that kainate ligand binding properties and activity of the AMPA
agonist are altered in comparison to the homomeric assemblies (Herb et al. 1992). The
homomeric receptor channel comprised of GluR6 subunits is permeable to Ca** (Egebjerg and
Heinemann 1993) and can be modulated with phosphorylation by PKA (Raymond et al. 1993;

Wang et al. 1993).
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The NMDA receptors consist of an NMDARI subunit, which can be expressed as a
functional homomeric receptor in vitro but co-assembles with either of the four other subunits
(NMDAR2A-2D) into functional heteromeric complexes in vivo (Moriyoshi et al. 1991; Ikeda
et al. 1992; Kutsuwada et al. 1992; Meguro et al. 1992). The NMDAR!1 subunit alone accounts
for the outward rectification due to the Mg channel blocker (Moriyoshi et al. 1991; Nakanishi
et al. 1992), modulation by Zn*" (Hollmann et al. 1993), antagonist action of protons (Traynelis
et al. 1995), the binding of the co-agonist glycine (Nakanishi et al. 1992), polyamine activation
(Benveniste and Mayer 1993) and modulation by protein kinase C (PKC; Durand et al. 1992),
although these effects are slightly different between different splice variants. The most notable
change in forming heteromeric complexes is an increase in current amplitudes (Ikeda et al.
1992; Kutsuwada et al. 1992; Meguro et al. 1992). There are also some differences between the
different co-assemblies such as the strength of Mg®* block, rise time of currents, decay of
currents and potentiation of responses by PKC activators.

Eight mGluRs have been isolated (Pin and Duvoisin 1995; Duvoisin et al. 1995) and
subdivided into three groups on the basis of amino acid sequence, signal transduction pathways
and pharmacology. Group I comprises mGluR1 and mGIluRS5, which are both linked to inositol
phosphate/Ca®" signal transduction usually via a Pertussis toxin (PTX)-insensitive Gq protein
(Abe et al. 1992; Aramori and Nakanishi 1992). Additionally, mGluR1 is coupled to activation
of cAMP signal transduction and arachidonic acid release from cultured striatal neurones via
separate G proteins (Aramori and Nakanishi 1992). Response kinetics are different between
mGluR1 splice variants, particularly mGluR1o. shows shorter latency and duration of Ca’*
transients to agonist application (Pin et al. 1992). However, activation of mGluR5a, but not
mGluR1a, induces Ca** oscillations in transfected cells (Kawabata et al. 1996). Based on
similar pharmacology of responses, group I mGluRs may also be involved in arachidonic acid

release via phospholipase A2 (PLA2) activation provided the cell is depolarised by AMPA or
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veratridine, a Na* channel activator which increases intracellular Ca®* (Dumuis et al. 1990).
Group I mGluRs have also been noted to inhibit the voltage-dependent K”-current IM and the
Ca**-activated K -current IAHP in hippocampal neurones (Baskys et al. 1990; Charpak et al.
1990; Gerber et al. 1992). Potentiation of AMPA and NMDA evoked responses as well as
inhibition of an NMDA-mediated Ca** increase and GABAA receptor-mediated currents have
also been implicated for group I mGluRs in several brain areas and in oocytes (Aniksztejn et al.
1992; Bleakman et al. 1992; Courtney and Nicholls 1992; Glaum and Miller 1993; Harvey and
Collingridge 1993). Group II mGluRs comprise mGluR2 and mGluR3 and group III mGluRs
comprise mGluR4, mGluR6, mGluR7 and mGluR8. Both group II and III mGluRs were shown
to be coupled to inhibition of forskolin stimulation of cAMP production via a PTX-sensitive G
protein (Tanabe et al. 1992, 1993). In addition, mGluR6 is a likely candidate for activation of a
cyclic guanosine monophosphate (cGMP)-phosphodiesterase cascade leading to closure of
cGMP-gated channels in ON-bipolar cells of the retina (Nawy and Jahr 1990; Shiells and Falk
1990). All mGlIuR groups can inhibit L-type Ca**-channels (Chavis et al. 1994; Lester and Jahr
1990; Sayer et al. 1992) although group I mGluRs can activate these channels under particular
conditions (Chavis et al. 1994). Moreover, group I and II mGluRs also inhibit N-type Ca**-
channels (Swartz and Bean 1992; Swartz et al. 1993). Lastly, a phospholipase D-coupled

mGIluR has been reported but as yet unassigned to a particular group (Boss and Conn 1992).
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1.3 Glutamate Receptor Involvement in Neuronal Systems

1.3.1 Sensory Relays

Within several different sensory-driven central nervous system (CNS) areas, non-NMDA
and NMDA receptors appear to maintain general roles in mediating responses evoked by both
natural and artificial stimuli. Non-NMDA receptors typically mediate the main relay
(monosynaptic) responses whereas NMDA receptors predominantly mediate polysynaptic
responses resulting from the additional recruitment of local circuit neuronal activation. These
characteristics of ionotropic glutamate receptors have been observed throughout sensory-driven
areas such as the dorsal and ventral horn of the spinal cord (Davies et al. 1981, 1984, 1986;
Davies and Watkins 1983; Ziskind-Conhaim 1990; King et al. 1992; Pinco and Lev-Tov 1993);
ventrobasal thalamus (Salt 1986, 1987; Salt and Eaton 1989, 1991); lateral geniculate nucleus
(Sillito et al. 1990a, 1990b); geniculo-cortical pathway (Tsumoto et al. 1986; Hagihara et al.
1988; Shirokawa et al. 1989); visual cortex (Stern et al. 1992); motor cortex (Herrling et al
1990; Salt et al. 1995); auditory cortex (Cox et al. 1992) and somatosensory cortex (Agmon and
O’Dowd 1992; Armstrong-James et al. 1993). Furthermore, NMDA receptors were found to be
lacking at especially large active zones presumed to be thalamocortical synapses in the primary
somatosensory (SI) cortex (Kharazia and Weinberg 1999). The predominant involvement of
non-NMDA receptors in fast monosynaptic responses versus NMDA receptors in slower
polysynaptic responses has been attributed to a sensory-discriminative role. For instance, in the
rat somatosensory cortex, Armstrong-James et al. (1993) found that short-latency responses to
innocuous stimulation of the centre receptive field of a recorded neurone were mediated
primarily by non-NMDA receptors whereas NMDA receptors mostly mediated the longer
latency responses to either stimulation of the centre or surround receptive field. They suggest

that the NMDA receptor-mediated response results partly from intracortical synapses due to the
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latency of the response. A more direct example of an intracortical origin for an NMDA receptor-
mediated response was shown in the cat motor cortex. For instance, a predominantly NMDA
receptor-mediated recurrent excitatory postsynaptic potential (EPSP) evoked by stimulation of
the pyramidal tract was recorded in pyramidal tract neurones (Herrling et al. 1990; Salt et al.
1995). In support of a functional role of both non-NMDA and NMDA receptors in specific
sensory-discriminative aspects of neuronal responses, it was shown that NMDA receptors were
recruited for mediating geniculo-cortical responses after using visual stimuli, but not when using
electrical stimulation of the pathway (Tsumoto et al. 1986; Hagihara et al. 1988; Shirokawa et
al. 1989).

The use of intracellular recordings has unmasked a participation of NMDA receptors in
mediating monosynaptic EPSPs evoked in some sensory-driven areas such as in motoneurones
of the ventral horn (Ziskind-Conhaim 1990; King et al. 1992; Pinco and Lev-Tov 1993); and the
ventrobasal thalamus (Salt and Eaton 1991). Moreover, depending on the sensory-submodality,
NMDA receptors may play a prominent role in mediating responses in certain areas. For
example, NMDA receptors along with group I mGluR receptors but not non-NMDA receptors
were involved in mediating nociceptive responses of single ventrobasal neurones (Eaton and
Salt 1990, Eaton et al. 1993; Salt and Eaton 1994). Also, in the spinal cord, NMDA receptors
are more likely to be involved in mediating nociceptive responses evoked by stimuli that
produce sensitisation (Dickenson and Sullivan 1990; Haley et al. 1990; Schaible et al. 1991).
Therefore, it appears that NMDA receptors have a substantial contribution to sensory synaptic
relay in the form of a longer latency and/or longer duration component of responses throughout
the CNS.

However, some exceptions exist concerning the involvement of NMDA receptors in
sensory-evoked transmission in some CNS areas. Purkinje cells of the adult rat cerebellum

which possess few or no NMDA receptors have responses originating from climbing fibre and



CHAPTER 1 GENERAL INTRODUCTION

parallel fibre synapses which are almost entirely mediated by non-NMDA receptors (Hirano and
Hagiwara 1988; Garthwaite and Beaumont 1989; Konnerth et al. 1990).

Although numerous pharmacological studies have shown the involvement of mGluRs in
synaptic transmission, a physiological role with respect to sensory-evoked responses has been
less explored partly due to a previous lack of specific agonist and antagonists acting at either
pre- or post-synaptic mGluRs. The existence of presynaptic mGluRs based on anatomical and
physiological findings predicts a regulatory role for mGluRs in synaptic efficacy. Presynaptic
effects, typically involving group II or IIl mGluR-mediated suppression of synaptic transmission
have been observed e.g. in the spinal cord (Jane et al. 1994; King and Liu 1996); ventrobasal
thalamus (Salt and Eaton 1994, 1995); visual cortex (Sladeczek et al. 1993) and somatosensory
cortex (Taylor and Cahusac 1994). Postsynaptic excitatory effects evoked by group I mGIluR
agonists have also been observed in the spinal cord (Birse et al. 1993), including enhancing
responses to ionotropic agonists (Cerne and Randic 1992; Ugolini et al. 1997) and in the
somatosensory cortex (Taylor and Cahusac 1994).

The involvement of mGluRs in sensory-evoked responses was shown in ventrobasal
neurones (Eaton et al. 1993; Salt and Eaton 1994). In these studies, group I mGluRs
substantially contributed to mediating nociceptive responses evoked by a noxious thermal
stimulus. In support of these findings, mGluR1a immunoreactivity was shown on dendrites of
thalamic relay neurones (Martin et al. 1992). Evidence also exists for the involvement of
mGluRs in mediating nociceptive responses in the spinal cord evoked by brief stimuli
(Neugebauer et al. 1999) or mostly by sustained stimuli (Young et al. 1997) and during
development of hyperalgesia (Fisher and Coderre 1998). In contrast to mGIluRS, mGluR1 was
shown to play a crucial role in mediating nociception in the spinal cord, particularly following
sustained noxious input (Young et al. 1997, 1998). The similar role of NMDA receptors in

mediating nociceptive responses in the spinal cord as well as their general involvement in longer
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latency synaptic influences would imply that nociceptive responses are longer latency responses,
especially in supraspinal structures where nociceptive transmission may be integrated. In
addition to nociception, group I mGluRs have been shown to mediate a switch from burst to
tonic activity of lateral geniculate nucleus cells resulting in a decrease of the detection of a

visual stimulus (Godwin et al. 1996).

1.3.2 Synaptic Plasticity

The fact that NMDA receptors require sufficient depolarisation to relieve the channel
block by Mg** and that mGluRs can exist presynaptically makes them probable candidates for
coincident event detection between neurones, which is required for long-term changes in
synaptic efficacy. Furthermore, the role of NMDA and mGIluR receptors in Ca*" conductances
and intracellular cascades leading to protein synthesis, makes them prime candidates for
involvement in maintained activity and plasticity. Interestingly, the increased expression of
AMPA receptors in the late phase of long-term potentiation (LTP) has been shown to depend on
transcription and PKA (Nayak et al. 1998).

The hippocampus has become the focus of research concerning synaptic plasticity due to
its involvement in learning and memory. In the hippocampus, there are four well-studied
excitatory synapses that can display LTP: i) the perforant path to granule cell synapse, ii) the
CA3 Schaffer collateral/commissural fibre to CAl pyramidal cell synapse iii) the CA3
associational/commissural fibre to CA3 pyramidal cell synapse iv) and the mossy fibre to CA3
pyramidal cell synapse. The first three synaptic relays typically share common receptor
pharmacology for LTP. These synapses have been shown to rely on postsynaptic NMDA
receptors for the induction of LTP (Collingridge et al. 1983; Urban et al. 1996; Debanne et al.
1998) by a mechanism involving increase in postsynaptic Ca** (Lynch et al. 1983). Although a

presynaptic mechanism for the maintenance of LTP cannot be excluded at these synapses,
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evidence for increased expression of postsynaptic AMPA receptors during LTP would add to
support for a postsynaptic mechanism (Nicoll and Malenka 1999). Variable roles of mGluRs in
LTP have been shown, yet more evidence exists for the involvement of mGluRs in the induction
phase rather than the maintenance phase of LTP. Previous results showed that mGluRs were
involved in the initial induction of LTP at synapses that have not previously undergone LTP
(Bortolotto et al. 1994).

The mossy fibre to CA3 pyramidal cell synapse has been distinguished by displaying an
NMDA receptor-independent LTP (Zalutsky and Nicoll 1990), which was shown to be induced
by kainate (Bortolotto et al. 1999), opioids (Derrick et al. 1991) or increase in presynaptic Ca**
concentration corresponding to an enhancement of neurotransmitter release (Regehr and Tank
1991). However, an NMDA receptor-independent LTP was also observed in the CAl area and
was induced by the involvement of group II and III mGluRs but not group I mGluRs (Grover
and Yan 1999). Nevertheless, mGluRs (likely group I) have more often been shown to facilitate
the induction and persistence of NMDA receptor-dependent LTP (Cohen et al. 1999; Raymond
et al. 2000).

Homosynaptic long-term depression (LTD) arising from activated, as opposed to
inactive synapses, also involves NMDA receptors for the induction phase (Dudek and Bear
1992; Mulkey and Malenka 1992) and increase in Ca®* throughout. However, unlike LTP,
voltage-dependent Ca®* channels (VDCC) do not appear to be involved in homosynaptic LTD
(Mulkey and Malenka 1992). Recently, group I and II mGluRs were also shown to be involved
in the induction of LTD (Huang et al. 1999). There is also increasing evidence of LTD induction
resulting from internalisation of AMPA receptors (Lusher et al. 1999; Luthi et al. 1999).

Neocortical areas also exhibit LTP and LTD similar to that observed in the
hippocampus. In the neocortex of freely moving rats, LTP induced by high- or low-intensity

extracellular stimulation was blocked by an NMDA receptor antagonist, which also unmasked a
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depression of the population spike and polysynaptic components evoked by the same
stimulation (Trepel and Racine 1998). Similarly, depression of spontaneous firing was also
observed when nociceptive responses in the SI cortex of anaesthetised rats were blocked by an
NMDA receptor antagonist (Pollard 2000). The unmasked depression observed following
maintained responses across cortical areas suggests that NMDA receptors play a specific role in
plasticity.

The NMDA receptor-independent LTP has been associated with a reduction in paired
pulse facilitation during its induction. In the corticothalamic synapse, LTP is induced in a Ca*'-
dependent manner by a presynaptic action, perhaps via an mGluR, as activation of PKA induced
a synaptic enhancement associated with a decrease in paired pulse facilitation (Castro-
Alamancos and Calcagnotto 1999). There is also evidence for the facilitation of LTP induction
through postsynaptic group I mGluRs in layer V neurones of the prelimbic cortex (Morris et al.
1999). In the rat prefrontal cortex, group I and II mGluRs were shown to be involved in the
induction of LTD through a postsynaptic mechanism (Otani et al. 1999). However, in layer IV
of the SI cortex, LTD was induced by activation of group II mGluRs via coincident presynaptic
and postsynaptic activity excluding NMDA or AMPA receptors (Egger et al. 1999).

Plasticity also occurs in the CNS during development. Ocular dominance of neuronal
responses, occurring in the visual cortex and visuo-motor areas, involves the enhancement of
responses to stimulation from one eye at the expense of the other during a critical period of
development. The involvement of NMDA receptors is evident and as in LTP and LTD,
coincident detection between the presynaptic and postsynaptic cell appears to be required
(Raushecker and Singer 1979, 1981). The mechanism of ocular dominance can be explained
from data obtained in vitro, which would suggest that heterosynaptic LTD may be more readily
induced when NMDA receptor conductances are strong enough to activate VDCC at inactive

sites (Lynch et al. 1977; Abraham and Goddard 1983; Pockett et al. 1990). As detailed
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previously (Artola and Singer 1993), the occurrence of LTP and LTD may be determined by
intracellular Ca** concentrations. Presumably, heterosynaptic LTD would occur if the
depolarisation due to the increase in intracellular Ca** reaches the threshold for LTD, but is
below the threshold for LTP at inactive sites. In addition, a recent study showed that
homosynaptic LTD occurred at visually deprived inputs as a result of spontaneous residual
activity (Rittenhouse et al. 1999).

In the cerebellum, disruption of spinocerebellar afferent topography refinement occurred
during antagonism of NMDA receptors (Tolbert et al. 1994). Similarly, disruption of
topographic refinement has been shown to occur in the SI cortex when non-NMDA and NMDA
receptors were antagonised during the critical period for barrel development (Fox et al. 1996).
Somatotopic refinement involving sensory-evoked responses was also disrupted during NMDA
receptor antagonism in the dorsal horn of the spinal cord (Lewin et al. 1994) and in the

trigeminal and dorsal column pathways (Iwasato et al. 1997).

1.3.3 Rhythmic Activity

Rhythmic activity is a means by which neuronal elements can bind multiple inputs
coherently and periodically to produce a composite effect. The generation of synchronous
rhythmic activity during behaviourally relevant experiences is not entirely understood although
inhibition and intrinsic membrane oscillations are key players. Clearly, the underlying circuitry
involved in synchronous activity will determine the generating factors. Little is known about the
involvement of specific glutamate receptors in rhythmic activity in vivo. However, in vitro
experiments have shown similar roles to those described above for glutamate receptors in
synaptic transmission activity with an involvement of different receptor kinetics and inhibitory

influences.
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Fast rhythmic activity consisting of 100-400 Hz or gamma frequency (20-80 Hz) was
shown to be mediated or synchronised by AMPA /kainate receptors in the hippocampus (Taylor
et al. 1995; Lamsa et al. 2000; Palva et al. 2000) and somatosensory cortex (Buhl et al. 1998;
Fisahn and Buhl, 2000). Additionally, two studies have shown the involvement of
AMPA /kainate receptors in 4-8 Hz and 1-5 Hz rhythmic activity near the trigeminal motor
nucleus (Kogo et al. 1996) and layer II/III of the somatosensory cortex (Flint and Connors 1996)
respectively.

In comparison to AMPA/kainate receptors, NMDA receptors have been shown to
participate in slower rhythmic activity. In the presence of tetrodotoxin (TTX), NMDA
application induced rhythmic low-frequency (0.09-1.45 Hz) voltage oscillations in spinal cord
motoneurones (Hochman et al. 1994). In addition, long-duration slow rhythmic oscillations were
shown to involve NMDA receptors in trigeminal motoneurones (Katakura and Chandler 1990).
In retrohippocampal regions, NMDA receptors were involved in mediating a slow depolarising
potential, which determined the period of superimposed gamma-frequency oscillations
(Funahashi and Stewart 1998). Although the gamma-frequency activity could be abolished when
the depolarising potential was blocked, GABAA receptors were necessary in phasing gamma-
frequency activity, which has been shown to exist without the slow depolarisation (Traub et al.
1996a; Jefferys et al. 1996; Funahashi and Stewart 1998). In Mg*"-free medium, NMDA
receptor-dependent oscillations (1-4 Hz) were shown to occur in thalamocortical neurones
(Leresche et al. 1991) and they similarly mediated oscillations (8-12 Hz) in layer V
somatosensory cortex (Flint and Connors 1996). Intrinsically bursting neurones of layer V
somatosensory cortex showed spontaneous oscillations (4-12 Hz) also in the absence of
extracellular Mg”* (Flint et al. 1997), presumably mediated by NMDA receptors (Traub et al.
1994). Although NMDA receptors may allow for synchronising neocortical oscillations

occurring in Mg**-free medium, NMDA receptor expression does not change over the age-
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dependent occurrence of these oscillations, which therefore might be generated as a result of the
developing intrinsic membrane properties of intrinsically bursting neurones of layer V
somatosensory cortex (Flint et al. 1997). Interestingly, neuronal modelling has predicted that
NMDA receptors at recurrent synapses with slow desensitising kinetics (150 msec) are suited
for recall of heteroassociative memories represented as a sequence of seven gamma-frequency
(~40 Hz) cycles enveloped in theta-frequency (~6 Hz) oscillations (Jensen and Lisman 1996).
Furthermore, based on neuronal modelling, NMDA receptors with faster kinetics (15-50 msec)
found in neocortical areas were proposed to be involved in forming long-term memories from
short-term memories by mediating single gamma-frequency cycles through other recurrent
synapses (Jensen et al. 1996). Along this focus, there are studies that have shown NMDA
receptor‘-mediated rhythmic bursts comprising of low-threshold Ca** spikes (Khateb et al. 1995)
and Na" spikes (Hu and Bourque 1992; Kim and Chandler 1995) in CNS neurones. Depending
on the hyperpolarisation of the neurone, the intra-burst frequency of the Ca** spikes can occur
within the gamma-frequency range (Khateb et al. 1995). Also, Ca** oscillations occurring via
the L-type VDCCs in cortical neurones were shown to involve activation of NMDA receptors
and consisted of brief action potential bursts on the rising phase (Robinson et al. 1993; Wang
and Gruenstein 1997).

Second messenger systems linked to mGluRs could provide flexibility of neuronal
signalling for example, via activation of membrane channels and/or intracellular Ca** stores. For
instance, mGIluRs were shown to be involved in inducing oscillatory activity, which could
permit synchronisation between hippocampal CA3 neurones by AMPA/kainate receptor-
mediated conductances (Taylor et al. 1995). Some nonpyramidal cells in the stratum oriens of
the CA1 hippocampus were shown to exhibit group I and II mGluR-mediated Ca®* oscillations
involving VDCC and intracellular Ca** stores (Woodhall et al. 1999). In the immature

neocortex, mGluR5-mediated Ca®* neuronal oscillations have been proposed to play a role in the
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regulation of gene expression and developmental events (Flint et al. 1999). In addition, there are
presynaptic mGluR-induced oscillations in inmmature CA3 hippocampal neurones acting via
Ca®" release from intracellular stores (Aniksztejn et al. 1995). In support of the above, there is a
high expression of mGIluR7 at pyramidal cell terminals presynaptic to mGluR1a-expressing
nonpyramidal cells in the hippocampus (Shigemoto et al. 1996). Also, recordings from
nonpyramidal cells in stratum oriens of the CA1 hippocampus showed that miniature EPSCs

were not increased in contrast to mGluR-activated EPSCs (McBain et al. 1994).

1.4 Aims

As specific roles for glutamate receptors throughout the CNS have emerged, it was the
aim of this study to investigate the differential involvement of AMPA/kainate and NMDA
receptors in neuronal responses evoked by two types of sensory stimuli in the SI cortex.
However, the relevance of receptor-mediated responses depends upon the underlying circuitry
involved. In order to gain insight into the organisation of cortical circuits, three anatomically
identified subtypes of nonpyramidal cells in the CA1 region of the hippocampus were studied
for their expression of mGluR1a receptors as well as their intrinsic membrane properties. The
organisation of cortical circuits was studied in the hippocampus because it is the best-defined
area of the cerebral cortex. Further to this, the hippocampus is considered to be a high-order
associational cortical area providing a better understanding of the role of glutamate receptors in
cortical areas influenced by behaviourally relevant experiences. As such, recordings of
anatomically identified nonpyramidal cells in the CA1 region were also obtained during state-

dependent synchronous activity.
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CHAPTER 2: Ionotropic Glutamate Receptor-Mediated Responses in the Rat Primary
Somatosensory Cortex Evoked by Noxious and Innocuous Cutaneous Stimulation In

Vivo

2.1 Introduction

Glutamate receptors have been shown to be the key mediators of sensory-driven
excitatory synaptic transmission (Salt and Herrling 1995). Considering the variety of
somatosensory sensations and the variety of glutamate receptors that exist, it is of interest to
establish whether different somatosensory stimuli can be distinguished on the basis of the
involvement of glutamate receptor subtypes. The ionotropic glutamate receptors,
AMPA/kainate and NMDA, have been shown to mediate responses evoked by innocuous
cutaneous stimuli in somatosensory-driven areas of the brain (Salt 1986; Armstrong-James et
al. 1993). These receptors also mediate responses evoked by noxious cutaneous stimuli. The
relative contribution of the ionotropic glutamate receptors in nociceptive responses differs
along the neuroaxis. In the spinal cord, there is evidence for the involvement of both NMDA
(Dickenson and Sullivan 1990, Haley et al. 1990) and AMPA/kainate receptors
(Cumberbatch et al. 1994). In the lateral thalamus, however, NMDA receptors have been
shown to mediate nociceptive responses whereas AMPA/kainate receptors made little
contribution (Eaton and Salt 1990).

The involvement of glutamate receptors in nociceptive responses in the primary
somatosensory (SI) cortex has not been determined but several other physiological properties
of SI nociceptive responses have been characterised. Neurones in the SI cortex that respond

to noxious stimuli can be classified into two main types (Lamour et al. 1983) similar to the
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spinal cord (Price and Dubner 1977) and thalamus (Guilbaud et al. 1980). Nociceptive
specific (NS) neurones respond only to noxious stimuli whereas wide dynamic range (WDR)
neurones respond to noxious as well as non-noxious stimuli. Both types of SI nociceptive
neurones show graded responses in accordance with the degree of the noxious stimulus
(Lamour et al. 1983; Kenshalo et al. 1988).

The aim of the present study was to determine which types of ionotropic glutamate
receptors may be involved in mediating SI high-threshold (HT) responses evoked by noxious
mechanical and thermal stimuli applied to the peripheral cutaneous receptive field. High-
threshold responses were recorded from individual SI neurones in urethane anaesthetised rats
in vivo. Anaesthesia was maintained at a level in which the rat showed a lack of hindpaw and
corneal reflexes. The intensity of the noxious stimuli used in the present study was above
that which has been reported to elicit a painful reaction and nociceptive responses in animal
behavioral studies (Cahusac et al. 1990). These noxious stimuli were able to evoke similar
response characteristics as nociceptive responses reported in the previous studies cited
above. However, it was not possible to establish that the responses to noxious stimuli
resulted from nociceptive perception rather than non-specific activation. Therefore, noxious
stimulus-evoked responses in this study were referred to as HT responses instead of
nociceptive responses. Low-threshold (LT) responses evoked by innocuous cutaneous
stimuli were also examined to enable comparison of the involvement of ionotropic glutamate

receptors in both HT and LT responses of individual neurones.
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2.2 Materials and Methods

2.2.1 Animal Preparation

Male Wistar rats (200-500 g; Charles River, UK) were housed with 12 h to 12 h light/dark
cycles and ad libitum food and water. These animal living conditions and the following
procedures were in accordance with the approved Project Licence [The Animals (Scientific
Procedure) Act, UK] and the “Principles of laboratory animal care” (NIH publication 86-23).
Animals were given an inhalation anaesthetic of 5 % halothane in air followed by urethane
(25 % w/v, 1.2 g kg''; Sigma-Aldrich Ltd., Dorset, England) injection intraperitoneally to
maintain the animal anaesthetised for long periods. An additional 10 % of the original
urethane dose was administered until the general anaesthetic effects of urethane resulted in a
lack of hindpaw and corneal reflexes. After general anaesthesia was established, the neck and
cranial areas were shaved for surgical procedures. Lignocaine (1 %) with adrenaline
(1:200,000) was applied intradermally prior to incisions. Anaesthetic level was monitored
throughout the entire experiment by periodically checking for hindpaw or corneal reflexes and
observing any increases in heart rate which was continuously monitored. The precautions
taken resulted in a stable heart rate throughout the entire experiment.

A tracheotomy was performed for the insertion of a cannula (nylon tubing, ID 1.50 mm)
into the trachea as an external aid to clearing the airway. The animal was gently positioned in
the stereotaxic frame with non-traumatic ear bars and an incisor bar so as to orient the head in
a flat-skull position (Paxinos and Watson 1986). A thermostatically controlled heating pad
(Harvard Apparatus Ltd., Kent, England) maintained the animal’s temperature at 37°C. The

animal was earthed with a silver wire inserted subcutaneously along the dorsal side of the
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neck. Heart rate was monitored by two silver wires inserted subcutaneously through the
dorsal side of the forelimb and hindlimb, ipsilateral to the recording site. A craniotomy was
then performed and the dura removed to expose the SI cortex over the representation of the
forepaw (1.5 to -1 mm AP, 3 to 4.5 mm ML) or hindpaw (0.5 to -2 mm AP, 2 to 3.5 mm
ML), according to the atlas of Chapin and Lin (1984). Saline (150 mM NaCl) or mineral oil
was applied in the craniotomy to avoid drying of the cortex. The electrode was placed over
the appropriate region using a micromanipulator. After the experiment, the animal was killed

with an intracardial overdose of urethane.

2.2.2 Recording and lontophoresis

Multibarreled electrodes consisting of 7 barrels (~6 um in total tip diameter) were made
from borosilicate glass tubes with filament (1.5 mm O.D.) and used for extracellular single
unit recording and iontophoresis. The middle barrel was filled with 4 M NaCl for extracellular
single unit recordings. Each surrounding barrel was filled with a different solution: (RS)-o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA; 5 mM in 150 mM NaCl, pH
8), N-methyl-D-aspartic acid (NMDA; 50 mM in dH,O, pH 8), 6-nitro-7-
sulphamoylbenz[f]quinoxaline-2,3-dione (NBQX; 1 mM in 50 mM NaCl, pH 8), (RS)-3-(2-
carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP; 20 mM in 75 mM NaCl, pH 8) and
1 M NaCl (for automatic current balancing). All pH levels of drug solutions were adjusted
with 1M NaOH. Iontophoresis of drugs was achieved using the Neurophore-BH2 Micro-
Iontophoresis System (Medical Systems Corp., New York, USA) and all drugs were retained
with positive current (16 to 23 nA). Retaining currents were empirically tested during

experiments for values that did not allow the electrode to block and did not allow increased
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activity of neurones via the individual agonists or inhibition of spontaneous activity via the
individual antagonists. The average agonist and antagonist ejection values were -91 nA for
AMPA, -104 nA for NMDA, -4 nA for CPP and -8 nA for NBQX (n=13 cells tested with
both innocuous and noxious stimulation). The drugs AMPA, NMDA, NBQX and CPP were
obtained from Tocris Cookson Ltd., Bristol, England. All neurones were recorded from a
depth of 1300 to 1700 um below the pial surface, where most neurones responding to
noxious stimulation were encountered with our electrodes. Agonist and sensory stimuli were
automatically timed using a programmable pulse generator (Master-8, A.M.P.I, Jerusalem,
Israel). Extracellular signals were amplified (x10 Axoprobe-1A, Axon Instruments Inc.,
California, USA; x100 NeuroLog System, Digitimer Ltd., Hertfordshire, England), filtered
(500 Hz to 2 kHz band width, NeuroLog) and action potentials detected by a window
discriminator (NeuroLog System) were recorded as TTL pulses via a 1401plus CED interface
(Cambridge Electronic Design Ltd., Cambridge, England) to a computer running Spike

(courtesy of Dr. T. E. Salt) and Spike 2 (Cambridge Electronic Design Ltd.) software.

2.2.3 Sensory Stimulation

As the electrode was stepped down, a glass probe was lightly swept across or tapped
manually on the animal’s forepaw or hindpaw to confirm the region of recording and to
determine the low-threshold receptive field. Some neurones were analyzed for low-threshold
responses using a computer controlled jet of air, typically a train of ten air jets of 10 ms
duration every 2 s. The noxious mechanical stimulus was a peripheral pinch (usually 5 s) of
the forepaw or hindpaw. The paw at the level of the digits and palm/plantar was placed in

2

the serrated forceps having a triangular contact area of 13 mm®. The forceps was
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pneumatically closed exerting a pressure of 183 g/mm? which was above the threshold of pain
in behaving rats (Cahusac et al. 1990). The noxious thermal stimulus was applied by
immersion (10-30 s) of the distal 3/4 of the tail into water at 52°C. The thermal stimulus of
52°C was above the noxious thermal threshold for SI nociceptive neurones (45-47°C)
previously determined for awake and anaesthetised animals (Lamour et al. 1983; Kenshalo et
al. 1988; Chudler et al. 1990). During noxious stimulus trials, a long interstimulus interval (5
min) was used to allow recovery of responses. Noxious mechanical stimulation was applied
outside the low-threshold receptive field of the recorded neurone so as to avoid possible
influences from innocuous stimulation. A response was considered to be high-threshold if it
was not influenced by low-threshold stimulation, both by light brushing or applying an
innocuous pressure with a glass probe outside the low-threshold receptive field of the

recorded neurone.

2.2.4 Experimental Protocol

One neurone per animal was studied. Once a single neurone was isolated, controls with
reproducible responses were established for agonist-evoked responses, and in some neurones,
preceded by low-threshold sensory-evoked responses. Intervals following the end of a train
of 10 air jet stimuli (10 ms every 2 s) and agonist ejection (10 s each) were 10 s and 50 s,
respectively. An antagonist was then continuously ejected until it blocked the appropriate
agonist-evoked response. All responses were allowed to recover before the second antagonist
was ejected. Upon termination of the ejection of the antagonist, the period of response
recovery ranged between 2 and 11 min. Noxious stimulus trials at 5 minute trial intervals

were started one or two minutes afterwards. The antagonist was tested against the response
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evoked by the noxious stimulus, using the same duration and current previously determined
to antagonise selectively a particular agonist-evoked response. Upon termination of the
antagonist ejection, the HT response was allowed to recover and in some cases, a second
antagonist was tested similarly. The recovery period of the HT response after termination of

the antagonist ejection ranged between 3 and 19 min.

2.2.5 Response Analysis

Peristimulus time histograms (PSTHs) representing the number of action potentials were
created on-line using the Spike and Spike2 software. Cumulative PSTHs over all trials
(including responses during antagonist ejection) for each recorded neurone were made to
distinguish slow responses from the average baseline activity. Vertical cursors were
positioned by eye, after the stimulus onset, at the beginning and end of the period where
firing exceeded the baseline activity. Responses were measured as the number of spikes
within the cursors exceeding the average baseline activity for each trial. Responses evoked by
an air jet were summed over a train of 10 air jets in one trial. Inhibition was quantified as a
negative response value (i.e. baseline activity exceeding the evoked response). The effects of
each antagonist on the sensory responses are presented as the mean £ SEM for clarity of the
response variability, although the data are not normally distributed. The Wilcoxon rank sum
test was used as a paired nonparametric test for significance between two sets of similar data
and is reported as two-tailed p values. Correlation coefficients (#) indicate whether distinct

responses were correlated.
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2.3 Results

2.3.1 Response Characteristics

Quantitative data were obtained for a total of 31 primary somatosensory neurones tested
with noxious somatosensory stimuli. Additionally, LT responses were recorded from
thirteen of these neurones to compare the receptors involved in mediating two sub-modality
types.

Most single units encountered in one vertical penetration responded to an innocuous
cutaneous stimulus. The LT receptive fields were small and located contralaterally in
accordance with the SI low-threshold hindpaw or forepaw somatotopic region of recording.
A short-latency component of the LT responses was detected in two or three 10 ms bins
(n=11/13 and n=2/13, respectively) and had an average percent increase in response of 87 +
13 % from baseline activity (n=13/13). The average firing rate of the short-latency response
evoked in the first 10 ms bin and the baseline activity was 74 + 11 spikes/s and 7 £ 2
spikes/s, respectively (n=13/13; Figure 2.1). The short-latency response was sometimes
followed by an inhibition observed as an action potential rate below baseline activity
(n=3/13) but more often by a lower frequency excitatory component lasting an average of
415 + 92 ms (n=8/13; Figure 2.1).

Less than 10 % of neurones encountered responded to noxious stimuli. Some mechanical
and thermal HT responses were weak, possibly due to an effect of anaesthesia. Mechanical
or thermal HT responses could be evoked by applyiﬁg the noxious stimulus outside the
verified LT receptive field and this was always done to avoid any influence from LT

responses. A light touch or light pressure applied with a glass probe outside of the LT
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receptive field did not evoke a response, although a noxious stimulus did. The receptive fields
pertaining to neurones evoked by noxious stimuli were often large, e.g. including the
ipsilateral or contralateral limbs and ears, and sometimes the tail as well.

The duration of the mechanical HT responses evoked by a 5 s peripheral noxious pinch
was analyzed for 10 of 13 neurones tested with noxious as well as non-noxious stimuli. The
other three neurones were not included in the analysis of the response duration because they
were tested with varying durations of noxious thermal stimuli. High-threshold responses
decayed gradually upon termination of the 5 s noxious pinch and lasted on average for 15.1 £
1.9 s (Figures 2.1 and 2.2) for 10 neurones. The increase in baseline activity made it difficult
to evaluate the magnitude of mechanical (Figure 2.1) and thermal HT responses. Measured
from the increased baseline activity, the average percent increase of peak mechanical and

thermal HT responses was 56 £ 8 % (n=13/13).
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Figure 2.1 Sensory-evoked responses and increase in baseline activity. Single-trial PSTHs
represent action potential responses counted in 10 ms bins for responses evoked by a train
of 10 air jets of 10 ms duration each (A) and responses evoked by a 5 s noxious pinch (B and
C). The bars above each PSTH correspond to the period of sensory stimulation. The short-
latency component of the LT response occurs in the first two 10 ms bins after the air jet
stimuli followed by a longer latency component (A). Baseline activity prior to the noxious
stimulus (B) was similar to (A). Note the bin size for air jet-evoked responses is different so
as to show both the short-latency and long-latency components (A). Noxious stimuli were
repeated until trials were reproducible (C). Baseline activity increased after the first pinch,

and in this case, the response also increased (C).
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Figure 2.2 Neurone in the forepaw area of the SI cortex and the effect of CPP against a
noxious pinch-evoked response. Single-trial PSTHs represent action potential responses
counted in one second bins. The bars above each PSTH correspond to the period of agonist
applications (each 10 s) or a noxious pinch stimulus (5 s). Agonist trials were performed first
to establish the selectivity of the antagonist followed shortly by noxious stimulus trials. The
top row are control responses to iontophoretic application of NMDA and AMPA (Al) and
to a noxious pinch stimulus applied to the contralateral forepaw digits (A2). Control trials
had reproducible responses. During continuous iontophoretic application of CPP at -7 nA
for 8 min (last trial shown), the response to NMDA was antagonised selectively (B1) and
the response to noxious stimulation was replaced by an inhibitory response indicated by a
reduction below the baseline activity (B2). The NMDA-evoked response (C1) and the
sensory-evoked synaptic response (C2) recovered following termination of CPP ejection.

Note also a reduction in baseline activity during CPP ejection (B1 and B2).
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2.3.2 Effects of CPP and NBQX on High-Threshold Responses

Data were pooled for all neurones tested with noxious stimuli (n=31). Twenty-two
neurones were investigated for each antagonist used and 13 of these 22 neurones were tested
with both antagonists, applied sequentially. Six neurones were tested with a noxious pinch
stimulus as well as a noxious thermal stimulus sequentially for one antagonist and in one case
for two antagonists. The involvement of NMDA and AMPA/Kkainate receptors in sensory-
evoked responses was tested using CPP and NBQX, selective antagonists at NMDA and
AMPA/kainate receptors, respectively. The selectivity of these antagonists at the respective
receptors was established by testing their effects against agonist-evoked responses for each
recorded neurone. lontophoresis of CPP caused a marked reduction of the responses evoked
by a noxious pinch (21 £ 10 %; n=19/19; Figure 2.2) or noxious thermal stimulus (24 + 18 %;
n=5/5; Figure 2.3). Mechanical (n=9/19) and thermal (n=1/5) HT responses were completely
blocked by CPP during which an inhibition replaced the response evoked by the noxious
mechanical (n=7/19; Figure 2.2) or thermal (n=1/5) stimulus in comparison to the prestimulus
baseline activity. The reductions caused by NBQX were also substantial although smaller
than those observed with CPP. The response remaining following NBQX ejection when
applying a noxious pinch was 42 * 12 % (n=19/19; Figure 2.4). The response remaining
following NBQX ejection when applying a noxious thermal stimulus was 63 = 16 % (n=8/8;
Figure 2.5). Mechanical HT responses were completely blocked by NBQX in only four
neurones and in these neurones, an inhibition replaced the response evoked by the noxious
stimulus during application of NBQX. Some neurones had mechanical HT responses which

were virtually unaffected by the antagonists (greater than 80 % of control responses; n=3 of

19 neurones for CPP and n=6 of 19 neurones for NBQX).
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Figure 2.3 Neurone in the forepaw area of the SI cortex and the effect of CPP against a
noxious heat-evoked response. Records are similar to Figure 2.2. The top row are control
responses to iontophoretic application of NMDA and AMPA (A1) and to a 52°C noxious
heat applied to the tail for 15 s (A2). Continuous ejection of CPP at -2 nA for 20 min (last
trial shown), selectively antagonised the response to NMDA (B1) and substantially reduced
the response to noxious stimulation (B2). The NMDA-evoked response (C1) and the

sensory-evoked synaptic response (C2) recovered following termination of CPP ejection.
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Figure 2.4 Neurone in the hindpaw area of the SI cortex and the effect of NBQX against a
noxious pinch-evoked response. Similar representation as in Figure 2.2. The top row are
control responses to iontophoretic application of AMPA and NMDA (Al) and to a noxious
pinch stimulus applied to the contralateral forepaw digits (A2). Continuously ejection of
NBQX at -4 nA for 5 min (last trial shown), selectively antagonised the response to AMPA
(B1) and eliminated the mechanical HT response (B2). The AMPA-evoked response (C1)
and the sensory-evoked synaptic response (C2) recovered following termination of NBQX

ejection.
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Figure 2.5 Neurone in the hindpaw area of the SI cortex and the effect of NBQX against a
noxious heat-evoked response. Similar representation as Figure 2.2. The top row are control
responses to iontophoretic application of AMPA and NMDA (A1) and to a 52°C noxious
heat stimulus applied to the tail (A2). Continuous ejection of NBQX at -4 nA for 13 min
(last trial shown), selectively antagonised the response to AMPA (B1) and reduced the
thermal HT response (B2). An increase in baseline activity during NBQX suggests that
NBQX may have blocked excitation of nearby inhibitory neurone(s). The AMPA-evoked
response (C1) and the sensory-evoked synaptic response (C2) recovered following

termination of NBQX ejection.
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CHAPTER 2 GLUTAMATE RECEPTOR-MEDIATED SENSORY RESPONSES

2.3.3 Effects of CPP and NBQX on High-Threshold and Low-Threshold Responses
Neurones with responses evoked by non-noxious as well as noxious stimuli were also
analysed so as to compare the involvement of NMDA and AMPA/kainate receptor-mediated
responses across somatosensory sub-modalities for individual neurones. Thirteen neurones
were tested with innocuous as well as noxious stimuli and 11 of these were tested with both
CPP and NBQX, applied sequentially. The fast component of the LT responses was only
reduced to 85 + 4 % (n=12/12; Figure 2.6) by CPP. The slower component of the LT
responses which was observed less often was markedly reduced by CPP (15 = 19 %; n=4/4;
Figure 2.6). Similarly, responses evoked by a noxious pinch or a noxious thermal stimulus
were markedly reduced by CPP (10 = 8 %; n=9/9; Figure 2.6) and (11 * 30 %; n=3/3),
respectively. In contrast, NBQX reduced both the fast component and the slower
component of the LT responses substantially (43 + 6 %; n=12/12; Figure 2.7) and (32 + 20
%; n=6/6), respectively. The pinch-evoked responses were reduced to 13 = 16 % (n=9/9;
Figure 2.7) and the heat-evoked responses were reduced to 58 + 23 % (n=3/3) following
NBQX ejection. The effects of CPP and NBQX on sensory-evoked responses and

corresponding selectivity of receptor type are summarised (Figure 2.8).
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Figure 2.6 HT and LT responses of a neurone in the SI cortex tested with CPP. Responses
evoked by a train of ten, 10 ms air jet stimuli every 2 s followed by responses to ejection of
agonists presented in 1 s bins (A1). Cumulative PSTHs over the train of 10 air jet stimuli
shown in (A1) has been presented in 10 ms bins (A2). The PSTH of the response evoked by
a noxious pinch stimulus is presented in 1 s bins (A3). Bars above the PSTHs correspond to
the period of agonist application or sensory stimulation. The air jet stimulus was applied to
the ventral aspect of the contralateral forepaw and the noxious pinch stimulus was applied to
the contralateral hindpaw digits. An interval of 10 s followed the train of air jets, AMPA was
ejected for 10 s followed by an interval of 50 s and NMDA was ejected for 10 s followed by
an interval of 50 s. Noxious stimulus trials were performed separately, shortly afterwards.
The next row shows selective antagonism of the responses to NMDA (B1), and an
elimination of the mechanical HT response (B3) and long-latency component of the air jet
responses whereas some of the short-latency component of the air jet responses remained
(B2) during continuous CPP ejection at -5 nA for 12 min (last trial shown). Note also a
reduction in baseline activity during CPP ejection between agonist applications (B1) and
before the noxious stimulus (B3). After noxious stimulation, baseline activity resumed upon

termination of CPP ejection at 70 s (B3).
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CHAPTER 2 GLUTAMATE RECEPTOR-MEDIATED SENSORY RESPONSES

Figure 2.7 HT and LT responses of a neurone in the SI cortex tested with NBQX. Records
are similar to Figure 2.6 except the responses to the noxious pinch are in 2 s bins for better
observation. Responses evoked by agonists (A1), air jet stimuli applied to the dorsal aspect
of the contralateral forepaw digit (A2) and a noxious pinch applied to the contralateral
hindpaw (A3). The next row shows selective antagonism of the responses to AMPA (B1)
and the disappearance of the mechanical HT response (B3) as well as a substantial reduction
of the air jet response (B2) during continuous NBQX ejection at -8 nA for 12 min (last trial
shown). Note an inhibition observed as an action potential rate below baseline activity
following the short-latency LT response (A2). Note also a reduction in baseline activity

during NBQX ejection (B1, B2 and B3).
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CHAPTER 2 GLUTAMATE RECEPTOR-MEDIATED SENSORY RESPONSES

Figure 2.8 Summary of the effects of CPP and NBQX on responses evoked by AMPA,
NMDA, air jets and noxious stimuli for SI neurones. Columns represent the mean percent of
control responses of the number of neurones (n) investigated. Error bars indicate the SEM.
The top row represents the effects of CPP on responses and the bottom row represents the
effects of NBQX on responses for groups of neurones tested with only noxious sensory
stimulation and neurones tested with both innocuous and noxious sensory stimulation. Some
neurones were tested with both types of noxious sensory stimuli sequentially (A and C).
Responses evoked by noxious stimuli and the long-latency (L-L) component of the LT
response was substantially reduced by CPP at ejection parameters that showed selectivity at
NMDA receptors (A and B). The short-latency (S-L) component of the LT response was
not markedly reduced by CPP (B). All sensory-evoked responses were reduced by NBQX at

ejection parameters that showed selectivity at AMPA/kainate receptors (C and D).
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CHAPTER 2 GLUTAMATE RECEPTOR-MEDIATED SENSORY RESPONSES

2.3.4 Baseline Activity

The baseline activity was quantified for 11 of the 13 neurones above, which were tested
with both CPP and NBQX. A comparison of the prestimulus baseline activity between
single noxious stimulus trials and single air jet stimulus trials showed that the former was 57
% higher for 11 cells analyzed (p = 0.06, Wilcoxon rank sum, two-tailed). In order to
establish whether the apparent skewness from the mean of HT responses resulted from
changes in baseline activity, correlation coefficients were determined for the two response
types for each neurone. The baseline activity correlated well with the magnitude of the
responses evoked by a noxious mechanical or thermal stimulus for five neurones (range of r =
0.80 to 0.99; Figure 2.1). Baseline activity and mechanical HT responses were not correlated
in the other six neurones (r = -0.66 to 0.49).

Despite some correlation observed between baseline and response magnitudes, it is
unlikely that reductions in the baseline activity by either CPP or NBQX accounted for the
reductions in the mechanical and thermal HT responses. This is supported by the fact that
the normalised ratios of the mechanical and thermal HT response to baseline activity during
application of CPP (0.6 = 0.1; n=11/11) or application of NBQX (0.8 £ 0.1; n=11/11)
reflected on average a reduction of the mechanical or thermal HT response below baseline
activity. For instance, in some cases, an inhibition replaced the mechanical HT response
during application of either CPP (Figure 2.2) or NBQX. For noxious stimulus trials, the
baseline activity was reduced to 62 + 13 % (n=11/11; Figure 2.6) following CPP ejection and
to 63 = 12 % (n=11/11; Figure 2.7) following NBQX ejection. Although not commonly
encountered (n=2/22), an increase in the baseline activity was observed following NBQX

ejection for the neurone in Figure 2.5. A reduction in baseline activity prior to air jet stimuli
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was also observed following CPP and NBQX ejection (48 £ 9 % and 49 £ 7 %, respectively;

n=11/11; Figures 2.6 and 2.7).

2.4 Discussion

The main finding was that both NMDA and AMPA/kainate receptors contribute to SI
high-threshold responses evoked by noxious somatosensory stimulation. The same receptors
were also involved in mediating LT cutaneous responses of neurones showing HT responses
but in a temporally differential manner. For LT cutaneous responses, the fast component
was mediated predominantly by AMPA/kainate receptors whereas both NMDA and
AMPA /kainate receptors were involved in mediating the slower component.

The extension of our results to somatosensory information processing in the normal
behaving animal is limited by the use of anaesthesia. There are three reasons for this, based
on results of increasing the dose of urethane starting from 1.25 gkg administered
intraperitoneally (Angel et al. 1980). Firstly, the transmission in the sensory volleys from
the periphery to the cortex becomes slower. Secondly, there is a decrease in the size or
dispersion of the thalamocortical volley. Thirdly, the effectiveness of the thalamocortical

volley for triggering firing of the cortical cells decreases.

2.4.1 Temporal Distribution of Responses

These results concerning the temporal aspects of NMDA and AMPA/kainate receptor-
mediated LT responses are consistent with those reported for SI low-threshold sensory
neurones in the vibrissal representation of the SI cortex (Armstrong et al. 1993) and are thus

not a unique attribute of the neurones in our study. It should be noted, however, that in the
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present results the slower component of the LT responses did not always occur in each trial.
One possible explanation for this is that recordings were made from the forepaw or hindpaw
representations of the SI cortex, which unlike other SI areas, contain an overlap of the
primary motor cortex representation (Hall and Lindholm 1974). Secondly, LT responses
were recorded from neurones that also responded to noxious stimuli and thus, could have
differed from neurones responding only to innocuous stimuli. Thirdly, our recordings were
made from presumed infragranular layers where LT neurones were shown to have
multireceptive fields (Simons 1978; Armstrong-James and Fox 1987) possibly promoting
response variability as a result of their spatial organisation. Mechanical and thermal HT
responses were not differentiated into separate temporal components because they were
typically unimodal, and displayed variable durations between trials in the same neurone as

well as between neurones.

2.4.2 Receptive Field

In order to isolate the synaptic pharmacology of somatosensory submodalities, responses
evoked by a noxious mechanical stimulus were recorded outside the LT somatosensory
receptive fields. Although some mechanical and thermal HT responses were weak, a
comparison of mechanical and thermal HT responses within and outside the LT receptive
field was not performed. Nevertheless, if activating LT fibres within the vicinity of the
recorded neurone’s LT receptive field during noxious mechanical or thermal stimuli, it is
possible that lateral inhibition would occur and reduce the HT transmission to the SI
recorded neurone. Lamour et al. (1983) reported that “convergent” or WDR neurones

recorded in the SI were inhibited by light mechanical stimuli and excited by noxious
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stimulation in the same receptive field. These neurones could also be inhibited by a noxious
stimulus applied outside the receptive field, but such inhibition was less often observed in

the present study.

Neurones of the SI cortex responding to noxious stimuli had large receptive fields in the
present experiments similar to previous studies recording from nociceptive neurones (Lamour
et al. 1982, 1983; Kenshalo and Isensee 1983). In comparison to the results of Lamour et al.
(1983), neurones of the SI cortex tested with noxious as well as non-noxious stimulation in
the present study usually had larger receptive fields, which were similar to neurones
responding only to noxious stimuli in their study. This difference could have resulted from
using different anaesthetics. For instance, there is evidence based on the EEG pattern of
urethane anaesthetised animals to suggest that urethane does not produce a marked
depression of brain activity (Lincoln 1969). Thus, mechanical or thermal HT responses might
have resulted from sources other than a specific transmission of nociceptive information. In
contrast, slow high voltage activities with periods of depressed activities, recorded by the
EEG, could be induced after increasing the proportion of halothane delivered to the rat in the
study by Lamour et al. (1983). Under these conditions, no arousal reaction was observed

during strong noxious stimuli.

2.4.3 Baseline Activity
During noxious stimulus trials, baseline activity increased and correlated with an increase
in mechanical and thermal HT responses of some neurones. Although the noxious stimuli did

not cause detectable skin surface damage, tissue trauma cannot be excluded as contributing to
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the increase in baseline activity. Care was taken to avoid over stimulating with either a
noxious pinch or heat during the search for HT responses. Perhaps using an even longer
interstimulus interval would have allowed for the neuronal activity to return to control
baseline activity. However, prolonging this period would substantially extend the duration of
the experiment and may result in the loss of the reliability of antagonist selectivity tests
performed earlier during the experiment.

One possible source for the increased baseline activity may have been the long-lasting
nociceptive responses of thalamic relay neurones (Albe-Fessard et al. 1985; Eaton and Salt
1998). Indeed, almost all VB thalamic neurones in the rodent project to the somatosensory
cortex (Harris and Hendrickson 1987). However, a long-lasting nociceptive response relay
would not impinge upon the present results because mechanical and thermal HT responses in
the SI cortex decayed earlier. In addition, the ratios of the mechanical and thermal HT
responses to baseline activity during application of either CPP or NBQX showed, on
average, that mechanical and thermal HT responses were reduced below the baseline activity.
Alternatively, the increase in baseline activity may reflect an overall non-specific cortical
excitation via neuromodulatory systems activated by the noxious stimulus. In a previous
study, acetylcholine was found to be released in both hemispheres of the sensorimotor cortex
after unilateral noxious stimulation of high-threshold afferents of the forelimb nerve in the
spinal cord (Mullin and Phillis 1975). Acetylcholine release has also been associated with
observed signs of arousal occurring during desynchronisation of the EEG activity (Gadea-
Ciria et al. 1973). The fact that CPP and NBQX substantially reduced the baseline activity
suggests that NMDA and AMPA/kainate receptors, respectively, are also involved in

contributing to the baseline activity. Inhibition was sometimes unmasked during antagonism
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of the evoked response as reflected from the average ratios of response to baseline activity.
Also, in one neurone recorded, enhancement of baseline activity occurred during the ejection
of NBQX which may have resulted from antagonism of AMPA/kainate receptors on nearby
inhibitory neurone(s). Thus, it is likely that the increase in the baseline activity during
noxious stimulus trials resulted from a summation of excitatory and inhibitory influences
arriving from the convergence of prevailing thalamo-cortical and cortico-cortical pathways.
Some of these pathways may have involved the neuromodulatory systems mentioned above,

although this would need to be verified in future work.

2.4.4 Tonotropic Glutamate Receptors and Responses Evoked by Noxious Stimuli

Although the synaptic pharmacology of nociceptive neurones in the SI cortex has not
been previously investigated, other studies have shown evidence for ionotropic glutamate
receptor-mediated nociceptive responses in subcortical structures involved in somatosensory
processing. For instance, in the dorsal horn of anaesthetised animals, non-NMDA glutamate
receptors have been shown to mediate responses evoked by acute noxious thermal stimuli
(Dougherty et al. 1992; Cumberbatch et al. 1994) as well as hyperexcitable states induced by
inflammation (Neugebauer et al. 1993). NMDA receptors have been mostly implicated in
spinal dorsal horn nociceptive responses during sustained noxious stimuli such as peripheral
chemical or inflammatory stimuli (Haley et al. 1990; Schaible et al. 1991), or in the ‘wind-up’
phenomenon induced by repetitive electrical stimulation of C-fibres (Dickenson and Sullivan
1990). Nevertheless, it should be noted that some contrasts exist for the involvement of

NMDA receptors in acute or chronic nociceptive responses in the spinal cord which may
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depend on the stimulus parameters and preparatory surgery used (Hartell and Headley
1996).

Additionally, NMDA receptors have also been shown to mediate nociceptive responses
in the thalamus, including the ventrobasal complex (VB) and the posterior nuclear group
(Eaton and Salt 1990), both of which project to the SI cortex (Lu and Lin 1993).
Interestingly, antagonists at non-NMDA glutamate receptors did not have any effect on the
thalamic nociceptive responses (Eaton and Salt 1990).

The present results together with those from previous studies cited above have shown
that NMDA receptors are involved in mediating mechanical and thermal HT responses in the
SI cortex as well as nociceptive responses in the spinal cord and thalamus. Although
AMPA /kainate receptors were also involved in mediating the present mechanical and thermal
HT responses, these receptors were not involved in mediating nociceptive thalamic
responses (Eaton and Salt 1990) and were seldom involved in nociceptive responses in the
spinal cord. This suggests that NMDA receptors have a common role in mediating responses
evoked by noxious stimulation whercas AMPA/kainate receptors may mediate particular
aspects of nociceptive transmission.

Following ejection of the antagonist at NMDA receptors, CPP, or the antagonist at
AMPA /kainate receptors, NBQX, an inhibition was sometimes observed during noxious
stimulation. The antagonism at either NMDA or AMPA/kainate receptors of the recorded
neurone may have accounted for the unmasking of inhibition observed. This could be
explored further using antagonists acting at inhibitory receptors or using intracellular
recordings. Most neurones however, did not exhibit such an effect and in contrast, in a few

neurones, mechanical HT responses were unaffected by the antagonists used here. One
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possible reason for these variations may be a lack of antagonist diffusion to distant synapses
at a sufficient concentration. This would not be surprising as the present recordings were
presumably in the infragranular layers and anatomical evidence shows that large layer V
pyramidal neurones have extensive dendritic arborisation (Chagnac-Amitai et al. 1990). Yet,
there is also the possibility that the variability of responses is due to distinct sets of
neurones or the involvement of other receptor types, such as metabotropic glutamate

receptors (Taylor and Cahusac 1994).

2.4.5 Conclusions

Within the constraints of anaesthesia, these results point towards a difference in the
pattern of receptor involvement during different somatosensory stimulus-evoked responses
of individual SI neurones. Both NMDA and AMPA/kainate receptor-mediated components
were found during the entire mechanical or thermal HT response, whereas virtually all of the
fast component of the LT responses were mediated through AMPA/kainate receptors with
NMDA receptors being additionally recruited for any slower component of the LT
responses. Ultimately, this may be of relevance for understanding the mechanisms by which

somatosensory modalities are differentially processed.
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CHAPTER 3: Physiological and Anatomical Classification of Nonpyramidal Cells in

Stratum Oriens of the CA1 Hippocampal Area

3.1 Introduction

In the somatosensory cortex, I found that during noxious stimulation, the baseline
activity increased and inhibitory influences were detected during antagonism of NMDA
receptors. The above results could only be explained if a better definition and understanding of
the cortical circuits mediating the sensory-evoked responses and the effects of drugs could be
achieved. Unfortunately, with the previous approach, I could not determine the identity of cells
anatomically and the circuits of the SI cortex are as yet poorly defined. To gain insight into the
organisation of cortical circuits, I chose to study the CA1 area of the hippocampus because it is
the best defined area of the cerebral cortex.

Sensory information is processed by the interactions between extrinsic relays and
intrinsic circuitry of cells within and across brain regions. In the hippocampus, extensive
research has shown that nonpyramidal cells are important in regulating principal cell output via
feed-forward and feed-back inhibition (Andersen et al. 1964; Buzsaki 1984; Jefferys 1996).
Feed-forward excitation or inhibition results from serial neuronal signalling whereas feed-back
excitation or inhibition occurs when a postsynaptic cell signals back to the same cell population.
Some nonpyramidal cells which contain vasoactive intestinal polypeptide (VIP) and/or
calretinin innervate only other nonpyramidal cells within the hippocampus (Acsady et al. 1996a,
1996b). If the postsynaptic nonpyramidal cell from the above connection contacts a pyramidal
cell, this would result in disinhibition of the pyramidal cell. For instance, stimulation of the
septal area in a combined septohippocampal slice was shown to suppress spontaneous inhibitory
postsynaptic currents (IPSCs) in pyramidal neurones in the presence of atropine, AMPA and

NMDA receptor blockers (Toth et al. 1997). However, when excitatory influences are not
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blocked, activation of nonpyramidal cells either by intrinsic or extrinsic inputs in a feed-forward
and/or feed-back manner may overcome the inhibitory influences originating from other
nonpyramidal cells. In addition, some nonpyramidal cells, such as stratum lacunosum-
moleculare cells, are solely activated by extrinsic sources and produce feed-forward inhibition
onto pyramidal cells (Lacaille and Schwartzkroin 1988a). Other nonpyramidal cells located in
stratum oriens (SO)/alveus and stratum pyramidale (SP), inhibit pyramidal cells in both a feed-
forward and feed-back manner (Blasco-Ibanez and Freund 1995). Computer models as well as
in vitro stimulation paradigms (Traub et al. 1996a, 1999) have shown specific interactions
between pyramidal and nonpyramidal cells resulting in certain types of network activity. For
example, connections between SP nonpyramidal cells along with tonic excitatory input produce
gamma-frequency rhythmicity in pyramidal cells with minimal time lag (Whittington et al.
1995; Traub et al. 1996a). Likewise, NMDA receptor mediated nonpyramidal cell gamma-
frequency rhythmicity can be evoked following a synchronised pyramidal cell burst (Traub et al.
1996a). Tetanic stimulation can also induce gamma-frequency network activity but when the
stimulation is increased further, pyramidal cell activity alters, reflecting a switch from gamma-
to beta-frequency network oscillations (Traub et al. 1999). As a result of the above findings and
the fact that some extrinsic inputs may not directly relay sensory-evoked transmission, it is
necessary to also investigate factors involved in modulating neuronal signalling, such as
intrinsic properties of cells as well as receptor expression of particular cell types.

Nonpyramidal cells can be classified based on their synaptic connections and molecular
composition. However, nonpyramidal cells have also been distinguished from pyramidal cells
according to other factors such as spontaneous activity, evoked responses, and passive
membrane properties (Ranck 1973; Fox and Ranck 1981; Buzsaki and Eidelberg 1982;
Ashwood et al. 1984; Lacaille et al. 1987). In addition, there are several distinctive features

between nonpyramidal cells. Basket cells and axo-axonic cells in SP have afterhyperpolarisation
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potentials (AHPs) which are larger in amplitude than those of pyramidal cells but smaller than
those of other nonpyramidal cells (Kawaguchi and Hama 1988; Buhl et al. 1994b, 1995). In
addition, basket cells can fire action potentials (APs) at very high frequencies with little
accommodation (Schwartzkroin and Mathers 1978; Kawaguchi and Hama 1988; Ylinen et al.
1995b) and axo-axonic cells have been shown to fire doublets in response to depolarising
current pulses (Buhl et al. 1994b). Basket and axo-axonic cells are also less responsive to group
I mGluR agonists than SO/alveus nonpyramidal cells (McBain et al. 1994). Large inward
current responses to group I mGIuR activation and a prominent depolarising ‘sag’ in response to
hyperpolarising current pulses appear to be characteristics of oriens-lacunosum moleculare (O-
LM) nonpyramidal cells in SO/alveus but not other nonpyramidal cells with similar
somatodendritic domains (McBain 1994; McBain et al. 1994; Sik et al. 1994). Stratum
lacunosum-moleculare cells were shown to have longer duration APs as compared to SP and
SO/alveus nonpyramidal cells (Kawaguchi and Hama 1988; Lacaille and Schwartzkroin 1988b).
The above list is not expended as there are at least 10 anatomically distinguished nonpyramidal
cell types in any area of the hippocampus promoting the necessity for more stringent
physiological classification schemes.

In particular, I studied O-LM and oriens-bistratified (O-Bi) nonpyramidal cells because
their synaptic organisation is ideal for investigating underlying mechanisms of functional
diversity. For instance, the similar somatodendritic location as well as expression of
somatostatin in O-LM and O-Bi cells (Somogyi et al. 1984; McBain et al. 1994; Maccaferri et
al. 2000) may be a target for particular types of extrinsic inputs, yet O-LM and O-Bi cells have
distinct axonal projections co-aligned with the entorhinal and CA3 glutamatergic inputs onto
pyramidal cells, respectively (Maccaferri et al. 2000). Additionally, in the subiculum, which
contains somatostatin-immunoreactive boutons (Aylward and Totterdell 1993) cells were shown

to be distinguished by their sensitivity to somatostatin-modulated GABAg IPSPs (Greene and

44



CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

Mason 1996a, 1996b). As O-LM and O-Bi cells are in a position to receive pyramidal cell feed-
back (Blasco-Ibanez and Freund 1995), it is probable that both cell types are activated under
similar conditions. However, due to spatial constraints of their axonal projections, it is likely
that O-LM and O-Bi cells influence pyramidal cells differentially. Moreover, somatostatin-
immunoreactive fibres were shown to be mostly located in stratum lacunosum-moleculare
(Aylward and Totterdell 1993), in correspondence to O-LM but not O-Bi cell axonal
projections. Nevertheless, it is not known whether intrinsic membrane properties and expression
of glutamate receptors in O-LM and O-Bi cells may also lead to functional differences between
these two cell types. Therefore, intrinsic membrane properties of O-LM and O-Bi cells were
investigated. The tracer, biocytin, was included in the recording pipette for subsequent
anatomical identification of the cells. Afterwards, immunocytochemical analysis for

somatostatin and mGluR 1o was also carried out.
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3.2 Methods

3.2.1 Slice Preparation

Sprague-Dawley rats, aged 14-20 postnatal days, were anaesthetised with isoflurane
followed by decapitation and removal of the brain in ice-cold artificial cerebrospinal fluid
(ACSF). The ACSF consisted of (mM): 130 NaCl, 3.5 KCl, 0.8 CaCl,, 2.4 MgSO,, 1 NaH,;POy,
24 NaHCO;3, 10 glucose, saturated with 95% O; and 5% CO, (pH 7.4, 310 mOsm). After about
2 min in ACSF, bubbled with carbogen (95% O, and 5% CQO,), the brain was transferred to a
petri dish where it was prepared for sectioning. The cerebellum and part of the underlying brain
stem tissue was removed by a cut approximately 45° to the horizontal plane. A vertical cut along
the midline of the brain was made and each hemisphere was placed with the midline plane
facing down. A cut, angled parallel to the frontocaudal axis, was made along the dorsal side of
each hemisphere and this surface was glued onto the stage of the vibrating microtome.
Horizontal (300 um) slices were cut from both hemispheres simultaneously from the
ventrocaudal to ventrofrontal portion of the brain in carbogen bubbled ACSF surrounded by an
ice jacket. Single slices were transferred to a holding chamber with ACSF at room temperature
using an inverted Pasteur pipette attached to a suction bulb. The slices were kept in the holding

chamber to equilibrate for at least 1 hour prior to recording.

3.2.2 Recording

In the recording chamber, ACSF containing 2mM CaCl, and ImM MgSO4 was pumped
through the recording chamber at 1.2 ml/min using a peristaltic pump (Minipuls3; Gilson,
France). The temperature control of the Peltier device (Luigs & Neumann, Germany) was set at

35.5-37.5 °C, but actual thermometer readings in the recording chamber were 32-34 °C. Slices
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were submerged in the bath and held under two nylon threads glued to a small platinum wire
frame. A Zeiss Axioskop microscope (Zeiss, Germany) equipped with a x40 water immersion
DIC objective connected to an infrared camera (Hamamatsu, Japan) was used to view the
positioning of the electrode onto cells in stratum oriens of the CA1 area. Whole-cell recording
electrodes were made from 1.2 mm outer diameter standard wall borosilicate capillary glass
pulled with a laser puller (Sutter Instrument Co., USA) to electrode resistances of 6-12 MQ. The
internal solution of the electrode consisted of (mM): 126 potassium gluconate, 4 KCI, 4 ATP-
Mg, 0.3 GTP-Na, 10 phosphocreatine-Na,, 10 HEPES and 0.5% biocytin (pH 7.4 adjusted with
KOH, 310 mOsm adjusted with potassium gluconate). As the electrode was lowered into the
bath, positive pressure was applied. The extracellular reference potential in the bath was offset
to 0 mV in voltage-clamp mode. The electrode and sealing resistances were measured in
voltage-clamp mode using —5 mV steps. The electrode was manoeuvred onto the cell and
negative pressure was applied followed by a quick change of the holding potential to —70 mV.
Pressure was released when a resistance of ~200 MQ was reached to allow easier formation of a
GQ seal. In order to obtain whole-cell configuration, pulses of negative pressure were applied to
break the membrane patch. Recordings were obtained in current-clamp bridge mode via a
headstage (bias current = 0.1 nA) and an AxoClamp 2B amplifier (gain x10, Axon Instruments,
USA). The recorded signal was further amplified and filtered with an amplifier made in house
(gain x10, DC-5 kHz). Recordings were transmitted at a sampling rate of 10 kHz via a Digidata

1200 A/D board to a PC running pClamp 8.0 software (Axon Instruments, USA).
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3.2.3 Data Analysis

Compensation of the electrode capacitance was achieved using 5 ms hyperpolarising
square current pulses in discontinuous current-clamp mode by turning the capacitance
compensation dial until the initial part of the voltage response appeared square. The series
resistance (Rs) was compensated using —0.1 nA steps of 80 ms duration in bridge mode by
turning the bridge balance dial until the fast transient resulting from the capacitance
compensation disappeared. Recordings were rejected if Ry was above 50 MQ. Data were
analysed with the Axograph software (Axon Instruments, USA) and digital filtering was applied
at 1 kHz in cases of exponential fits or voltage ‘sag’ measurements. All traces were offset from
resting or holding membrane potential (-57 to —64 mV) to 0 mV except in the case of action
potential (AP) and afterhyperpolarisation potential (AHP) measurements, which were offset to
AP threshold. The mean * standard deviation of measured parameters is given for clarity of the
response variability, although the data are not normally distributed. Separate groups of data
were compared using the unpaired nonparametric Mann-Whitney U test. The separate groups of
data were considered to be significantly different at p<0.05. Linear regression was used to
determine potential relationships between separate groups of data.

In order to characterise the intrinsic properties of nonpyramidal cells under investigation,
three different protocols were employed. The first protocol consisted of a —20 pA current
injection lasting 200 ms performed in one to three trials or in some cases repeated over 50 trials.
This was used to obtain values for the time constant and input resistance. The apparent time
constant was estimated from a single or double exponential fit to the data points between the
first 20% of the peak to the peak voltage response (Figure 3.1). As a comparison, the time
constant was also estimated as the time from pulse onset to 63% of the peak voltage response.
The electrotonic length was estimated from the model for a sealed end cylinder (Rall 1969)

using the equalising time constant (tau;) and the passive membrane time constant (tau,) obtained

48



CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

from the double exponential fit (Figure 3.1). The equalising time constant is the rapid time
course for electrotonic spread of charging of the membrane charge over regions where the
membrane potential is farthest from resting value. The passive membrane time constant is the
slower time course of charging the membrane over a region of uniform polarisation. The
apparent input resistance was calculated from Ohm’s law using the peak voltage response and
the current injected (Figure 3.1).

The second protocol consisted of applying current pulses of 5 ms duration repeated over
10 or 30 times in order to elicit single APs in about 50% of the sweeps which could then be
subtracted from the subthreshold voltage response which occurred on other sweeps. This
procedure avoided contamination of the AP and AHP by potential changes due to the current
injection alone. In those cases where APs were elicited on all sweeps, subthreshold voltage
responses were scaled and subtracted from the AP, which was carried by a depolarising plateau.
The AP and AHP were analysed for peak amplitude and duration at half-amplitude. The AHP
time-to-peak was measured from AP onset and the AP rise time was measured at 10-90% of the
AP peak amplitude (Figure 3.2).

The third protocol consisted of current injection ranging between 0.4 to —0.26 nA in
—0.015 nA steps lasting 1 sec with 2.5 sec intervals between current pulses and was used to
analyse the firing pattern and current to voltage relationship of cells over three trials. Linear fits
were applied using the least squares method to the early and late firing rates, peak amplitude and
duration at half-amplitude data in order to obtain the slopes (m) and Y-intercepts (b) for
calculating changes between particular data points (Figure 3.3). The linear fit was used to
determine a trend in the data and account for the occurrence of random changes such as the
frequent occurrence of opposing values. Exponential fits were not used for three reasons. Firstly,
the data did not always follow an exponential curve. Secondly, due to the in vitro technicalities,

comparison between analysed parameters were made rather than presented as absolute
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measurements. Thirdly, percent changes are mathematically expressed as a linear relationship.
Early and late spike rate accommodation were estimated as (mef;-mefy00)/(mefi+be) and (myfae0-
myfs)/(mefi+be) |, respectively, (Figure 3.3). The changes in peak amplitude and duration at half-
amplitude of APs were also measured using linear fits between the 1% AP, the AP occurring
closest to 200 ms after the onset of the current step and the final AP (Figure 3.3). The cut-off
point at 200 ms corresponded to the observed depolarisation occurring particularly at high
frequency firing of O-LM cells during a depolarising current step. Values for the firing rate,
peak amplitude and duration at half-amplitude were obtained from the elicited train of APs
aligned at the peak based on an initial guess of rise time followed by actual measurements using
an Axograph built-in procedure (Figure 3.3). The percent changes in firing rate, peak amplitude
and duration at half-amplitude are given for cells at similar average firing frequencies (19 to 26
Hz). Comparison of the voltage ‘sag’ in response to hyperpolarising current pulses between cells
was obtained over three trials by taking the rectification ratio comprising the peak voltage
response divided by the steady state response (averaged over the last 5 ms before the end of the
stimulus) at approximately -90 mV for each cell (Figure 3.4). A rebound depolarisation was
sometimes observed and measured as the peak occurring after stepping from -90 mV back to
resting membrane potential (Figure 3.4). When action potentials occurred, the rebound
depolarisation was reported as the membrane potential at threshold for AP generation. Total

recording time ranged between 30 min and 1 hr.

m/m, = slope of the early/late line

f; = firing rate between the first two spikes

f,00 = firing rate between spikes occurring closest to 200 ms after the current pulse
f; = firing rate between the last two spikes

b, = y-intercept of the early line
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Figure 3.1 Procedure for estimation of time constant and input resistance using a —0.02 nA
current pulse of 200 ms duration. The nonpyramidal cell recorded could not be classified
anatomically. The apparent time constant was estimated from a single or double exponential fit
to the data points between the first 20% of the peak to the peak voltage response with a
constraint for the fit to reach the peak voltage response (Vp) where a and b are constants and t is
time. As a comparison, the time to 63% of the peak voltage response was also measured. The
apparent input resistance was calculated from Ohm’s law using Vp divided by the current (I)
injected. The electrotonic length (L) was estimated from the sealed end cylinder model using the
equalising time constant (T;) and the passive membrane time constant (T2). The rapid time
course of electrotonic spread of charging the membrane over a region deviating from resting
membrane potential is ;. The slower time course of charging the membrane over a region of

uniform membrane polarisation is 7T».
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Figure 3.2 Single APs followed by AHPs obtained from current pulses of 5 ms duration. Same
nonpyramidal cell as in Figure 3.1. (A) The subthreshold depolarisation due to the current pulse
was subtracted from each trace. (B) All values are referenced from the AP threshold voltage
offset to 0 mV. The peak amplitude of the AP and AHP was measured from the AP threshold
voltage. The duration of AP and AHP was measured at half-amplitude for each. The AP rise
time was measured between 10-90% of the AP peak. The AHP time-to-peak was measured from

the onset of the AP threshold voltage.
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

Figure 3.3 Methodology for the changes in instantaneous firing rate (f), absolute amplitude, and
duration at half-amplitude. Same nonpyramidal cell as in Figure 3.1 with similar firing pattern to
O-LM cells. (A) Action potential train evoked by a depolarising current injection of 1 s
duration. Early changes were calculated between the initial AP and the AP occurring closest to
200 ms. Late changes were calculated between the AP occurring closest to 200 ms and the final
AP relative to the initial AP. Instantaneous frequency was measured between two APs at each of
the above data points considered. (B) Captured train of APs elicited by depolarising current
injection of 1 sec duration. A train of APs were aligned at peak amplitude by providing a best
estimate of AP rise time at 10-90% of absolute AP amplitude. This allowed for multiple
measurements of parameters relative to resting membrane potential (Vmp) needed for
calculating increments or decrements of firing rate, amplitude and duration at half-amplitude for
a train of APs. (C) A linear fit employing the least squares method was applied to the early
(green) and late segments (red) of the data under consideration. (D) Early (e) and late (1)

changes between two data points (x) were estimated from the slope (m) and Y-intercept (b) of

the linear fit.
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Figure 3.4 Voltage ‘sag’ evoked by a hyperpolarising current injection of 1 sec duration
followed by a rebound depolarisation from resting membrane potential (Vimp). Same
nonpyramidal cell as in Figure 3.1. The magnitude of rectification was calculated as a ratio of
the peak voltage response to the steady state voltage response averaged over 5 ms from the end
of the current injection. This rectification ratio represents the amount of voltage ‘sag’ that
occurred. The rebound depolarisation sometimes observed immediately after termination of the
current injection was measured as a peak voltage response. All measurements were taken with

reference to approximately -90 mV peak membrane potential (V).
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

3.2.4 Immunocytochemistry

Recorded cells were labelled with biocytin included in the recording electrode. After
recording, the slice was transferred to a glass slide using an inverted pasteur pipette filled with
ACSF. The slice was sandwiched between two millipore filters and placed in fixative solution
consisting of 4% paraformaldehyde, 0.05% glutaraldehyde, 15% (v/v) picric acid and 0.1 M
phosphate buffer (pH 7.0). Slices were left in fixative solution between two to three hours and
then thoroughly rinsed with 0.1 M phosphate buffer (PB) to avoid decrease in immunoreactivity
caused by long fixation. In order to achieve adequate penetration of antibodies the slices were
re-sectioned. The slices were mounted in gelatin and placed in fixative for hardening the gelatin.
A slice was placed on top of a dry copper plate chilled with ice. Excess liquid was removed with
filter paper. A well was made around the slice using three cut glass slides. A large drop of 10%
gelatin dissolved in warm distilled water was placed over the entire window. A plastic square
was then rubbed on the skin and quickly placed on top of the window adding light pressure to
make a gelatin block. When condensation started to form, the plastic cover was easily removed
with a dry cold blade due to the oily surface produced upon rubbing. The gelatin was cut around
the slice and quickly transferred into cold fixative solution where it was left for 30 minutes to
harden. A vibratome was used to obtain 60 um sections of the gelatin-coated slice in 0.1 M PB
surrounded by an ice jacket. In order to ensure that the antibodies or technical procedures work,
a control section from a perfused rat brain was placed in a vial along with the other sectionS.
Two sections from a perfused rat brain were place in a separate vial as negative controls to test
whether incubation with secondary antibodies alone produced non-specific reactions. Prior to
incubation with primary antibodies, all sections were given repeated washes with 0.1 M PB
followed by repeated washes in Tris-buffered saline (TBS pH 7.4). After removal of the
washing buffer, 700 pl of 20% Normal Goat Serum (NGS) in 0.1 % Triton X-100 in TBS was

added to each vial to block sites in the tissue susceptible to non-specific binding of the
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antibodies. The vials were left on the shaker for 2 hours at room temperature. After removal of
the blocking agent, 500 ul of the primary antibodies and streptavidin-conjugated
Aminomethylcoumarin (AMCA; 1 ug/ml; Vector Laboratories, Inc.) made up in 1% NGS in
0.1% Triton X-100 in TBS were added to each vial, which were left on a shaker for 24 hours at
4°C. Primary antibodies consisted of an ascites fluid monoclonal mouse IgG anti-somatostatin
(1:500 coutesy of Dr A. Buchan; characterisation by Maccaferri et al. 2000) and affinity purified
polyclonal rabbit IgG anti-mGluR1a (0.19 pg/ml; courtesy of Dr S. Alaluf and Dr E. Mulvihill;
characterisation by Baude et al. 1993). Following repeated washes in TBS, the washing buffer
was removed from each vial and 500 pl of goat anti-mouse IgG conjugated to Indocarbocyanine
(CY3) (3.5 pg/ml; Jackson ImmunoResearch Laboratories, Inc.) and goat anti-rabbit IgG
conjugated to Alexa488 (2 ug/ml; Molecular Probes Inc., USA) made up in 1% NGS in 0.1%
Triton X-100 in TBS was added to each vial. Due to a decrease of immunoreactivity in slices
kept in vitro, signal amplification was used to test for mGluR1a in most cells. This procedure
involved incubation of sections with HRP conjugated swine anti-rabbit IgG (2.4 pug/ml; DAKO,
Denmark) instead of the Alexa488 conjugated secondary antibody. After addition of secondary
antibodies, the vials were left on a shaker covered from light for 24 hours at 4°C. Sections with
the Alexa488 conjugated secondary antibody were given repeated washes in TBS and mounted
on microscope slides with Vectashield, an anti-fading medium for fluorescing sections (Vector
Laboratories, Inc.). Sections with the HRP conjugated secondary antibody were given repeated
washes in 0.1% Triton X-100 in TBS followed by 5 minutes incubation with 500 pul of
Fluorescein isothiocyanate (FITC) conjugated to tyramide (NEN Kit, Life Science Products,
Inc.) and left in the dark on the shaker at room temperature. The horseradish peroxidase present
at the mGluR1o sites catalyzes the formation of tyramide radicals that bind covalently to

tyrosine residues present in the tissue. Due to the short half-life of tyramide radicals, only
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tyrosine residues in the direct surroundings of HRP will be bound by the FITC conjugated
tyramide. Sections were given one wash in 0.1% Triton X-100 in TBS followed by repeated
washes in TBS before mounting with Vectashield.

Images were taken with a digital camera attached to a Leitz DMR fluorescence
microscope (Leica, Germany) compatible with the software Openlab (Improvision Image
Processing & Vision Company, Ltd. UK). Fluorescence filters used were AMCA (excitation
filter BP 340-380 nm), CY3 (excitation BP 515-560 nm) and Alexa488 (excitation BP 460-500).
Some images were scanned with argon (488 nm) and helium/neon (543 and 633 nm) lasers
using an Axiovert 100 M confocal microscope and LSM 510 software (Zeiss, Germany). A
combination of streptavidin-conjugated AMCA (1 pg/ml) and streptavidin-conjugated CY5 (1.8
ug/ml) was required to first detect the cell with fluorescent filters and then scan the same area

for CY5 in the invisible spectrum.

3.2.5 Histological Processing of Sections for Light Microscopy

In order to identify the recorded cells anatomically, a peroxidase reaction using 3,3’-
diaminobenzidine tetrahydrochloride (DAB) as a chromogen was performed on the above
sections. Sections were demounted, placed into vials and given repeated washes with 0.1%
Triton X-100 in TBS followed by TBS alone. Sections were then incubated with 500 pl of
biotinylated horseradish peroxidase (1:100 in TBS, ABC Vector) in order to bind to the pre-
existing streptavidin-conjugated AMCA labelled cell. The vials were left on a shaker overnight
at 4°C. Sections were washed repeatedly in TBS while a 1% avidin-biotinylated horseradish
peroxidase complex in TBS (ABC Kit, Vector Laboratories, Inc.) was prepared 30 min prior to

use. The washing buffer was removed from each vial and 500 pl of the complex was added to
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each vial. The vials were left on a shaker at room temperature for 4 hours. The sections were
washed repeatedly with TBS followed by TB (pH 7.4). After removal of the washing buffer the
vials were incubated with 2 ml of DAB solution (0.5 mg/ml TB) for 15 min on a shaker at room
temperature. Hydrogen peroxide was added to each vial to make a 0.01% solution with the
buffered DAB in the vials. The reaction was stopped after 3 min by repeated washes with TB.
Sections were mounted on microscopic slides with gelatin and placed for 5 min in 50 ml of 0.1
M phosphate buffer containing 5 drops of 4% osmium tetroxide in order to increase the contrast
between the labelled cell and surrounding tissue. Afterwards, the sections were rinsed in 0.1 M
phosphate buffer once and 3 times in distilled water followed by dehydration in an ascending
series of ethanol solutions (50%, 70%, 95%, 100%x2; 10 minutes in each). The remaining
ethanol was then cleared from the sections by immersing in xylene twice for 10 minutes each

and then mounted under a coverslip with XAM mounting medium.

Recovered cells were visualised under a light microscope and classified according to
somatodendritic orientation and axonal projection. Some labelled cells were reconstructed with
the aid of a drawing tube using a x100 oil objective. Drawings were scanned into the Adobe

Photoshop software (Adobe Systems, Inc.) for further image processing.
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3.3 Results

3.3.1 Intrinsic Membrane Properties

Nonpyramidal cells were physiologically characterised according to intrinsic membrane
properties. The intrinsic membrane properties analysed included firing pattern, voltage ‘sag’ and
rebound depolarisation, single AP and AHP parameters, time constant and electrotonic length
constant. Oriens lacunosum-moleculare (O-LM) nonpyramidal cells and oriens bistratified (O-
Bi) nonpyramidal cells both named for their somatodendritic location and orientation as well as
their axonal projections, were investigated in this study. Similarities in the somatodendritic
placement and differences in the axonal projections of O-LM and O-Bi cells suggest that they
receive similar inputs but functionally control different pyramidal dendritic fields. A total of 37
nonpyramidal cells were recorded and immunolabelled. To my knowledge, the present O-LM
(n=11) and O-Bi anatomically verified cells (n=8) are the largest sample to be recorded and
immunolabelled at the time of submission. As explained in the methods section of this chapter,

all cells were analysed at similar membrane potentials and firing frequencies.

3.3.1.1 O-LM Nonpyramidal Cells

Eleven anatomically verified O-LM cells out of the total 37 cells were recorded and
analysed for intrinsic membrane properties (Table 3.1). These cells typically showed a
prominent late accommodation (25.23 + 8.57 %; n=11/11) in comparison to a smaller early one
(8.68 + 14.94 %; n=11/11; Figure 3.5). The large variation with respect to the mean for the early
accommodation reflects three outliers showing large early accommodation (>20%). Cells
(n=4/11) showing an early accommodation greater than the mean were recorded from P19 or
P24 animals except one case (M0131) in which the animal was P15 indicating that the postnatal

days are not correlated with the larger early accommodation observed in some cells. In two
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(M0131 and M1221) out of three cells showing a prominent early as well as late
accommodation, the AP amplitude decrement was larger than all other cells. Action potential
width increase (Figure 3.5) was larger for the early part of the AP train (11.80 + 3.69 %;
n=11/11) than for the late (4.33 £ 2.66 %; n=11/11). However, the AP width increase was not
significantly correlated with the accommodation observed since less accommodation occurred
(sometimes slight increases in firing rate) during larger increases in AP width (early »=0.28;
P=0.41 and late r=-0.10; P=0.76). Typically, O-LM cells exhibited a prominent voltage ‘sag’ at
—90 mV (1.47 £ 0.22 rectification ratio; n=11/11) and relatively large rebound depolarisation
(6.58 £ 4.16 mV; n=11/11). The average amplitude of single APs (Figure 3.6) was 89.18 *
10.24 mV (n=5/5) with one cell (M1231) accounting for the large standard deviation. As a
subthreshold response was not recorded and therefore could not be subtracted for the remaining
cells, parameters based on the single AP could not be analysed for these cells. Specifically, the
single AP and AHP coincided in these cases with the end of the current pulse, which decayed
back to resting membrane potential exponentially. The cell (M1231) with the smallest AP
amplitude had a more negative resting membrane potential (-67 mV), which could have
contributed to a reduction of AP amplitude arriving at the soma. The AHP width and time
constants obtained from both the single and double exponential fits were also larger for this cell.
However, these outliers were not excluded on the basis that other single AP and AHP
parameters were similar to the rest of the cells. Other parameters (Figure 3.5) such as AP width
(0.45 £ 0.08 ms; n=5/5), AP rise time (0.22 + 0.04 ms; n=5/5), AHP amplitude (18.18 £+ 2.72
mV; n=5/5) and AHP time to peak (3.92 £ 1.60 ms; n=5/5) were less skewed compared to those
with outliers. The AHP width (33.03 £ 9.08 ms; n=5/5; Figure 3.5) had a large standard
deviation as a consequence of the cell with the more negative resting membrane potential

(M1231) described above. Time constants obtained from double exponential fits (57.9 + 27.7
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ms; n=6/6) were the largest followed by time constants obtained from single exponential fits
(48.2 £ 24.4 ms; n=6/6) and time constants obtained from the time to reach 63% of the peak
voltage response (35.8 £ 14.1 ms; n=6/6). Time constants obtained from the time to reach 63%
of the peak voltage response rely on single point measurements, which can be easily influenced
by synaptic activation of membrane channels. Moreover, as the time constant obtained from the
double exponential fit accounts for variability in the membrane potential of the cell, it was used
as a more accurate measure. The influence of the equalising time constant in the double
exponential fit is used in Rall’s model for the electrotonic length of a sealed end cylinder (Rall,
1969). Therefore, the length constant also provided a good check as to whether the time constant
was best obtained from a single or double exponential fit. For example, one cell (M1621) had a
large electrotonic length constant indicating that the two time constants were similar (7;=20.9
ms; T,=26.1 ms) and thus a double exponential fit was not necessary. One cell (M1711) had a
very short electrotonic length constant indicating that the equalising time constant was too short
to estimate accurately (11=0.50 ms; 17,=53.6 ms) and thus a single exponential fit would suffice.
The input resistance for one cell (M0121) was very large but this was likely due to poor
electrode resistance compensation because all other parameters are similar to the other cells with
lower input resistance values. Additionally, the cell soma size observed was not any smaller
than that of other cells as would be expected for cells with a large input resistance and a large
time constant (Kawaguchi 1993). The average value of input resistance (255.0 = 44.8 MQ;
n=5/6), time constants (59.2 * 26.1 ms; n=6/6) and length constants (2.1 + 1.4; n=4/6) are

presented (Table 3.2) with the exclusion of the aforementioned outliers.
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

Figure 3.5 Physiological characteristics of a typical O-LM cell (M1821) with a Vi of =61 mV
recorded in the stratum oriens of the CAl area of the hippocampus in vitro. (A) A train of APs
at an average firing frequency of 22 Hz were elicited using a 0.235 nA current injection of I s
duration. The sixth AP separates the early and late firing of APs because it occurred closest to
the time (200 ms) when changes could be readily observed for most cells studied. During a
hyperpolarising response of —-91 mV elicited by current injection of —0.125 nA for 1 s, a
prominent voltage ‘sag’ was apparent followed by a rebound depolarisation upon termination of
the current step. (B) A single AP after subtraction of a subthreshold response ¢licited by a
current pulse of 5 ms duration. The single AP and AHP parameters were referenced from AP
threshold: AP width (0.51 ms), AHP width (28.30 ms), and AHP peak (19.20 mV). The AP
amplitude (92.68 mV) is larger compared to most O-Bi cells recorded. (C) Linear fit analysis of
AP amplitudes, AP widths and AP accommodation as a function of event number including the
early (green) and late (red) components of the train of APs in (A). The AP amplitude and width
at half amplitude were referenced from V. A larger AP accommodation occurred during the
late part of the response compared to the earlier part of the response. The AP amplitude
decrement was not as large as the AP accommodation for both the early and late responses,
however the late part of the response has a larger AP amplitude decrement than the earlier part
of the response. Note that a small y-axis range can account for linear fits to appear steeper. The
AP width at half amplitude increased more during the earlier part of the response compared to

the late part of the response. Scale: 20 mV applies to both (A) and (B).
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

3.3.1.2 O-Bi Nonpyramidal Cells

Eight anatomically verified O-Bi cells out of the total 37 cells were recorded and
analysed for intrinsic membrane properties (Table 3.1). There appear to be two O-Bi cell groups
emerging from the physiological data. Altogether, O-Bi cells typically showed a larger early
accommodation (28.47 = 16.24 %; n=8/8) compared to the late accommodation (8.54 + 16.42
%; n=7/T) as well as a relatively small voltage ‘sag’ at <90 mV (1.18 £ 0.15 rectification ratio;
n=7/7). Three (M0111, M1431 and M1511) of the eight cells showed intermittent firing of a
train of APs elicited whereas the others responded with a continuous train of APs.
Consequently, these three cells showed differences in the analysed parameters for the train of
APs elicited. However, most of the differences in parameters analysed do not correlate with
each other and in fact, some differences are similar to one or two other cells which did not show
intermittent firing of APs. For example, two (M1431 and M1511) of the three cells showed
large increases in the early AP width compared to the others although one cell (n5341) which
did not show intermittent firing exhibited the same property. A combination of two other cells
(MO111 and M1431) showed a large increase and a large decrease in early AP amplitude
respectively compared to all other cells showing little change. Also, another combination of two
cells (MO111 and M1511) had similar opposite attributes of late accommodation, although the
cell with a large late accommodation (M0111) was similar to another cell, which did not show
intermittent firing (n4621). Nonetheless, the cell without intermittent firing (n4621) was the
only cell of its kind to have a similar AHP waveform to the three cells with intermittent firing,
typically a large peak with faster kinetics. The AHP kinetic differences of a cell with
intermittent firing (M1511) were apparent from the smaller AHP width and AHP time to peak
after eliciting a single AP as compared to a cell (M1011) without intermittent firing. However,
having only two examples does not permit exclusion of one or the other for cell classification.

Based on the similar AHP shape (Figure 3.6) but different firing patterns between cells with
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

(MO0111, M1431 and M1511) and without (n4621) intermittent firing, it appears that these two
properties result from more than one mechanism. Caution should be taken however with respect
to two cells (M0411 and n5341) which had typical continuous APs and AHPs elicited but
unique properties of accommodation and AP width during the early part of the AP train,
respectively. The age of the animals used for recordings were similar for each experiment and
could thus not account for any large variability observed. It is possible that these differences
could be inherent of the in vitro conditions where some channels may not be operational or
diminished. Therefore, unique data from cells belonging to the group with intermittent firing of
APs and large AHPs were excluded, leaving data from cells on which there was no apparent
basis for exclusion (Table 3.2). Comparisons of the three unique cells could not be made as one
of them (M1511) had a resting membrane potential (-52 mV) considerably different from the
others to be representative of the small sample. From the new data set with exclusions, statistical
significance did not change although the averages are more representative of a population mean
for the parameters analysed. Early accommodation of O-Bi cells (Figure 3.7) was still larger
(24.07 = 11.24 %; n=7/8) than late accommodation (6.22 + 3.27 %; n=4/7). Early AP amplitude
decrease (2.24 £ 5.26 %; n=6/8) was larger than the late AP amplitude decrease (0.82 £+ 0.76 %;
n=7/7; Figure 3.7). However, the AP amplitude decrease did not correlate with the
accommodation observed (early =0.16; P=0.76 and late »=0.45; P=0.55). As in O-LM cells the
early AP width increase (8.05 + 8.10 %; n=6/8) was larger than the late AP width increase (3.72
+ 3.38 %; n=7/7; Figure 3.7). Also, the AP width increase did not correlate with the
accommodation observed (early »=0.15; P=0.78 and late r=-0.26; P=0.74). The rectification
ratio at =90 mV (1.18 £ 0.15; n=7/7) was relatively small but the rebound voltage depolarisation
(6.15 + 5.59 mV; n=6/6) was similar to that of O-LM cells (Figure 3.7). The AP amplitude

(83.05 + 3.31 mV; n=4/4), AP width (0.36 = 0.08 ms; n=4/4), AP rise time (0.18 £ 0.02 ms;
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

n=4/4) and AHP amplitude (15.11 £ 6.55 mV; n=2/2) were similar to that of O-LM cells (Figure
3.7). Single AHP width (56.73 £ 60.76 ms; n=2/2) and single AHP time to peak (12.50 + 12.86
ms; n=2/2) were larger than those of O-LM cells, presumably reflecting the two types of O-Bi
firing patterns observed. The time constant (60.1 £ 13.7 ms; n=4/4), input resistance (286.9 +

67.8 MQ; n=4/4) and length constant (1.7 + 0.7, n=4/4) were also similar to those of O-LM

cells.
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

Figure 3.6 Recording of an O-Bi cell (MO111) at a Vi, of =60 mV in stratum oriens of the
CAT area of the hippocampus in vitro. The cell had different physiological characteristics from
the majority of O-Bi cells. (A) A train of APs at an average firing frequency of 20 Hz was
elicited using a 0.1 nA current injection of 800 ms duration. The fifth AP separates the early and
late firing of APs because it occurred closest to the time (200 ms) when changes could be
readily observed for most cells studied. Note also the prominent AHP peak. During a
hyperpolarising response of -92 mV elicited by current injection of —0.1 nA for 800 ms a small
voltage ‘sag’ was observed followed by a small rebound depolarisation upon termination of the
current step. (B) Linear fit analysis of AP amplitudes, AP widths and AP accommodation as a
function of event number including the early (green) and late (red) components of the train of
APs in (A). The AP amplitude and width at half amplitude were referenced from V. This cell
shows intermittent AP firing exemplified by both the large early and late accommodation.
Amplitude fluctuations were observed throughout the response. The AP width for the early part
of the response was unaltered but a slight increase occurred for the late part of the response.

Note that a small y-axis range can account for linear fits to appear steeper.
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

Figure 3.7 Physiological characteristics of a typical O-Bi cell (M1011) recorded at a Vi of
—65 mV in the stratum oriens of the CA1 area of the hippocampus in vitro. (A) A train of APs at
an average firing frequency of 19 Hz was elicited by a current injection of 0.15 nA for 800 ms.
The seventh AP separates the early and late firing of APs because it occurred closest to the time
(200 ms) when changes could be readily observed for most cells studied. The voltage ‘sag’,
although quite small, was inevitably influenced by the synaptic activity present during a
hyperpolarising response 0f-90 mV elicited by current injection of —0.15 nA for 800 ms. This
was followed by a large rebound depolarisation at threshold to elicit an AP. (B) A single AP
after subtraction of a subthreshold response elicited by a current pulse of 5 ms duration. The
single AP and AHP parameters were referenced from AP threshold. In this case, the AP
amplitude (78.32 mV) was smaller than the rest of the O-Bi cells. The AHP width (99.69 ms)
and AHP time to peak (21.59 ms) were quite large in comparison to other O-LM or O-Bi cells.
However, data on single AHP parameters exist for only this cell as subthreshold responses were
not recorded in other cells to subtract the decay phase of the subthreshold response affecting the
AHP amplitude and kinetics. (C) Linear fit analysis of AP amplitudes, AP widths and AP
accommodation as a function of event number including the early (green) and late (red)
components of the train of APs in (A). The AP amplitude and width at half amplitude were
referenced from Vmp. This cell had a much larger early accommodation compared to the late
part of the response. The AP amplitude also decreased more in the early part of the response
compared to the late part of the response. The AP width increased more in the early part of the
response than in the late. Typically, most O-Bi cells without intermittent firing of APs or
prominent AHPs had larger changes occurring for the early part of the response in all categories

analysed. Note that a small y-axis range can account for linear fits to appear steeper. Scale: 20

mV applies to both (A) and (B).

67






CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

3.3.1.3 Statistical Comparisons of O-LM and O-Bi Cells

There were three statistically significant physiological differences between O-LM cells
and O-Bi cells obtained from the compressed data in Table 3.3. It should be noted that
significant differences are presented for data excluding outliers on the basis that two or more
measured parameters of a cell were substantially different from the mean. As one aim of this
study was to group cells based on their similar intrinsic properties, the uncertainty of including
either potentially different cells or cells affected by the in vitro procedures was reduced by
excluding outliers. However, the inclusion of outliers does not alter the significant differences.
The early accommodation of O-LM cells (8.68 £ 14.94 %; n=11/11) was significantly less
(P<0.05; Figure 3.8) than that of O-Bi cells (24.07 + 11.24 %; n=7/8). In contrast, the late
accommodation of O-LM cells (25.23 + 8.57 %; n=11/11) was significantly greater (P=<0.01;
Figure 3.8) than that of O-Bi cells (6.22 + 3.27 %; n=4/7). The larger early increase in AP width
in O-Bi cells was not correlated (#=0.15; P=0.78) with the large early accommodation observed
in these cells (Figure 3.8). The voltage ‘sag’ quantified as the rectification ratio was also
significantly greater (P<0.01; Figure 3.8) in O-LM cells (1.47 £ 0.22; n=11/11) than in O-Bi
cells (1.18 £ 0.15; n=7/7). The rebound depolarisation amplitudes in O-LM (6.58 £ 4.16 mV,
n=11/11) and O-Bi (6.15 £ 5.59 mV; n=6/6) cells were not significantly different (P=0.62;
Figure 3.8) indicating that the presumed hyperpolarisation-activated cationic current (I)
underlying the voltage ‘sag’ (Maccaferri and McBain 1996) is not the only current driving the
rebound depolarisation in O-Bi cells. Moreover, the rebound depolarisation was not
significantly correlated with the rectification in O-Bi cells (#=0.15; P=0.78; Figure 3.8). In the
case of O-LM cells however, there was a significant correlation between rectification ratio and
rebound depolarisation (r=0.76; P<0.01). Although there appeared to be differences in AP

amplitudes and AP widths between the two cell types, these were not statistically significant.
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Table 3.3 Intrinsic properties significantly differing between O-LM and O-Bi cells

excluding outliers (see note below) .

early late rectification rebound
Experiment| Cell Type Age(P) Vm Avg Hz accommodation accommodation ratio peak(mV)
MoO121 O-LM 15 -57 25 -0.0508 0.2102 1.24 2.10
MO131 O-LM 15 -62 22.5 0.2942 0.2634 1.84 9.63
MO0311 O-LM 17 -63 18.75 -0.0480 0.4476 1.41 4.53
MO0321 O-LM 17 -63  23.75 -0.0416 0.3305 1.71 13.13
M0521 O-LM 16 -65  20.83 -0.0802 0.1962 1.62 5.88
MO0611 O-LM 19 -64 18.75 0.3588 0.1981 1.18 3.51
M1221 O-LM 19 -64  21.25 0.2005 0.2725 1.22 2.32
M1231 O-LM 19 -67  24.58 0.1115 0.1724 1.31 3.43
M1621 O-LM 24 -58  22.67 0.1404 0.1928 1.57 6.93
MI1711 O-LM 15 -62  22.66 -0.0039 0.1723 1.54 14.22
M1821 O-LM 15 -61 22.33 0.0735 0.3193 1.55 6.68
MEAN 174 -62.32 22.10 8.68% 25.23% 1.47 6.58
SD 2.8 283 207 14.94% 8.57% 0.22 4.16
n 11 11 11 11 11 11 11
MO111 0O-Bi 15 -60 20 0.3900 1.08 1.28
MO0411 O-Bi 14 -60 20 0.0480 0.0688 1.14 4.02
M1011 O-Bi 16 -65 19.17 0.2051 0.0995 1.13 6.34
M1431 O-Bi 17 -60 24 0.3370 1.04
M1511 O-Bi 16 -52 22
n4621 O-Bi 14 -60 225 0.2180 1.49 6.28
n4921 O-Bi 14 -60 22.5 0.2951 0.0202 1.18 2.24
n5341 O-Bi 13 -60  26.25 0.1914 0.0604 1.21 16.76
MEAN 149 -59.63 22.05 24.07% 6.22% 1.18 6.15
SD 1.4 354 235 11.24% 3.27% 0.15 5.59
n 8 8 8 7 4 7 6

P = postnatal days
V.. = resting or holding membrane potential

Avg Hz = average firing frequency of the AP train

AP train parameters obtained from V,

(-%) = increasing

Note: significant differences were obtained with or without outliers
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Figure 3.8 Statistical comparisons between O-LM and O-Bi cells. (A-C) Box plots displaying
the 10™, 25™, 50", 75" and 90™ percentiles of early accommodation, late accommodation and
rectification ratio for O-LM and O-Bi cells. Most O-Bi cells showed more significant early
accommodation (A) whereas most O-LM cells showed more late accommodation than O-Bi
cells (A). Statistical significance was tested using the Mann-Whitney U test for unpaired
variables with a nonparametric distribution. Significant differences were obtained for both the
early accommodation (P<0.05) and the late accommodation (P<0.01). (B) Most O-LM cells
showed a larger rectification ratio compared to O-Bi cells (P<0.01). (C-E) A linear regression
was performed between independent and dependent variables including 95 % confidence
intervals for the mean and slope. (C) The larger early accommodation of the O-B1 cells did not
depend on their large early increase in AP width (»=0.15 P=0.77). This is represented by the
many points that fall outside of the 95 % confidence interval bounds for either the increasing or
decreasing slope of the data. None of the points could be excluded because they were between
the bounds of the means of both variables. (D) In O-LM cells, the rebound depolarisation
appeared to be dependent upon their larger rectification (»=0.76 P<0.01). The two outliers were
not excluded as this did not significantly alter the y-intercept value and statistical significance
was achieved with their inclusion (E) In O-Bi cells however, the rebound depolarisation was not
dependent upon their amount of rectification (»=0.22 P=0.67). This is also evident by the data

falling outside the 95 % confidence intervals.
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CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

3.3.2 Anatomical Classification

As new physiological findings on nonpyramidal cells emerge, it is necessary to have
more stringent criteria for anatomical classification. Apart from somatodendritic orientation,
axonal projections and distribution of boutons which can all be observed in the light
microscope, immunohistochemical techniques can be used in combination to determine the
expression of receptor (sub)types, neuropeptides, calcium-binding proteins and other molecules
in cells filled with a tracer. Nevertheless, variables in the slice preparation can affect
physiological responses and also anatomical identification from one experiment to the next if
robust measures are not used for analysis. Therefore, the following anatomical descriptions of
O-LM and O-Bi cells are based on the minimum criterion of sufficient dendritic and axonal
arborisations present in the slice to allow for broad groupings of orientation and direction. Also,
during immunohistochemistry, attempts were made to minimise false negatives resulting from

the length of the recording or effectiveness of the primary antibody in the recorded slice.

3.3.2.1 Anatomical Heterogeneity of O-LM and O-Bi Nonpyramidal Cells

Several criteria were used to describe the cellular characteristics of O-LM (n=11) and O-
Bi (n=8) cells in the CAl area of the hippocampus. Previously, it has been shown that O-LM
(McBain et al. 1994; Sik et al. 1995) and O-Bi cells (Maccaferri et al. 2000) have their soma and
dendrites confined to stratum oriens and alveus with dendrites oriented tangential to the CAl
pyramidal layer and have been distinguished on the basis of their axonal projections. Oriens
lacunosum-moleculare cells are characterised by a main axon forming few collaterals in stratum
oriens (SO) and mainly projecting, sometimes after several bifurcations, to stratum lacunosum-
moleculare (SL-M) where it forms dense collaterals containing many boutons (Figure 3.9).
Oriens bistratified cells have many axon collaterals with boutons in both SO and stratum

radiatum (SR) with only a sparse amount of axon crossing stratum pyramidale (SP) and few if

70



CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

any found in SL-M (Figure 3.10). Hence, O-LM (Sik et al. 1995) and O-Bi cells (Maccaferri et
al. 2000) were so named based on their somatodendritic orientation and axonal projections.
However, there exist several differences within and across the two cell groups when features for
classification were analysed in the present study. The presence or absence of several anatomical
categories were examined for the in vitro recorded cells: i) tangential dendrites (parallel to SP in
the CA1 area) ii) radial dendrites (extending through SP in the CA1 area) iii) beaded dendrites
iv) spiny dendrites v) round or fusiform perikarya vi) axonal origin, projection and direction
referenced from the placement of the soma.

Anatomical characteristics of recorded O-LM cells were similar to those described
previously in addition to novel observations (Table 3.4). From the eleven O-LM cells recorded,
nine had tangential dendrites and two had in addition, one dendrite remaining in SO but
perpendicular to SP. Along with all cells having smooth dendrites, three were medium spiny,
three were beaded and the other five exhibited all dendritic characteristics. Nine cells had a
fusiform soma and two had a round soma. Five out of 11 cells had axons originating from or
near the soma whereas five other cells had axons originating from a proximal dendrite. In one
cell, the origin of the axon could not be determined due to loss of the soma after histological
processing. One (M0131) out of the five cells with axons originating from a proximal dendrite
had two main axons (Figure 3.9). These two axons projected in different directions. The first
axon projected below the soma towards SL-M where it ramified. The second axon sent a
collateral through SO towards but not reaching the CA3 area and from there it projected to SL-
M where it ramified and sent back a collateral tangential to the somatodendritic position (Figure
3.9). Interestingly, this cell was one of the three cells to show a large early accommodation of
firing rate (Figure 3.9) in comparison to the majority of cells which had minimal early
accommodation. A second cell (M0611) out of the three showing early accommodation had an

axon projecting to SL-M where it continued tangentially to the sharp border between the CA1

71



CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

and CA3 area. The third cell (M1221) showing early accommodation had an axon projecting
along the stratum oriens/alveus border towards but not reaching the CA3 area and traversed
diagonally back towards SL-M where it ramified tangential to the somatodendritic position.
However, the axonal direction towards the CA3 area cannot be taken as a marker for the
physiological findings observed since two cells (M0521 and M1821) with typical firing patterns,
as those of the majority of O-LM cells sampled, had similar axonal projections. The first cell
(M0521) with typical firing patterns had an axon branch projecting to SL-M where it ramified
below the somatodendritic position and another branch in SO projecting towards but not
reaching the CA3 area and then reaching SL-M where it ramified. The second cell (M1821) with
typical firing patterns had an axonal projection to SL-M where it ramified below the
somatodendritic position as well as an axon collateral traversing diagonally through SR towards
but not reaching the CA3 area. One cell (M0121) was unlike all of the analysed cells in that it
had an axon projecting towards but not reaching the subiculum and traversing back diagonally
towards SL-M where it ramified tangential to the somatodendritic position. The direction of the
axon towards the subiculum is not surprising as some axons have been shown to enter the
subiculum from an O-LM cell recorded in vivo (Sik et al. 1995). The other five cells remaining
of the eleven recorded had an axonal projection to SL-M where it ramified tangential to the
somatodendritic position. In contrast to previous findings (McBain et al. 1994), none of the cells
had collaterals originating in SR which projected back to SO, although this may have depended

on the tissue sectioning.
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Figure 3.9 Reconstruction of a somatostatin and mGluR1a-immunopositive O-LM cell
recorded in vitro (M0131; see also Figure 3.11 for immunoreactivity). The soma and dendrites
(red) are located in SO of the CA1 area of the hippocampus. Two main axons (arrows) branch
from a proximal dendrite. One axon projects towards but not reaching the CA3 area and reaches
SL-M where it arborises tangential to the somatodendritic position. The other axon as typically
seen in most O-LM cells projects straight to SL-M where it produces dense collaterals tangential
to the somatodendritic position. Inset is the firing pattern and voltage ‘sag’ of the cell, which is
typical of O-LM cells with the exception of the prominent early accommodation observed for

this cell as compared to others.
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All eight O-Bi cells analysed had similar anatomical characteristics as previously
described and, as in O-LM cells, additional features were uncovered (Table 3.4). Along with
smooth dendrites, two cells had one beaded radial dendrite extending into mid SR (M0111) or
SL-M (M0411). Both of these cells also had round perikarya whereas all other cells had
fusiform perikarya. One of these cells (M0111) showed intermittent firing of APs and
pronounced AHPs (Figure 3.6). All three cells showing the same firing pattern did not have
similar anatomical characteristics. However, this was anticipated as the intrinsic properties
analysed in the present study did not correlate between the three cells either. Considering all
cells analysed, only two (M1011 and n4921) had a few spines and large perikarya as well as
axon collaterals that were widespread as opposed to forming a dense plexus. One of these cells
(M1011) had two axon collaterals in SR and at the border with SL-M, which projected
tangentially towards but did not reach the CA3 area (Figure 3.10). In addition, it had an axon
collateral in SO almost reaching the subiculum border (Figure 3.10). The other cell (n4921) had
a collateral in SO that projected towards but did not reach the CA3 region and a long collateral
along the stratum oriens/alveus border. Both cells had several radial axon collaterals entering SR
where they divided further. Three other cells (M0O111, n4621 and n5341) had axon collaterals
projecting towards but not reaching the CA3 area in both SR and SO. Two other cells (M0411
and M1431) had axon collaterals projecting towards but not reaching the subiculum and one cell
(M1511) had only previously described features of O-Bi cells such as dense collaterals in SR
and SO surrounding the position of its soma. The main axon originated either from the soma
(n=5/8) or proximal dendrite (n=2/8) and for one cell (M1431) the origin could not be

established due to biocytin spill over.
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Table 3.4 Anatomical characteristics of O-LM and O-Bi cells recorded in the hippocampus.
The direction of axonal projections (not innervation) are represented using arrows.

Experiment] Cell Type Soma Dendrites Axon Origin Axon
MO121 O-LM F TS dendritt SO — sub §
SL-M
MO131* O-LM F T:B:S dendrite SO —» CA3 —P SL-M
M0521 O-LM F T:B:S soma SO —P CA3 —P SL-M
SO —P SL-M
Mo611 O-LM F T:B soma SO —P SL-M
SL-M—P CA3
M1821 O-LM F T:B:S dendrite: SO —P SL-M
SR —P CA3
Mi1221 O-LM F T:B soma A —P CA3
SL-M
MO0311 O-LM NA PTBS N/A sO —® sL-M
M0321 O-LM R PTBS soma SO —P SL-M
M1231 O-LM R T:B soma sO —P sSL-M
M1621 O-LM F T;S dendritt SO —P SL-M
M1711 O-LM F T;S dendritt SO —P SL-M
MOI111 O-Bi R R;T;B dendrite = SO & SR
sO —P CA3
SR —P CA3
MO0411 0O-Bi R R;T;B soma SO & SR
SR —P sub
M1431 O-Bi F T:B N/A SO & SR
SR —P sub
M1511 O-Bi F T:B soma  SO&SR
n5341 O-Bi F T:B soma SO &SR
SR —P CA3
n4621 O-Bi F T soma SO & SR
sO —P CA3
n4921 O-Bi  F;large T soma SO & SR
sO —P CA3
M1011 O-Bi  F;large T;B;S dendrite SO & SR
SO —™P sub
SR —P CA3

*Axon 2 0 —P SL-M
F = fusiform
R = radial dendrites or round soma
T = tangential to pyramidal layer
P = perpendicular to pyramidal layer
S = some spiny dendrites
B = some beaded dendrites
A = alveus
SO = stratum oriens
SL-M = stratum lacunosum-moleculare
SR = stratum radiatum
sub = subiculum
N/A = not available

—P forward direction

? tangential to the somatodendritic region
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Figure 3.10 Reconstruction of a somatostatin-immunopositive O-Bi cell (M1011; see also
Figure 3.12 for immunoreactivity) with intrinsic properties represented in Figure 3.7. The soma
(red) is near the alveus. The axon (black) originates from one proximal dendrite and branches
into two directions. One branch remains in SO and projects close to the subiculum border. In
addition to projecting around its own dendrites another branch traverses through SR where it
gives off widespread collaterals, mostly in the direction of the CA3 area and another more distal

axon branch follows this same pattern.
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In summary, most O-LM and O-Bi cells had axon collaterals projecting in the direction
of the CA3 area but remaining in the CA1 area. Spiny dendrites were more common for O-LM
cells than for O-Bi cells. Interestingly, the only two O-Bi cells which had spiny dendrites, albeit
few, had a large somatodendritic domain as well as more radial axon branches traversing SR
forming disperse collaterals with some reaching the SL-M border. These cells do not appear to
have common characteristics with O-LM cells based on the physiological parameters analysed
or the majority of O-Bi based on anatomy. In addition, although loss of collaterals from
sectioning cannot be ruled out, the unique soma and dendrites compared to all other O-Bi cells
would suggest that the anatomical features are representative of a separate population of cells,

albeit with similar intrinsic membrane properties to O-Bi cells.

3.3.3 Somatostatin and mGluR 1o Immunoreactivity of O-LM and O-Bi Nonpyramidal Cells
Previous studies have shown in the hippocampus that most somatostatin expressing cells
are found in SO/alveus and the hilus and that the majority of these cells also express mGluR1a
(Baude et al. 1993). However, there is no direct evidence as to which cell types, as defined by
axonal patterns, are mGluR1o-immunopositive although there is direct evidence showing that
O-LM and O-Bi cells express somatostatin (Maccaferri et al. 2000). In order to resolve whether
either or both O-LM and O-Bi somatostatin expressing cells also express mGluR1q,
somatostatin and mGluR1o immunohistochemistry was performed on recorded cells. To my
knowledge this is the first time that a receptor has been detected from recorded cells using
immunohistochemistry. Although one study (van Hooft et al. 2000) employed single-cell
reverse transcription-PCR, I used direct detection of receptor protein expression through

antibodies conjugated to fluorophores. The presence of mGluR1a on these cell types could

76



CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

potentially result in their similar activation, although information processing would be
differentially affected based on their different axonal projections. Eight out of the eleven O-LM
cells recorded were immunopositive for somatostatin, one was not reacted for somatostatin and
two were not tested, because although the reaction worked well in the control section, no
immunofluorescent labelling was detected in the recorded slice. Seven O-LM cells were
immunopositive and one was immunonegative for mGluR1a, one cell was not reacted for
mGluR1a and two could not be tested due to the failure of the reaction in the slice. Six O-LM
cells were both positive for somatostatin and mGluR1a (Figure 3.11).

In the case of the O-Bi cells, only positive results are acceptable as some of the cells
were recorded for a long period of time possibly resulting in lower immunoreactivity. To this
end, out of the eight O-Bi cells recorded and tested, three were positive for somatostatin and all
others showed inconclusive immunoreactivity for somatostatin. Cells with (M0111) or without
(M1011 and n5341) intermittent firing patterns were found to be somatostatin positive (Figure
3.12). Only four cells could be tested for mGluR1a and they were all immunonegative.
Immunoreactivity for mGluR1a was absent in the remaining four sections containing the
recorded O-Bi cells. In comparison to O-LM cells, the lack of immunoreactivity of mGluR1a
observed for O-Bi cells did not correlate with the recording time or amount of time of slice
incubation in ACSF or fixative solution. Therefore, other parameters have to be considered
which might fluctuate between experiments. For instance, changes in the room temperature
where the slices were kept in a holding chamber. As the recording time did not affect
immunoreactivity of mGluR1a for O-LM cells, it is possible that O-Bi cells pertain to the
weakly mGluR1o immunolabelled cells closer to SP. I have observed such cells, which are
somatostatin-immunopositive or immunonegative and weakly immunolabelled for mGluR 1 in

the Ammon’s horn of the hippocampus from control sections of rats perfused with fixative
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(Figure 3.13). These cells would thus be more susceptible to the dialysing of intracellular

contents during recordings and possibly explain the lack of immunolabelling of mGluR1o for

the O-Bi cells recorded.
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Figure 3.11 Fluorescence images of the O-LM cell shown in Figure 3.9. Streptavidin
conjugated AMCA (blue) was used for fluorescence detection of the biocytin filled cell, which
was immunopositive for both somatostatin detected by CY3 conjugated goat anti-mouse I1gG
(red) and mGluR 1o detected by FITC conjugated to tyramide for signal amplification via HRP
conjugated to swine anti-rabbit IgG (green). The bottom is a superimposed image of the AMCA
labelled cell, somatostatin and mGluR1a immunofluorescence. Scale bar is 25 pum for all

images.
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Figure 3.12 Somatostatin immunoreactivity of an O-Bi cell (M1011). Streptavidin conjugated
AMCA (blue) was used for fluorescence detection of the biocytin filled O-Bi cell as shown in

Figure 3.10, which was immunopositive for somatostatin detected by CY3 conjugated to goat

anti-mouse CY?3 (red). Scale bar is 25 um for all images.
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Figure 3.13 Image of somatostatin (red) and mGluR1a (green) immunoreactivity in the dorsal
hippocampus taken from a control section. White arrows designate two, somatostatin-
immunopositive cells weakly immunolabelled for mGluR1a in the stratum oriens/alveus and
near stratum pyramidale. Red arrows designate three, somatostatin-immunopositive cells

strongly immunolabelled for mGluR 1 in the alveus. Scale bar is 25 pm.
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3.4 Discussion

3.4.1 Intrinsic Membrane Properties

Differences in accommodation of AP firing and voltage ‘sag’ properties were observed
between two anatomically distinguished nonpyramidal cell types, namely O-LM and O-Bi cells.
These differences are likely to result from distinct expression of membrane channels and not
somatic size given that both cell types had similar time constants and input resistances. The
possible influence of Na” channel inactivation on the accommodation of APs will be considered
first. Inactivation of Na* channels could be observed through increases in absolute AP amplitude
provided that this coincided with an increase in AP threshold. Large increases in absolute AP
amplitude only occurred in two O-Bi cells (M0111 and n4621) but this is unlikely to reflect the
accommodation of APs observed for the following reasons. Firstly, AP amplitudes barely
changed during the large late accommodation of APs observed in the two cells. Secondly, most
O-LM and O-Bi cells had small changes in AP amplitude during both the early and late train of
APs, yet prominent differences between the early and late accommodation of their APs. Given
the small changes in AP amplitude observed in most cells, it is likely that these changes resulted
from errors in sampling at the AP peak rather than inactivation of Na' channels. Likewise, the
two O-LM cells (M0131 and M1221), which showed relatively large decreases in AP amplitude,
likely resulted from a sampling error because their AP thresholds did not decrease
concomitantly and synaptic inhibition was not observed throughout the sustained depolarisation
pulse. However, it is not possible to exclude inactivation of Na" channels influencing the
accommodation of APs as an increase in AP threshold was observed for most cells, particularly
during the late part of the train of APs. In addition, O-LM and O-Bi cells may express different
densities of Na® channels accounting for their differences between early and late

accommodation of APs, although this remains to be proven.
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A large variety of potassium channels have been isolated (Storm 1990; Zhang and
McBain 1995; Erisir et al. 1999) and will be considered next as possible influences of AP
accommodation. Overall, both cell types displayed a larger early increase in AP width compared
to the late part of the AP train but this did not correlate significantly with the early
accommodation of APs observed. The fact that increases in AP width were observed would
exclude the involvement of fast-activating K™ channels, shown to decrease AP width (Storm
1990; Zhang and McBain 1995). As the increase in AP width did not correlate with the observed
accommodation, then the possible K* channel candidates for delaying APs are those which
influence the duration of the AHPs. In SO/alveus nonpyramidal cells of the CA1 hippocampal
area, K conductances underlying AHPs have been studied (Zhang and McBain 1995). It was
shown that apamin, a selective antagonist of the low-conductance Ca**-activated K™ channels,
reduced the duration of slow AHPs in SO/alveus nonpyramidal cells (Zhang and McBain 1995).
Moreover, an increase in cell excitability of SO/alveus nonpyramidal cells during a sustained
depolarising pulse was observed following apamin application without an effect on the resting
membrane potential (Zhang and McBain 1995). These data indicate that the K* conductance
responsible for the Iayp, participates in influencing the frequency of AP firing elicited by a
sustained depolarising pulse (Zhang and McBain 1995). The fact that AP widths increased in the
present study supports the existence of a slowly-activating K™ channel as discussed above.
Interestingly, when blocking K channels mediating transient current (I4) or Ca**-activated K"
channels mediating large-conductances (Ic), an increase in AP amplitude was observed in the
previous study (Zhang and McBain 1995). However, it is unlikely that the overall decreases in
AP amplitudes observed in the present study resulted from I or I¢ for the following reasons.
Firstly, Ic is involved in decreasing AP width (Zhang and McBain 1995), which was not
observed in the present study. Secondly, the AP width and amplitude changes observed in the

present study did not correlate linearly. Nevertheless, it i1s possible that other K" channel
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conductances underly the accommodation observed as over 100 different pore-forming subunits
of mammalian K* channels have been discovered (Coetzee et al. 1999). Clearly, the differences
in accommodation observed between the early and late parts of the AP trains for both cell types
implicate the involvement of more than one mechanism, perhaps acting in concert.

A depolarising voltage ‘sag’ was observed in both O-LM and O-Bi cells during a
hyperpolarising current pulse. However, the voltage ‘sag’ in O-LM cells was significantly
greater than that in O-Bi cells. It is possible that the voltage ‘sag’ in both cell types resulted
from the hyperpolarisation-activated cationic current (Iy) for the following reasons. Firstly, a
previous study (Maccaferri and McBain 1996), showed that the voltage ‘sag’ in SO/alveus
nonpyramidal cells of the CA1 hippocampal area was blocked by a specific antagonist of I.
Secondly, the voltage ‘sag’ in O-LM and O-Bi cells of the present study occurred within the
voltage range (~-50 to -120 mV) for the activation of I in SO/alveus nonpyramidal cells
previously recorded (Maccaferri and McBain 1996). Interestingly, when blocking I, in the
previous study (Maccaferri and McBain 1996), a differential increase in the firing frequency of
current-evoked APs occurred early in the train (first two APs) compared with those occurring
late in the train (last two APs). This would imply that I, exerts a larger influence during the
early part of a train of APs, presumably because at a resting membrane potential of -60 mV, I
is tonically activated until the voltage crosses the deactivation range for I, (Maccaferri and
McBain 1996). However, one would expect that I, increases the firing frequency (shown for
spontaneous APs; Maccaferri and McBain 1996) if it has not reached its reversal potential.
Otherwise, a reduction in firing frequency would likely result if I has reversed before K*
channel activation due to a reduction in the driving force for K* through voltage-gated K*
channels. The latter would be a possible explanation as to why O-Bi cells showed a larger early
accommodation compared to the late part of the AP train where I, may be deactivated. Despite

the above relationship between I, and firing frequencies of O-Bi cells, the existence of I in O-
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Bi cells is uncertain due to the prevalence of synaptic activity occurring during hyperpolarising
current pulses in these cells. Moreover, the rebound depolarisation occurring at the end of a
hyperpolarising current pulse correlated with the voltage ‘sag’ measurement in O-LM but not O-
Bi cells. Therefore, it is likely that the voltage ‘sag’ observed in O-LM cells resulted from Iy,
whereas in O-Bi cells I; or other factors such as synaptic activity could have caused the voltage

‘sag’ along with low-threshold Ca** conductances for the rebound depolarisation.

3.4.1.1 Previous Findings

Based on existing evidence and the present findings, one can assume that anatomically
distinguished cell types may also have distinct physiological properties when more stringent
analytical methods are used. Certainly, significant accommodation differences between O-LM
and O-Bi1 cells would have been missed if the early and late component of the AP train were not
analysed separately. Broad classifications of intrinsic membrane properties between pyramidal
and nonpyramidal cells in the neocortex have been well documented (McCormick et al. 1985;
Agmon and Connors 1989; Connors and Gutnick 1990). This was followed by subgroupings of
neocortical nonpyramidal cell types based on firing properties (Kawaguchi 1993) correlating
with their differences in expression of calcium-binding proteins and dendritic and axonal
organisation (Kawaguchi and Kubota 1993). As in the neocortex, there are general response
characteristics of nonpyramidal cells, which distinguish them from pyramidal cells in the
hippocampus as well as the subiculum (Greene and Totterdell 1997). In addition, hippocampal
nonpyramidal cells have been classified into three distinct groups based on intracellular
response characteristics (Schwartzkroin and Mathers 1978; Knowles and Schwartzkroin 1981;
Lacaille et al. 1987; Kawaguchi and Hama 1988; Morin et al. 1996). One study (Parra et al.
1998), claiming that most nonpyramidal cells cannot be classified into groups presented no

anatomical data, only schematic conclusions. For instance, nonpyramidal cells should not be
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anatomically analysed unless the main axon arborises into collaterals and sufficient projection
exists to designate laminar specificity. Moreover, bath application of agonists in the same study
(Parra et al. 1998) did not allow precise temporal activation of receptors as would occur under
physiological conditions, which also inevitably involves intrinsic properties of cells. One may
argue that hippocampal nonpyramidal cell classifications could be erroneous due to
experimental variability between several studies. However, general measurements of intrinsic
properties of pyramidal cells remained robust between studies implying that, valid comparisons
between pyramidal cells and nonpyramidal cells could at least exist. Also, nonpyramidal cells
have been identified in separate studies based on their intrinsic properties and verified by
anatomical analysis. It is also possible that more intrinsic properties between nonpyramidal cells
could have been distinguished in some studies if broad anatomical groupings were not
employed. The present study has further differentiated two anatomically distinct cell types
within the broad grouping of SO/alveus nonpyramidal cells.

Several intrinsic membrane properties of O-LM and O-Bi cells were different from those
of the broadly grouped SO/alveus nonpyramidal cells of the CA1 hippocampal area previously
recorded in whole-cell current-clamp mode (Morin et al. 1996). For instance, the resting
membrane potential and membrane time constant were larger for both O-LM and O-Bi cells as
compared to previously recorded SO/alveus nonpyramidal cells (Morin et al. 1996). Also, the
previous study showed that SO/alveus nonpyramidal cells had both a fast AHP and medium
AHP following single APs. In the present study, O-LM and O-Bi cells displayed only a fast
AHP, which was larger in amplitude as well as longer in duration as compared to both the fast
and medium AHPs in the previous findings (Morin et al. 1996). The AP amplitude, at least for
O-LM cells, was also larger compared to SO/alveus nonpyramidal cells in the previous report.
These discrepancies can be explained mainly by the fact that the previous recordings of

SO/alveus nonpyramidal cells encompassed not only O-LM cells, but a variety of other cell
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types with axonal projections to SP and/or SR (Morin et al. 1996). Also, with regard to the AHP
measurments, the present study subtracted the subthreshold response from the APs that occurred
50 % of the time using the same current pulse. In this way, the resulting AHP was a
consequence of the AP and not the membrane properties, which would otherwise occlude the
AHP. Other studies elicit APs at a current pulse above that which evokes a subthreshold
response, which avoids the occlusion of the AHP. Although this would not affect the AP
amplitude, it would allow for variability of the AHP measurements between studies. Another
difference is that the inclusion of MgCl; in the pipette of the previous study (Morin et al. 1996)
may have excluded effects from NMDA receptors during a depolarising current pulse and
presynaptic glutamate release. In addition, the previous recordings may have been more affected
by the dialysing of intracellular contents than in the present recordings. In support of this,
noninvasive measurements of membrane potential in hippocampal nonpyramidal cells were
performed by determining the reversal potential of K currents through a cell-attached patch
(Verheugen et al. 1999). The noninvasive method showed that the resting membrane potential of
hippocampal nonpyramidal cells was more hyperpolarised than during whole-cell current-clamp
recordings. The resting membrane potential during intracellular recording with sharp electrodes
was similar to that during whole-cell recordings for the same group (Lacaille et al. 1987) but
this could have been attributed to current leak around the sharp electrode. The more depolarised
resting membrane potentials in previous recordings (Morin et al. 1996) likely resulted in the
lower AP amplitudes observed and consequently differences in the K™ currents underlying the
AHP. Furthermore, as the input resistances of cells were similar between the present and
previous study, the only possible account of differences in the membrane time constant observed
is the dialysing of intracellular contents. Thus, provided that experimental variabilities are kept
at a minimum, it is more appropriate to focus on comparisons between cell types rather than

absolute measurements of the parameters under investigation.
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Nevertheless, it 1s not possible to assume that every cell can be classified into one group.
There are of course parameters which overlap between groups of cells and also cells which are
distinct anatomically but appear to lack differentiation in intrinsic membrane properties or vice
versa. However, until all relevant physiological and anatomical criteria are analysed, it is not
possible to deem certain cells as unclassifiable. Objective, statistical cluster analysis of
nonpyramidal cells has already led to unequivocal groupings purely on anatomical grounds

(Tamas et al. 1997; Somogyi et al. 1998).

3.4.2 Anatomical Features

The different axonal projections in apposition to two separate excitatory input pathways,
namely the perforant path projection and Schaffer collateral input, suggests that O-LM and O-Bi
cells could alter physiological states depending on their specific activation. What remains to be
determined 1s whether both cell types are activated via similar synaptic inputs. The answer to
this is not easy to obtain given that there are at least two main extrinsic inputs (perforant path
and medial septal) to SO/alveus nonpyramidal cells involved in physiologically-relevant activity
as well as local circuit interactions. Nevertheless, there is some segregation of inputs to the CAl
hippocampal area. For instance, an indirect layer II entorhinal cortical input to CA1 pyramidal
cells arises via Schaffer collaterals of CA3 pyramidal cells (Schaffer 1892; Steward 1976;
Claiborne et al. 1986; Ishizuka et al. 1990), which target the same dendritic zone as O-Bi cells.
On the other hand, direct entorhinal projections to the CAl area originate from layer III cells
and terminate in close apposition to axonal targets of O-LM cells (Steward 1976) as well as also
projecting to SO/alveus (Deller et al. 1996), where both O-LM and O-Bi cells are located.
Further specificity of entorhinal connections to and from the hippocampus may occur based on
the present anatomical classifications of O-LM and O-Bi1 cells. For example, both O-LM and O-

Bi cells had axon collaterals remaining in the CA1l area but skewed towards the CA3 area
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(proximal part of the CA1 area) where the pyramidal cell output has been shown to target the
medial entorhinal area rather than the lateral entorhinal area (Tamamaki and Nojyo 1995). The
proximal part of the CA1 area was also shown to receive perforant path projections originating
from the medial entorhinal area as opposed to the lateral entorhinal area (Tamamaki and Nojyo

1995). However, it is not possible to exclude a direct or indirect lateral entorhinal projection to

O-LM or O-Bi cells either.

3.4.3 Somatostatin and mGluR 1o Immunoreactivity

The present and previous findings (Baude et al. 1993; Maccaferri et al. 2000) have
shown that both O-LM and O-Bi cells contain somatostatin. Evidence of the actions of
somatostatin suggest that this neuropeptide acts both presynaptically to reduce GABAergic
transmission to principal cells in the hippocampus (Scharfman and Schwartzkroin 1989) and
sensory thalamus (Leresche et al. 2000) as well as postsynaptically (Schweitzer et al. 1998).
This is in contrast to the excitatory action of locally applied somatostatin to SO/alveus and SP
nonpyramidal cells (Scharfman and Schwartzkroin 1988). Given that both O-LM and O-Bi cells
have axon collaterals in SO/alveus, sometimes innervating their somatodendritic regions,
somatostatin may have a postsynaptic action in these cells, which in turn affects pyramidal cells
as an indirect presynaptic action. Indeed immunolabelling for one somatostatin receptor subtype
(sst4) was found on axon collaterals located in SL-M (Selmer et al. 2000). Immunolabelling of
the same receptor subtype was also found on the soma and dendrites of cells located in SO, SP
and SR (Selmer et al. 2000). If the described excitation/inhibition occurs sequentially, then it
may have implications in oscillatory activity. Others (Boehm and Betz 1997; Tallent and
Siggins 1997) reported that somatostatin reduces glutamatergic transmission to hippocampal
pyramidal cells by a presynaptic mechanism on excitatory terminals. Nevertheless, this would

depend on somatostatin spillover from nonpyramidal cells.

3y



CHAPTER 3 CLASSIFICATION OF NONPYRAMIDAL CELLS IN VITRO

In addition to somatostatin, O-LM cells recorded in the present study were directly
shown to express mGluR1a. This is also supported by direct physiological evidence of large
oscillatory inward currents evoked in O-LM cells by the group I and II mGIuR agonist, (1S,3R)-
ACPD ( McBain et al. 1994). The prominent inward current likely reflects pre- and post-
synaptic actions of the agonist (McBain et al. 1994). Others (van Hooft et al. 2000), classified
SO/alveus nonpyramidal cells with distinct anatomical features and neurochemical markers into
groups based on responses to (1S,3R)-ACPD and expression of group I mGluRs using reverse-
transcription PCR. Although this study (van Hooft et al. 2000) showed a similar prominent
mGluR-mediated oscillatory response in O-LM cells, several inconsistencies exist. For example,
another group of cells in the above study (van Hoof et al. 2000) expressed group I mGluRs but
lacked an inward current upon application of a group I mGluR agonist. This suggests that there
may be some alteration in the slicing procedure, which could account for different physiological
effects depending on the existing circuitry. Also, the inward currents recorded for some cells
may be due to activation of presynaptic group II mGluRs rather than group I receptors, due to
the non-specific agonist used. Moreover, the study’s criteria for grouping cells based on
anatomical features was questionable due to minimal amount of axon evaluated as evidenced in
the figures (van Hoof et al. 2000). As a result of the above discrepancies, it is not possible to
determine from the previous study (van Hooft et al. 2000) that cells morphologically similar to
O-Bi cells actually expressed group I mGluRs. In the present study, O-Bi cells were not found to
be immunopositive for mGluR1a, but this may have been attributed to a weak expression of
mGluR1a in these cells, which would be more susceptible to loss in the in vitro preparation.
However, additional recordings of O-Bi cells along with testing of different experimental factors

could be used to evaluate their immunoreactivity for mGluR 1a further.
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CHAPTER 4: Physiological and Anatomical Characteristics of Nonpyramidal Cells and

Hippocampal Network Activity In Vivo

4.1 Introduction

Different specialised brain areas may interact efficiently through state-dependent
synchronous activity between populations of neurones. Neuronal synchrony is facilitated by
oscillatory activity. Several forms of oscillatory activity have been described in the
hippocampus based on waveform, amplitude and frequency. Population activity, such as sharp
wave bursts (SPWs) and 0-frequency oscillations, have been shown to occur both during awake
and sleep states in animals (Buzsaki et al. 1983).

Sharp wave bursts reflect a propagation of highly synchronous excitatory drive
throughout the CA3-CA1-entorhinal cortex axis, which is usually accompanied by fast rhythmic
spindle-like field oscillations (ripples) in the CA1 pyramidal layer (Chrobak and Buzsaki 1994;
Ylinen et al. 1995a). Sharp wave bursts are observed during consumatory or still behaviours of
the animal and are also observed when the animal is anaesthetised (Ylinen et al. 1995a). During
anaesthesia, the SPW amplitude in stratum radiatum remains the same (1-5 mV) but the ripple
frequency is reduced (90-130 Hz) compared to that during awake states (180-200 Hz; Ylinen et
al. 1995a). Theta-frequency oscillations (3-12 Hz) can be up to 2 mV in amplitude (Bland et al.
1996) and are observed when the animal is exploring its environment or during movement and
paradoxical sleep (Vanderwolf 1969). Both the frequency and amplitude of O-frequency
oscillations may be reduced depending on the depth of anaesthesia (Kramis et al. 1975; Soltesz

and Deschenes 1993).
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4.1.1 Mechanisms of SPW Activity

Sharp wave bursts are likely to emanate from strong excitatory input via Schaffer
collaterals as evidenced by large amplitude field potentials and prominent current sink observed
in SR of the CA1 area (Suzuki and Smith 1987; Ylinen et al. 1995a). Moreover, during SPWs,
CA3 pyramidal cells increase their firing rate, which can predict ripple amplitude in the CA1
area (Csicsvari et al. 2000). Given the voltage independence of ripple frequency and the high
frequency discharge of nonpyramidal cells recorded in SP during SPWs, it has been suggested
that ripples reflect summed IPSPs in pyramidal cells (Ylinen et al. 1995a). It appears that local
circuit interactions in the CAl area are necessary for generating ripple oscillations for the
following reasons. Firstly, ripple oscillations in the CA1 area are not correlated temporally with
unit activity in the CA3 area (Ylinen et al. 1995a). Secondly, CA1 pyramidal cells show a larger
increase in synchrony during SPWs as compared to nonpyramidal cells in SP and SO/alveus
(Csicsvari et al. 1998), where CA3 pyramidal cells also innervate (Ishizuka et al. 1990; Li et al.
1994). During SPWs however, an increase in CA1 pyramidal cell synchrony was less reliable in
activating nonpyramidal cells than in the absence of SPWs (Csicsvari et al. 1998). This would
imply that nonpyramidal cells are activated directly by CA3 pyramidal cells during SPWs.
Furthermore, in addition to the prominent current sink in SR, a smaller current sink is also
observed in SO during SPWs (Ylinen et al. 1995a). Given their extensive axonal projections,
nonpyramidal cells could indeed promote ripple oscillations via input from CA3 pyramidal
cells. This may be further facilitated by the presence of gap junctions between parvalbumin
positive hippocampal nonpyramidal cells (Katsumaru et al. 1988) as halothane, an anaesthetic
which blocks gap junctions, also blocked ripple activity during SPWs (Ylinen et al. 1995a). On
the contrary, computer modelling showed that axon-axon gap junctions between pyramidal cells
allow for the generation of ripple oscillations and in turn, nonpyramidal cells were phased due to

the convergence of pyramidal cell inputs (Traub and Bibbig 2000). However, nonpyramidal
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cells show more synchrony than pyramidal cells regardless of network activity (Csicsvari et al.
1998). In order for the computational model (Traub and Bibbig 2000) to explain the
experimental results (Csicsvari et al. 1998), the converging inputs of pyramidal cells would have
to be greater than the divergent output of nonpyramidal cells, thus questioning the role of

nonpyramidal cells during SPW activity.

4.1.2 Mechanisms of Theta-Frequency Activity in Anaesthetised Animals

Theta-frequency activity involves cholinergic activation in anaesthetised animals as
evidenced by a block in 0-frequency oscillations after application of atropine, an antagonist at
muscarinic receptors (Kramis et al. 1975). During anaesthesia, nonpyramidal cells near SP of
the CAl area fire in conjunction with the positive peak of 8-frequency waves opposite to
pyramidal cells (Fox et al. 1986; Ylinen et al. 1995b). Such out-of-phase activity between
pyramidal cells and nonpyramidal cells may be a consequence of nonpyramidal cells pacing
pyramidal cell activity in conjunction with cholinergic activation. Four groups of evidence
support this notion. Firstly, current-source density analysis has shown that the prominent sink in
SL-M was strongly attenuated under anaesthesia, thereby reducing the influence from entorhinal
cortical inputs (Buzsaki et al. 1986; Brankack et al. 1993). Secondly, muscarinic action of
acetylcholine on pyramidal cells is too slow to carry a 8-frequency oscillatory signal without
additional excitatory influences (Dodd et al. 1981; MacVicar 1985; MacVicar and Tse 1989).
However, nonpyramidal cell firing can be phase locked to 0 oscillations after application of
acetylcholine (Stewart et al. 1992). Thirdly, muscarinic induction of 6-frequency membrane
potential oscillations were shown in CA1l nonpyramidal cells and their stimulation at 6
frequency paced intrinsically generated membrane potentials in CA1 pyramidal cells (Chapman

and Lacaille 1999). Fourthly, GABA4 receptor-mediated IPSPs were shown to phase
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spontaneous firing and subthreshold oscillations of CA1l pyramidal cells at 0-frequency in
combination with intrinsic properties of pyramidal cells (Cobb et al. 1995). One discrepancy
however, is the occurrence of 6-frequency dendritic oscillations of CA1 pyramidal cells, which
are in phase with the field 0 oscillations recorded in SP but out of phase with 0-frequency
somatic oscillations of CA1 pyramidal cells in anaesthetised rats (Kamondi et al. 1998). Layer
I1I entorhinal cortical neurones shown to discharge phase-locked to 0-frequency oscillations
(Mitchel and Ranck 1980) are unlikely to contribute to 0-frequency oscillations observed in
CA1 pyramidal cell dendrites due to the attenuated sink in SL-M during anaesthesia (Buzsaki et
al. 1986; Brankack et al. 1993). The voltage dependence of the frequency of dendritic 6-
frequency oscillations (Kamondi et al. 1998) would support a role for dendritic channels. In
addition, the phase shift of 0-frequency oscillations in the dendrites as compared to the soma
would suggest that the dendritic oscillations were triggered by synaptic influences instead of

oscillations propagating from the soma.

4.1.3 Mechanisms of Theta-Frequency Activity in Unanaesthetised Animals

In unanaesthetised animals, 0-frequency oscillations are abolished by applying atropine
and at the same time lesioning the entorhinal cortex projection to the hippocampus (Vanderwolf
and Leung 1982; Lee et al. 1994). Both nonpyramidal cells and pyramidal cells near SP of the
CAl area of the hippocampus typically fire APs in conjunction with the negative peak of the
locally recorded O-frequency field oscillations in unanaesthetised animals (Fox et al. 1986;
Csicsvari et al. 1999). Therefore, in addition to the direct cholinergic influence in 6-frequency
oscillations, the entorhinal cortical projection would provide a much stronger excitatory input
via glutamatergic synapses during 6-frequency oscillations in unanaesthetised animals. The

entorhinal cortical input may also have a prominent role in the minimal time lag of firing
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between pyramidal cells and nonpyramidal cells as this was not observed in anaesthetised
animals. One possible mechanism is that entorhinal cortical input to pyramidal cells and
nonpyramidal cells is paced by medial septal input resulting from feedback hippocampo-septal
nonpyramidal cells. The following evidence would support this hypothesis, at least for the CA1
area of the hippocampus. Firstly, medial entorhinal cortical projections (Deller et al. 1996) and
medial septal projections, encompassing the vertical limb of the diagonal band of Broca (Nyakas
et al. 1987), target all layers in the CA1 area. Secondly, projections to the medial septum from
the hippocampus mainly originate from nonpyramidal cells in SO (Toth et al. 1993). Thirdly, ©-
frequency depolarisations can be elicited by cholinergic activation in combination with Na'-
dependent currents in pyramidal cells (MacVicar 1985; MacVicar and Tse 1989). Fourthly, the
activity of the majority of medial septal neurones correlates with the maximum discharge
probability of CA1 pyramidal cells and nonpyramidal cells during 6-frequency oscillations in
unanaesthetised rats (Dragoi et al. 1999). In addition, an entorhino-septo-supramammilary
nucleus feedback connection could also influence 0-frequency oscillations observed in the

hippocampus (Leranth et al. 1999).

4.1.4 Aims

From the above, it is clear that nonpyramidal cells may play a prominent role in
patterning hippocampal pyramidal cell activity. Because more than ten types of GABAergic
cells have been described in the hippocampus, it would be important to establish if their
anatomical differences correlate with the differential responses observed during network activity
(Ylinen et al. 1995a, 1995b; Fox et al. 1986; Csicsvari et al. 1998, 1999). Therefore, I attempted
to record from nonpyramidal cells in SO and SP during network activity and determine their

anatomical identity. Nonpyramidal cells in SO have been reported to express a high level of
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mGluR 1o (Baude et al. 1993). The activation of this receptor results in oscillatory activity in the
cell via calcium mobilisation (Woodhall et al. 1999). Such an oscillatory activity demonstrated
in vitro may contribute to the patterned neuronal activity in vivo. Therefore, I also explored

which nonpyramidal cell populations express mGluR 1o in addition to the ones described in the

literature (Baude et al. 1993).
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4.2 Methods

4.2.1 Animal Preparation for In Vivo Recording

Sprague-Dawley rats (350-650g) were anaesthetised with halothane in a fume hood
followed by an intraperitoneal injection of urethane (1.5 g/kg, 33%w/v). The whiskers were
shaved on one side to allow for easier swivelling of the electrode into position and the cranial
area was shaved for subsequent surgical procedures. The rat was placed on a heated water
blanket and puncturing ear bars were inserted so as to center the head in the stereotaxic frame.
Lidocaine powder with saline (150mM) was applied over the area of the skin to be opened. An
anterior to posterior scalp incision ending below the cerebellum was made and the skin was
splayed back with coarse forceps on both sides. A bone scraper was used to scrape away all
connective tissue and also remove the muscle surrounding the skull. Tissue paper was placed
within the gaps of the bone and muscle to absorb bleeding and to keep the incised skin away

from the bone. The coarse forceps, which held the skin were then removed.

4.2.2 Electrode Entry

An insulated bifilar tungsten electrode (California Fine Wire Company Inc., USA) for
stimulating the commisure from the fimbria was cut at the tip to make an approximate 45° angle
with one wire protruding. The electrode was bent 5 mm from the tip to form a step, which
allowed for the bent end to contact the skull after insertion. The electrode was kept in place with
dental acrylic. The flat skull position was established by aligning the tip of the stimulating
electrode just above lamda and comparing the height difference with the alignment over bregma
under microscopic control. The mouth bar was adjusted accordingly. The fimbria (AP=-1.3,
ML=-1.0, H=3.95) and a position over the CA1 area of the hippocampus (AP=-3.5, ML=42.5

and —2.5 co-ordinates from bregma) were marked first with the bone scraper using the position
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of the stimulating electrode under microscopic visualisation. The mark was made larger with a
large drill bit. All the marks were drilled first with a large drill bit followed by a smaller drill bit
with care to gradually thin the bone. A needle glued to a syringe plunge and bent at the tip to
form a hook (in-house) was used to remove the thinned bone by hooking broken pieces and
scraping them up against the wall of the opening (1.5 mm diameter). Any blood was removed
with small pieces of tissue paper and saline. Occasionally, a cauteriser was used to dry the ends
of the blood vessels found in the dura. This allowed for only a small degree of bleeding when
the dura was cut for electrode entry. A small diameter stainless steel wire glued to a wooden
stick (in-house) had a hook that was used to cut the dura where the electrode would be placed. A
similar larger diameter stainless steel wire with a hook was used to make the dura opening wider
and to fold the sides away from the opening. The small hook was again used to poke a hole
through the pia (away from blood vessels) for easier electrode entry. Any subsequent bleeding
from capillaries was removed with saline and a piece of tissue paper. In order to insert the
stimulating electrode, saline was removed with a tissue paper and the electrode was quickly
lowered to the surface noting the scale value of the manipulator. The stimulating electrode was
then lowered manually to the appropriate depth. Once the stimulating electrode was lowered to
the level of the fimbria, the skull opening was filled with dental acrylic powder dissolved with
glue to keep the electrode in place. The dental acrylic solution was also added over all visible
sutures to provide a well around drilled areas as well as reduce brain pulsation effects. When the
dental acrylic solution dried, the stimulating wire holder was removed and the wire was bent out
of the way.

A small drill bit was used to drill two holes to the surface of the cerebellum. An earth
and indifferent stainless steel screws were soldered to an insulated copper wire with the aid of
zinc chloride, which served as an intermediary bond between the stainless steel, otherwise

immune to surface erosion, and the soldering metal. The screws went into the holes and served
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