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Abstract
The hippocampus is a medial temporal lobe structure implicated both in consolidation
of experience into long-term memory and generation of epileptiform discharges.
Information processing in the hippocampus occurs through interactions between
glutamatergic granule cells and pyramidal neurons, and a smaller number of
GABAergic inhibitory interneurons. Excitatory connections onto interneurons are a
relatively poorly characterised class of synapse, yet they have a central role in
mediating the recruitment of inhibitory drive within the hippocampus.
This thesis describes investigation of modulation of excitatory synaptic transmission to
interneurons in area CA1 of the hippocampus by metabotropic glutamate receptors
(mGluRs). mGluRs are G protein-coupled heptahelical transmembrane receptors,
which exert powerful modulatory effects upon synaptic transmission and neuronal
excitability. Use of patch clamp electrophysiology in acute brain slices allowed
synaptic responses elicited by stimulation of afferent inputs to be recorded in single
neurons within a functionally intact network.
The selective group I mGluR agonist (S)-3,5-dihydroxyphenylglycine (DHPG) was
found to acutely depress glutamatergic transmission to stratum radiatum interneurons
in the rat hippocampal CA1 subfield. Both mGluRI and mGluR5 subtypes contributed
to this phenomenon. DHPG-evoked depression was consistently accompanied by an
elevation in paired-pulse ratio, implying a presynaptic mechanism of expression.
However, it was also attenuated by blocking G protein and Ca2+ signalling within the
postsynaptic neuron, arguing for a postsynaptic site of induction. The DHPG-evoked
depression was unaffected by antagonists of GABA b and CB1 endocannabinoid
receptors but was occluded when presynaptic P/Q-type Ca2+ channels were blocked.
A heterosynaptic depression was observed in a test pathway when a high-frequency
tetanus was delivered to an independent conditioning pathway. This depression was
reversible and abolished by group I mGluR antagonists. Group I mGluRs thus provide
a mechanism for population activity in glutamatergic synapses to influence synaptic
excitation of cortical interneurons.

2

Contributions
All of the experimental data described in thesis are my own. All brain slice
preparation, electrophysiological recording, confocal imaging, epifluorescence
imaging and other experimental work was carried out by myself.
Project ideas and experimental designs were developed with the assistance of Dimitri
Kullmann.
Data analysis was carried out by myself, in part using custom software programs
written by Dimitri Kullmann in the LabView development environment (National
Instruments, USA).
All figures, tables and written work are my own.

•

Ph.D. supervisor - Professor Dimitri M. Kullmann (Department o f Clinical and
Experimental Epilepsy, Institute o f Neurology, University College London).

•

Secondary Ph.D. supervisor - Professor Angus R. Silver (Department o f
Physiology, University College London).

•

Wellcome Trust Four Year Ph.D. in Neuroscience Programme Co-ordinator Professor David I. Attwell (Department o f Physiology, University College London).

•

University College London internal viva examiner - Professor John Garthwaite
(Wolfson Institute of Biomedical Research, University College London).

•

External Viva examiner - Dr Marco Capogna (MRC Anatomical
Neuropharmacology Unit, University of Oxford).

3

To my mother

Acknowledgements
“Pain is temporary. It may last a minute, or an hour, or a day, or a year, but eventually
it will subside and be replaced by something else. Quitting lasts forever.”
Lance Armstrong

I would like to thank Dimitri Kullmann for all of his help and support throughout my
Ph.D. He has been an outstanding supervisor in every respect, and I have always felt
extremely proud to be part of his research group. I have learned so much during my
time in the lab, and Dimitri ensured that I was never without guidance, encouragement
and the equipment necessary to carry out my research. Finally, I would like to thank
him for his kindness and understanding during some extremely difficult times in my
personal life.
I am grateful to the past and present members of the research group for their
assistance, and for taking the time to train me in experimental techniques and data
analysis. Two people deserve my particular gratitude. Firstly, Annalisa Scimemi, for
dedicating a great deal of her time to training me, and for being an excellent teacher.
Secondly, Karri Lamsa, for being a great friend, providing constant entertainment and
laughter, and somehow always managing to turn the darkest, most difficult days into
happy ones.
My thanks go to the Wellcome Trust Four Year Ph.D. in Neuroscience committee. In
particular, David Attwell and Alasdair Gibb for their guidance, support and inspiration.
I am extremely grateful to the Wellcome Trust for their generous funding of my Ph.D. I
would like to thank Angus Silver for being my secondary supervisor.
On a personal level, I wish to thank my friends and family for their support. I would like
to offer my deepest thanks to my mother, to whom this work is dedicated. Her endless
love and support has always been unwavering, even through the very darkest times.
Her inner strength and refusal to ever give up hope has been inspirational, and I will
never forget the many ways in which she helped me in this achievement.

5

Table of contents
Abstract
Contributions
Acknowledgements

2
3
5

Chapter 1. General Introduction

8

Section 1. Anatomy of the hippocampus

8

1.1.1
1.1.2
1.1.3
1.1.4
1.1.5

The role o f the hippocampus in the living brain
Location of the hippocampus within the brain
Internal structure o f the hippocampus
Basic circuitry o f the hippocampus
Properties o f the CA3-CA1 connection

Section 2. Metabotropic glutamate receptors in the hippocampus
1.2.1 Cloned mGluRs
1.2.2 Structural properties o f mGluRs
1.2.3 Group I mGluR-activated intracellular
signal transduction cascades
1.2.4 Modulation o f neuronal ion channel function by
group I mGluRs
1.2.5 mGluR pharmacology
1.2.6 Group I mGluR expression patterns in the hippocampus
Section 3. Inhibitory interneurons in the hippocampus

8
8
10
14
17
20
20
22
26
30
31
32
37

1.3.1 Heterogeneity o f hippocampal interneurons
1.3.2 Physiological properties o f hippocampal interneurons
1.3.3 Physiological roles o f hippocampal interneurons

37
44
48

Section 4. Glutamatergic synapses onto hippocampal interneurons

56

1.4.1 Sources o f afferent input to interneurons in the CA1 subfield
1.4.2 Postsynaptic ionotropic glutamate receptor expression
1.4.3 Excitation o f hippocampal interneurons by ionotropic
glutamate receptors
1.4.4 Synaptic plasticity at excitatory connections onto interneurons
1.4.5 Modulation of excitatory synaptic transmission to hippocampal
interneurons
Section 5. Summary of introduction and Ph.D. objectives

Chapter 2. Methods and materials
2.1 Overview o f patch clamping in brain slices
2.2 Specific methods for hippocampal slice preparation
2.3 Theoretical explanation o f patch clamp
electrophysiological recording
2.4 Specific methods for whole-cell patch clamp
electrophysiological recording
2.5 Morphological analysis o f individual neurons using
immunohistochemistry and confocal microscopy
2.6 Summary o f pharmacological agents used in all projects

57
58
59
65
69
84

87
87
88
89
94
99
101
6

Chapter 3. Quantitative comparison of two distinct classes of
glutamatergic afferent input to CA1 interneurons for
modulation by group III mGluRs

103

Chapter 4. Optical probing of glutamatergic synaptic connections
in hippocampal slices using Ca2+ epifluorescence imaging

114

Chapter 5. Glutamatergic synaptic transmission to CA1 stratum
radiatum interneurons is modulated by group I mGluRs

140

Chapter 6. Pre- versus postsynaptic induction and expression of
group I mGluR-mediated depression

173

Chapter 7. Modulation of presynaptic Ca2+ channels by group I mGluRs

193

Chapter 8. Group I mGluR-mediated heterosynaptic depression in CA1
interneurons

210

Chapter 9. Morphological classification of CA1 interneuron subtypes
and correlation with group I mGluR-mediated effects

231

Chapter 10. General Discussion

247

References

259

7

Chapter 1. General Introduction

S e c tio n 1. A natom y o f the hippocam pus
1.1.1 The role of the hippocampus in the living brain
The hippocampus is one of the most thoroughly-studied areas of the
mammalian central nervous system. This structure plays a fundamental role in some
forms of learning and memory. The precise roles of the hippocampus are not yet fully
understood, but it is widely agreed to be of critical importance in the generation of new
memories regarding experienced events, i.e. episodic memory formation.
Furthermore, in vivo electrophysiological studies in rodents have demonstrated the
existence of so-called ‘place cells’, which are activated when the animal travels
through specific areas of its environment, and appear to play a central role in spatial
mapping, forming a so-called ‘cognitive map’ of the environment (O’ Keefe, 1978). A
second major reason for the extensive experimental investigation of the hippocampus
is that it has been implicated in a number of neurological and psychiatric disorders.
These include epilepsy, Alzheimer’s disease and schizophrenia. The hippocampus
has the lowest seizure threshold of any brain region. The majority of patients suffering
from epilepsy have seizures that involve the hippocampus, and these seizures are
often the most difficult to control medically. This brain region, together with the
neighbouring entorhinal cortex, also shows high susceptibility to the cellular pathology
associated with Alzheimer’s disease. In addition, the hippocampus is highly vulnerable
to the cytotoxic effects of ischaemia and hypoxia.

1.1.2 Location of the hippocampus within the brain
The hippocampus is part of a brain region known as the limbic system, located
within the medial temporal lobe. This horseshoe-shaped rim of grey matter
surrounding the junction between the diencephalon and each cerebral hemisphere
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was first described by Broca in 1878. There is some debate as to precisely which
structures comprise the limbic system. Most authors include the hippocampal
formation, amygdala, cingulate and parahippocampal gyri, septal nuclei,
hypothalamus, parts of the midbrain reticular formation and certain olfactory areas.
Some authors also suggest that certain regions of the thalamus, fornix and the
mammillary bodies are included.

Cingulate
gyrus

Fornix

Septum

Olfactory
bulb

jX
\

Hypothalam us /
Am ygdala
M am m illary
body

Hippocam pus

Figure 1.1. Location of major structures of the limbic system in the human brain (from
Neuropsychology web resource, www.driesen.com).

In the rat, the hippocampus occupies a large portion of the forebrain. It is an
elongated structure, with its long axis extending in a C-shaped manner rostrodorsally
from the septal nuclei of the basal forebrain, over and behind the diencephalon, and
caudoventrally to the temporal lobe (O’Keefe, 1978). The long axis of the hippocampal
formation is referred to as the septotemporal axis, with the septal pole located
rostrally. The orthogonal axis is known as the transverse axis.
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Septal pole
Fornix

'— Temporal pole
Hypothalamus
Optic nerves

Figure 1.2. Position o f the rat hippocampus in situ (from Am aral and Witter, 1995)

1.1.3 Internal structure of the hippocampus
The hippocampal formation comprises six cytoarchitectonically distinct regions
- dentate gyrus, hippocampus (‘hippocampus proper’, comprising CA3, CA2 and CA1
subfields), subiculum, presubiculum, parasubiculum and entorhinal cortex. The
subiculum, presubiculum and parasubiculum may be grouped together as the
subicular complex (Amaral and Witter, 1995). The six regions of the hippocampal
formation are grouped together because they are sequentially linked by unique and
primarily unidirectional connections. It should be noted, however, that the precise
composition of the hippocampal formation remains a matter of debate among authors,
depending upon the criteria applied. The hippocampus proper is a curved sheet of
cortex folded into the medial surface of the temporal lobe. The subiculum is a
transitional zone continuous with the hippocampus proper at one of its edges and the
cortex of the parahippocampal gyrus at the other edge. The alveus is a thin layer of
white matter which separates the hippocampus from the lateral ventricle. It consists of
axons originating from CA1 pyramidal cells, which are directed either towards
subcortical termination sites or the contralateral hippocampus.
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The hippocampus itself is divided into two major U-shaped interlocking
sectors, the dentate gyrus and the hippocampus proper containing the CA1-CA3
subfields. These subfields are so called because the hippocampus proper is also
known as cornu ammonis, or the horn of Ammon, after an Egyptian deity with the
head of a ram. Initially, Ramon y Cajal (1911) divided the hippocampus proper into the
large-celled regio inferior proximal to the dentate gyrus, and the small-celled regio
superior located distally from the dentate gyrus. On the basis of differences in cell
morphology and fibre projections, Lorente de No (1934) further divided the
hippocampus proper into the four CA subfields. CA3 and CA2 correspond to regio
inferior, while CA1 is equivalent to regio superior. The distinction between CA2 and
CA3 is subtle, and often these two subfields are simply referred to as CA3. CA4 refers
to the scattered cells inside the hilus of the dentate gyrus, though the boundaries of
this region are somewhat more vague than the precise divisions of CA1 and CA2/3.
Thus the major, clearly defined subfields of the hippocampus proper are CA1 and
CA3.
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Figure 1.3. Transverse sections through the rat hippocampus. A, diagram showing
major projections o f the hippocampus proper (from Ramon y Cajal, 1911). B, Nisslstained transverse section o f adult rat hippocampus, clearly showing different
subfields and interlocking cornu ammonis and dentate gyrus sectors. Scale bar
500pm (from Amaral
and Witter, 1995).

The cerebral cortex classically has a six-layered structure, but this differs in
the hippocampus. The six-layered entorhinal cortex becomes four-layered at the
subiculum and then three-layered at the hippocampus proper. These three layers are
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molecular, pyramidal and polymorphic, and may be further subdivided into six strata.
Starting from the ventricular surface these are as follows: 1. The alveus, containing
axons of CA1 pyramidal cells directed towards the fimbria or subiculum; 2. stratum
oriens, containing basal dendrites of pyramidal cells, somata and dendrites of basket
cells, and afferents from the septum; 3. stratum pyramidale, a compact layer of
densely-packed pyramidal cell somata; 4. stratum radiatum, containing apical
dendrites of pyramidal neurons, CA3-CA3 associational connections, and CA3-CA1
Schaffer collateral axons; 5. stratum lacunosum; 6. stratum moleculare. These last
two layers are often grouped together, and contain mainly perforant path axons from
entorhinal cortex. The CA3 subfield contains an additional layer between s.pyramidale
and s.radiatum, called stratum lucidum. This layer contains mossy fibres, which are
axons of dentate granule cells (Blackstad et al., 1970). Interneurons are present within
all layers of the hippocampus. The dentate gyrus also has a trilaminar structure,
comprising: 1. molecular layer, containing apical dendrites of granule cells; 2. granule
cell layer, with densely packed granule cell bodies; 3. polymorphic cell layer, which is
located in the hilus of the dentate gyrus and merges with the CA4 subfield, this layer
contains the initial segments of granule cell axons as they gather together to form the
mossy fibre bundle (Blackstad et al., 1970). The basic organisational principal is the
same in all areas of the hippocampus - an ordered sheet of principal cells with their
somata densely packed in a compact layer, and their dendrites all running in the same
direction, often extending for hundreds of microns. Inputs to each area generally
traverse the dendrites at roughly 90°, making en passant synapses within a restricted
region of the dendritic fields of many neurons.
Information processing in the hippocampus occurs through interactions
between a large number of glutamatergic principal neurons and a smaller number of
inhibitory interneurons that release the neurotransmitter y-aminobutyric acid (GABA).
The principal neurons of the hippocampus are the giant CA3 pyramidal cells, the
smaller CA1 pyramidal cells, and the granule cells of the dentate gyrus. Pyramidal
cells have both apical and basal dendrites, while granule cells have only apical
13

dendrites and are thus monopolar neurons. Principal neurons within a given subfield
are relatively homogeneous in terms of morphology, connectivity and functional
properties. In contrast, hippocampal interneurons are a highly heterogeneous
population of neurons fulfilling a variety of complex functions. Interneurons are
discussed in detail in Section 1.3.

A

b

M oleculare

M o lecu lar

(lacunosum )
G ranule

Polym orph
G ranule

R adiatum

Basket

(Lucidum )
P yram idale
Oriens

Alveus
CA1 p yram id

C A 3 p yram id

Figure 1.4. A, examples of CA1 and CA3 pyramidal cells. B, examples o f a dentate
granule cell and a basket cell (from Lorente de No, 1934).

1.1.4 Basic circuitry of the hippocampus
The hippocampal formation contains an incredibly complex array of major
projections and local microcircuits, involving numerous neurotransmitter systems and
distinct classes of synapse. A detailed review of the entire hippocampal circuitry is
clearly beyond the scope of this discussion. Instead, I focus on the elements
comprising the basic hippocampal circuitry, and later consider in more detail certain
local microcircuits (see Section 1.3). The aim here is to place the experiments
described in this thesis within the context of the relevant anatomical and physiological
properties of the hippocampus.
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Information passes through the hippocampus in a unidirectional series of
excitatory pathways. This was first emphasised by Anderson et al. (1971), who used
the term trisynaptic circuit to describe the series of three excitatory pathways within
the hippocampus itself. The major input to the hippocampus is the perforant path, a
projection from neurons in layer II of the entorhinal cortex which passes through the
subiculum and terminates in both the dentate gyrus and CA3 (Steward and Scoville,
1976; Ruth et al., 1982; 1988). The layer II entorhinal cortex-dentate granule cell
synapse is the first in the trisynaptic circuit. Each dentate granule cell gives rise to a
single unmyelinated mossy fibre axon, which extends around seven thinner collaterals
within the polymorphic layer before entering the CA3 subfield and terminating on the
proximal apical dendrites of CA3 pyramidal cells in stratum lucidum (Anderson et al.,
1971; Claiborne et al., 1986). This is the second synapse in the trisynaptic circuit. The
mossy fibre-CA3 synapse is highly specialised and has many unique properties
(reviewed by Henze et al., 2000). Within stratum lucidum, mossy fibre axons have
large presynaptic varicosities (3-10 pm in diameter) distributed at intervals of
approximately 140 pm along their length (Claiborne et al., 1986). These large
presynaptic boutons form highly morphologically complex contacts with thorny
excrescences on the apical dendrites of CA3 pyramidal cells. Thorny excrescences
are densely lobed dendritic spine protrusions with up to 16 branches. A mossy fibre
bouton can make as many as 37 synaptic contacts with a single CA3 pyramidal cell
dendrite (Chicurel and Harris, 1992). Granule cells also synapse onto cells of the
polymorphic layer, providing associational connections to other layers of the dentate
gyrus. In addition, mossy fibre axons have fine collaterals which contact local
inhibitory interneurons. Ascady et al. (1998) performed a detailed in vivo intracellular
labelling study of granule cells in rats, combined with immunocytochemistry and
electron microscopy. In vivo electrophysiology was also employed, with the objective
of quantitatively identifying the postsynaptic targets of individual granule cell axons.
Single granule cells formed large, complex "mossy" synapses on 11-15 CA3
pyramidal cells and 7-12 hilar mossy cells. In contrast, GABAergic interneurons,

identified with immunostaining for the substance P-receptor, parvalbumin, and
mGluRla-receptor, were selectively innervated by very thin filopodial extensions of
the mossy terminals, and by small en passant boutons in both the hilar and CA3
regions. These terminals formed single, often perforated, asymmetric synapses on the
cell bodies, dendrites, and spines of GABAergic interneurons. The number of
filopodial extensions and small terminals was approximately 10 times larger than the
number of mossy terminals. These findings show that, in contrast to cortical pyramidal
neurons, (i) granule cell axons develop distinct types of terminals to activate
interneurons and pyramidal cells; and (ii) they innervate more inhibitory than
excitatory cells. These findings may explain the physiological observations that
increased activity of granule cells suppresses the overall excitability of the CA3
recurrent system, and may form the structural basis of the target-dependent regulation
of glutamate release in the mossy fibre system.
CA3 pyramidal cells project both to CA1 and other levels of CA3, with the
projections to CA1 termed Schaffer collaterals, the final connection in the trisynaptic
circuit. CA1 pyramidal cells project via the alveus to both the subiculum and the deep
layers of the entorhinal cortex, predominantly layer V (Swanson and Cowan, 1977).
They also have small, fine local collaterals which extend into stratum oriens (Knowles
and Schwartzkroin, 1981) and terminate on basal dendrites of other CA1 pyramidal
cells (Deuchars and Thomson, 1996). However, the level of connectivity is low
(Deuchars and Thomson, 1996), and CA1 pyramidal cells clearly lack the extensive
network of associational connections present among CA3 pyramidal cells. Completing
the overall circuit, projections arise from the deep layers of the entorhinal cortex back
to many of the cortical areas which originally projected to layer II of the entorhinal
cortex. Information may thus be processed by the hippocampal circuitry and returned
to the cortical area from which it originated. This processing is clearly important in
consolidation of experience into long-term memory.
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EC
Sub
Figure 1.5. Summary o f the major intrinsic connections o f the rat hippocampus.
Synapses o f the trisynaptic circuit are marked with an asterisk. DG, dentate gyrus;
EC, entorhinal cortex; Sub, subiculum.

1.1.5 Properties of the CA3-CA1 connection
Modulation and functional properties of synaptic connections from CA3
pyramidal cells to CA1 interneurons are the main subjects of this thesis. I therefore
consider in greater detail the anatomical properties of CA3-CA1 connections. It should
be noted that virtually all studies to date have investigated connections to CA1
pyramidal cells, illustrating that excitatory synaptic connections onto interneurons are
a relatively poorly characterised class of synapse (discussed in Section 1.4).
Nevertheless, it is important to consider all of the available literature in order to build
as complete a picture as possible of the CA3-CA1 connection.
CA3 pyramidal cell axons exhibit a highly ordered and spatially distributed
pattern of projections, in terms of both associational connections within CA3 to other
CA3 pyramidal cells, and from CA3 to CA1. In a detailed intracellular labelling study,
Ishizuka et al. (1990) showed that CA3 projections are organised in several distinct
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gradients. For example, CA3 pyramidal cells located near the dentate gyrus project
more heavily to levels of CA1 located septal to their position. In contrast, CA3
pyramidal cells closer to CA1 project more heavily to levels of CA1 located temporally.
This study demonstrated that the older notion of Schaffer collaterals extending linearly
through CA1 with equal contact probability throughout the subfield is incorrect. Similar
gradient rules were also shown to apply to associational CA3-CA3 projections. CA2
pyramidal cells project to CA1, but the projection is sparse and diffuse, and does not
follow the ordered gradient system of the CA3-CA1 projection (Ishizuka et al., 1990). It
should be noted that, in addition to the projections within the ipsilateral hippocampus,
CA3 pyramidal cells also project to the same areas in the contralateral hippocampus.
These are known as commissural projections.
Schaffer collaterals contact both apical dendrites of CA1 pyramidal cells in
stratum radiatum, and basal dendrites in stratum oriens. It has been estimated that a
single CA1 pyramidal cell may be innervated by over 5,000 CA3 pyramidal cells
(Amaral et al., 1990). Each CA3 pyramidal cell forms excitatory synaptic contacts with
many CA1 pyramidal cells. Single CA3 pyramidal cells give rise to highly arborised
axonal plexuses that distribute to as much as 75% of the septotemporal extent of the
CA1 subfield (Tamamaki et al., 1984), indicating that Schaffer collateral projections
are divergently distributed along the septotemporal axis. Intracellular labelling
demonstrated that the axonal plexus from a single CA3 pyramidal cell may be up to
150-300 mm in length, and is estimated to form as many as 30,000 to 60,000 synaptic
contacts within area CA1 (Li et al., 1994).
At the light microscope (LM) level, individual CA3-CA1 projections are thin
unmyelinated axons with numerous en passant boutons (Ishizuka et al., 1990; Sorra
and Harris, 1993). Using serial electron microscopy (EM), Sorra and Harris (1993)
demonstrated that Schaffer collaterals have numerous multiple-synapse boutons, and
determined that individual Schaffer collateral axons can form multiple synapses onto a
single CA1 pyramidal cell. Schaffer collaterals terminate as asymmetrical axospinous
synapses on CA1 pyramidal cell dendrites, with considerable variation in synaptic
18

morphology possibly reflecting differences in physiological efficacy of the synapses
(Harris and Stevens, 1989). Serial EM was used to demonstrate that varicosities vary
greatly in length, volume, mitochondrial content and number of synapses formed
(inferred by number of postsynaptic densities), indicating extensive anatomical
heterogeneity in CA3-CA1 connections (Shepherd and Harris, 1998).
Much less data are available on the patterns of connectivity and ultrastructure
of Schaffer collateral connections onto CA1 interneurons. By combining LM, serial EM
and immunohistochemistry, Gulyas et al. (1999) were able to quantify the total
number of excitatory and inhibitory synaptic inputs to three neurochemically-defined
populations of CA1 interneurons. This study is discussed further below, in section
1.3.1.4. The interneurons studied were immunopositive for one of the three
neurochemical markers parvalbumin, calretinin or calbindin. Excitatory inputs were
identified on the basis that they were GABA-immunonegative and were asymmetrical,
which are defining features of excitatory synapses. However, this means of
identification is not conclusive, highlighting the need for more detailed ultrastructural
studies to increase understanding of the anatomical properties of Schaffer collateral
inputs onto CA1 interneurons. Each cell type appeared to be associated with a distinct
pattern of excitatory inputs. Both parvalbumin- and calretinin-positive interneurons
received excitatory synapses within all layers of CA1. While much of this afferent drive
would be provided by Schaffer collaterals, in strata radiatum and oriens, there would
also be some activation from local feedback CA1 axon collaterals. In contrast,
calbindin-positive cells received inputs almost exclusively from Schaffer collaterals in
stratum radiatum. This suggests that calbindin-positive interneurons are involved
explicitly in feedforward inhibition, whereas parvalbumin- and calretinin-positive cells
are innervated less specifically in both a feedforward and feedback manner. The
density of excitatory inputs to both calbindin- and calretinin-immunopositive
interneurons was approximately similar. Parvalbumin-positive interneurons received a
number of excitatory inputs several times greater than the other two subtypes. These
observations clearly have implications for the role of these interneuron subtypes in

hippocampal network function, but it is impossible to speculate on this further from
these data alone, and is not relevant to the present section. At the ultrastructural level,
excitatory synapses formed asymmetrical synapses onto interneurons, with extensive
variation in the size of presynaptic terminals and synaptic active zones.
A detailed study was carried out to characterise the ultrastructural aspects of
glutamatergic connections onto hippocampal interneurons (Gulyas et al., 1993b).
However, this examined the connection between presynaptic CA3 pyramidal cells and
parvalbumin-positive postsynaptic CA3 interneurons, as opposed to CA1
interneurons. Nonetheless, there may be many similarities between these types of
connection, and in any case, heterogeneity may exist in the ultrastructural aspects of
excitatory synaptic connections onto different interneuron subtypes. High-resolution
electron microscopy was used to show that CA3 pyramidal cells form single axonal
contacts with one active zone onto postsynaptic interneurons.

S ection 2. M etab otropic g lu ta m a te receptors in the h ip p o cam p u s

Metabotropic glutamate receptors (mGluRs) are heptahelical transmembrane
receptors with a variety of roles in the modulation of neuronal excitability and synaptic
transmission. Eight mGluR subtypes have currently been identified. They have
precisely-defined functional roles and are expressed in highly specific patterns in the
hippocampus and other cortical networks.

1.2.1 Cloned mGluRs
The starting point for cloning of the first mGluR was the discovery that injection
of rat brain mRNA into Xencpus oocytes could be used to express and measure G
protein-dependent responses to exogenous glutamate, such as phosphoinositide
hydrolysis to generate inositol-1,4,5-trisphosphate (IP3) and the resulting mobilisation
of intracellular Ca2+ (Sugiyama et al., 1987). The first mGluR cDNA was cloned by two

20

independent groups, both using a rat cerebellar library, and was termed m G Iula
(Houamed et al., 1991; Masu et al., 1991). Cloning of other mGluR subtypes quickly
followed, using homology screening by cross-hybridisation of a rat brain cDNA library
with the m G Iula cDNA (Tanabe et al., 1992). The current system for mGluR
classification was originally proposed by Nakanishi (1992), who suggested that
mGluRs could be classified into three groups, based upon sequence homology (there
is -70% homology within a group, and -40% homology between groups), signal
transduction mechanism and pharmacological profile. Eight mGluRs have currently
been cloned. Group I comprises mGluRI and mGluR5, Group II comprises mGluR2
and mGluR3, and group III comprises mGluR4, mGluR6, mGluR7 and mGluR8.
Splice variants have been identified for mGluR 1, 4, 5, 7 and 8 (for review see Pin and
Duvoisin, 1995; Conn and Pin, 1997).

Receptor

Group

Transduction
mechanism

Selective
agonist

Selective
antagonist

1

+ PLC

3,5-DHPG

CPCCOEt

II

-A C

LY354740

LY341495

III

-A C

L-AP4

mGluRI
mGluR5
mGluR2
mGluR3
mGluR4
mGluR6
mGluR7

LY341495 or
MSOP

mGluR8
Table 1.1. The eight currently identified mGluRs are divided into three groups
according to sequence homology, signal transduction mechanism and
pharmacological profile. LY341495 is an extremely potent antagonist o f group II
mGluRs at nanomclar concentrations. At higher concentrations, it is also highly
selective for group III mGluRs (+PLC, upregulation of phospholipase C activity; -AC,
downregulation o f adenylate cyclase activity).
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1.2.2 Structural properties of mGluRs
The most commonly-studied G protein-coupled receptors (GPCRs) are the
rhodopsin, (3-adrenergic ((3AR) and muscarinic acetylcholine (mAchR) receptors. They
have a high degree of homology with other types of GPCR, and the rhodopsin
receptor in particular has been used as a framework for developing a generalised
model for GPCR structures (e.g. Palczewski et al., 2000). mGluRs are family 3
GPCRs. This family also includes Ca2+-sensing (CaS) and GABA b receptors, together
with some putative olfactory, pheromone and taste receptors. Family 3 GPCRs are
heptahelical transmembrane receptors. The seven transmembrane spanning structure
is highly conserved among GPCRs, with an extracellular N-terminus and intracellular
C-terminus. Each transmembrane domain consists of approximately 24 hydrophobic
amino acids, with intracellular and extracellular loops of varying sizes between each
domain. The seven domains associate to form an oblong ring structure within the
plasma membrane.
In contrast to most classical GPCRs, mGluRs are thought to exist within the
membrane as functional homodimers. mGluR dimerisation was first demonstrated by
co-immunoprecipitation of two distinct epitope-tagged forms of mGluR5 (Romano et
al., 1996). Further evidence was provided by studies expressing in cell culture
systems the N-terminal extracellular portion of m G lu R I, which was shown to exist as
a soluble disulphide-bonded homodimer, with the N-terminal cysteine rich extracellular
domain of particular importance in formation of disulphide bonds (Okamoto et al.,
1998; Robbins et al., 1999). Mutagenesis studies combined with coimmunoprecipitation and SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel
electrophoresis; used to determine molecular weight of proteins) identified the critical
cysteine residues involved in dimerisation of mGluRI (Tsuji et al., 2000) and mGluR5
(Romano et al., 2001). Despite clear evidence for formation of homodimeric receptors,
mGluRs have not been shown to form heterodimers. For example, despite their high
degree of sequence homology, mGluRI and mGluR5 do not form heterodimers
(Romano et al., 1996). The functional importance of dimerisation remains
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incompletely understood. The available evidence suggests that mGluR dimerisation
may not be directly involved in the proper folding of the receptor, in order to permit
agonist binding and functional activation. Dimerisation has been shown to occur in the
endoplasmic reticulum (ER), and one possible reason for this phenomenon is that
trafficking of the receptor could be affected by its oligomerisation status (see Hermans
and Challiss, 2001).
The mGluR family is heterogeneous in size, ranging from 854 to 1179 amino
acid residues. Although similar in general structure to other GPCRs, mGluRs share
little sequence homology and are considered sufficiently divergent to have originated
from a separate evolutionary derived receptor family (Tanabe et al., 1992; Hollmann
and Heinemann, 1994). All eight mGluR subtypes share a common structural
organisation. Analysis of the primary sequence of cloned m G luR la revealed two
characteristic features which differentiate mGluRs from classical GPCRs. Firstly, a
large extracellular domain of approximately 600 amino acids, which includes the
ligand binding site; and secondly, a lack of sequence homology with classical GPCRs
within the transmembrane region. mGluRs contain 19 conserved cysteine residues
within the extracellular sequence, indicating that this area is likely to be stabilised by
disulphide bridges (Houamed et al., 1991; Masu et al., 1991).
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N-terminal
LIVBP-like
globular
domain

Cys-rich
domain

7 TM
domain

G protein
coupling
domain
COOH

Figure 1.6. Generalised mGluR structure (Cys, cysteine; TM, transmembrane; LIVBP, leucine isoleucine valine binding protein).

The large extracellular region points towards differences in the ligand binding
region between mGluRs and classical GPCRs. The neurotransmitter binding site is
located within the hydrophobic core of the receptor in a pocket formed in the centre of
the seven transmembrane domains in many classical GPCRs, for example the PAR
(Kobilka, 1992). In contrast, the mGluR ligand binding site is located within the large
extracellular N-terminal domain. This was demonstrated by expression in a cell culture
system of the entire extracellular region of mGluRI (Okamoto et al., 1998), and
subsequently a shorter region spanning from the N terminus to a trypsin-sensitive site
immediately before the cysteine-rich region (Tsuji et al., 2000). In both cases, the
expressed fragment retained ligand binding capacity and selectivity comparable to the
full-length receptor. O’Hara et al. (1993) demonstrated that the mGluR N-terminal
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domain possesses extensive amino acid sequence homology with the bacterial
periplasmic binding protein (PBP) leucine-, isoleucine- and valine- binding protein
(LIV-BP). This allowed a model of mGluRI based upon the coordinates of LIV-BP to
be constructed. The structure of the ligand binding region was subsequently
confirmed by X-ray crystallography. Crystals were generated showing glutamatebound and unbound conformations (Kunishima etal., 2000), binding of an antagonist
(S-MCPG), and glutamate with gadolinium (Tsuchiya et al., 2002). Analysis of these
crystals enabled the morphology of the ligand binding region and the structural basis
of glutamate binding to be understood in great detail, with resolution sufficient to
pinpoint the involvement of critical individual amino acid residues. The LIV-BP-like
area comprises a homodimeric globular domain with a hinge region. Each protomer
comprises an N-terminal LB1 and C-terminal LB2 domain. The domains are
connected by three short loops on one side of the molecule. The two protomers are
linked by a disulphide bond at Cys140. Glutamate binding occurs between the two
protomers, in the crevice between the LB1 and LB2 domains. A conformational
change occurs upon glutamate binding, with the two protomers closing together like a
clamshell, shortening their separation by over 20 A. Glutamate binding thus stabilises
the active conformation of the ligand binding region. This mechanism is very similar to
the mode of action of PBPs. High-resolution X-ray crystallography has allowed
identification of the amino acid residues critically involved in glutamate binding, and
detailed modelling schemes for ligand binding and resultant conformational changes
have been published (Kunishima et al., 2000; Tsuchiya et al., 2002). The mechanism
via which glutamate binding leads to activation of G proteins and other intracellular
signal transduction cascades is not yet understood. One possibility is a shift in the
orientation of one or more of the transmembrane a-helices, transmitted from the
ligand binding region via the cysteine-rich domain (Hermans and Challiss, 2001).
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1.2.3 G roup I m G luR-activated intra cellula r signal tra n s d u c tio n cascades
I now review the downstream intracellular signal transduction cascades which
are triggered following mGluR activation by binding of glutamate to the receptor. This
section provides an overview of intracellular signalling mechanisms, since this aspect
of mGluR functionality was not investigated in detail in the projects described in this
thesis. I review mainly group I mGluR-associated signalling cascades, since
investigation of modulation of synaptic transmission by this group of receptors is the
primary focus of this thesis.
Following activation by ligand binding, group I mGluRs mediate downstream
effects via G protein-dependent and independent intracellular signalling pathways. G
proteins are composed of a, (3 and y subunits. Activation via ligand binding results in a
conformational change in GPCRs, causing them to catalyse exchange of GDP for
GTP in their associated G proteins. This results in dissociation of the heteromeric G
protein, generating a-GTP and (3y subunits, both of which then interact with their
downstream targets. The GTPase activity of the G protein a subunit mediates
hydrolysis of GTP to GDP, with concomitant conversion of the G protein back to the
inactive state. Group I mGluRs couple preferentially to the activation of
phosphoinositide-specific phospholipase C (PLC) through coupling to Gq/11 proteins
(reviewed by Hermans and Challiss, 2001). The phosphatidyl inositide signal
transduction cascade is extremely prominent in neuronal signalling. In contrast to the
group I mGluRs, the group II and III receptors exert effects downstream of G protein
activation via downregulation of the adenylyl cyclase (AC)/cyclic adenosine
monophosphate (cAMP)/protein kinase A (PKA) transduction cascade, the other
highly prominent pathway in neuronal signalling. The phosphatidyl inositide signalling
cascade operates as follows. Following activation via G protein coupling, the enzyme
PLC hydrolyses its substrate phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to yield
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). These two products then
activate separate branches of the signalling cascade. DAG, a hydrophobic molecule
which remains within the cytosolic face of the cell membrane, activates the enzyme
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protein kinase C (PKC), which subsequently exerts a variety of downstream effects.
The DAG signal is rapidly terminated by conversion into phosphatidic acid and
subsequent recycling into phospholipids. IP3 is water-soluble, and diffuses within the
cytoplasm to trigger release of Ca2+ from intracellular stores. IP3 acts on specific
receptors on the endoplasmic reticulum, the major IP3-sensitive intracellular Ca2+
store. The IP3 receptor is a macromolecular complex that functions both as an IP3
sensor and Ca2+ channel. Ca2+ is concentrated in the ER through the action of a Ca2+ATPase within the ER membrane, and subsequent binding to low-affinity Ca2+ binding
proteins. Ca2+ therefore rapidly enters the cytoplasm along a steep concentration
gradient via the ion channel of the activated IP3 receptor. The IP3 signal is rapidly
terminated by dephosphorylation of the molecule to inositol and subsequent recycling.
The Ca2+ release from intracellular stores acts as a second messenger to modulate
the activity of many mediators. G protein-mediated activation of the phosphatidyl
inositide signalling cascade thus has a wide variety of downstream effects, mediated
initially by activation of PKC and release of intracellular Ca2+.
Many studies investigating group I mGluR-mediated intracellular signalling
have been carried out using molecular cloning and heterologous expression of
mGluRs in systems such as Xenopus oocytes and transfected mammalian cells.
While activation of the PLC/IPs/Ca2+ pathway is always detected following group I
mGluR activation, coupling to other signalling cascades has also been detected. The
type of cascade involved appears to some extent to be dependent upon the
expression system in which the mGluR is characterised. Alternative coupling of
GPCRs may result from receptor overexpression in recombinant systems (Hermans
and Challiss, 2001). However, in some cases coupling of group I mGluRs to multiple
downstream transduction cascades is physiologically relevant, and may contribute to
the complexity of neuronal responses to glutamate. There is evidence from a number
of studies carried out in heterologous expression systems for coupling of group I
mGluRs to the AC/cAMP/PKA pathway, which has been shown to be both inhibited
via group I mGluR coupling to pertussis toxin (PTx)-sensitive Gi/0 proteins, and up27

regulated via coupling to Gs proteins. In addition, PKC has been shown to be involved
in modulation of a number of ion channels, and activation of the following downstream
effectors: (i) phospholipase A (PLA); (ii) phospholipase D (PLD); mitogen-activated
protein kinase (MAPK) (reviewed by Hermans and Challiss, 2001). Group I mGluRs
thus appear to modulate the activity of multiple intracellular signalling pathways
through functional coupling to a variety of G proteins. In addition, there is evidence for
group I mGluR intracellular signalling mediated via G protein-independent
mechanisms. This type of interaction occurs in a more limited manner, and it is
important to realise that the majority of downstream signalling events are dependent
upon G protein activation. A number of G protein-independent signalling mechanisms
have been characterised in detail in other types of GPCR, such as the (32-adrenergic
receptor (reviewed by Hall et al., 1999), but remain to be fully explored in the mGluR
family. An important mechanism for activation of downstream effectors that does not
require G proteins instead depends upon G protein-coupled receptor kinases (GRKs).
Activated GPCRs are phosphorylated by GRKs. This event is followed by binding to
the GPCR of another family of proteins, known as arrestins. The regions arrestins
bind to, generally the third intracellular loop and the portion of the C-terminal tail
closest to the membrane, are also primary determinants for G protein signalling.
Binding of arrestins thus inhibits G protein signalling. Arrestins also act as adaptor
proteins for recruitment of other effector molecules, for example Src-family protein
tyrosine kinases. For some GPCRs this Src-dependent pathway leads to MAPK
activation (reviewed by Hall et al., 1999) Heuss et al. (1999) described a dual
signalling mechanism mediated by group I mGluRs, in which signal transduction
involved activation of either G proteins or tyrosine kinases. Synaptic activation of
group I mGluRs via mossy fibre stimulation evoked a G protein-independent excitatory
postsynaptic response in CA3 pyramidal cells, while inhibiting an
afterhyperpolarisation current through a G protein-dependent mechanism. The G
protein-independent transduction mechanism instead required a Src-family protein
tyrosine kinase. This study is significant because it provides the first functional

evidence for G prctein-independent mGluR signalling, as opposed to biochemical and
molecular studies carried out in recombinant expression systems. Evidence for PLCindependent modulation of ion channel functionality was provided by Ireland and
Abraham (2002), who demonstrated that group I mGluR activation using the selective
agonist DHPG caused depolarisation and increased spiking in CA1 pyramidal cells
through inhibition of slow- and medium-duration AHP (after-hyperpolarisation) K+
currents, with a differential contribution from both mGluRI and mGluR5. This was
mediated by a mechanism insensitive to selective blockade of PLC (using U-73122),
PKC (using chelerythrine) and IP3-triggered release of Ca2+ from intracellular stores
(using cyclopiazonic acid). This study indicates that group I mGluRs inhibit AHP K+
currents through a PLC-, PKC- and IP3-independent signalling pathway. Inhibition of
G protein activity using the endogenous G protein regulatory protein RGS4 has
suggested that DHPG-induced suppression of the AHP current in CA1 is G protein
dependent (Saugstad et al., 1998). However, contradictory evidence was provided by
Gee and Lacaille (2004). Their results confirmed that DHPG-induced depolarisation is
mediated by a PLC-independent pathway. However, using a non-hydrolysable GTP
analogue (GDP(3S) and N-ethylmaleimide (NEM) to inhibit G protein signalling
suggested that DHPG-induced depolarisation is G protein independent. One possible
explanation may be differences in the mechanism between interneurons, which were
studied by Gee and Lacaille (2004), and CA1 pyramidal cells, which were investigated
by Ireland and Abraham (2002). It may be proposed that the PLC-independent DHPGinduced depolarisation is initiated either (i) at the level of the group I mGluR, which is
capable of coupling to multiple types of G protein, or activating G protein-independent
signalling pathways (reviewed by Hermans and Challiss, 2001); (ii) at the level of Gq,
which may couple to multiple signal transduction pathways; (iii) via direct interaction
between a G protein subunit and the K+ channels that mediate the AHP current.
Further research is therefore necessary in order to determine the level at which
DHPG-induced modulation of AHP K+ currents is initiated.
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1.2.4 M odulation o f neuronal ion channel fu n c tio n by g ro u p I m GluRs
Here I review the role of group I mGluRs in modulation of neuronal ion channel
function. The projects carried out within this thesis are focused upon modulation of
glutamatergic synaptic transmission to GABAergic interneurons by group I mGluRs.
However, in addition to modulating synaptic transmission, these receptors also
directly exert powerful effects upon neuronal excitability via interaction with ion
channels. Such effects have been observed in both pyramidal cells and interneurons
in the hippocampus. In both pyramidal cells and interneurons, the principal direct
effects of selective group I mGluR activation are depolarisation and increased firing of
action potentials (e.g. Mannaioni et al., 2001). The underlying mechanisms have been
characterised in detail in pyramidal cells. Much less information is available regarding
group I mGluR-mediated modulation of ion channels in GABAergic interneurons. In
pyramidal cells, group I mGluRs increase neuronal excitability through the following
mechanisms. Firstly, inhibition of at least four distinct K+ currents - the AHP current
(Charpak et al., 1990; Desai and Conn, 1991; Ireland and Abraham, 2002), the M
current (Charpak et al., 1990), a leak current (Guerineau et al., 1994) and a voltagedependent slow-inactivating current (Luthi et al., 1996). Secondly, activation of Ca2+activated and Ca2+-independent non-selective cationic conductances (Crepel et al.,
1994; Guerineau et al., 1995; Congar et al., 1997; Heuss et al., 1999; Chuang et al.,
2000; 2002; Gee et al., 2003). Group I mGluR activation results in an inward current,
which depolarises the neuron. There is evidence that this is at least partially mediated
by the transient receptor potential (TRP) family of non-selective cation channels in
CA3 pyramidal cells (Gee et al., 2003). In cerebellar Purkinje cells, group I mGluRmediated inward currents have been shown to be mediated by the TRPC1 channel
(Kim et al., 2003).
While it may reasonably be proposed that many of these mechanisms are
common to both pyramidal cells and interneurons, there are likely to be significant
differences, indicating that detailed investigation of group I mGluR-mediated
modulation of ion channels in GABAergic interneurons represents an important area
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of future research. The complexity of group I mGluR-mediated effects is likely to be
increased by the heterogeneity of the hippocampal interneuron population. Previous
studies have already demonstrated that in the CA1 subfield, activation of group I and
II mGluRs increases intracellular Ca2+ and depolarises interneurons in stratum
oriens/alveus, but has little effect upon interneurons in strata radiatum and
lacunosum-moleculare (Carmant et al., 1997; Woodhall et al., 1999). There is
extensive variation in response to group I mGluR activation even among interneurons
within a limited area. Within CA1 stratum oriens, inward current response to group I
mGluR activation varied dramatically between four defined classes of interneuron (van
Hooft et al., 2000). Indeed, there are distinct differences in response to group I mGluR
activation even between CA3 and CA1 pyramidal cells. Activation of group I mGluRs
using the selective agonist DHPG evokes a voltage-dependent inward current
response in CA3, but not CA1 pyramidal cells. Investigation of mGluRI-knockout mice
suggested that this may be because the voltage-dependent inward current is
mediated by the mGluRI subtype (Chuang et al., 2002). This is consistent with the
finding from high-resolution immunohistochemical studies that CA3 pyramidal cells
express both mGluRI and mGluR5, while CA1 pyramidal cells express only mGluR5
(Lujan et al., 1996).

1.2.5 mGluR pharmacology
mGluR pharmacology is highly complex, with numerous compounds available
which act with varying efficacy at different mGluR subtypes. In designing experiments
to investigate mGluR function, it is important to be aware that many commonly used
agonists and antagonists may affect several distinct mGluR subtypes or groups,
depending upon the concentration used. An increasing degree of subtype specificity is
apparent in the newer mGluR pharmacological agents; however, selective agonists
and antagonists are not yet available for every mGluR subtype. The selective agonists
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most commonly used to differentiate between the three groups of mGluRs are listed in
Table 1.1. For detailed review of mGluR pharmacology, see Schoepp et al. (1999).

1.2.6 Group I mGluR expression patterns in the hippocampus
The present section describes expression patterns of metabotropic glutamate
receptors in the hippocampus. The majority of projects described in this thesis involve
investigation of modulation of excitatory synaptic transmission to CA1 interneurons by
group I mGluRs (Chapters 5 to 9). From this point onwards in the present chapter, I
therefore focus primarily on the group I receptors.
mGluRs are widely expressed throughout the hippocampus, and exhibit highly
specific patterns of expression. There is both anatomical and functional evidence for
target-dependent expression of the group III receptor mGluR7. Expression of the
receptor at presynaptic terminals originating from the same axon is dependent upon
the identity of the postsynaptic target neuron. Anatomical evidence indicates that at
both glutamatergic (Shigemoto et al., 1996; 1997) and GABAergic (Somogyi et al.,
2003) synapses, mGluR7 is strongly enriched in the presynaptic active zone of
terminals contacting interneurons, but not terminals contacting pyramidal cells. This
apparent target-dependent expression is supported by electrophysiological evidence.
Use of sequential paired recordings demonstrated that activation of group III mGluRs
depressed glutamate release at Schaffer collateral terminals originating from the
same axon at connections onto CA1 interneurons but not pyramidal cells (Scanziani
et al., 1998). This illustrates the high degree of precision in mGluR expression
patterns. In understanding the role of mGluRs in modulation of synaptic transmission,
it is essential to determine whether each subtype is pre- and/or postsynaptically
situated, the brain areas in which it is localised, whether expression is confined to
specific cell types and whether the receptor exhibits target-dependent expression.
Furthermore, it is important to realise that mGluR expression may be
developmentally-regulated. This has been shown for group I mGluRs, for example, by
32

Lopez-Bendito et al. (2002). m G luR la and mGluR5 were shown to exhibit differential
changes in expression in specific neuronal subtypes in the neocortex and
hippocampus throughout the first three weeks of postnatal development.
The currently available anatomical evidence suggests that the group I mGluRs
are expressed postsynaptically, while the group II and III receptors are presynaptically
expressed. Evidence for postsynaptic group I mGluR expression came from highresolution immunohistochemical studies, in which immunogold labelling of receptors
using highly specific subtype-selective antibodies was combined with serial transverse
electron microscopy. This allowed receptor distribution to be investigated in detail at
the level of single synapses. The first direct anatomical evidence for postsynaptic
group I mGluR expression was presented by Martin et al. (1992), who demonstrated
that m G luR la is enriched in the CA1 subfield and is postsynaptically expressed.
mGluR5 was also shown to be exclusively postsynaptically expressed in the
hippocampus (Shigemoto et al., 1993). These findings were supported by Baude et al.
(1993), who showed that immunoreactivity for m G luR la in the hippocampus was
present in somatostatin-positive GABAergic interneurons. Immunogold labelling
combined with electron microscopy revealed that m G luR la is expressed
postsynaptically, mainly at the periphery of the postsynaptic density (PSD) of type 1
synapses. m G luR la was also present extrasynaptically, in somatic and dendritic
membranes at sites where no synapses were located. This demonstration of
perisynaptic localisation of group I mGluRs at postsynaptic sites was supported by
subsequent studies. mGluRI and mGluR5 are present in the CA1 subfield in both
pyramidal cells and interneurons. Pyramidal cells are strongly enriched for mGluR5
(Lujan et al., 1996), whereas interneurons are enriched for m G luR la (Baude et al.,
1993; Petralia et al., 1997). Group I mGluRs are concentrated on dendritic spines at
type 1 synapses in a perisynaptic annulus surrounding the ionotropic glutamate
receptors (defined as within 60 nm of the edge of the synapse), followed by an
extrasynaptic wider band of receptors decreasing in density (60 - 900 nm) (Lujan et
al., 1996; 1997; Petralia et al., 1997; Lopez-Bendito et al., 2002). Co-

immunolocalisation studies using both a polyclonal m G luR la antibody and a
monoclonal antibody to the AMPA receptor GluR2/3/4c indicated that mGluRs and
AMPA receptors are differentially localised at cerebellar synapses. AMPA receptors
were concentrated in the postsynaptic membrane directly opposing the release site,
whereas m G luRla was located at the periphery of the same synapse (Nusser et al.,
1994). AMPA receptors may thus be physically segregated from postsynaptic group I
mGluRs. How does this pattern of receptor expression correspond to the functional
role of group I mGluRs in modulation of synaptic transmission? Baude et al. (1993)
originally put forward the idea that the perisynaptic location of group I mGluRs may
serve as the structural basis for their role in activity-dependent processes, with
activation occurring only during high-frequency presynaptic activity. This suggestion is
supported by electrophysiological evidence demonstrating that mGluR-activated
currents are preferentially evoked by high-frequency presynaptic stimulation
(Batchelor et al., 1994; Batchelor and Garthwaite, 1997).
In contrast to the numerous studies demonstrating exclusively postsynaptic
localisation of group I mGluRs, there is very little evidence to suggest any significant
presynaptic expression of these receptors in the hippocampus. A single study by
Romano et al. (1995) using an mGluR5-selective antibody confirmed that the receptor
is concentrated on dendritic spines and shafts. However, significant mGluR5
immunoreactivity was also detected in presynaptic axon terminals. Although the
existence of presynaptic group I mGluRs in the hippocampus cannot be ruled out, this
finding must be interpreted with caution, given the wealth of contradictory evidence.
One possible explanation may be the method of immunostaining used (Lujan et al.,
1997).
Of particular relevance to the projects described in this thesis are expression
patterns of group I mGluRs in hippocampal interneurons. Given the extensive
heterogeneity of the interneuron population and existence of numerous distinct
subtypes (see Section 1.3.1), it may be expected that expression of mGluRs would
vary according to interneuron subtype. This issue has so far been addressed in detail
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by two studies. Ferraguti et al. (2004) investigated which classes of CA1 interneuron
express m G luR la using double and triple immunofluorescence labelling. The
m G luR la antibody was co-applied with antibodies for neurochemical markers for
distinct interneuron subtypes. These markers were the neuropeptides somatostatin
(SS), cholecystokinin (CCK) and vasoactive intestinal polypeptide (VIP); and the Ca2+
binding proteins calretinin and parvalbumin (PV). Previous studies have demonstrated
that m G luRla is characteristically expressed only in non-principal cells, and is
particularly enriched in somatostatin-positive interneurons in CA1 stratum oriens
(Baude et al., 1993). mGluRla-immunopositive interneurons have also been reported
at lower density in strata pyramidale, radiatum and lacunosum moleculare (Martin et
al., 1992; Baude et al., 1993; Lujan et al., 1996; Shigemoto et al., 1997). Ferraguti et
al. (2004) identified several distinct types of interneuron immunopositive for both
m G luR la and somatostatin, which target different domains of CA1 pyramidal cells.
These interneurons were characterised by the presence of specific neurochemical
markers. These included (i) O-LM (‘oriens-lacunosum moleculare’) interneurons
expressing PV (see Freund and Buzsaki, 1996); (ii) interneurons expressing VIP
and/or calretinin, which selectively target other interneurons; (iii) CCK-immunopositive
interneurons targeting dendrites of pyramidal cells; (iv) interneurons which could not
be positively identified which may correspond to oriens-bistratified cells,
immunopositive for SS and immunonegative for PV. Furthermore, no m G luR la
immunoreactivity was detected in interneurons co-expressing CCK and VIP, or in
interneurons immunolabelled very intensely for PV. By specifically characterising the
interneuron subtypes expressing m G luR la and identifying their postsynaptic targets,
this important study provides insight regarding the role of m G luR la in modulation of
synaptic transmission in the hippocampus. The second study investigating group I
mGluR expression patterns in hippocampal interneurons was carried out by van Hooft
et al. (2000). This study focused on detailed investigation of CA1 oriens-alveus
interneurons. Group I mGluR expression was quantitatively analysed in individual
neurons using single cell RT-PCR (reverse transcriptase polymerase chain reaction).

Immunohistochemical detection of neurochemical markers (PV, SS, calretinin and
calbindin) was carried out. Neuronal morphology was analysed by filling cells with
biocytin during electrophysiological recording and subsequent staining using
fluophore-conjugated streptavidin. Interneurons were classified according to (i) action
potential firing pattern; (ii) inward current response to the mGluR agonist ACPD. Four
distinct interneuron subtypes were identified. Type I interneurons expressed both
mGluRI and mGluR5, responded to ACPD with a large inward current, and were SS
immunopositive. Somata were located at the oriens-alveus border and axons
projected vertically towards stratum lacunosum moleculare. These interneurons
appeared to be O-LM (‘oriens-lacunosum moleculare’) cells (see Freund and Buzsaki,
1996). Type III interneurons expressed predominantly mGluR5, responded to ACPD
with a moderate inward current and were immunopositive for PV. Dendritic trees were
vertically-orientated, and axons terminated exclusively in stratum pyramidale. The
authors suggested that these interneurons may be basket cells (see Freund and
Buzsaki, 1996). Type II and IV interneurons represent a heterogeneous population in
terms of morphology, with considerable variation in orientation of dendritic trees and
zones of axonal arborisation. Type II interneurons expressed exclusively mGluRI and
were immunopositive for calbindin, while type IV interneurons expressed both
mGluRI and mGluR5 and were immunopositive for calbindin and calretinin. The study
of van Flooft et al. (2000) demonstrates that even within a relatively limited area of the
hippocampus, in this case the single layer of stratum oriens in the CA1 subfield, there
is extensive variation in expression of group I mGluRs among interneurons. Group I
mGluR expression patterns appear to correlate with both physiological properties of
interneurons and patterns of dendritic and axonal projection, suggesting that mGluRI
and mGluR5 are selectively expressed by interneuron subtypes with specific
functional roles within the hippocampal network. Interestingly, van Hooft et al. (2000)
showed that activation of group I mGluRs under current-clamp conditions increased
spike frequency and resulted in rhythmic firing activity in type I and II, but not in type
III and IV interneurons. This would suggest that the mGluRI subtype is responsible for

mediating this effect. Synchronous action potential firing may allow GABAergic
interneurons to act as “pacemakers” controlling the excitability of pyramidal cells.
These findings suggest that induction of rhythmic action potential firing in CA1
interneurons may be group I mGluR-induced, pointing to a key role for these receptors
in the regulation of hippocampal network function. This topic is addressed further in
the General Discussion (Chapter 10).

Section 3. In hib itory interneuron s in the h ippocam pus
A detailed review of the anatomical and physiological properties of every
known type of hippocampal interneuron is beyond the scope of this discussion. The
aim of this section is to emphasise the heterogeneity of the interneuron population,
describe the functional properties of this cell type, and discuss their physiological roles
within the hippocampus.

1.3.1 Heterogeneity of hippocampal interneurons
Hippocampal interneurons are a highly heterogeneous population, in terms of
morphology, connectivity, firing patterns, neurochemical content and physiological
roles. This reflects the fact that specific interneuron subtypes have distinct functional
roles, and this specialisation is essential in synchronising pyramidal cell firing in order
to induce and maintain oscillatory activity. This highly complex aspect of brain function
is achieved largely by precisely-controlled spatio-temporal release of GABA onto
specific domains of pyramidal cell membrane by distinct interneuron subtypes
(Klausberger et al., 2005; Somogyi and Klausberger, 2005; Baude et al., 2006).
Interneurons may be classified according to an extensive variety of
parameters. No overall unified classification system currently exists (see e.g.
Maccaferri and Lacaille, 2003 for review). Nonetheless, the importance of accurate
identification of GABAergic interneuron subtypes from which electrophysiological
recordings and other types of data are obtained is becoming increasingly apparent at
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the time of writing. It is clear that meaningful insights into cortical network function are
considerably less likely to be gained if GABAergic interneurons are treated as a
homogeneous population. There is extensive variation in numerous aspects of cortical
interneuron morphology and physiology. This must be taken into account by
attempting to identify in as much detail as possible the cell from which data are
obtained.
The most common individual criteria used for interneuron classification are
described below. However, there is increasing evidence from recent studies that
GABAergic interneurons cannot be accurately identified according to a single criterion,
since this approach is overly simplistic and there may be overlap of certain
characteristics between very different sub-groups of interneurons. Indeed, even when
accurate high-resolution immunohistochemical analysis is employed, classification
according to a single neurochemical marker (generally a neuropeptide or Ca2+-binding
protein; see below for further detail) alone is often insufficient to delineate between
distinct interneuron subtypes with specific input patterns and spatio-temporal outputs.
For example, parvalbumin is expressed by at least four distinct classes of interneuron
(Somogyi and Klausberger, 2005). Instead, it seems that this cell type may be
definitively classified into subtypes with specific functional roles only if several criteria
are examined together in the same neuron, e.g. somatodendritic pattern to identify
location of inputs and outputs, combined with high-resolution immunohistochemistry to
determine expression of at least one and preferably multiple neurochemical marker
proteins and neurotransmitter receptors. Further information may be gained by
examining the temporal structure of spiking in vivo (Somogyi and Klausberger, 2005).

1.3.1.1 Neuronal morphology
The morphology of a neuron can provide much information regarding its
functional role within a neuronal circuit. Most importantly, the pattern of axonal
projections will identify the postsynaptic targets, while the somatodendritic location
allows the location, and thus usually the type, of afferent inputs to be determined.
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High-resolution visualisation of the entire axonal and dendritic processes of single
neurons is now routinely possible using intracellular labelling techniques combined
with confocal microscopy.
Hippocampal interneurons display extensive morphological diversity. At
present there is no universally accepted anatomical nomenclature for interneurons.
Cells may be identified according to classical definitions which are based upon
appearance (e.g. basket cells). Alternatively, terms may be used which emphasise the
postsynaptic target (e.g. axo-axonic cells), orientation of the dendritic tree (e.g.
vertical and horizontal cells in stratum oriens), or for long-projection cells the origin
and target brain regions (e.g. hippocampo-septal interneurons). Finally, interneurons
may be defined by the two specific layers containing the soma and axonal processes
(e.g. oriens-lacunosum moleculare ‘O-LM cells’, pyramidale-lacunosum moleculare ‘PLM cells’, radiatum-lacunosum moleculare ‘R-LM cells’, and oriens-oriens and
radiatum ‘O-bistratified cells’) (reviewed by Freund and Buzsaki, 1996; Somogyi and
Klausberger, 2005). The number of anatomically distinct types of hippocampal
interneuron remains unclear. Parra et al. (1998) identified 16 morphologically distinct
types of CA1 interneuron. However, interneurons with similar morphology displayed
widespread variation in firing pattern and pharmacological properties, indicating the
existence of a neuronal population with highly variable properties which cannot be
classified into a small number of clearly-defined groups. More recently, a review by
Somogyi and Klausberger (2005) identified a different group of at least 16 distinct
interneuron subtypes in area CA1, 12 types of which innervated mainly specific
domains of pyramidal cells, while four types innervated primarily other interneurons.
Cells were classified according to dendritic pattern, axonal outputs, and presence of at
least one, and often multiple, neurochemical markers. The authors point out that these
classifications are not entirely definitive, and more subtypes may be identified as
further information regarding expression of neurochemical markers etc. is gained.
Nonetheless, this discussion highlights that identification according to multiple criteria
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may allow CA1 interneurons to be classified to some extent into distinct sub-groups,
rather than existing as an entirely heterogeneous population.

1.3.1.2 Neurochemical content
A variety of immunohistochemical techniques have been used to identify
numerous specific neurochemical markers for interneurons. Inhibitory interneurons
may be identified by the presence of GABA and enzymes in the GABA biosynthetic
pathway such as GAD65 (glutamic acid decarboxylase, Mr 65 kDa) and GAD67
(Ribak, 1978; Storm-Mathisen et al., 1983). Different populations of interneurons may
be distinguished by the presence of various peptides, including somatostatin,
cholecystokinin (CCK), vasoactive intestinal peptide (VIP), neuropeptide Y and
substance P; or by Ca2+ binding proteins such as calbindin, parvalbumin and calretinin
(reviewed by Freund and Buzsaki, 1996). It may be expected that grouping of
interneurons according to neurochemical markers could begin to reveal correlations
with anatomical and physiological properties. However, within a single
neurochemically-defined subgroup exist numerous different types of morphologicallyand physiologically-defined interneurons (Freund and Buzsaki, 1996; Parra et al.,
1998; Maccaferri and Lacaille, 2003). For example, somatostatin-positive interneurons
have been anatomically classified as O-LM, O-bistratified, P-LM and R-LM cells
(Freund and Buzsaki, 1996; Katona et al., 1999a; Oliva, Jr. et al., 2000; Maccaferri et
al., 2000; Losonczy et al., 2002). Similarly, parvalbumin-positive interneurons include
basket cells, axo-axonic cells, O-LM cells and bistratified cells (Freund and Buzsaki,
1996; Maccaferri et al., 2000; Klausberger et al., 2003; Ferraguti et al., 2004;
Klausberger et al., 2004; Klausberger et al., 2005; Somogyi and Klausberger, 2005).

1.3.1.3 Physiological properties
Patch clamp recording may be combined with intracellular labelling techniques
in order to provide information on both the physiological properties and morphology of
the same neuron. Action potential firing pattern is one classical criterion which may be
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used to distinguish different subgroups of interneurons. Early classifications divided
hippocampal interneurons into fast- and regular-spiking cells (Kawaguchi and Hama,
1988). Parra et al. (1998) identified three groups of CA1 interneurons according to
spike discharge patterns, which were regular, irregular or clustered into groups. As
noted previously, identification according to firing pattern did not correlate with
morphological or pharmacological classifications. It is important to realise that action
potential generation results from a complex interaction between numerous temporallyoverlapping voltage-gated conductances. These are mediated by many distinct ion
channels, all of which may display unique expression patterns among different
subtypes of interneuron. Action potential firing pattern must therefore be considered
an imprecise means of classification, which does not accurately describe the complex
underlying patterns of voltage-gated ion channel expression.
Interneurons display extensive heterogeneity in neurotransmitter receptor
expression, which affects the physiological properties of the cell. Subsets of CA1
interneurons are differentially sensitive to agonists of mGluR, noradrenaline,
muscarine and serotonin receptors (Parra et al., 1998). Immunohistochemistry has
been used to provide evidence for variations between different subtypes of
interneurons in expression of AMPA receptors, mGluRs, GABA a receptor subunits,
5HT-2 and 5HT-3 serotonin receptors, opioid receptors, and muscarinic and nicotinic
acetylcholine receptors (reviewed by Freund and Buzsaki, 1996). Svoboda et al.
(1999) demonstrated that opioid receptor subtype expression correlates with axonal
projection patterns in CA1 interneurons. Stratum oriens interneurons innervating the
pyramidal cell perisomatic region were more likely to express p-opioid receptors,
whereas interneurons projecting to pyramidal cell dendritic layers more frequently
expressed 5-opioid receptors. There is extensive evidence that expression of
ionotropic glutamate receptors varies between populations of interneurons.
Heterogeneity in AMFA receptor subunit composition among different groups of
interneurons has been determined both by immunohistochemistry (see Freund and
Buzsaki, 1996) and the electrophysiological properties of the receptor (McBain and

Dingledine, 1993; Isa et al., 1996). Quantitative immunogold labelling combined with
serial EM was used to demonstrate variability in NMDA receptor density between
different types of excitatory synapse onto subsets of CA1 interneurons (Nyiri et al.,
2003). Cell type-specific differences in short-term plasticity of excitatory inputs have
been reported in subgroups of hippocampal interneurons identified by molecular
markers and patterns of axonal arborisation (Losonczy et al., 2002). Furthermore,
Maccaferri and Dingledine (2002) identified two populations of CA1 interneurons with
markedly different EPSP kinetics (‘fast’ and ‘slow’). These differences are apparently
associated with variations in NMDA receptor expression, and determine the functional
role of the interneuron in mediating feedforward dendritic inhibition of CA1 pyramidal
cells. It is clear that ionotropic glutamate receptor expression may vary in different
ways among subgroups of hippocampal interneurons. Heterogeneity in ionotropic
glutamate receptor expression affects the physiological properties of the neuron, since
these receptors are involved in mediating somatic and dendritic integration of synaptic
inputs and EPSP-spike coupling. Differences in integrative properties affect both the
probability and timing of GABA release in response to a given pattern of presynaptic
input.

1.3.1.4 Network connectivity
As described previously, interneurons may be classified morphologically
according to the two specific layers containing the soma and axonal processes (e.g.
O-LM cells). However, in some cases it is also possible to distinguish different
subtypes of interneuron according to the type and pattern of afferent inputs. For
example, CA1 interneurons may receive inputs from specific CA1 pyramidal cell
recurrent collaterals, or from general CA1 pyramidal cell afferent projections (Freund
and Buzsaki, 1996). Distinguishing interneurons according to such criteria obviously
provides valuable information regarding the role of the cell within local neuronal
circuits. This is illustrated by the example of CA1 somatostatin-positive O-LM cells,
which are synapticslly activated by local CA1 pyramidal cell recurrent collaterals and
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are fundamentally involved in feedback inhibitory circuits (Blasco-lbanez and Freund,
1995). In an impressive study combining LM, serial EM and immunohistochemistry,
Gulyas et al. (1999) were able to quantify the total number of excitatory and inhibitory
synaptic inputs to three neurochemically-defined populations of CA1 interneurons. In
contrast to previous studies (Parra et al., 1998; see also Section 2.1.2 above), some
correlation was found between molecular markers and anatomical properties.
Parvalbumin-positive interneurons had the most extensive dendritic trees and the
thickest dendrites, and received the densest synaptic innervation. This cell type
received the lowest ratio of GABAergic inputs. Calretinin-positive cells had the
smallest dendritic trees and received the highest ratio of GABAergic inputs. The third
cell type, calbindin-positive interneurons, lay between the other two in terms of
dendritic tree size, number of synaptic inputs and ratio of GABAergic inputs. Each cell
type also appeared to be associated with a distinct pattern of excitatory inputs. Both
parvalbumin- and calretinin-positive interneurons received excitatory synapses within
all layers of CA1. In contrast, calbindin-positive cells received inputs primarily from
Schaffer collaterals in stratum radiatum. This suggests that calbindin-positive
interneurons are involved explicitly in feedforward inhibition, whereas parvalbuminand calretinin-positive cells are innervated less specifically in both a feedforward and
feedback manner. More recent work employing similar techniques demonstrated that
in CA1, cholecystokinin-positive basket cells receive considerably less synaptic input
than parvalbumin-positive basket cells. However, the ratio of inhibitory synapses is
higher on cholecystokinin-positive cells, and this cell type appears to be under a more
diverse and complex control (Matyas et al., 2004). These differences in connectivity
seem to correlate with distinct functional roles for these interneuron subtypes (Freund,
2003), which are discussed in Section 2.3.2.
It is clear that network connectivity represents an important criterion for
classification of interneurons, and can provide valuable insights regarding their
function. Some recent studies have demonstrated that in certain cases at least partial
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correlations exist between connectivity of afferent inputs, molecular markers and
anatomical properties (Gulyas et al., 1999; Matyas et al., 2004).

1.3.2 Physiological properties of hippocampal interneurons
Here I focus on the physiological properties of inhibitory interneurons which
give this cell type its distinctive characteristics. Excitatory synaptic connections onto
interneurons, including the pre- and postsynaptic neurotransmitter receptors involved,
are considered separately in Section 1.4.

1.3.2.1 The role o f GABA in synaptic transmission
The dendrites, soma and axon initial segment of principal cells are innervated
by inhibitory interneurons, which release the neurotransmitter GABA, together with
certain neuromodulatory peptides, onto their postsynaptic targets. Interneurons also
form GABAergic synaptic connections with other interneurons. Activation of the
ionotropic GABA a receptor leads to opening of the receptor ion channel, which is
selective for anions, particularly Cl'. In most neurons the chloride reversal potential
(ECi, approximately -89 mV) is negative to the resting membrane potential, resulting in
a driving force which causes Cl' ions to enter and hyperpolarise the cell. This causes
the membrane potential to move away from the threshold for action potential firing.
Such events are known as inhibitory postsynaptic potentials (IPSPs) or inhibitory
postsynaptic currents (IPSCs), depending upon whether the change in membrane
potential or the transmembrane flow of ionic current is being considered. IPSPs are
biphasic, with the early phase mediated by Cl' entry through GABA a receptor ion
channels, and the late phase mediated by outward K+ flux through channels coupled
by G proteins to metabotrcpic GABA b receptors. Opening of GABA a receptor ion
channels decreases the input resistance of the neuron and shunts excitatory currents,
and can thus reduce the effectiveness of concomitant excitatory inputs. The action of
GABAergic interneurons thus controls and limits the flow of excitatory transmission
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through the hippocampus and other neuronal networks. It should be noted that in
some circumstances, release of GABA may elicit a depolarising response in the
postsynaptic target cell, depending upon factors such as developmental stage of the
animal, patterns of presynaptic activity, and the postsynaptic target domain (reviewed
by Stein and Nicoll, 2003). Recent research has shown that cortical pyramidal cell
axons display a depolarising response to GABA released from GABAergic axo-axonic
cells, which are the cell type almost exclusively responsible for innervating the axon
initial segment. This occurs due to a depolarised reversal potential

( E Ga b a )

for axonal

relative to perisomatic GABAergic inputs (Szabadics et al., 2006). Axo-axonic cells
are thus strategically-placed inhibitory neurons which act to control neuronal output.
Ionotropic receptors for glutamate, the major excitatory neurotransmitter of the
CNS, gate cation-permeable ion channels. Fast excitatory neurotransmission in the
CNS is mediated primarily by influx of Na+ through the ion channel of the AMPA-class
glutamate receptor. The rapid influx of cations causes depolarisation of the cell,
pushing the membrane potential closer to the threshold for action potential firing and
thereby propagating the signal between neurons.

1.3.2.2 Differential expression of intrinsic voltage-gated ion channels
Interneurons express populations of intrinsic voltage-gated ion channels which
in some cases are distinct from those expressed by principal cells. This was initially
demonstrated through analysis of action potential waveforms, which showed
differences in action potential duration, afterhyperpolarisation and interspike interval
(Lacaille et al., 1987; Kawaguchi and Hama, 1988). As may be expected, there exists
considerable heterogeneity among different subgroups of hippocampal interneurons in
terms of action potential kinetics, and only a few types have been characterised in
detail (Lacaille et al., 1987; Kawaguchi and Hama, 1988; Freund and Buzsaki, 1996).
In general, interneurons display action potentials of lower amplitude and considerably
shorter duration than pyramidal cells, with a high spontaneous firing frequency (580Hz) and lower threshold for action potential generation in response to afferent
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stimulation (Lacaille et al., 1987; Kawaguchi and Hama, 1988; Martina and Jonas,
1997). Principal cells are either regularly spiking or intrinsically bursting (‘complex
spiking’), and exhibit changes in action potential frequency during sustained spiking or
depolarising current injection (reviewed by Connors and Gutnick, 1990). This is known
as spike frequency adaptation. In contrast, a classical property of most types of
inhibitory interneuron is fast spiking, with generation of trains of high frequency action
potentials with no spike frequency adaptation. These properties are of fundamental
importance in influencing overall network behaviour, and result from differences in
expression of subpopulations of voltage-gated ion channels between the two cell
types.
Numerous distinct potassium conductances contribute in complex and often
subtle ways towards shaping the action potential. For example, lK activates rapidly
upon membrane depolarisation and does not inactivate. This conductance acts to
repolarise the neuron during an action potential, since there is a driving force causing
K+ to leave the cell, as the potassium reversal potential (EK, approximately -90 mV) is
virtually always negative to the membrane potential of the cell. Differences in K+
channel expression between interneurons and pyramidal cells, and between
interneuronal subtypes, may therefore profoundly affect action potential kinetics. A
detailed review of the properties of all known K+ channels and their expression in
specific cell types is beyond the scope of this discussion. The important concepts are
that K+ channels are of fundamental importance in shaping action potentials, and that
differential K+ channel expression is partly responsible for the specialised spiking
properties of interneurons, namely fast spiking with no spike frequency adaptation.
Martina et al. (1998) used patch clamp recording combined with single cell RT-PCR
analysis of K+ channel mRNA to investigate differences in K+ channel function and
expression between CA1 pyramidal cells and dentate basket cell interneurons. Kv3
(Kv3.1b and Kv3.2) subunit transcripts were found in almost all basket cells but very
few pyramidal cells. In contrast, Kv4 (Kv4.2 and Kv4.3) transcripts were found in
almost all pyramidal cells but only around 50% of basket cells. Other studies have
46

demonstrated that Kv3.1b and Kv3.2 are expressed in around 80-100% of
parvalbumin-positive interneurons, and Kv3.2 is present in around 40% of
somatostatin positive interneurons (Du et al., 1996; Chow et al., 1999; Atzori et al.,
2000). Both of these interneuron subpopulations exhibit fast spiking characteristics
(Freund and Buzsaki, 1996). Kv3 channels are thus present in many interneurons and
absent in most pyramidal cells. Kv3 channel activity contributes towards generation of
short-duration action potentials. These channels activate at membrane potentials
close to the action potential peak, facilitate rapid repolarisation and limit
afterhyperpolarisation. Kv3 channels can facilitate recovery of both Na+ channels and
transient A-type K+ channels from inactivation. Taken together, these effects
contribute towards high frequency spiking (Erisir et al., 1999; Lien and Jonas, 2003). It
is important to realise that many other K+ channels are involved in determining the
specialised spiking properties of interneurons, and considerable further research is
required before the underlying mechanisms and heterogeneity between interneurons
and pyramidal cells are fully understood.
Differences in expression and function of voltage-gated Na+ channels between
principal cells and interneurons are not well characterised. Na+ channels show less
molecular and functional diversity than other types of voltage-gated ion channel
(reviewed by Hille, 2001). Opening of Na+ channels is responsible for the initial
depolarisation in the action potential. There is a rapid influx of Na+ ions, since the
sodium reversal potential (ENa, approximately +40 mV) is considerably more positive
than the resting membrane potential. There are a number of differences in Na+
channel inactivation kinetics in dentate basket cell interneurons in comparison to CA1
pyramidal cells. The steady-state inactivation curve is steeper and shifted towards
more positive potentials in interneurons, and inactivation kinetics show a slower onset
and faster recovery (Martina and Jonas, 1997). The dynamics of recovery from
inactivation regulate the fraction of available Na+ channels during a train of action
potentials. Rapid recovery of Na+ channels in interneurons supports fast, sustained

47

spiking, whereas slower recovery in pyramidal cells results in spike frequency
adaptation.
Heterogeneity in Ca2+ channel expression between hippocampal interneurons
and pyramidal cells and between different interneuronal subtypes exists but has not
yet been extensively investigated. Low threshold-activated Ca2+ channels have been
shown to facilitate burst firing in stratum lacunosum-moleculare interneurons,
demonstrating that interneurons express Ca2+ channels with properties distinct from
those of pyramidal cells (Fraser and MacVicar, 1991). Using paired recordings,
Poncer et al. (1997; 2000) demonstrated that Ca2+ channel subtypes involved in
mediating vesicular release of GABA from presynaptic terminals differ between
subtypes of CA3 interneuron. N-type Ca2+ channels are necessary for generation of
IPSCs from stratum radiatum interneurons onto CA3 pyramidal cells, whereas P-type
channels are necessary in stratum oriens and stratum lucidum interneurons.
Spatial distribution of ion channels is a further important determinant of
interneuron function. The density of dendritic Na+ and sustained K+ currents are
higher in somatostatin-positive CA1 interneurons than in pyramidal cells (Martina et
al., 2000). Action potentials may thus be initiated throughout the dendritic tree and
propagated rapidly to the soma even during high frequency firing, ensuring fast and
stable sustained signalling.

1.3.3 Physiological roles of hippocampal interneurons
GABAergic interneurons fulfil a variety of essential functions within the
hippocampus and other cortical networks. I begin by considering their roles within
local inhibitory microcircuits, and then discuss the role of such circuits in large-scale
network activities. Many of the mechanisms discussed in this section also operate
within the neocortex and elsewhere within the CNS.
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1.3.3.1 Feedforward and feedback inhibitory circuits
At the local circuit level, GABAergic interneurons mediate feedforward and
feedback inhibition of principal cells. In addition, interneurons form synapses onto
other interneurons, giving rise to a network of inhibitory cells connected by GABAergic
synaptic contacts. Feedforward and feedback inhibition act to modulate and stabilise
the activity of the principal cell population. By causing hyperpolarisation and shunting
excitatory inputs through increases in membrane Cl' conductance, GABAergic
synaptic connections onto dendritic and perisomatic regions of principal cells reduce
the efficacy of excitatory afferents. Interneurons thus inhibit glutamatergic excitation
between pyramidal cells.
In feedforward inhibitory circuits, afferent excitatory inputs activate the
interneuron, which forms inhibitory synapses onto a separate group of principal cells.
This disynaptic circuit reduces the probability of principal cell firing by limiting the
window for temporal EPSP summation. Feedforward inhibition thus increases the
temporal precision of principal cell output in response to excitatory input. In feedback
inhibitory circuits, the first event is activation of principal cells by excitatory afferents.
The output of the principal cells is fed back to the interneuron via recurrent excitatory
axon collaterals. The interneuron fires action potentials and releases GABA, acting to
inhibit a group of pyramidal cells including those which initially activated the
interneurons. Thus feedforward inhibition is regulated by the level of excitatory input,
while feedback inhibition is proportional to the rate of output (Buzsaki, 1984). It is clear
that excitatory synaptic connections onto interneurons are of fundamental importance
in activation of both types of inhibitory microcircuit.
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Feedforward inhibition

Feedback inhibition

Figure 1.7. Schematic representation of feedforward and feedback inhibition. In the
feedforward circuit, excitatory afferents (black) activate an interneuron (red), which in
turn forms an inhibitory connection onto a principal cell (blue). The principal cell is also
directly activated by the excitatory afferents. In the feedback circuit, recurrent
excitatory collaterals (blue) feed back the output of the principal cell via an inhibitory
interneuron. Excitatory and inhibitory synapses are represented by arrows and circles,
respectively.

Hippocampal interneurons may be activated by local and distal feedforward
and feedback projections originating from dentate granule cells and pyramidal cells,
and by extrahippocampal afferents. Certain interneuron subtypes are innervated
exclusively by extrahippocampal afferents, and thus mediate feedforward inhibition
only. Most interneurons of this type have somata located in stratum lacunosummoleculare and the dentate molecular layer (Buzsaki, 1984; Freund and Buzsaki,
1996). In contrast, most interneurons with somata located in stratum pyramidale,
stratum oriens and the hilus are innervated by both local and distal excitatory inputs;
and by extrahippocampal afferents, and are thus involved in mediating both
feedforward and feedback inhibition (Buzsaki, 1984; Lacaille et al., 1987). Examples
of interneuron subtypes which are strongly involved in feedback inhibition are basket
cells, O-LM cells and trilaminar interneurons (Blasco-lbanez and Freund, 1995;
Freund and Buzsaki, 1996).
Anatomical and physiological studies have shown that axons of different
classes of interneuron target precise and different zones of pyramidal cell membrane
(Gulyas et al., 1993a; Buhl et al., 1994; Freund and Buzsaki, 1996; Miles et al., 1996;
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Msccaferri et al., 2000; Freund, 2003; Pouille and Scanziani, 2004; Somogyi and
Kiausberger, 2005). Using intracellular labelling combined with paired recording, Miles
et al. (1996) demonstrated that morphologically distinct types of interneuron act to
control dendritic properties and axonal output of CA3 pyramidal cells. Interneuron
axons targeted to dendrites were shown to control dendritic Ca2+ electrogenesis, while
axons targeted to axons and somata control sodium spike generation. This provides
an example of anatomically distinct interneurons fulfilling specific functional roles
within the hippocampal network. Furthermore, simultaneous somatic and dendritic
recordings from CA1 pyramidal cells have shown that feedforward inhibition activates
interneurons which primarily target the perisomatic region (Pouille and Scanziani,
2001). Subcellular partitioning of feedforward inhibition facilitates precise coincidence
detection of excitatory inputs converging on the soma, while giving a broader temporal
integration window within the dendritic compartment.
Both feedforward and feedback inhibition can exert powerful effects upon the
activity of the pyramidal cell population. For example, basket cells mediating feedback
inhibition are bidirectionally connected to principal cells (Lacaille et al., 1987; Buhl et
al., 1994). The time required for the onset of recurrent inhibition in CA3 pyramidal
cells is shorter than the latency of the action potential-induced depolarising
afterpotential. Single IPSPs from feedback inhibitory basket cells contacting
perisomatic regions could suppress repetitive spiking of pyramidal cells, thereby
strongly influencing the activity of the pyramidal cell population (Miles et al., 1996).
At the level of local circuits, information processing in the hippocampus and
elsewhere in the brain is regulated by the spatial and temporal activation of excitatory
and inhibitory synaptic connections, and the integrative properties of the postsynaptic
neurons. Recent studies have shown that specific patterns of presynaptic activity may
activate distinct inhibitory circuits within the hippocampus. Using paired recordings
combined with immunocytochemistry and light and electron microscopy, Maccaferri et
al. (2000) demonstrated that morphologically and neurochemically-defined subtypes
of CA1 stratum oriens interneuron innervate specific domains of postsynaptic
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pyramidal cells. The kinetic properties of somatically recorded unitary IPSCs, the
degree of paired pulse depression, and the postsynaptic response to a train of
presynaptic action potentials strongly correlated with the innervated cell surface
domain. These findings suggest that CA1 pyramidal cells are subject to multiple forms
of feedback inhibition, mediated by distinct subtypes of stratum oriens interneurons.
More recent work has demonstrated the existence of two populations of CA1 stratum
radiatum feedforward interneurons which are activated via EPSPs with distinct
kinetics (‘fast’ or ‘slow’) (Maccaferri and Dingledine, 2002). These differences in
functional properties are NMDA receptor-dependent, and affect EPSP integration and
spike timing. Action potentials generated in the different interneuron subtypes were
temporally segregated to distinct phases of EPSPs recorded in CA1 pyramidal cells,
suggesting specific roles for these two types of feedforward inhibitory cells in
controlling pyramidal cell activity. Pouille and Scanziani (2004) made simultaneous
somatic and dendritic recordings from CA1 pyramidal cells using combinations of
voltage- and current-clamp, while activating recurrent feedback inhibition by
stimulating CA1 pyramidal cell axons in the alveus. With a single stimulus, IPSCs
were larger in the soma, indicating more prominent somatic inhibition in response to
single action potentials. However, during a train of action potentials recurrent inhibition
rapidly shifted from the somatic to the dendritic compartment. Recordings from
stratum oriens interneurons revealed that this frequency-dependent inhibition results
from two separate inhibitory microcircuits formed by distinct interneuron subtypes,
which target specific postsynaptic domains and exhibit distinct EPSC kinetics and
passive membrane properties. In the first circuit, so-called ‘onset-transient’
interneurons, which fire a single action potential at the beginning of a stimulus train,
act to mediate transient somatic inhibition in response to low frequency stimulation. In
the second circuit, ‘late-persistent’ interneurons (identified as O-LM cells), which have
a greater firing probability later in the train, mediate prolonged inhibition of the
dendritic compartment. These two inhibitory loops thus extract distinct temporal
features of a spike train and route them as independent signals to specific

postsynaptic target domains of CA1 pyramidal cells. The onset of a spike train
activates perisomatic inhibitory conductances via ‘onset-transient’ interneurons, acting
as a form of coincidence detection to synchronise CA1 pyramidal cell activity with the
onset of an incoming spike series. The frequency of the spike train determines
activation of ‘late-persistent’ interneurons and thus controls dendritic inhibition.
Distinct patterns of afferent activity can thus be interpreted and encoded by local
inhibitory microcircuits, which in turn synchronise and modulate population activity of
principal cells. This study therefore demonstrates the high degree of precision in
control and function of local inhibitory microcircuits, and the importance of such
circuits in controlling and shaping pyramidal cell activity.

1.3.3.2 Interneurons in oscillations
Extracellular field potential recordings in the hippocampus and neocortex have
demonstrated large-scale network oscillations, which represent the synchronous
discharge of populations of principal neurons. Oscillations fall into distinct frequency
bands, the most common being theta (4-7 Hz), gamma (30-80 Hz) and ultra-fast (200
Hz “ripples”). There is considerable evidence that oscillations are of central
importance in complex neural functions such as information processing, exploratory
behaviour and spatial navigation, sensory representation, learning and memory, and
sleep states. To give one example, gamma-frequency oscillations are thought to
mediate ‘binding’ of various aspects of a specific visual stimulus. Properties such as
texture, shape and colour are encoded by transient groupings of neurons through
assembly coding. Synchronous discharge (‘binding’) of distributed groupings of
neurons comprising an assembly relating to a specific object is achieved through the
influence of distinct gamma frequency oscillatory patterns upon their membrane
potential (reviewed by Singer, 1993; 1999).
Interconnected networks of GABAergic interneurons are of fundamental
importance in the generation and maintenance of pyramidal cell oscillations. Cobb et
al. (1995) demonstrated that single inhibitory interneurons can phase spontaneous
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firing and subthreshcld oscillations at theta frequencies in hippocampal pyramidal
cells. This is due to the interaction of hyperpolarising GABA a receptor-mediated
synaptic events with intrinsic oscillatory mechanisms mediated by voltage-gated ion
channels. Due to the divergence of interneuron axonal projections, the authors
estimate that over a thousand pyramidal cells may share a common temporal
reference established by a single interneuron. Transient gamma frequency oscillations
and fast rhythmic IPSPs in simultaneously recorded pyramidal cells have been
observed in hippocampal slices during blockade of ionotropic glutamate receptors.
Oscillations are prolonged by mGluR agonists and blockade of GABA b receptors.
These findings suggest that the critical mechanism for induction of gamma frequency
oscillations is mutual GABA a receptor-mediated inhibition among interconnected
interneurons within a network (Whittington et al., 1995; 1997). IPSPs generated
through feedback inhibition have been shown to both spatially and temporally limit
action potential generation in populations of interconnected hippocampal pyramidal
cells (Fisahn et al., 1998). This narrowing of the action potential window supports
coincidence detection in the postsynaptic neuronal population and maintains a short
temporal integration window, allowing generation of numerous distinct neuronal
assemblies.
Excitatory synaptic connections onto interneurons are essential for generation
of network oscillations. Experimental techniques and computer simulations have been
employed to develop models of networks containing interneurons and pyramidal cells.
Such studies have demonstrated that excitation of interneuron networks by
synchronous EPSPs entrains rhythmic firing of interneurons in a distinct frequency
band due to their mutual interconnectivity. Within the gamma frequency range,
oscillation frequency accelerates with increasing excitatory drive onto interneurons,
thereby shortening IPSC decay. The output of the interneuron network arrives as
rhythmic IPSPs which entrain the firing patterns of pyramidal cell populations
(reviewed by Singer, 1993; 1999; McBain and Fisahn, 2001).
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Recent evidence has demonstrated that neurochemically-defined hippocampal
interneurons may have distinct roles in generation and maintenance of oscillations
and modification of network behaviour according to emotional and physiological
states. Freund (2003) makes a detailed comparison of various features of
cholecystokinin- and parvalbumin-positive interneurons innervating the perisomatic
region of pyramidal cells. These features include patterns of local and subcortical
afferent inputs, postsynaptic actions, and expression of presynaptic modulatory
receptors. The numerous distinguishing features suggest that a locally-driven network
of parvalbumin-positive basket cells acts as a non-plastic system to entrain pyramidal
cell firing at theta and gamma frequencies. In contrast, cholecystokinin-positive
interneurons are subject to a more complex and diverse modulatory control, and their
output is likely to be affected by the emotional, motivational and general physiological
state of the animal. This interneuron subpopulation may therefore be involved in
making subtle mood-dependent alterations to pyramidal cell activity. This hypothesis
was further supported by subsequent experimental work, in which intracellular
labelling combined with LM and serial EM was used to reconstruct the entire dendritic
tree of these two interneuron subtypes (Matyas et al., 2004). Parvalbumin-positive
cells formed a strongly interconnected inhibitory network and were subject to
extensive excitatory innervation from pyramidal cells, consistent with a role in
generation and maintenance of oscillations. Cholecystokinin-positive cells showed a
much lower level of mutual interconnectivity, and were subject to a greater level of
local and extrinsic inhibitory input. Taken together with the greater expression of
presynaptic modulatory receptors, this suggests a less critical involvement in network
oscillations for this interneuron subtype.
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S ection 4. G lutam aterqic synapses onto hippocam pal interneurons
In the previous section, I have shown the fundamental involvement of
GABAergic interneurons in feedforward and feedback inhibitory microcircuits. I have
also discussed the central importance of this cell type in shaping and modulating
pyramidal cell activity, thereby mediating a wide variety of complex neural functions. I
now review the functional mechanisms underlying glutamatergic excitation of
hippocampal interneurons, and how this class of synapse is modulated. The central
topic of this thesis is modulation of excitatory connections onto interneurons by
metabotropic glutamate receptors (mGluRs).
Although both excitatory synapses between principal cells and GABAergic
inhibitory connections have been extensively characterised, relatively less is known
about excitatory connections onto interneurons. From the earliest electrophysiological
investigations of the brain, considerable effort has been devoted to studying excitatory
connections between principal cells, since these represent the pathways via which
information travels within and between brain areas. In addition to modern techniques
such as patch clamp recording, the activity of the principal cell population may also be
studied using the simpler technique of field potential recording. Interneuron activity
cannot be monitored in this way. This goes some way towards explaining why
historically there is a much greater wealth of information on the properties of synaptic
connections onto principal cells. Current experimental techniques facilitate highresolution electrophysiological recording from morphologically- and/or
neurochemically-identified neurons of any type within the functionally intact network of
an acute or organotypic brain slice preparation. With such advances comes the
potential to make a detailed investigation of each class of synapse within the CNS.
Although GABAergic interneurons represent only around 10% of the neuronal
population within the hippocampus (Amaral et al., 1990), I have shown their critical
involvement in mediating a wide variety of network functions. It is therefore important
to understand the mechanisms by which interneurons are excited and the ways in
which they sense the activity of the principal cell population. Achieving a detailed
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characterisation of the functional properties and modulation of glutamatergic synapses
onto interneurons is thus essential in reaching a complete understanding of the
hippocampus and other cortical networks.

1.4.1 Sources of afferent input to interneurons in the CA1 subfield
Interneurons mediating feedforward and feedback inhibition in area CA1
receive glutamatergic input from the axons of CA3 and CA1 pyramidal cells. The
layers in which the dendritic tree is located, and the source of the excitatory input,
determine the functional role of the interneuron within the hippocampal circuitry.
Interneurons within the CA1 subfield are activated by two classes of
glutamatergic afferent input. Firstly, CA3 pyramidal cell axons (Schaffer collaterals).
Up to eight primary collaterals originate from the principal axon of CA3 pyramidal
cells, which bifurcate further and extend through stratum radiatum and stratum oriens
of the CA1 subfield (Ishizuka et al., 1990). These axons innervate the apical (in
stratum radiatum) and basal (in stratum oriens) dendrites of CA1 pyramidal cells.
They also form feed-forward inhibitory circuits by innervating GABAergic interneurons
in CA1 stratum radiatum and stratum oriens, which in turn inhibit CA1 pyramidal cells
by releasing GABA at synapses formed onto their apical and basal dendrites. The
second class of input are CA1 pyramidal cell axons, which form local feed-back
inhibitory circuits by innervating interneurons within the CA1 subfield. CA1 pyramidal
cell axons emanate from the soma, and pass through stratum oriens to the alveus.
Local axon collaterals are extended into stratum oriens and stratum pyramidale to
contact inhibitory interneurons (Knowles and Schwartzkroin, 1981). Anatomical
evidence thus indicates that inhibitory interneurons in the CA1 subfield may be
innervated by CA3 pyramidal cell axons in stratum radiatum, and by both CA3 and
CA1 pyramidal cell axons in stratum oriens and stratum pyramidale.
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1.4.2

P ostsynaptic io n o tro p ic glutam ate receptor e xpression
Both ionotropic and metabotropic glutamate receptors are of central

importance in mediating synaptic transmission from principal cells to interneurons.
Glutamatergic Schaffer collateral afferents target the dendritic spines of pyramidal
cells and the dendritic shafts of the various subtypes of interneuron in strata radiatum
and oriens in area CA1. Metabotropic glutamate receptors have a variety of roles in
modulating transmission (see section 1.4.5.1). Ionotropic glutamate receptors directly
mediate fast excitatory synaptic transmission, and are divided into three classes, aamino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs), kainate
receptors (KARs) and N-methyl-D-aspartate receptors (NMDARs). All three classes
consist of multimeric ligand-gated ion channels which are assembled from various
combinations of subunits, some of which confer specific properties onto the receptor
(reviewed by Dingledine et al., 1999). Electrophysiological studies have shown that
subthreshold EPSPs in interneurons are mediated predominantly by AMPARs, though
there is also evidence for limited involvement of kainate receptors (Jonas et al., 1994;
Geiger et al., 1997; Thomson, 1997; Cossart et al., 1998; Frerking et al., 1998;
Cossart et al., 2002).
These findings have been confirmed by high-resolution immunohistochemical
studies. Dendritic spine synapses on CA1 pyramidal cells exhibit an unequal
distribution of level of synaptic AMPAR content, with large synapses having dense
AMPAR labelling, and some small synapses having disproportionately less or lacking
immunolabelling altogether (Baude et al., 1995; Nusser et al., 1998; Takumi et al.,
1999). In contrast, synapses onto interneuron dendrites show on average a higher
level of AMPAR immunolabelling, and a Gaussian distribution of AMPAR content
(Baude et al., 1995; Nusser et al., 1998). Immunogold labelling has demonstrated the
presence of synaptic NMDARs on interneuron dendrites (He et al., 1998; Takumi et
al., 1999; Racca et al., 2000), with more recent work showing heterogeneity in
synaptic NMDAR content between neurochemically-identified interneuron subtypes
(Nyiri et al., 2003). Both pre- and postsynaptic expression of kainate receptor KA1 and

KA2 subunits has been demonstrated at mossy fibre synapses onto CA3 pyramidal
cells (Darstein et al., 2003). However, no specific immunohistochemical data are
currently available on KAR expression in hippocampal interneurons.

1.4.3 Excitation of hippocampal interneurons by ionotropic glutamate receptors
1.4.3.1 Fast excitation mediated by AMP A receptors
A distinctive property of principal cell-interneuron synapses is that
glutamatergic EPSPs exhibit substantially more rapid kinetics and have relatively
larger amplitudes than EPSPs at synapses between principal cells within the same
network. The half-duration of somatically-recorded EPSPs in hippocampal
interneurons is between 3.7 and 9.8 ms at physiological temperatures, with peak
amplitudes of 0.9-3.4 mV (Miles, 1990; Geiger et al., 1997; Ali and Thomson, 1998; Ali
et al., 1998). The half-duration of EPSPs at connections between pyramidal cells is
considerably longer, at between 17 and 27 ms, with peak amplitudes of 0.7-1.4 mV
(Miles and Wong, 1986; Deuchars and Thomson, 1996). Single EPSPs in some
interneuron subtypes are sufficiently large to evoke action potentials with high
reliability (Miles, 1990). Individual hippocampal pyramidal cells have been shown to
elicit spiking in postsynaptic interneurons with relatively high reliability and temporal
precision in vivo, with the probability of spike transmission varying according to the
behavioural state of the animal (Csicsvari et al., 1998).
AMPAR subunit composition has been identified as an important determinant
of rapid EPSP kinetics in interneurons. AMPARs are multimeric assemblies of GluR14 subunits, each existing in two alternatively spliced versions termed flip and flop
(reviewed by Hollmann and Heinemann, 1994; Dingledine et al., 1999). Receptors
lacking the GluR2 subunit are permeable to Ca2+ ions and display inwardly-rectifying IV relationships (Hollmann et al., 1991; Mishina et al., 1991; Jonas and Burnashev,
1995; Koh et al., 1S95aa; Washburn et al., 1997). Hippocampal principal cells have
been shown to express high levels of GluR2 edited at the Q-R site. In contrast,
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various subtypes of interneuron possess AMPARs with inwardly-rectifying l-V
relationships and significant Ca2+ permeability, indicating low edited GluR2 expression
(McBain and Dingledine, 1993; Jonas et al., 1994; Geiger et al., 1995; 1997; Toth and
McBain, 1998; Toth etal., 2000). Recent work has demonstrated targeting of
AMPARs of distinct subunit composition to specific postsynaptic sites depending upon
the type of presynaptic input. In stratum lucidum interneurons, Ca2+-permeable
AMPARs are found exclusively at sites postsynaptic to mossy fibre inputs, whereas
synaptic responses elicited by CA3 pyramidal cell stimulation are mediated by Ca2+impermeable AMPARs. Both types of synapse have been shown to co-exist within the
same individual interneuron. In contrast, only Ca2+-impermeable AMPARs are
expressed in CA3 pyramidal cells (Toth and McBain, 1998; Toth et al., 2000). Inputdependent targeting of AMPARs allows distinct mechanisms of both short- and long
term plasticity to be expressed at specific synapses within the same interneuron (Toth
et al., 2000). Subsequent work demonstrated that mossy fibre-interneuron synapses
express a continuum of AMPAR subtypes, ranging from Ca2+ permeable to Ca2+impermeable, and that specific AMPAR subtypes are co-localised with specific
NMDAR subtypes (Lei and McBain, 2002).
In a detailed electrophysiological and computational investigation of
glutamatergic transmission from granule cells to dentate basket cells, Geiger et al.
(1997) conclude that the factors which determine EPSP time course and amplitude
include (i) the electrotonic (passive membrane) properties of the postsynaptic neuron;
(ii) the location and number of synaptic contacts; and (iii) the time course and
amplitude of the postsynaptic conductance change. EPSPs with rapid kinetics are
generated in interneurons because (i) the membrane time constant (Tm) of the
postsynaptic neuron is fast due to low specific membrane resistance (Rm); (ii) most
glutamatergic synapses are located close to the soma; and (iii) the postsynaptic
conductance change is brief. The rapid postsynaptic conductance change is due to (i)
the precise timing of quantal transmitter release from the presynaptic terminal; (ii) fast
deactivation of AMPARs, resulting in rapid decay of the quantal EPSC; and (iii)

relatively low affinity of basket cell AMPARs for glutamate. Electron microscopic
analysis has shown that excitatory connections onto interneurons are small and
comprise a single active zone for vesicle release (Gulyas et al., 1993b; Acsady et al.,
1998). This may minimise intersite variability in the timing of transmitter release,
thereby achieving a higher degree of synchrony (Geiger et al., 1997). In addition,
Monte Carlo-based computer simulations have been performed using empirical data
for synaptic morphology and AMPAR density, distribution, gating properties and
EPSC kinetics. These simulations demonstrated that precise timing of quantal
transmission is further enhanced by rapid clearance of glutamate from the synaptic
cleft at principal cell-interneuron synapses, due to rapid diffusion and transmitter
buffering (Geiger et al., 1999). AMPAR deactivation kinetics and glutamate binding
affinity are largely determined by the subunit composition of interneuron AMPARs,
namely the low GluR2f|ip and high GluR4 content, as revealed by in situ hybridisation,
single cell RT-PCR and immunocytochemical analysis (Geiger et al., 1995; 1997;
Baude et al., 1995; Koh et al., 1995b; Angulo et al., 1997). The findings of Geiger et
al. (1997) provide a comprehensive demonstration of the mechanisms underlying
rapid EPSP kinetics at one type of excitatory synapse onto interneurons. It is
important to realise, however, that this represents only a single class of synapse,
namely mossy fibre connections onto dentate basket cells. Given the wide diversity of
anatomical and physiological properties of different classes of synapse, it is clear that
considerable further research is necessary before the mechanisms underlying
glutamatergic excitation of interneurons are fully understood at all types of connection
within the hippocampus.
Rapid EPSP kinetics in inhibitory interneurons have two major implications for
this function of the cell type within a network. Firstly, rapid EPSPs may enable
detection of synchronous pyramidal cell activity, thereby allowing interneurons to act
as coincidence detectors. Secondly, rapid EPSPs minimise latency in feedforward and
feedback inhibitory systems, enhancing temporal precision in controlling population
activity of pyramidal cells (Geiger et al., 1S97). EPSP kinetics are an important
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determinant of the probability of a given temporal and spatial pattern of inputs causing
sufficient depolarisation for the threshold for action potential generation to be reached.
This is known as EPSP-spike coupling. Other important factors include the resting and
threshold potential of the postsynaptic neuron, and the effect of intrinsic subthreshold
voltage-gated conductances upon membrane potential. Expression of distinct
subpopulations of voltage-gated ion channels by interneurons and pyramidal cells
(see Section 1.3.2.2) gives rise to differences in the biophysical properties of intrinsic
membrane conductances, which in turn affects EPSP-spike coupling. In interneurons,
voltage-gated outward conductances curtail EPSP amplification by voltage-gated Na+
currents, acting to provide a narrow window for spike generation (Fricker and Miles,
2000). It is thus clear that precise and rapid signalling in interneurons is due to a
complex and extensive variety of underlying mechanisms.

1.4.3.2 Excitation mediated by kainate receptors
Glutamatergic excitation of hippocampal interneurons is mediated
predominantly by fast AMPAR EPSPs. There is a limited contribution from excitation
mediated by KARs and NMDARs. KARs are multimeric assemblies formed from
subunits encoded by five genes - GluR 5,6,7, and KA-1 and -2. These subunits
possess significant structural homology to AMPAR subunits, but they do not appear to
co-assemble (reviewed by Hollmann and Heinemann, 1994; Dingledine etal., 1999).
Experiments with GluR6-deficient transgenic mice demonstrated that GluR6containing KARs are expressed primarily in the pyramidal cell population, whereas
interneurons predominantly express GluR5-containing KARs (Bureau et al., 1999).
These results should be interpreted with caution, as subsequent research has
demonstrated compensatory expression of other KAR subunits in knockout mice
(Christensen et al., 2004). However, the findings were confirmed by double in situ
hybridisation in hippocampal slices. However, a significant population of GABAergic
interneurons were found to co-express GluR5 and GluR6, and functional heteromeric
receptors were generated in HEK293 cells (Paternain et al., 2000).

Electrophysiological studies suggest that there is some evidence for expression of
postsynaptic KARs with different subunit compositions in distinct subtypes of CA1
interneurons. KARs expressed in oriens/alveus-lacunosum moleculare (OALM) cells
are putative GluR5-containing receptors, as they are selectively activated by ATPA
and selectively antagonised by LY293558. KARs in stratum radiatum interneurons are
less sensitive to these drugs, suggesting that they do not contain the GluR5 subunit
(Cossart et al., 1998; Frerking et al., 1998). These findings are consistent with sparse
expression of KA-2 mRNA in cells within stratum oriens and the alveus (Bahn et al.,
1994).
Postsynaptic KARs have been shown to contribute to EPSPs in various
subtypes of CA1 interneuron. Two early studies demonstrated that the KAR
component may be isolated using the selective AMPAR antagonist GYKI53655 and
NMDAR antagonist D-APV while recording from a single neuron and activating
afferent inputs using extracellular stimulation. The KAR synaptic current is similar to
the AMPAR current in its l-V relationship, coefficient of variation and response to short
stimulus trains. However, the KAR current has a considerably slower rise (-5 ms rise
time at 22°C) and decay (~100ms decay time constant). The peak current amplitude is
much smaller than that of the AMPAR current, indicating that the contribution of KARs
to the EPSC is minor. Despite their small amplitude, KAR EPSCs elicited interneuron
activation and burst firing, suggesting an important role in excitation of interneurons
(Cossart et al., 1998; Frerking et al., 1998). In contrast to the findings of these studies
regarding KAR EPSC kinetics, currents mediated by recombinant and native KARs
expressed in heterologous expression systems exhibit rapid rise and decay when
activated by brief glutamate pulses or glutamate steps (Swanson and Heinemann,
1998; Cui and Mayer, 1999). Huettner (1990) showed that this is also the case in
dissociated rat dorsal root ganglion (DRG) cells. Subsequent work by Cossart et al.
(2002) demonstrated KAR, AMPAR and mixed AMPAR/KAR EPSCs in CA1
interneurons and CA1 and CA3 pyramidal cells. KAR EPSCs were of small amplitude
but exhibited fast kinetics comparable with those recorded in heterologous expression
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systems, in contrast to the slow kinetics observed in previous studies (Cossart et al.,
1998; Frerking et al., 1998). Furthermore, KARs were shown to provide a substantial
contribution to EPSCs recorded in CA1 interneurons and from mossy fibre inputs to
CA3 pyramidal cells.
There is extensive evidence that presynaptic KARs act to depress release of
glutamate and GABA in the hippocampus. Furthermore, axonal KARs have been
shown to elicit ectopic action potentials in interneurons (Semyanov and Kullmann,
2001). The majority of studies to date have investigated modulation of GABA release,
or have focused on glutamatergic connections onto principal cells. However, it is likely
that presynaptic KARs have a role in modulating release of glutamate onto
interneurons. The situation is complicated by the fact that different mechanisms
operate at distinct types of hippocampal synapse. For detailed review, see Kullmann
(2001). It is clear that both pre- and postsynaptic KARs play a variety of important
roles in glutamatergic synaptic transmission to hippocampal interneurons, and that
further investigation is required in order to fully characterise these mechanisms.

1.4.3.3 Excitation m ediated by NMD A receptors

NMDARs are heteromultimers assembled from NR1 and NR2A, NR2B, NR2C
or NR2D subunits (reviewed by Hollmann and Heinemann, 1994; Dingledine et al.,
1999). Postsynaptic NMDARs are activated by synaptically released glutamate at
excitatory connections onto interneurons. Under normal physiological conditions, the
NMDAR contribution to subthreshold EPSPs is minor, since the channel pore is
blocked by Mg2+ ions at the resting potential, and local dendritic voltage changes
mediated by AMPAR or KAR activation are too short and/or too small to relieve the
block. At depolarised membrane potentials or in the absence of extracellular Mg2+, the
NMDAR component of EPSPs is relatively large (McBain and Dingledine, 1993;
Perouansky and Yaari, 1993; Isa et al., 1996; Geiger et al., 1997). NMDAR-mediated
synaptic currents have a characteristically slow time course throughout the CNS, and
generally have similar rise and decay times in both hippocampal pyramidal cells and
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interneurons (McBain and Dingledine, 1993; Perouansky and Yaari, 1993; Isa et al.,
1996; Geiger et al., 1997). It should be noted that NMDAR currents with an
exceptionally low rise time were recorded in stratum oriens-alveus interneurons
(Perouansky and Yaari, 1993). This may point to heterogeneity in NMDAR kinetics
among other subsets of hippocampal interneurons, but this possibility has not yet
been systematically investigated. In CA3 stratum lucidum interneurons, NMDARs with
distinct subunit compositions and kinetics are specifically co-localised with Ca2+permeable and -impermeable AMPARs, depending upon the type of presynaptic
input. This selective targeting of NMDARs affects both mechanisms of interneuron
excitation and long-term synaptic plasticity (Lei and McBain, 2002). Slow excitation
mediated by NMDARs and possibly also KARs may act to integrate synaptic activity
during temporal EPSP summation, and adjust the membrane potential close to the
threshold for action potential initiation.

1 .4 . 4

Synaptic plasticity at excitatory connections onto interneurons

1.4.4.1 Short-term synaptic plasticity

The most common experimental strategy for investigation of short-term
modifications of synaptic strength is application of a pair of pulses to the presynaptic
input. A frequency of 20 Hz, giving an interpulse interval of 50 ms, is often used when
carrying out extracellular stimulation of afferent fibres in the hippocampus. Changes in
the paired-pulse ratio (PPR) are observed either as paired-pulse facilitation (PPF) or
paired-pulse depression (PPD). PPF is thought to be suggestive of a change in
probability of neurotransmitter release due to transient elevation in [Ca2+] within the
presynaptic terminal. PPD is generally attributed to depletion of the pool of readily
releasable vesicles. Other mechanisms can also be involved, such as feedback
inhibition of presynaptic receptors, and postsynaptic mechanisms such as receptor
desensitisation (for review, see Zucker and Regehr, 2002).
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Principal cell-interneuron synapses exhibit considerable short-term plasticity.
Experimental evidence suggests that there is some correlation between the type of
interneuron and whether PPF or PPD is displayed. Paired recordings have
demonstrated strong PPF at pyramidal cell synapses onto horizontal oriens-alveus
interneurons in area CA1 (Ali and Thomson, 1998). In contrast, CA1 pyramidal cell
synapses onto basket and bistratified interneurons show pronounced PPD (Ali et al.,
1998). PPD also occurs at granule cell-dentate basket cell synapses (Geiger et al.,
1997). The type of short-term plasticity exhibited at pyramidal cell connections onto
interneurons has also been shown to be target cell-dependent in the neocortex. PPF
occurs in bitufted somatostatin-positive interneurons. In contrast, PPD is expressed in
parvalbumin-positive multipolar interneurons (Reyes et al., 1998; Watanabe et al.,
2005). Geiger et al. (1999) argue that PPF occurs predominantly at principal cell
synapses onto interneurons innervating mainly the distal dendritic compartment of
their postsynaptic targets, whereas PPD occurs at connections onto interneurons
innervating perisomatic regions. While this assertion is generally supported by the
limited experimental evidence available, it is likely to be proven overly rigid and
simplistic as the short-term dynamics of further classes of principal cell-interneuron
synapse are characterised. Given the huge diversity of the interneuron population and
the incredible complexity of neuronal circuits within the hippocampus and elsewhere
in the brain, there are likely to be many exceptions to this general rule.
Expression of specific short-term synaptic dynamics by distinct interneuron
subtypes has important implications for network function. PPD combined with fast
EPSPs could enable interneurons to selectively detect coincident single-spike activity
in several presynaptic principal cells. PPF in combination with fast EPSPs may
facilitate detection of high-frequency bursting in single principal cells (Geiger et al.,
1997; 1999).
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1.4.4.2 Long-term synaptic plasticity in hippocampal interneurons

Glutamatergic synaptic connections onto interneurons exhibit both long-term
depression (LTD) and long-term potentiation (LTP). Currently, information regarding
these effects in interneurons is limited, particularly in comparison to the wealth of
literature regarding LTD and LTP in principal cells. The situation is further complicated
by the extensive heterogeneity of the hippocampal interneuron population. It is
important to realise that characterising mechanisms of long-term plasticity is important
in fully understanding the processes underlying excitation of GABAergic interneurons.
However, the subject is too large and complex for a detailed review to be attempted in
this discussion. LTD and LTP have not been directly investigated in this thesis, and so
this discussion has instead focused upon the topics which are more directly relevant
to the projects involved. Here I review briefly the fundamental points relating to LTD
and LTP in CA1 interneurons. It should be noted that a specific form of LTD induced
by group I mGluR activation exists in CA1 pyramidal cells (e.g. Palmer et al., 1997;
Oliet et al., 1997; Faas et al., 2002; Huang and Hsu, 2005). This particular form of
LTD is discussed separately in the section dealing with modulation of excitatory
synaptic transmission to CA1 interneurons by mGluRs (Section 1.4.5.3).
Until recently, it was widely believed that, in direct contrast to principal cells,
GABAergic interneurons in the hippocampus did not display conventional forms of
LTP or LTD. It was suggested that this lack of conventional mechanisms of long-term
plasticity at excitatory connections onto inhibitory interneurons allowed these neurons
to act as stable and accurate oscillators, mediating synchronisation of pyramidal cell
firing and thereby facilitating generation of large-scale network oscillations (reviewed
by McBain et al., 1999). However, more recent work has demonstrated that some
forms of long-term plasticity exist in certain classes of hippocampal interneuron. Little
information is currently available regarding LTD in interneurons. High frequency
stimulation of messy fibres evokes LTP in postsynaptic CA3 pyramidal cells, but LTD
in interneurons in CA3 stratum lucidum. Two forms of LTD exist - an NMDA receptordependent LTD associated with synapses containing Ca2+-impermeable AMPA
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receptors; and an NMDA receptor-independent LTD associated with synapses
containing Ca2+-permesble AMPA receptors (Toth et al., 2000; Lei and McBain, 2004).
At present no studies have been performed to systematically investigate LTD in
interneurons in the CA1 subfield, nor has group I mGluR-associated LTD in
interneurons been extensively studied. A form of LTP evoked by pairing theta-burst
stimulation with postsynaptic depolarisation occurs in stratum oriens interneurons,
which are innervated by axon collaterals of local pyramidal cells. However, this form of
LTP does not occur in CA1 stratum radiatum interneurons, many of which receive
Schaffer collateral excitation and project to local pyramidal cells. This LTP is NMDA
receptor-independent, but the group I mGluR subtype m G luR la is required for its
induction (Perez et al., 2001; Lapointe et al., 2004 ). Using perforated patch recording
in order to preserve neuronal integrity, Lamsa et al. (2005) demonstrated NMDA
receptor-dependent LTP with Hebbian characteristics (pathway-specific and evoked
by pairing of pre- and postsynaptic activity) in approximately 50% of CA1 stratum
radiatum feed-forward inhibitory interneurons. These findings are relevant to the
projects described in this thesis, since the majority involve investigation of excitatory
transmission to CA1 interneurons in the stratum radiatum layer. However, LTP
induction protocols were not used in the experiments described in this thesis, and the
objectives did not directly involve investigation of long-term synaptic plasticity. The
recent findings described above indicate that both NMDA receptor-dependent and
group I mGluR-dependent forms of LTP occur at excitatory connections onto specific
classes of interneuron in the CA1 subfield. This represents an important aspect of
understanding mechanisms of interneuron activation.
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1.4.5 M o d u la tio n o f e x c ita to ry s y n a p tic tra n s m is s io n to h ip p o ca m p a l
in te rn e u ro n s

Both excitatory and inhibitory synapses are subject to a complex and
extensive array of modulatory effects, mediated by a diverse range of
neurotransmitter systems. Such modulatory mechanisms provide numerous layers of
subtle control over network function. Modulation of glutamatergic transmission to
hippocampal interneurons has not yet been extensively characterised, but
nonetheless represents an important area of research. The importance of GABAergic
interneurons in the hippocampal circuitry has been discussed in detail in Section 1.3.
In order to understand the ways in which inhibitory systems become activated in the
hippocampus, it is necessary to characterise not only the functional properties of
excitatory connections onto GABAergic interneurons, as discussed above, but also
the diverse range of modulatory mechanisms to which they are subject. I now review
modulation of excitatory transmission at principal cell-interneuron synapses in the
CA1 subfield of the hippocampus. Particular emphasis is placed upon the involvement
of metabotropic glutamate receptors, since modulation of glutamatergic synaptic
transmission to CA1 interneurons by mGluRs is the subject of this thesis.

1.4.5.1 M odulation o f excitatory synaptic transmission in the CA1 subfield by
m etabotropic glutamate receptors

Metabotropic glutamate receptors (mGluRs) are heptahelical transmembrane
receptors which exert diverse and powerful modulatory effects upon neuronal
excitability and synaptic transmission. Eight mGluR subtypes have currently been
identified. They have precise functional roles and are expressed in highly specific
patterns in the hippocampus and other cortical networks. Metabotropic glutamate
receptors are reviewed in detail in Section 1.2. Here I specifically discuss their role in
modulation of glutamatergic synaptic transmission to interneurons. The majority of
projects described in this thesis involve investigation of modulation of excitatory
synaptic transmission to CA1 interneurons by group I mGluRs. This discussion
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therefore focuses primarily upon the group I receptors, with an overview of the roles of
the group II and III mGluRs.
Early studies demonstrated that application of the nonselective mGluR agonist
ACPD in hippocampal slices exerted different effects upon excitatory synaptic
transmission to distinct interneuron subtypes. In two morphologically-defined subsets
of CA1 stratum oriens interneurons, ACPD caused a large enhancement of
spontaneous and evoked EPSCs. Miniature EPSCs recorded in the presence of
tetrodotoxin were unaffected, consistent with activation of presynaptic mGluRs
(McBain et al., 1994). In contrast, ACPD caused a depression of evoked EPSCs in
interneurons in CA1 stratum radiatum (Desai et al., 1994) and the dentate gyrus
(Doherty and Dingledine, 1997). An increase in the rate of EPSC failures suggested
that the effect was presynaptically mediated. ACPD is a nonselective mGluR agonist
(Schoepp et al., 1999). The same concentration was used in hippocampal slices in all
of these studies. Given the enormous heterogeneity of mGluR subtype expression at
different classes of synapse (see Section 1.2.6), the effects observed in these early
studies could result from activation of various combinations of mGluRs at synapses
onto the distinct types of interneuron involved. Detailed pharmacological dissection of
mGluR activity using newer subtype-selective compounds became necessary in order
to identify the receptor subtypes involved, and hence understand the underlying
mechanisms.
Group III mGluRs comprise the mGluR 4, 6, 7 and 8 subtypes. High-resolution
immunohistochemistry combined with electron microscopy has demonstrated that
mGluR7 is expressed at high levels in both glutamatergic (Shigemoto et al., 1996;
1997) and GABAergic (Somogyi et al., 2003) presynaptic terminals. Anatomical
evidence suggests that mGluR7 is expressed exclusively presynaptically, and is the
most widely-expressed of the group III mGluRs (Shigemoto et al., 1996; 1997;
Somogyi et al., 2003) A number of studies carried out in hippocampal slices have
shown that activation of group III mGluRs using selective agonists such as L-AP4
leads to a depression of excitatory synaptic transmission to CA1 pyramidal cells (e.g.
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Baskys and Malenka, 1991; Gereau and Conn, 1995; Capogna, 2004). However, the
majority of studies to date have been carried out in pyramidal cells rather than
interneurons. The limited data available demonstrate that group III mGluR activation
inhibits release of both glutamate (Scanziani et al., 1998; Price et al., 2005) and
GABA (Semyanov and Kullmann, 2000; Kogo et al., 2004) onto CA1 interneurons.
Scanziani et al. (1998) performed an impressive study in organotypic hippocampal
slice cultures using sequential paired recordings from three connected neurons - a
presynaptic CA3 pyramidal cell, and postsynaptic CA1 pyramidal cell and CA1 oriensalveus interneuron. In an elegant demonstration of target-dependent synaptic
transmission, presynaptic terminals on the same individual axon were shown to
exhibit distinct modulatory mechanisms depending upon the type of postsynaptic
target cell. Activation of group III mGluRs using the selective agonist L-AP4 caused a
depression of evoked EPSCs in CA1 interneurons but not CA1 pyramidal cells.
Changes in PPR, together with other experimental factors, suggested that the effect is
presynaptically-mediated. Doherty and Dingledine (1998) demonstrated that In
dentate-hilar border interneurons, excitatory inputs from both granule cells and CA3
pyramidal cells were depressed by selective agonists of group I and group III
mGluRs. However, the selective group II mGluR agonist DCG-IV depressed
transmission only at granule cell inputs, with CA3 pyramidal cell inputs remaining
unaffected . There is thus physiological evidence for target-dependent mGluR
expression, which is supported by extensive immunohistochemical data (see Section
1.2.6 for discussion of mGluR expression patterns).
Less is known regarding the role of group II mGluRs in modulation of
excitatory transmission in the CA1 subfield. Group II mGluRs comprise the mGluR 2
and 3 subtypes. Selective activation of group II mGluRs leads to a presynapticallymediated depression of glutamatergic transmission at the perforant path input to CA1
pyramidal cells (Kew et al., 2001; Capogna, 2004). Limited data are available
regarding modulation of excitatory synaptic transmission to CA1 GABAergic
interneurons by group II mGluRs. Activation of group II mGluRs causes an inhibition
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of excitatory input from mossy fibres to hilar interneurons. This effect is
developmental^ regulated, and acts to modulate feedback inhibition in the dentate
gyrus (Doherty et al., 2004). A recent study by Price et al. (2005) demonstrated that
selective activation of group II mGluRs leads to a presynaptically-mediated
depression of excitatory synaptic transmission from the perforant path input to CA1
stratum lacunosum moleculare interneurons. The experimental evidence obtained
thus far clearly indicate that group II mGluRs play an important role in modulating
glutamatergic inputs onto hippocampal interneurons. The receptors act to inhibit
excitatory synaptic transmission via presynaptically-mediated mechanisms.
Presynaptic mGluRs which depress excitatory transmission by inhibiting
vesicular glutamate release may act as a homeostatic negative feedback system,
monitoring glutamate levels and reducing further release when the ambient
extracellular concentration is high. An important question is whether mGluRs at
excitatory connections onto interneurons are tonically activated by the ambient
glutamate concentration under normal physiological conditions. Application in
hippocampal slices of LY341495, which at relatively high concentrations acts as a
broad-spectrum mGluR antagonist (Schoepp et al., 1999), caused an enhancement of
EPSC amplitude in O-LM cells and basket cells in around 50% of neurons tested. Use
of subtype-selective mGluR antagonists demonstrated that mGluR 2,3 and 8 were the
main subtypes involved (Losonczy et al., 2003). The findings of this study thus
suggest that certain mGluR subtypes are tonically active and mediate a depression of
glutamatergic synaptic transmission onto some interneurons. How are presynaptic
mGluRs activated? The classical view of autoreceptor activation is that presynaptic
receptors are activated by transmitter released from the same synapse. However, this
mechanism has not been unequivocally proven experimentally, and recent studies
have provided a wealth of evidence for spillover transmission, whereby glutamate
diffuses to neighbouring synapses and activates receptors. For detailed discussion of
this phenomenon, see Rusakov et al. (1999) and Kullmann (2000).
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I now review in detail the role of group I mGluRs in modulation of
glutamatergic synaptic transmission in the CA1 subfield, since the group I receptors
are the primary focus of the investigations carried out in this thesis. As with the group
II mGluRs, limited information is available regarding the role of these receptors in
modulation of glutamatergic synaptic transmission in area CA1, and virtually all data
have been obtained in pyramidal cells rather than GABAergic interneurons.
Furthermore, most studies to date have been performed in the dentate gyrus/CA3
area. Extensive research is thus necessary in order to characterise the role of group I
mGluRs in modulating glutamatergic inputs to CA1 inhibitory cells. Early studies
carried out in hippocampal slices using group I mGluR-selective agonists and
antagonists demonstrated that group I mGluRs act to reversibly inhibit excitatory
inputs at the Schaffer col!ateral-CA1 pyramidal cell connection. Analysis of PPR and
miniature EPSCs indicated that the mechanism involves a presynaptic action (Gereau
and Conn, 1995; Manzoni and Bockaert, 1995; Rodriguez-Moreno et al., 1998).
Subsequent work confirmed the existence of this modulatory mechanism, and the
availability of new subtype-selective group I mGluR antagonists (LY367385 blocks
m GluRI, while MPEP blocks mGluR5) revealed that the presynaptic depression of
EPSCs in CA1 pyramidal cells is mediated entirely by the mGluRI subtype, with no
contribution from mGluR5 (Mannaioni et al., 2001). The involvement of a presynaptic
mechanism was further confirmed by Rodriguez-Moreno et al. (1998), in a study
performed using both synaptosomes and hippocampal slices. Synaptosomes are
isolated intact nerve terminals, prepared by homogenisation of specific brain areas
followed sequential centrifugation steps. They are commonly used to study synaptic
transmission because they contain the molecular machinery necessary for the uptake,
storage, and release of neurotransmitters. Synaptosomes were prepared from the
entire hippocampus. Glutamate release was monitored using online fluorimetry, and
evoked by depolarisation of synaptosomes using the K+ channel blocker 4-AP, which
results in opening of voltage-gated Ca2+ channels and subsequent vesicle release.
Application of the selective group I mGluR agonist DHPG to a synaptosome

preparation strongly facilitated release of glutamate. Importantly, this observation
demonstrates that functional group I mGluRs are present in isolated nerve terminals,
and are therefore presumably expressed presynaptically in at least some areas of the
hippocampus.
What are the mechanisms underlying group I mGluR-mediated acute
depression of synaptic transmission? It is interesting to note that electrophysiological
evidence (changes in PPR and analysis of miniature EPSCs and the statistic 1/CV2)
suggests that group I mGluR-mediated depression of glutamatergic transmission is
presynaptically-mediated (Gereau and Conn, 1995; Manzoni and Bockaert, 1995;
Rodriguez-Moreno et al., 1998; Mannaioni et al., 2001), while anatomical data from
high-resolution immunohistochemical studies have demonstrated that mGluRI and
mGluR5 are expressed predominantly postsynaptically in the hippocampus (Baude et
al., 1993; Lujan et al., 1996; Shigemoto et al., 1997; Lujan et al., 1997; Petralia et al.,
1997; Lopez-Bendito et al., 2002; see Section 1.2.6). Depression of glutamatergic and
GABAergic synaptic transmission in the hippocampus by group II and III mGluRs is
mediated by presynaptically-expressed receptors. Three main mechanisms via which
neurotransmitter release is inhibited downstream of G protein-dependent and
independent signal transduction cascades triggered by presynaptic mGluR activation
have been identified: (i) suppression of N-type and P/Q-type Ca2+ channels; (ii)
activation of presynaptic K+ channels; (iii) direct action on proteins involved in the
vesicle release machinery (reviewed by Anwyl, 1999). However, given that
presynaptic group I mGluRs do not appear to be widely expressed in the
hippocampus, an alternative explanation must be invoked for the physiological
mechanism underlying group I mGluR-mediated acute depression of synaptic
transmission which electrophysiological evidence suggests involves a presynaptic
action (Gereau and Conn, 1995; Manzoni and Bockaert, 1995; Rodriguez-Moreno et
al., 1998; Mannaioni et al., 2001). This issue is directly relevant to the findings
reported in this thesis, and is addressed in detail in the General Discussion (Chapter

1.4.5.2 Modulation o f excitatory synaptic transmission b y endocan n ab in o ids

Endocannabinoids are a class of endogenous lipid molecules which exert
powerful effects upon intercellular signalling via binding at specific heptahelical G
protein-coupled receptors. At present, two endocannabinoid receptors have been
cloned. CB1 receptors are widely expressed throughout the CNS, where highresolution immunohistochemistry has indicated that expression appears to be
exclusively presynaptic; and elsewhere in the body including the lungs, liver, kidneys
and intestines. CB2 receptor expression appears to be limited to the immune system
and peripheral nervous system. There are currently no anatomical data to support
CB2 expression in the CNS, and this receptor will not be considered further in this
discussion. There is evidence for another, as yet unidentified, endocannabinoid
receptor, though this remains controversial (Hajos et al., 2001; Hoffman et al., 2005;
discussed below; see also Begg et al., 2005). Endogenous CB1 receptor agonists
share two common structural motifs - a polyunsaturated fatty acid moiety (e.g.
arachidonic acid (ADA)), and a polar head group consisting of either ethanolamine or
glycerol. The two best characterised endocannabinoids are anandamide
(arachidonylethanolamide) and 2-AG (2-arachidonoylglycerol). Others include
virodhamine (O-arachidonoyl ethanolamine) and noladin ether (2-arachidonoyl
glyceryl ether). Biosynthetic pathways of endocannabinoids are not yet fully
understood, and represent an important area of current research. Biosynthesis begins
with cleavage by enzymes with phospholipase activity of phospholipid precursors
present in the membranes of neurons, glia, and other cell types. Subsequent
enzymatic reactions result in the generation of the active endocannabinoid. For
detailed discussion of possible pathways of anandamide and 2-AG biosynthesis, see
Freund et al. (2003); De Petrocellis et al. (2004). Unlike classical or peptide
neurotransmitters, endocannabinoids are hydrophobic molecules, raising the question
of how they are able to move within an aqueous environment to reach receptors on
nearby cells. Anandamide and 2-AG precursors have been detected at high levels on
the surface of neurons, suggesting that at least some endocannabinoid biosynthesis

occurs within the cell membrane, thereby allowing direct access to the external
medium. The mechanism underlying the actual release step is not understood, but
may involve simple diffusion or facilitation by lipid-binding proteins such as the
lipocalins. Endocannabinoid signalling is terminated by uptake of the molecule via
specific active transporters, followed by degradation by intracellular enzymes
(reviewed by Freund et al., 2003; De Petrocellis et al., 2004).
I now focus on the roles of endocannabinoids in regulation of synaptic
transmission. Recent studies have shown that endocannabinoids act as powerful
retrograde messengers at many classes of synapse in the CNS. Activation of specific
phospholipases in the postsynaptic neuron, either by Ca2+-mediated or receptormediated signalling, leads to the formation and release of endocannabinoids. These
diffuse to nearby presynaptic terminals and activate CB1 receptors, resulting in
inhibition of neurotransmitter release which can persist for tens of seconds.
Endocannabinoids mediate a phenomenon associated with GABAergic synaptic
transmission known as depolarisation-induced suppression of inhibition (DSI), which
has been studied in both the cerebellum and hippocampus. The first study to
characterise DSI showed that depolarisation of cerebellar Purkinje cells suppresses
spontaneous IPSCs for tens of seconds. The frequency, but not amplitude, of
miniature IPSCs was altered, suggesting that the suppression is presynapticallymediated. Dialysis of Purkinje cells with Ca2+ chelators prevented DSI. These findings
imply that DSI is caused by inhibition of GABA release, induced by a retrograde
messenger released in response to depolarisation-associated entry of Ca2+ into the
postsynaptic Purkinje cell (Llano et al., 1991). DSI was also demonstrated in the
hippocampus. The first studies showed that DSI can be induced by high-frequency
firing or by depolarisation of CA1 pyramidal cells, is sensitive to postsynaptic dialysis
of Ca2+ chelators, and requires presynaptic G protein signalling (Pitler and Alger,
1992; 1994). A phenomenon with very similar characteristics to DSI was discovered at
glutamatergic synapses in the cerebellum formed by both parallel fibre and climbing
fibre inputs to postsynaptic Purkinje cells, and was termed depolarisation-induced

suppression of excitation (DSE) (Kreitzer and Regehr, 2001 b). There is evidence for a
DSE-like phenomenon at glutamatergic synapses in the hippocampus. However,
while cerebellar DSE could be induced using the same protocol as for DSI (50 -1000
ms depolarisation of postsynaptic Purkinje cells to evoke a depression of IPSCs or
EPSCs lasting tens of seconds; Kreitzer and Regehr, 2001), a much longer
depolarisation of 5-10 seconds was required to induce suppression of EPSCs at
Schaffer collateral inputs to CA1 pyramidal cells (Ohno-Shosaku et al., 2002).
Depolarised hippocampal neurons release endocannabinoids, including anandamide
and 2-AG, in a Ca2+-dependent manner (Di Marzo et al., 1994; Stella et al., 1997;
reviewed by Freund et al., 2003). The link between DSI/DSE and endocannabinoid
signalling was identified in 2001. Endocannabinoids acting upon presynaptic CB1
receptors and released in a Ca2+-dependent manner in response to postsynaptic
depolarisation were identified as the retrograde signal responsible for DSI and DSE
induction in both the hippocampus (Wilson and Nicoll, 2001; Ohno-Shosaku et al.,
2001) and cerebellum (Kreitzer and Regehr, 2001a; 2001b). The key experimental
finding in these studies was that DSI and DSE were blocked by CB1 receptor
antagonists (e.g. AM251; SR141717) and occluded by CB1 receptor agonists (e.g.
WIN 55,212-2). Further support for central involvement of endocannabinoids in DSI
was provided by the finding that DSI in the hippocampus is absent in CB1 receptor
knockout mice (Varma et al., 2001; Wilson et al., 2001). How do presynaptic CB1
receptors act to inhibit release of GABA and glutamate? Activation of CB1 GPCRs
leads to a number of downstream effects, which are initiated by the (3y subunit of Gj/0
proteins: (i) Inhibition of both N-type and P/Q-type Ca2+ channels, which mediate the
Ca2+ influx into the presynaptic terminal which triggers vesicular neurotransmitter
release; (ii) activation of G protein-coupled inward-rectifier K+ (GIRK) channels; (iii)
inhibition of adenylyl cyclase, resulting in reduction of cAMP and down-regulation of
PKA, and subsequent downstream effects; (iv) stimulation of MAPK signalling; (v)
activation of PLCy, and subsequent generation of IP3 and release of Ca2+ from
intracellular stores, together with DAG/PKA stimulation (reviewed by De Petrocellis et

al., 2004). G protein-mediated inhibition of presynaptic N-type and P/Q-type Ca2+
channels is likely to be the effect primarily responsible for suppression of transmitter
release. This has been demonstrated at a glutamatergic climbing fibre input to a
Purkinje cell during DSE by imaging action potential-associated presynaptic Ca2+
influxes. Purkinje cell depolarisation decreased Ca2+ entry with a time course similar
to DSE-associated EPSC suppression. This effect was blocked by CB1 receptor
antagonists (Kreitzer and Regehr, 2001b). However, it is clear that CB1 receptor
activation leads to a wide range of downstream effects within the neuron, and the
possibility of contribution by additional mechanisms to inhibition of GABA and
glutamate release cannot be ruled out. The physiological significance of mechanisms
of synaptic plasticity such as DSI and DSE in network behaviour is at present poorly
understood, but clearly represents an essential area of research. This issue is
addressed in detail in the General Discussion (Chapter 10).
The suggestion that endocannabinoids may be involved in retrograde
signalling in group I mGluR-induced depression of EPSCs in CA1 interneurons was
prompted by evidence that group I mGluRs are coupled to endocannabinoid synthesis
in the hippocampus (Varma et al., 2001). Anatomical studies involving high-resolution
immunohistochemistry combined with electron microscopy have shown that CB1
receptors in the hippocampus are expressed primarily in clusters on the axon
terminals of GABAergic interneurons. Glutamatergic Schaffer collateral terminals were
not thought to express CB1 receptors (Tsou et al., 1999; Katona et al., 1999b; Hajos
et al., 2000; Nyiri et al., 2005). Nevertheless, evidence from previous
electrophysiological studies demonstrated some actions of exogenous or endogenous
cannabinoid agonists on glutamatergic signalling in the hippocampus (Misner and
Sullivan, 1999; Ohno-Shosaku et al., 2002). These findings have been interpreted as
implying the presence of non-CB1 receptors of unknown molecular identity (Hajos et
al., 2001; Hoffman et al., 2005). In keeping with this proposal, CB1 receptor
antagonists have been shown to attenuate the acute, although not the persistent,
action of DHPG on EPSCs recorded in pyramidal cells (Rouach and Nicoll, 2003). A

very recent paper by Katona et al. (2006) reports expression of CB1 receptors at
glutamatergic Schaffer collateral axon terminals. Immunogold labelling using highly
sensitive antibodies, combined with electron microscopy, was used to demonstrate in
the CA1 subfield the presence of the CB1 receptor in glutamatergic axon terminals.
Furthermore, the enzyme diacylglycerol lipase a (DGL-a), required for synthesis of the
endocannabinoid 2-arachidonoyl-glycerol (2-AG), was concentrated in dendritic spine
heads opposing CB1-positive glutamatergic axon terminals. Very similar anatomical
findings were reported by Kawamura et al. (2006). These recent studies confirm the
presence of presynaptic CB1 receptors at glutamatergic CA1 Schaffer collateral
terminals, together with postsynaptic expression of enzymes required for
endocannabinoid synthesis. It appears that the receptors had not been detected at
these sites by previous immunohistochemical studies (Tsou et al., 1999; Katona et al.,
1999b; Hajos et al., 2000; Nyiri et al., 2005) because expression levels of CB1 are
much lower at glutamatergic terminals than GABAergic terminals (Katona et al., 2006;
Kawamura et al., 2006). Quantitative silver-enhanced immunogold microscopy
revealed that CB1 levels were -2 0 times lower at glutamatergic than GABAergic
terminals (Kawamura et al., 2006).
Furthermore, very recent electrophysiological data confirm that functional CB1
receptors are expressed at glutamatergic CA3 pyramidal cell axon terminals. The
selective CB1 receptor antagonist W IN55,212-2 was shown to inhibit glutamatergic
synaptic transmission from Schaffer collaterals to CA1 pyramidal cells, accompanied
by a robust elevation in PPR. This effect was clearly demonstrated both in individual
CA1 pyramidal cells using whole-cell patch clamp recording, with the depression of
EPSCs reversed by the selective CB1 agonist AM251 (Kawamura et al., 2006); and in
local populations of CA1 pyramidal cells using field potential recording (Takahashi and
Castillo, 2006). Both studies included experiments to eliminate the question of
potential species- and strain-dependent variations in CB1 expression raised by
Hoffman et al. (2005). Two lines of evidence in a recent study by Monory et al. (2006)
provide further support for the presence of functional CB1 receptors at glutamatergic
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terminals in the hippocampus. Firstly, immunohistochemistry combined with confocal
microscopy revealed CB1 receptors co-localised with vesicular glutamate transporter
1 (VGLUT1) at glutamatergic terminals in the hippocampus. Secondly, excessive
activation of glutamatergic transmission is a key pathogenic event leading to
epileptiform seizures. Glutamatergic circuits in the hippocampal formation are
particularly susceptible to excessive pathological activity, and abnormally high
activation of kainate-class ionotropic glutamate receptors using exogenous agonists is
a widely used animal model of epilepsy (the so-called ‘KA model’) (Ben-Ari and
Cossart, 2000). Monory et al. (2006) generated knockout mice with conditional
deletion of the CB1 gene in cortical glutamatergic neurons or forebrain GABAergic
neurons, as well as virally-induced deletion of the CB1 gene in the hippocampus.
These manipulations indicated that the presence of CB1 receptors in glutamatergic
hippocampal neurons is both necessary and sufficient to provide a significant degree
of endogenous protection against kainate-induced seizures. The study of Monory et
al. (2006) therefore provides further evidence for a critical functional role of CB1
endocannabinoid receptors in glutamatergic principal cells in the hippocampus.
Thus both anatomical (Katona et al., 2006; Kawamura et al., 2006; Monory et
al., 2006), electrophysiological (Misner and Sullivan, 1999; Ohno-Shosaku et al.,
2002; Kawamura et al., 2006; Takahashi and Castillo, 2006) and functional in vivo
pathophysiological studies (Monory et al., 2006) have confirmed the presence of
functional CB1 endocannabinoid receptors at glutamatergic CA1 Schaffer collateral
terminals, which act to inhibit excitatory synaptic transmission from CA3 to CA1
pyramidal cells. Whether CB1 receptors are located at Schaffer collateral terminals
presynaptic to CA1 stratum radiatum GABAergic interneurons is currently unknown.
However, the research discussed above makes these receptors strong potential
candidates for mediating retrograde signalling in group I mGluR-mediated inhibition of
glutamatergic synaptic transmission to CA1 interneurons.
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1.4.5.3 Group I mGluR-mecfiated long-term depression in CA1 interneurons

In addition to short-term modulation of glutamatergic synaptic transmission,
group I mGluRs are responsible for mediating a specific type of LTD in the CA1
subfield. It should be noted that virtually all studies to date have been carried out in
CA1 pyramidal cells, and group I mGluR-mediated LTD in hippocampal GABAergic
interneurons is at present poorly understood. In considering LTD, it is important to
distinguish between depotentiation (reversal of previously-established LTP induced by
specific stimulus protocols), and LTD of naive inputs. There are at least two forms of
mechanistically-distinct LTD, which can coexist at the same synapses. One form is
triggered by activation of NMDA receptors, and the other by activation of group I
mGluRs. LTD mediated by group I mGluRs was first described definitively by Palmer
et al. (1997). Application of DHPG to hippocampal slices caused an acute depression
of EPSPs followed by a small LTD at the Schaffer collateral-CA1 pyramidal cell
connection. LTD was greatly enhanced under conditions of hyperexcitability,
generated by omitting Mg2+ from the perfusate and/or blockade of GABA a receptors.
LTD was not induced by selective agonists for group II and III mGluRs. DHPGinduced LTD did not cross-saturate with NMDA receptor-dependent LTD induced by
low-frequency stimulation, demonstrating that both forms of LTD can coexist at the
same class of synapse. Interestingly, group I mGluR LTD was reversed by mGluR
antagonists. This effect is not attributable to the presence of residual agonist in the
slice, since this reversal was observed hours after washout of DHPG, and LTD was
re-established upon washout of the mGluR antagonist. Extremely similar findings
were obtained by Oliet et al. (1997), who also demonstrated that group I mGluR LTD,
but not NMDA receptor LTD, required activation of protein kinase C and involved Ttype Ca2+ channels.
Which group I mGluR subtypes are responsible for induction of LTD? This
question is complicated by the fact that, while subtype-selective antagonists are
available for both mGluRI (LY367385) and mGluR5 (MPEP), a subtype-selective
agonist is available only for mGluR5 (CHPG). Nonetheless, evidence from a number
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of studies suggests that the mGluR5 subtype is exclusively responsible for induction
and expression of group I mGluR LTD (Palmer et al., 1987; Oliet et al., 1997; Huber et
al., 2001; Faas et al., 2002; Huang and Hsu, 2005). Interestingly, the larger initial
acute depression has been shown to depend entirely upon the m G luR I subtype
(M annaioni et al., 2001). The biochemical cascades leading from group I mGluR
activation to acute and persistent synaptic depression remain incompletely
understood. Although both receptors are abundant postsynaptically (Lujan et al.,
1996; Lopez-Bendito et al., 2002), at least part of the depression of excitatory
transmission appears to be expressed presynaptically (Fitzjohn et al., 2001; Faas et
al., 2002; W atabe et al., 2002; Rammes et al., 2003; Tan et al., 2003). It involves
postsynaptic phosphoinositide 3-kinase, protein synthesis and dephosphorylation and
removal of AM PA receptors from synapses (Huber et al., 2000; Snyder et al., 2001;
Xiao et al., 2001; Huang et al., 2004). A retrograde action of endocannabinoids on
non-CB1 receptors has been proposed to contribute to the acute, although not the
long-lasting, DHPG-evoked depression (Rouach and Nicoll, 2003). The acute
presynaptic depression is mediated at least partly by a decrease in Ca2+ influx into
presynaptic terminals (Faas et al., 2002). Distinct m echanism s underlie modulation of
synapses formed on different cell types (for review see Toth and McBain, 2000), even
those supplied by the same axon (Scanziani et al., 1998; Rusakov et al., 2004). Thus,
it is not possible to extrapolate the above findings, which were almost exclusively
obtained in hippocampal pyramidal cells, to GABAergic interneurons. Instead, further
research is necessary in order to achieve characterisation of both m GluR-dependent
and independent forms of long-term plasticity in specific populations of hippocampal
interneurons.

1.4.5.4 Modulation o f excitatory synaptic transm ission to CA1 interneurons by other
neurotransm itter systems
Other types of neurotransm itter receptor are involved in mediating modulatory
effects at excitatory connections onto hippocampal G ABAergic interneurons. Many of
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the m echanism s and receptor subtypes involved have not yet been characterised in
detail. Blockade of A t adenosine receptors using the selective antagonists 8cyclopentyl-1,3-dipropylxanthine and /V-cyclopentyl-9-methyladenine enhances
excitatory input to dentate interneurons by increasing synaptic reliability of
glutam atergic inputs. The effect of the selective antagonists suggests that the am bient
adenosine concentration is sufficient to activate presynaptic A t receptors. Conversely,
application of exogenous adenosine decreased synaptic reliability and reduced
spontaneous EPSC frequency (Doherty and Dingledine, 1997). These findings
suggest that A t receptors have an inhibitory role in modulating glutam atergic
transmission to hippocampal interneurons, with the effect upon spontaneous EPSC
frequency consistent with a presynaptic action. ATP-gated presynaptic P2X2
purinergic channels act to facilitate excitatory transmission from CA3 pyramidal cells
to CA1 stratum radiatum interneurons, but not to CA1 pyramidal cells (Khakh et al.,
2003). This study provides further evidence for target-dependent expression of distinct
modulatory mechanisms which differ between excitatory connections onto principal
cells and interneurons.
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S e c tio n 5. S u m m a ry o f in tro d u c tio n a n d Ph.D. o b je c tiv e s
The aim of the General Introduction was to place the experimental work
described in this thesis into context by reviewing the relevant background information;
and to emphasise the significance of the research by highlighting the importance of
subjects which at present are not well understood, namely the functional properties of
excitatory connections onto GABAergic interneurons and their modulation by
neurotransmitter receptors such as mGluRs. The following topics have been reviewed
in this chapter.

1. The anatom y of the hippocampus, with particular emphasis upon properties of
the CA3-CA1 connection.
2.

Metabotropic glutamate receptors: structure; intracellular signal transduction
mechanisms; expression patterns in the hippocampus; and roles in modulation
of neuronal excitability.

3. GABAergic interneurons in the hippocampus: heterogeneity and criteria for
classification; physiological properties; and roles in neuronal circuits, including
feed-forward and feed-back inhibition and generation of network oscillations.
4.

Functional properties of excitatory synaptic connections onto hippocampal
interneurons.

5.

Modulation of glutamatergic synaptic transmission to G ABAergic interneurons
in the hippocampus by various neurotransm itter systems. The main focus was
mGluRs, with emphasis on the group I receptors.

The overall objective of the Ph.D. was to investigate the functional properties and
modulation by metabotropic glutamate receptors of glutam atergic synaptic
connections onto inhibitory interneurons in the CA1 subfield of the hippocampus. The
General Introduction highlights the critical roles played by G ABAergic interneurons in
hippocampal neuronal circuits and network function. It is of central importance to
understand the functional properties of glutam atergic synapses responsible for
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activating interneurons and thereby recruiting inhibitory drive within the hippocampal
network, and the complex and subtle array of modulatory influences to which they are
subject.
The results chapters are ordered as follows. Chapter 3 describes a preliminary
electrophysiological project carried out at the start of the Ph.D., with the objective of
using a two-pathway stimulation experimental design combined with whole-cell patch
clamp recording in acute hippocampal slices to quantitatively com pare two distinct
classes of glutamatergic input to the same CA1 interneuron for m odulation by group III
mGluRs. A number of experimental difficulties were encountered, which appeared to
result from low connectivity of certain classes of afferent input to CA1 interneurons.
An epifluorescence Ca2+ imaging technique designed to facilitate detection of
excitatory connections among populations of neurons in a hippocampal slice was
explored, with the aim of overcoming the experimental challenges associated with low
connectivity. This is described in detail in chapter 4. Although both these projects
provided scope for further investigations, the experimental work was subsequently
focused upon electrophysiological investigation of m odulation of excitatory synaptic
transmission to CA1 interneurons by group I mGluRs, using whole-cell patch clamp
recording in acute hippocampal slices. This work represents the main part of the
results section of this thesis, and is described in chapters 5 to 9. Group I mGluR
activation was found to powerfully modulate glutamatergic connections onto stratum
radiatum interneurons by mediating an acute depression of synaptic transmission.
This effect had not been previously demonstrated. The aim of the subsequent
experiments was to achieve a detailed characterisation of this effect. This included
identifying the mGluR subtypes involved and their relative contribution to the
depression; characterising the underlying mechanism in detail; and determining
whether the effects of selective group I mGluR activation using an exogenous agonist
could be reproduced under more physiological conditions, by evoking heterosynaptic
depression using synaptically-released glutamate. In addition, m orphological analysis
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of interneurons from which electrophysiological recordings were obtained was carried
out using confocal fluorescence imaging.
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Chapter 2. Methods and materials
2.1 O ve rvie w o f patch cla m p in g in brain s lic e s
Patch clamp recording in acute brain slices was first described by Edwards et
al. (1989), and has since become an extremely widely-used experimental technique in
the investigation of synaptic physiology. It has been successfully applied to acute
tissue slices prepared from virtually all areas of the CNS, and from animals of defined
ages for developmental studies. The principal advantages of the patch clamp
technique are the ability to use a high-resolution electrophysiological recording
technique on visually identified neurons with their structure and the majority of their
synaptic contacts preserved within a functionally intact network. Synaptic responses
may thus be elicited by precise stimulation of afferent inputs, and responses mediated
by specific ionotropic receptor subtypes (e.g. AMPA-class glutamate receptors,
GABA a receptors) may be isolated using pharmacology. In the whole-cell patch clamp
configuration, the contents of the cell are gradually washed out by the contents of the
pipette during the first few minutes of recording. Thus a variety of intracellular
solutions may be used, depending upon the type of synaptic response being
recorded. Furthermore, other agents may be added to the intracellular solution,
including fluorescent indicators, drugs acting at the intracellular face of
transmem brane ion channels (e.g. QX314, an intracellular Na+ channel blocker), and
molecules which affect signal transduction systems. Patch clamp recording can be
combined with other methods, e.g. fluorom etric m easurem ent of intracellular ions,
confocal m icroscopy and single cell RT-PCR (reverse transcriptase polymerase chain
reaction). In combination with electrophysiological recording, numerous other
physiological and anatomical properties of individual neurons may be investigated at
extremely high resolution.
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2.2 S p e cific m e th ods fo r h ip p o ca m p a l slice p re p a ra tio n
2.2.1 Anim als
All experiments were performed using tissue obtained from male P21-28 (3-4
week old) Sprague-Dawley rats. Animals were kept under a 12 hour light-dark cycle
with free access to water and a normal laboratory diet (SDS R and M num ber 1
expanded, Scientific Dietary Services, UK). All procedures were performed in
accordance with the UK Home Office Animals (Scientific Procedures) Act, 1986.

2.2.2 Hippocam pal slice preparation
Animals were decapitated under deep terminal pentobarbital anaesthesia (140
mg/kg, administered intraperitoneally). An incision was made along the length of the
head, the skull was opened and the brain removed in < 30 seconds and placed
immediately into ice-cold sucrose-based artificial cerebrospinal fluid (ACSF) slicing
solution, containing (mM) sucrose 70, NaCI 80, KCI 2.5, NaH2P 0 4 1.25, N a H C 0 3 25,
MgCI2 7, CaCI2 0.5, glucose 25; pH 7.2, 297 mOsm, bubbled continuously with 95%
0 2/ 5% C 0 2. Increased neuronal survival was achieved by using this sucrose-based
slicing solution, as the sodium and calcium content is considerably lower than in
standard ACSF, resulting in a lower level of network excitability and reduction in
pathological effects resulting from the slicing procedure.
The hippocampi were dissected out rapidly (< 1 min) in order to cool the tissue
as quickly as possible and thereby minimise any pathological effects resulting from
hypoxia-ischaemia. The entire brain was submerged in ice-cold sucrose slicing
solution during dissection. Using custom-built plastic spatulas, the midbrain was
removed and the hippocampi were gently pulled away from the surrounding temporal
cortex. They were then placed into an agar block with two grooves slightly wider than
the hippocampi. Each end of the block was trimmed off, and the side with rostral pole
of the hippocampi glued face downwards to a plastic base using ultra fast-drying
cyanoacrylate adhesive (RS Components, UK). This assem bly was then placed into
the slicing chamber, which was filled with ice-cold sucrose slicing solution. Transverse
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350 pm thick slices were cut with a vibratome (Leica, VT1000S). Slices were left in
ice-cold sucrose slicing solution for 1 min after cutting, and transferred to an interface
cham ber for storage. The chamber was gassed continuously with 95% O 2/ 5% C 0 2)
and slices were stored on moist filter paper on top of a reservoir of restoration ACSF,
containing (mM) NaCI 117, KCI 5.3, N a H C 03 26, NaH2P 0 4 1.0, glucose 15, MgCI2
2.0, CaCI2 2.0; pH 7.2, 297 mOsm. Slices were incubated for at least one hour prior to
recording. Whole-cell patch clamp recordings could be obtained for up to
approxim ately 6-8 hours after slicing. Slices were transported to the recording
cham ber in a small volume of restoration ACSF in a glass pipette.

Caudal
S licing
plane

Rostral (glued
to base)
Figure 2.1 A, Schematic representation o f preparation o f transverse slices from the
left hippocampus. B, orientation o f left and right hippocam pi for transverse slicing
when placed in horizontal grooves in agar block.

2.3 T h e o re tica l e x p la n a tio n o f patch cla m p e le c tro p h y s io lo g ic a l re c o rd in g
Patch clamp recording is an immensely powerful and versatile experimental
technique, which may be used in a variety of configurations to make
electrophysiological recordings from cultured neurons, tissue slices and even in vivo.
It allows both high-resolution observation of currents through single ion channels, and
whole-cell recording from individual cells. One reason for the popularity of patch
clamping is the extremely high resolution it provides in measuring membrane currents
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- it is possible to measure ionic currents of < 1 pA (1CT12 A). This is possible because
a seal of extremely high resistance (in the order of gigaohms, i.e. > 109 O; a so-called
‘gigaseal’) is formed between the end of a glass recording pipette and the cell
membrane. This high-resistance seal is the primary reason for extremely low electrical
noise, and thus high resolution, in patch clamp recordings. An in-depth review of the
numerous configurations and potential applications of patch clamp recording, together
with detailed consideration of the associated biophysics is beyond the scope of this
discussion. Excellent references are Sakmann and Neher (1995) and Sherman-Gold
et al. (1993). It should be noted that single-channel recording is an extremely
important and widely-used application of the patch clamp technique, which has
provided a wealth of valuable information on ion channel function. The perforatedpatch configuration of the whole-cell patch clamp method is also an important
experimental technique, since it prevents dialysis of the cell contents by the pipette
filling solution, thereby leaving intact signalling cascades involving diffusible second
messengers. These applications are not discussed here. Instead, I focus upon
reviewing the basic concepts underlying the most widely-used application of the patch
clamp technique in this thesis - whole-cell voltage clamp recording.
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Figure 2.2 Schematic representation o f a current-to-voltage converter, located in the
headstage o f the patch clamp amplifier. This system allows the cell m embrane
potential (Vm) to be clamped at a fixed value, whilst the transmem brane flow o f ionic
current is measured. Current flow through the electrode (lP) across a high-im pedance
resistor (R) causes a voltage drop that is proportional to lP. The operational am plifier
acts as a feedback sensor, continuously adjusting the voltage source (Vs) to maintain
the pipette at the selected reference potential (Vref).

Under voltage clamp conditions, the cell membrane potential (Vm) is ‘clam ped’
at a fixed potential, and the transmem brane flow of ionic current in response to
various experimental manipulations is recorded. The first step of patch clamp
recording is common to all configurations, both single-channel and whole-cell -

a

gigaseal must be established between the patch pipette and the cell membrane. The
patch pipette is a glass capillary, with the end pulled into the desired shape in a m ulti
stage process using a specialised puller device (e.g. Flaming-Brown). Relatively blunt,
low-resistance (3-5 MO) electrodes are used for whole cell recording, in comparison
to sharp electrode recording, which uses much higher resistance electrodes (> 50
MO). W hole-cell recording provides complete control over the chemical composition of
the cell interior. A variety of pipette filling solutions may be used, to which may be
added fluorescent indicators, and/or pharm acological agents which exert their effects
intracellularly, e.g. highly selective antagonists of signal transduction cascades.
Movement of the patch pipette is controlled by micromanipulators. Formation of the
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gigaseal is monitored electrically by continuously measuring electrode resistance by
observing the magnitude of the current pulse evoked by repeated application of a test
voltage pulse (‘t-pulse’), e.g. 5 mV of 5 ms duration at 50 Hz. The formation of a
gigaseal is achieved by applying positive hydraulic pressure to the patch pipette, and
releasing the pressure as the tip touches the cell surface. If successful, the membrane
forms a seal with the pipette tip which has a resistance in the order of gigaohms, and
the current pulse evoked by the t-pu!se is virtually abolished due to the huge increase
in resistance (I = V/R; O hm ’s law). The pipette capacitance transients (Cp), produced
by the pipette capacitance charging and discharging in response to each t-pulse, are
cancelled using ‘fast’ compensation adjustment at the amplifier. A negative voltage is
then applied to the pipette (e.g. -60 mV). At this stage, a single-channel recording may
be established in one of three configurations - cell-attached, inside-out or outside-out.
Alternatively, the whole-cell configuration may be established. By applying a sharp
suction pulse, the patch of membrane within the pipette may be ruptured, allowing
low-resistance access to the cell interior. Large, slow capacitance transients then
appear, caused by charging and discharging of the cell membrane capacitance (Cm).
These are cancelled using the ‘slow’ compensation circuitry at the amplifier. Dialysis
of the cell by the patch pipette filling solution occurs within < 10-15 min. Diffusion rates
depend upon the molecular weight and charge of the diffusion particle.
The whole-cell patch clamp electrode acts continuously as both a voltage
sensor and current source (Fig 2.2). The current-to-voltage converter of the patch
clamp amplifier is contained within the headstage, which also contains the holder for
the patch pipette. A chlorided sliver wire inside the patch pipette forms a Ag/AgCI
electrode, allowing ionic currents (e.g. carried by Na+ or CT ions) flowing in the pipette
solution to be detected as electrical currents by the headstage. A second Ag/AgCI
pellet in the recording bath is connected to the headstage ground point to complete
the circuit. Current flow through the electrode (lp) across a resistor of high impedance
(R) causes a voltage drop that is proportional to the measured pipette current. An
operational am plifier acts as a feedback sensor, injecting the correct amount of
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current to maintain V m at the selected potential, known as the reference potential
(Vref). Due to the extremely high resistance of the gigaseal between the patch pipette
and the cell membrane, all current flow through the electrode is assumed to flow
exclusively across the cell membrane, and is therefore proportional to the membrane
conductance. The disadvantage of using a single electrode both as a voltage sensor
and current source is that the recording arrangement contains an unknown and
potentially varying series resistance (Rs) in the form of the electrode and its access to
the cell interior. In order to achieve accurate electrophysiological recording, it is
essential that the series resistance be small relative to the cell membrane resistance.
This is achieved through a number of measures, including (i) use of low-resistance
electrodes; (ii) recording from small cells with high impedance; (iii) electronic
com pensation of series resistance.
The most widely-used application of the patch clamp technique in the projects
described in this thesis is whole-cell voltage-clamp recording of pharm acologicallyisolated, synaptically-evcked excitatory postsynaptic currents (EPSCs). EPSC
amplitude correlates with the transmem brane flux of ionic current through
postsynaptic ionotropic glutamate receptors during the transient ligand-induced
opening of the receptor channel pore. EPSCs are mediated via AM PA/kainate
receptors, with any contribution from NMDA receptors removed by the use of the
selective antagonist DL-APV. EPSCs were evoked via extracellular stimulation of
glutamatergic afferent inputs.
It should be noted that the recording temperature used was sub-optimal - all
experiments were carried out at room temperature (-2 0 °C). In vivo conditions are
more accurately sim ulated in brain slice preparations by making electrophysiological
recordings at more physiological temperatures (-3 3 °C is widely-used). However,
recording at higher tem peratures leads to three main difficulties, (i) Increased difficulty
of patch clamp recording; (ii) Fewer healthy neurons from which to record, and more
rapid degradation of acute brain slices, due to more rapid occurrence of pathological
processes induced by the slicing procedure; (iii) Increased technical complexity of
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maintaining storage and perfusion ACSF at a constant temperature. Experiments
described in this thesis were carried out at room temperature because all effects could
be clearly detected, and many of the experiments were pilot studies designed to
establish which aspects of the project were important to subsequently investigate in
greater detail. Clearly, in order to enhance accuracy of the results, certain
experiments would have been repeated at physiological tem perature if more time had
been available.

2.4 S p e c ific m e th o d s fo r w h o le -c e ll patch clam p e le c tro p h y s io lo g ic a l re c o rd in g
2.4.1

W hole-cell patch clamp recording in hippocam pal slices
Experiments were carried out at room temperature (20 °C) unless otherwise

stated. Slices were submerged in the recording cham ber of an upright microscope
(Olympus BX50WI), and held in position by a C-shaped platinum frame crossed with
fine nylon lines. The recording chamber was perfused continuously at 3 ml per min
with ACSF (‘Ringer’ solution), containing (mM) NaCI 119, KCI 2.5, M g S 0 4 1.3, MgCI2
2.7, NaH2P 0 4 1.0, N a H C 0 3 26.2, glucose 11, CaCI2 2.5; pH 7.2, 297 mOsm, bubbled
continuously with 95% 0 2/ 5% C 0 2. Drugs were added to the ACSF in order to apply
them to the slice. Several perfusion reservoirs were available with different batches of
ACSF containing various combinations of drugs to be washed into the slice.
Neurons were patch clamped under visual guidance using infra-red differential
interference contrast (IR-DIC) microscopy. DIC uses polarised light to give a threedimensional image. Infrared m icroscopy uses long wavelength light (-7 0 0 nm), which
penetrates further into the slice, facilitating visualisation of neurons deeper in the
tissue. One advantage of IR-DIC m icroscopy is that thicker slices with a more intact
neuronal network may be used. Electrophysiological recordings were made using an
Axopatch 1D patch clamp am plifier (Axon Instruments, USA). Data acquisition and
analysis were carried out using custom programs written in Labview development
environment (National Instruments, USA). Patch clamp electrodes were prepared
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from borosilicate glass (0.86 mm internal diameter, GC150F-7.5, Harvard Instruments,
USA) using a Flaming-Brown electrode puller (Sutter Instrument Company, USA).
Pipette resistance (RP) was 4-6 MO. Unless otherwise stated, a caesium gluconatebased pipette filling solution was used for recordings in whole-cell configuration,
containing (mM) Cs gluconate 117.5, CsCI 17.5, CsOH HEPES 10, CsOH EGTA 0.2,
NaCI 8, Mg ATP 2, Na3GTP 0.3, QX314Br 5; pH 7.2, 290 mOsm. A caesium
gluconate-based pipette filling solution was selected in order to optimise the space
clamp. Cs+ ions have low permeability through K+ channels. Once the cell interior had
been dialysed with the pipette solution after achieving whole-cell access (assumed to
occur in ^ 15 min), the high concentration of Cs+ions resulted in an intracellular
blockade of K+ channels. This improved the space clamp by preventing K+ leak
conductances, which result from the strong concentration gradient driving K+ out of
the cell at the resting membrane potential. K+ leak conductances are mediated by a
number of different K+ channel subtypes, not all of which have yet been definitively
identified. One important class of K+ channel are non-voltage-gated channels with four
transmem brane helices (termed 4TM architecture) and two intracellular P loops
(Goldstein et al., 2001). An important issue when using a caesium-based pipette filling
solution is that action potential firing is inhibited due to K+ channel blockade. In order
to avoid contamination by action currents when recording pharm acologically-isolated
EPSCs, action potential firing was further suppressed via intracellular blockade of
voltage-gated Na+ channels by inclusion of QX314-Br in the pipette filling solution.
These two factors facilitated an accurate space clamp and prevented EPSC
contamination by action currents, but precluded analysis of spiking patterns. This may
be important, for example, when attempting to classify interneuron subtypes by
physiological criteria, or determine possible roles in network function. Potassium based pipette filling solutions would be used in order to investigate action potential
firing. This subject is discussed further in Chapter 10. For loading of single neurons
with Ca2+-sensitive fluorescent indicators via the patch pipette, a potassium
m ethylsulphonate-bssed filling solution was used, containing (mM) K-

methylsulphonate 117.5, KOH 17.5, K HEPES 10, Na-phosphocreatine 10, MgC!2 4,
Na-ATP 4, Na-GTP 0.4, Fluo4 200pM; pH 7.2, 2S0 mOsm. The non-esterified polar
form of Fluo4 was used, as the indicator did not diffuse across a membrane to enter
the cell.
Experiments were performed in whole-cell voltage clamp mode unless
otherwise stated. Thus the membrane potential was clamped at a fixed value and
transmembrane ionic currents were recorded. The majority of recordings were made
from GABAergic interneurons in the CA1 subfield of the hippocampus. This cell type
displays extensive heterogeneity in a variety of characteristics (see Chapter 1, Section
1.3), including physiological features such as resting m embrane potential (Vm), spiking
patterns etc. Among hippocampal interneurons, Vm ranges from approxim ately -50 to 70 mV (Lacaille et al., 1987; Parra et al., 1998). There is less variation among CA1
pyramidal cells, which have a Vm of approximately -60 mV (e.g. Lacaille et al., 1987).
Neurons were therefore voltage-clamped at -60 mV unless otherwise stated. Series
resistance (Rs) was monitored with a voltage step in each recording cycle, and was <
40 MQ. Holding current ( l h0id) was < 200 pA. Cells were rejected if Rs or lh0id varied by
> 20% over the course of the experiment. Records were filtered at 5 kHz and digitised
at 10 kHz to avoid aliasing noise.

2.4.2 Extracellular stimulation o f presynaptic afferent inputs
Synaptic responses may be elicited from various pathways in the
hippocampus by extracellular stimulation of the appropriate axons in the slice. As
current flows from one pole of a bipolar stimulus electrode to the other, axons are
depolarised and fire action potentials, causing release of neurotransm itter from
presynaptic terminals. Monopolar stimulus electrodes were tested initially, but cleaner
monosynaptic EPSCs could be elicited with greater reliability by using bipolar
electrodes. Bipolar stimulus electrodes were custom prepared from sharp stainless
steel electrodes (Frederick Haer & Co, USA). A pair of electrodes were placed inside
a glass capillary and the ends sealed with cyanoacrylate adhesive. Tip separation was
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adjusted as necessary. Constant current isolated stim ulator devices (Digitimer, UK)
under the control of the data acquisition software were used to deliver stimuli of 50 ps
duration, with intensities generally ranging from 10-500 pA. Stimulus intensity was
adjusted to give an EPSC amplitude of 100-300 pA. Stimulus intensities were not
adjusted during the recording once an appropriate value was selected prior to the start
of the actual experiment. The variation in stimulus intensities between recordings was
due to factors such as distance of the stimulus electrode from the recorded neuron,
and the number of afferent fibres activated by each stimulus. The goal in selecting an
appropriate stimulus intensity was to evoke EPSCs in the 100-300 pA range. This is
the optimum EPSC amplitude range for recording from interneurons for the types of
experiment carried out in this thesis (D. Kullmann, personal com munication). Lower
EPSC amplitudes result in greater trial-to-trial variability, due to quantal fluctuations in
neurotransmitter release from stochastic events. Higher EPSC am plitudes result in
non-linearity, voltage escape and shunting. Selecting an appropriate range of EPSC
amplitudes, and thus stimulus intensity, is a trade-off between avoiding quantal
fluctuations and from low-amplitude EPSCs, and non-linearity and voltage escape
from high-amplitude EPSCs. Therefore EPSC amplitudes which are too low or too
high generate experimental complications which obscure accurate data analysis.
Activation of excitatory inputs to CA1 pyramidal cells and interneurons through
stimulation of CA3 pyramidal cell axons (Schaffer collaterals) is a commonly used
experimental technique in this thesis (Fig 2.3). Schaffer collaterals extend into CA1
from the cell bodies of CA3 pyramidal cells in stratum pyramidale, forming
glutamatergic synaptic contacts onto both pyramidal cells and interneurons (Ishizuka
et al., 1990). A cut was made in the slice between CA3 and CA1 to prevent stimulusinduced and spontaneous epileptiform discharges in the network of recurrent
excitatory collaterals in CA3 from spreading to CA1 and contaminating the synaptic
response. In general, clearer AM PA EPSCs were recorded if the recording electrode
was positioned distally from the stimulus electrode within stratum radiatum. If
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necessary the stimulus electrode could be carefully re-positioned after a whole-cell
recording had been established in order to obtain a clearer synaptic response.

B ipolar
stim ulus
e lectrode

^

R eco rd ing
e le ctro d e

C ut betw een
C A3 and CA1

D entate
g y ru s

Figure 2.3 Configuration o f stimulus and recording electrodes for recording AM P A
EPSCs elicited by extracellular stimulation o f Schaffer collaterals in CA1 stratum
radiatum interneurons.

2.4.3 W hole-cell voltage clamp recording o f pharm acologically-isolated AM P A EPSCs
Recordings were made in whcle-cell voltage-clam p configuration. The
membrane potential of the neuron was maintained at a fixed value, which was
selected to simulate the hyperpolarised physiological resting potential of hippocampal
interneurons. Use of whole-cell voltage-clamp in this manner allowed stimulus-evoked
EPSCs to be recorded. Paired pulses were delivered in each recording cycle at a
frequency of 20 Hz, giving a 50 ms interpulse interval. The ratio of the amplitude of
the second EPSC to the first EPSC is known as the paired pulse ratio (PPR).
Changes in PPR generally result from alterations in neurotransm itter release, due
Ca2+ accumulation in the presynaptic terminal (reviewed by Zucker and Regehr,
2002). PPR analysis may thus be used as a criterion to determ ine whether a given
mechanism involves a presynaptic action. PPR was calculated by measuring
amplitude of EPSC traces averaged across 20 cycles (10 min) in each stage of the
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experim ent (e.g. baseline; activation of a specific receptor subtype via drug
application; washout). The peak amplitude of the second pulse was then normalised
by that of the first to determine PPR. Constant current isolated stimulator devices
(Digitim er) under the control of the data acquisition software were used to deliver
stimuli of 50 ps duration, with intensities generally ranging from 10-500 pA. Numerous
configurations of recording cycle were used in the experim ents described in this
thesis. These are described in detail in the methods section at the start of each
chapter. The standard recording cycle consisted of: (i) single stimulus to CA1 stratum
radiatum, to activate Schaffer collateral afferent inputs, (ii) Pair of stimuli at 20 Hz,
giving an interpulse interval of 50 ms. This facilitated investigation of presynaptic
effects via calculation of PPR. (iii) Voltage step to monitor series resistance. The
interval between each stimulus was 10 s, giving a 30 s duty cycle for recording of
EPSCs. The following drugs were always present in the perfusion ACSF once the
whole-cell recording configuration had been successfully established. Picrotoxin (100
pM) to block GABA a receptors, and DL-2-am ino-5-phosphonovalerate (DL-APV, 50
pM) to block NMDA receptors. Upon completion of the experiment, the AM PA/kainate
receptor antagonist 2,3-dioxyo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaiine-7sulphonamide (NBQX, 10 pM) was bath applied to confirm that EPSCs were mediated
by AMPA/kainate receptors.

2.5 M o rp h o lo g ic a l ana lysis o f in d iv id u a l neu ro n s u s in g im m u n o h is to c h e m is try
and c o n fo c a l m ic ro s c o p y

2.5.1 Imm unohistochem ical staining o f individual recorded neurons using A!exa488
Biocytin was routinely added to the patch pipette filling solution at a
concentration of (0.4% w/v; i.e. 4 mg per ml). The biocytin dialysed into the neuron
during the course of the recording. The majority of experim ents had a duration of at
least 50 min, allowing sufficient time for biocytin to reach far into dendritic and axonal
processes. Upon completion of the experiment, the slice was immediately transferred
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from the recording chamber to a 1.5 ml plastic Eppendorf tube, filled with 1 ml
phosphate-buffered saline (PBS; Sigma, UK), containing (mM) NaCI 137, KCI 2.7,
phosphate buffer 10; pH 7.4, together with 4% paraformaldehyde (PFA) to fix the slice
tissue. PFA acts to cross-link proteins. The Eppendorf tube was stored overnight in a
fridge at 4° C to allow fixation to take place. PFA was then washed out of the slice
using 3 * 20 min washes in 1 ml PBS, with gentle shaking. Permeabilisation of cell
membranes was achieved using a 2 hour incubation with gentle shaking in 1 ml PBS
containing 0.5% w/v Triton X-100, a non-ionic surfactant related to the Pluronic range
of detergents. This solution was then aspirated, and replaced with 1 ml PBS
containing 0.1% w/v streptavidin conjugated to the fluorophore Alexa488. Streptavidin
is a tetram eric protein purified from Streptomyces avidinii that binds extremely tightly
to biocytin with a Kd of ~10'14 mol/L. This is one of the strongest known biochemical
interactions, and is thus widely used in immunohistochemical techniques. Staining of
the slice with the fluorescent streptavidin-Alexa488 conjugate was achieved using a 2
hour incubation with gentle shaking. The conjugate was able to cross neuronal
membranes and bind strongly to biocytin due to the preceding permeabilisation step
using triton X-100. Following the 2 hour incubation, the streptavidin-Alexa488
conjugate was washed out of the slice using 3 * 20 min washes in 1 ml PBS, with
gentle shaking. Slices were then mounted individually on microscope slides with
coverslips, using DABCO mounting medium (Sigma, UK).

2.5.2 Confocal image acquisition
Imagining of im m unohistochem ically-stained slices was carried using a Zeiss
LSM 510 confocal laser scanning microscope. A three-dim ensional fluorescence
image was obtained of the immunopositive neuron from which the patch clamp
recording had been made, together with a DIC image of the surrounding area of the
hippocampal slice. The primary objective was to accurately assess the position of the
soma within CA1 stratum radiatum, and image the pattern of dendritic projections
within the subfield. This was facilitated by superim posing the fluorescent image of the
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individual immunopcsitive neuron over the background DIC image. In order to achieve
this aim, relatively low magnification was used in the majority of image acquisition
(Plan-Apochrom at *10 non-immersion lens). To achieve more detailed visualisation of
particular areas, e.g. projections arising from the soma or complex areas of dendritic
branching, higher magnification was used (Plan-Apochromat *20 non-immersion
lens). In some cases axonal projections could also be visualised. This issue is of
central importance, and is discussed further in Chapter 9, Sections 9.3 and 9.4.
Fluorescence images were acquired using an argon laser set to 488 nm for
excitation; and a 505 nm long-pass emission filter. Upper and lower limits of the
im munopositive neuron within the slice were identified, and the thickness of the
imaging plane set accordingly. Images were acquired every 3 pm within this area, and
a three-dimensional confocal projection of the cell subsequently constructed from the
individual frames.

2.6 Summary of pharmacological agents used in all projects

Full name o f drug

Abbreviated
name

(pM )

D L-2 -a m in o -5 -p h o sp h o n o va le ra te

D L-A P V

50

N M D A re ce p to r a n ta g o n is t

2 ,3 -d io x y o -6 -n itro -1 ,2,3,4te tra h y d ro b e n zo [f]q u in o xa iin e -7 su lp ho na m id e

NBQX

25

A M P A /k a in a te re ce p to r
a n ta g o n is t

n/a

P icrotoxin

100

G A B A a rece p to r a n ta g o n is t

3 -(3,4D ichlo ro p h e n yl)m e th yl]a m in o ]
p ro p yl]d ie th o xym e th yl)p h o sp h in ic
acid

C G P 5 24 3 2

5

G A B A b re ce p to r a n ta g o n is t

A /-(2,6-D im ethylphenylcarbam oylm eth yl-triethyla m m on ium brom ide

Q X 3 1 4 -B r

5

In trace llu lar N a + ch an ne l
b lo cker

50

G lu tam ate upta ke
tra n s p o rte r blocker,
sele ctive fo r E A A T 1 and
EA A T2 su btyp es

D L-rhreo -P -B en zyloxya spa rtic acid

TBOA

Cone

Pharmacological effect
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L (+ )-a m in o -4 -p h csp h o n o b u tyric
acid

L-AP4

50

S e le ctive group 111 m G luR
a g o n is t

(S )-3 ,5 -d ih yd ro xyp h e n yig iycin e

(S )-3,5-D H P G

30

S e lective group I m G luR
a g o n is t

50

B ro a d -sp e ctru m m G luR
agonist, w ith greater
s e le c tiv ity fo r group I and II
at 50 pM co n ce n tra tio n

LY 341495

V a ria ble

S e le ctive group II m G luR
a n ta g o n is t at nan om ola r
co n ce n tra tio n s, se le ctive
fo r gro up III receptors at
h ig he r co n ce ntra tion s.

S -2 -m e th yl-4 -ca rb o xyp he n ylg iycin e

LY367385

100

S e le c tiv e m G Iu R I
a n ta g o n is t

2-M ethy!-6 -(p h e n yle th yn y!)-p yrid in e

M PEP

10

S e le c tiv e m G luR 5
a n ta g o n is t

(R S )-a -m e th yl-4 ca rb o xyp h e n ylg lycin e

MCPG

500

B ro a d -sp e ctru m m G luR
a n ta g o n is t

u -m e th y ls e rin e -O -p h o s p h a te

M SO P

100

S e le ctive group II! m G luR
a n ta g o n is t

A /-(P iperidin-1-y!)-5-(4-iodopheny!)1 -(2,4 -b ich lorop h en yt)-4 -m ethy!-1 H p yra zole -3 -ca rb o xam ide

AM251

2

S e le c tiv e CB1
e n d o ca n n a b in o id rece pto r
a n ta g o n is t

(/? )-(+ H 2 ,3 -D ih yd ro -5 -m e th yl-3 -(4 m o rp h o !in ylm e th y!)p yrro io [1 ,2,3de]-1,4-be n zoxa zin -6-y!]-1 n a p h tb a le n ylm e th a n o n e m esylate

W IN 55,212-2

0.80

S e lective CB1
e n d o c a n n a b in o id re ce p to r
a g o n is t

8 -C yclo p e n tyi-1 ,3 -d ip ro p y!xa n th in e

D PC PX

0.20

S e lective A 1 a d e n o sin e
re c e p to r a n ta g o n is t

o j-con o toxin G V IA

C gTx

0.25

u j-agatoxin IVA

AgTx

0.10

G uanosine 5'-[[3 4h io ]d iph osp ha te
trilithium salt

G D PpS

1000

(1 S,3f?)-1 -A m in o cycio p e n ta n e -1 ,3d ica rb o xylic acid

(2S )-2-A m ino-2-[(1 S ,2S )-2ca rb o xycyclo p ro p -1 -yl]-3 -(xa n th -9 y!) p ro pa no ic acid

(1 S,3R )-A C P D

H igh ly se le ctive pep tide
b lo cke r o f N -type C a 2+
c h a n n e ls
H igh ly se le c tiv e peptide
b lo c k e r o f P/Q -type C a 2+
c h a n n e ls
N o n -h y d ro ly s a b le G T P
a n a lo g u e ; pote nt inhibitor o f
G pro tein signalling

Table 2.1 Sum m ary o f pharm acological agents used in all projects described within
this thesis. Concentrations shown are those used in experim ents described within this
thesis to achieve m axim al pharm acological effect in the hippocam pal slice
preparation.
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Chapter 3: Quantitative comparison of two distinct classes of
glutamatergic afferent input to CA1 interneurons for modulation by
group III mGluRs

3.1 In tro d u c tio n
Activation of GABAergic interneurons is subject to a wide variety of modulatory
influences with numerous levels of subtle control. An im portant questions is whether
all classes of excitatory input to a given interneuron are subject to the same
modulatory mechanisms, and whether there may be quantitative differences in the
strength of modulatory effects, and susceptibility to activation by glutamate spillover,
at different classes of input. This would provide additional levels of control in activation
of the GABAergic system within the hippocampal network. The aim of this project was
to investigate modulation of excitatory synaptic transmission by presynaptic group III
metabotropic glutamate receptors at two distinct classes of glutamatergic input to
interneurons in area CA1 of the hippocampus. A two-pathway experimental design
was used, in order to facilitate comparison of two distinct classes of glutamatergic
afferent inputs onto individual CA1 interneurons for m odulatory effects by group III
mGluRs. CA3 and CA1 pyramidal cell axons were activated using two stainless steel
bipolar stimulus electrodes, with current delivered by separate isolated stim ulator
devices under the control of the data acquisition software. Placement of stimulus
electrodes at appropriate locations within the hippocampal slice was of central
importance if activation of two distinct input classes were to be successfully achieved.
Interneurons within the CA1 subfield are activated by two classes of glutam atergic
afferent input. Firstly, CA3 pyramidal cell axons (Schaffer collaterals). Up to eight
primary collaterals originate from the principal axon of CA3 pyramidal cells, which
bifurcate further and extend through stratum radiatum and stratum oriens of the CA1
subfield (Ishizuka et al., 1990). These axons innervate the apical (in stratum radiatum)
and basal (in stratum oriens) dendrites of CA1 pyramidal cells. In addition, CA3
pyramidal cell axons form feed-forward inhibitory circuits by innervating GABAergic

interneurons in CA1 stratum radiatum and stratum oriens, which in turn inhibit CA1
pyramidal cells by releasing GABA at synapses formed onto their apical and basal
dendrites. The second class of input are CA1 pyramidal cell axons, which form local
feed-back inhibitory circuits by innervating interneurons within the CA1 subfield. CA1
pyramidal cell axons pass through stratum oriens to the alveus. Local axon collaterals
are extended into stratum oriens and stratum pyramidale. Axons bifurcate in the
alveus, with the major branch projecting caudally toward the subiculum and the
second, thinner branch projecting rostrally to the fimbria. Further bifurcation occurs
within the alveus, to produce several axon branches following parallel paths (Knowles
and Schwartzkroin, 1981). Anatomical evidence thus indicates that inhibitory
interneurons in the CA1 subfield may be innervated by CA3 pyramidal cell axons in
stratum radiatum, and by both CA3 and CA1 pyramidal cell axons in stratum oriens
and stratum pyramidale.
There is extensive evidence for widespread variation in functional and
modulatory properties at different classes of synapse. Glutamatergic afferent inputs to
CA1 interneurons from CA3 and CA1 pyramidal cell axons represent two distinct
classes of excitatory synapse. The aim of the experiments described in the present
chapter was to determine whether both classes of input to the same CA1 interneuron
are subject to modulation by inhibition of glutamate release by presynaptic group III
mGluRs. Quantitative comparison of the degree of group III mGluR modulation
between the two classes of input was carried out, in order to investigate w hether the
relative influence of a specific modulatory mechanism differs at distinct classes of
input to the same inhibitory interneuron. This may be im portant in furthering
understanding of mechanisms of feed-forward and feed-back inhibition, and of targetdependent synaptic transmission.
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3.2 Methods
Whole-cell patch clamp recordings were made from CA1 pyramidal cells and
stratum radiatum interneurons in 350 pm thick transverse hippocampal slices
prepared from P21-28 Sprague-Dawley rats. Slices were continuously perfused with
ACSF at a rate of 3 ml per minute. A cut was made in the slice between CA3 and CA1
to prevent the spread of stimulus-induced epileptiform discharges due to the network
of recurrent excitatory collaterals in CA3. Patch clamp recording was visually guided
by infra-red DIC microscopy. Neurons were voltage-clamped at -60 mV using a
caesium gluconate-based intracellular solution containing QX314-Br (5 mM) to
prevent spiking. In order to test for presynaptic effects, paired pulse stimulation was
delivered in each recording cycle. Paired pulses were delivered at a frequency of 20
Hz, giving an inter-pulse interval of 50 ms. The recording duty cycle consisted of a
single pulse followed in a separate trial by paired pulses, firstly to the CA3 input and
then to the CA1 input. Finally, a calibration pulse was applied to monitor the integrity
of the whole-cell recording by measuring lh0id, Rs and RA. The inter-trial interval was 5
s, giving a 25 s duty cycle. CA3 and CA1 pyramidal cell axons were activated using
two stainless steel bipolar stimulus electrodes, with current delivered by separate
isolated stimulator devices under the control of the data acquisition software. Unless
otherwise stated, stimulus intensity was 10-500 pA, with a duration of 50 ps. To
record pharmacologically-isolated AM PA EPSCs, the following drugs were always
present in the perfusion ACSF: DL-APV (50 pM) to block NMDA receptors, and
picrotoxin (100 pM) to block GABA a receptors. Upon completion of the experiment,
NBQX (10 pM) was bath applied to verify that EPSCs were mediated by
AMPA/kainate receptors. Group III mGluRs were activated using the selective agonist
L-AP4 (50 pM), and blocked using the selective antagonist MSOP (100 pM). These
drugs were applied via the ACSF perfusion system. To quantitatively compare group
III mGluR modulation of excitatory transmission at both distinct classes of input, a 10
min baseline was recorded, followed by a 20 min exposure to L-AP4 (50 pM) to
selectively activate group III mGluRs, and 20 min washout. If either input were subject

to modulation by these receptors, a depression of EPSC amplitude would be
expected, since presynaptic group III mGluRs have been shown to depress synaptic
transmission by inhibiting release of glutamate (e.g. Gereau and Conn, 1995;
Capogna, 2004; Price et al., 2005) and GABA (Semyanov and Kullmann, 2000; Kogo
et al., 2004). The magnitude of depression of EPSCs evoked by each input, together
with any changes in PPR, could then be quantitatively compared.

3.3 Results
3.3.1 Excitation o f interneurons in CA1 stratum oriens
W hole-cell recordings were initially made from interneurons in CA1 stratum
oriens. At all times two extracellular stimulus electrodes were positioned in the slice.
The initial objective was to find a configuration of recording and stimulating electrodes
that would reliably allow EPSCs elicited from both pathways to be recorded in the
same interneuron. Once an optimal configuration had been established, experiments
would be carried out in which L-AP4 was applied to selectively activate group III
mGluRs. The magnitude of depression of EPSCs evoked by each input would then be
quantitatively compared.
Numerous electrode configurations were tested when recording interneurons
in CA1 stratum oriens. Stimulating electrodes were positioned at all points along the
transverse axis of the hippocampal slice in stratum oriens and alveus. The recording
electrode was positioned at varying points along the transverse and dorso-ventral
axes, effectively covering the whole of CA1 stratum oriens. Recordings were rejected
if EPSCs evoked via stimulation of either input were polysynaptic, of low amplitude (<
30 pA), or displayed unusual kinetics. M onosynaptic AM PA EPSCs with large
amplitude and fast kinetics could be elicited via Schaffer collateral stimulation by
positioning the stimulus electrode in CA1 stratum radiatum close to CA3, just beyond
the cut made to prevent the spread of stimulus-induced epileptiform discharges; and
the recording electrode distslly in CA1 stratum oriens, towards the subiculum.

106

Improved success in eliciting monosynaptic EPSCs was achieved if the recording
electrode was located more dorsally (i.e. closer to stratum pyramidale). From a total of
101 whole-cell recordings, monosynaptic AMPA EPSCs were evoked in 32 stratum
oriens interneurons via Schaffer collateral stimulation (32% success rate, n = 101;
Table 3.1) Despite positioning the second stimulus electrode at various points along
the entire length of the alveus, eliciting AMPA EPSCs in CA1 stratum oriens
interneurons through activation of CA1 pyramidal cell axons via alveus stimulation
proved extremely problematic. In most cases, no EPSCs were elicited even by high
intensity stimulation of the alveus (up to 1-2 mA). W hen alveus stimulation generated
AM PA EPSCs, they generally had significantly slower kinetics than those elicited by
Schaffer collateral stimulation, were of lower amplitude (maximum -1 0 0 pA), and were
often polysynaptic. Monosynaptic AMPA EPSCs were evoked via alveus stimulation in
8 stratum oriens interneurons (8% success rate, n = 101; Table 3.1). The position of
the stimulus electrode within the alveus did not appear to affect the probability of
eliciting an AMPA EPSC. From a total of 101 whole-cell recordings, m onosynaptic
AMPA EPSCs were evoked in the same stratum oriens interneuron via stimulation of
two distinct classes of input in only 2 cells (2% success rate, n = 101; Table 3.1).

Total n um be r o f
w hole-cell reco rd ing s
from CA1 s.oriens
interne uron s

R ecordings w ith
A M P A EP SC s
elicited from SC
p ath w ay

R eco rd ing s w ith
AM PA EPSCs
elicited from a lveus
p a th w a y

R eco rd ing s w ith
A M PA EPSCs
e licited from both
p ath w ays

101

32

8

2

Table 3.1 Whole-cell recordings in which m onosynaptic AM PA EPSCs were evoked
in CA1 stratum oriens interneurons by stimulation o f the Schaffer collateral (SC),
alveus, or both pathways.
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B
Stimulus electrodes

Recording electrode
alveus
s.oriens
s.pyramidale
s.radiatum

CA1

CA3

Dentate gyrus
Figure 3.1 Configuration o f stimulus and recording electrodes in hippocam pal slice.
The experim ental objective was to determine optim al electrode configuration for
recording o f AMPA EPSCs in CA1 stratum oriens interneurons evoked by stim ulation
o f two distinct classes of glutamatergic afferent input. CA3 and CA1 pyram idal cell
axons were activated by extracellular stimulation o f Schaffer collateral (A) and alveus
(B) pathways respectively.

3.3.2

Excitation o f putative basket cell interneurons in CA1 stratum pyram idale
A specific subtype of GABAergic interneuron known as basket cells have

soma located in stratum pyramidale or a short distance below this layer in dorsal CA1
stratum radiatum. Basket cells are known to be innervated by Schaffer collaterals
(Freund and Buzsaki, 1996). As CA1 pyramidal cell axons pass through stratum
oriens to the alveus, local axon collaterals are extended into stratum oriens and
stratum pyramidale (Knowles and Schwartzkroin, 1981). It is therefore possible that
basket cells may also be reliably activated via stimulation of the alveus pathway. This
interneuron subtype therefore represents a particularly suitable candidate for
achieving a high success rate in evoking m onosynaptic AM PA EPSCs via stimulation
of excitatory inputs originating from both CA3 and CA1 pyramidal cells. The objective
of this series of experiments was to make whole-cell recordings exclusively from CA1
basket cells, in order to determine whether a greater success rate in eliciting
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m onosynaptic AMPA EPSCs via stimulation of both pathways could be achieved in
this cell type than in CA1 stratum oriens interneurons.
Visual identification of basket cells under DIC m icroscopy was problematic.
Basket cell somata were difficult to identify within the densely packed layer of
pyramidal cell soma in stratum pyramidale. Interneurons with somata located ju st
below stratum pyramidale in stratum radiatum could be identified more readily.
However, such cells were present infrequently, and it was impossible to confirm that
they were basket cells, as opposed to other interneuron subtypes or pyramidal cells
with abnormally-shaped soma located just outside stratum pyramidale. Post-hoc
immunohistochemistry combined with confocal m icroscopy to achieve morphological
and neurochemical analysis of recorded interneurons was not carried out in this study.
The recorded neurons could therefore not be definitively identified as basket cells.
However, this was a pilot study, with the objective of determining whether
monosynaptic AMPA EPSCs could be reliably elicited in basket cells via stimulation of
two distinct classes of input. If the pilot study proved successful, robust means of
identifying neurons, such as post-hoc immunohistochemistry and analysis of
somatodendritic and axonal projection patterns, would be used in subsequent
experiments.
Recordings were made from putative basket cells with somata located in CA1
stratum pyramidale or a short distance below this layer in dorsal CA1 stratum
radiatum. As in previous experiments (Section 3.3.1), numerous positions of recording
and stimulus electrodes were tested in order to determine the optimum configuration
for evoking m onosynaptic AMPA EPSCs in the same interneuron via stimulation of
both afferent input pathways. The recording electrode was placed at a number of
different locations along the transverse axis of the hippocampal slice, and multiple re
positioning of both stimulus electrodes was carried cut within each recording. From a
total of 10 recordings, monosynaptic EPSCs were evoked in 6 cells via stimulation of
the Schaffer collateral pathway (60% success rate, n = 10; Table 3.2); 3 cells via
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stimulation of the alveus pathway (30% success rate); and in no cells via stimulation
of both pathways (no successful experiments).

Total n um ber of
w h o le -ce ll recordings
from putative CA1
b aske t cells

R ecordings w ith
A M P A EPSC s
elicited from SC
pathw ay

R ecordings w ith
A M P A EP S C s
elicited from alveus
path w ay

R ecordings w ith
A M P A EPSC s
elicited from both
p athw ays

10

6

3

0

Table 3.2 Whole-cell recordings in which monosynaptic AMPA EPSCs were evoked
in putative CA1 basket cells by stimulation of the Schaffer collateral (SC), alveus, or
both pathways.

3.4 D is c u s s io n

The present study demonstrated a low success rate in evoking monosynaptic
AMPA EPSCs in the same CA1 interneuron via stimulation of two distinct classes of
glutamatergic afferent input. EPSCs were evoked with a reasonable success rate via
activation of CA3 pyramidal cell axons by extracellular stimulation of the Schaffer
collateral pathway in both CA1 stratum oriens interneurons (32% success rate, n =
101; Table 3.1) and putative CA1 basket cells (60% success rate, n = 10; Table 3.2).
This indicates strong connectivity between CA3 pyramidal cell axons and interneurons
with soma located in stratum oriens and stratum pyramidale in the CA1 subfield. This
class of input could therefore readily be tested for modulation by group III mGluRs by
selectively activating the receptors via L-AP4 application and monitoring changes in
EPSC amplitude. Using monosynaptic paired recordings in organotypic hippocampal
slice cultures, Scanziani et al. (1998) demonstrated that Schaffer collateral inputs to
CA1 stratum oriens interneurons, but not CA1 pyramidal cells, are subject to
modulation via presynaptic group III mGluRs. The receptors act to inhibit excitatory
synaptic transmission by reducing glutamate release from the presynaptic terminal.
Thus activation of feed-forward inhibitory interneurons in CA1 stratum oriens appears
to be modulated by group III mGluRs. These receptors have been shown to be

activated by spillover of glutamate from nearby synapses (Semyanov and Kullmann,
2000), adding additional levels of subtle control over this inhibitory system. However,
different classes of synapse vary widely in functional properties and expression of preand postsynaptic neurotransmitter receptors, and it is currently unknown whether
excitatory synapses from CA1 pyramidal cell axons which activate local feed-back
inhibitory circuits are subject to group III mGluR modulation. Furthermore, quantitative
comparisons have not yet been carried out in order to determine whether there are
differences in the relative influence of the group III mGluR modulatory mechanism
between these two classes of input. Investigating these issues was the objective of
the present study. A major experimental difficulty was encountered, however, in
evoking monosynaptic AMPA EPSCs in CA1 interneurons by activation of CA1
pyramidal cell axons via extracellular stimulation of the alveus. Despite testing
numerous configurations of recording and stimulus electrodes, and multiple re
positioning of stimulus electrodes during whole-cell recording, evoking EPSCs in both
CA1 stratum oriens interneurons and putative CA1 basket cells via extracellular
stimulation of the alveus pathway had a low success rate.
It should be noted that there is a low level of connectivity between local CA1
axon collaterals and stratum oriens interneurons. Anatomical work using intracellular
dye injection into single CA1 pyramidal cells in hippocampal slices has shown that
these local axon collaterals are very thin relative to the parent branch, display few
varicosities, and rarely extend more than 100 pm into stratum oriens (Knowles and
Schwartzkroin, 1981). It is therefore possible that a low level of connectivity between
interneurons and the small local CA1 pyramidal cell axon collaterals in stratum oriens
may have been a factor in the poor probability of activating CA1 interneurons via
extracellular stimulation of the alveus pathway. Nonetheless, a small number of recent
studies have described successfully evoking monosynaptic EPSCs in interneurons
with somata in stratum oriens via extracellular stimulation of the alveus pathway
(Wierenga and Wadman, 2003; Pouille and Scanziani, 2004). Indeed, one study
succeeded in evoking EFSCs in interneurons with somata in stratum oriens via
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extracellular stimulation of both feedforward (Schaffer collateral) and feedback (local
CA1 axon collaterals arising from the alveus) afferent inputs (Wierenga and Wadman,
2003), the very objective of the present investigation. The two inputs exhibited clearlydefined variations in synaptic dynamics, suggesting that other differences may exist at
distinct input classes to the same interneuron, potentially including modulation of
synaptic transmission by mGluRs. The experiments described in the present chapter
were performed in late 2002, before these papers were published. Had more time
been available, the authors mentioned above would have been contacted in the later
stages of the Ph.D., in order to discuss in detail methods for successfully evoking
EPSCs generated by local CA1 pyramidal cell axon collaterals in interneurons with
somata in stratum oriens via extracellular stimulation of the alveus pathway.
Alternative means of stimulation may have yielded a higher success rate when
evoking monosynaptic AMPA EPSCs in the same CA1 interneuron via stimulation of
two distinct classes of glutamatergic afferent input. A device which may have proven
useful in the present study was used by Royer et al. (1999). This consisted of a
horizontal array of 28 tungsten stimulus electrodes, which was used to activate
afferent inputs in amygdala slices. Each electrode was subject to independent control.
A similar device could be placed horizontally in a hippocampal slice, within and
parallel with the alveus, and individual or multiple electrodes activated in order to
improve the probability of eliciting EPSCs in interneurons with soma located in stratum
oriens. This would provide wider coverage of the alveus than a single bipolar
electrode, thereby enhancing the probability of activating afferent fibres originating
from CA1 pyramidal cells which were monosynaptically-connected to the interneuron
being recorded. FHC (Canada) markets a matrix of extracellular stimulus electrodes,
comprising 24 elements each subject to individual control (catalogue number
MX12345 (iin)), which may prove a useful tool in the present study (M. Capogna,
personal communication).
An alternative means of activating CA1 pyramidal cell inputs to interneurons
with somata in stratum criens is by making paired recordings between
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monosynaptically-connected cell pairs. This has been achieved by making paired
recordings between CA1 pyramidal cells and horizontal oriens-alveus interneurons
(Ali and Thomson, 1998) and basket cell and bistratified interneurons in area CA1 (Ali
et al., 1998). Paired whole-cell patch clamp recording is a powerful experimental
technique for high-resolution study of synaptic transmission, simultaneously providing
extensive control over both pre- and postsynaptic neurons, and providing much
greater information regarding the presynaptic input in comparison to extracellular
stimulation of afferent fibre bundles (for review see Miles and Poncer, 1996).
However, in the present study, using this technique would require establishing
simultaneous paired recordings between an interneuron with its soma located in
stratum oriens, and both monosynaptically connected CA1 and CA3 pyramidal cells,
so that the two classes of input could be quantitatively compared for modulation by
group III mGluRs. This type of three-way paired recording represents an extremely
challenging experimental approach. Sequential paired recordings have been
successfully employed in previous studies (e.g. Scanziani et al., 1998), but
simultaneous three-way paired recordings would be required in the present study, so
that two distinct input classes to the same CA1 interneuron could be compared for
modulation by group III mGluRs. This approach would provide additional advantages.
Firstly, greatly increased precision in the control of the presynaptic inputs to the
interneuron being investigated. Secondly, data would be obtained at much higher
resolution, since mGluR modulation would be studied at connections between
individual neurons, as opposed to the presynaptic input being provided by an
unknown number of incoming axons activated by extracellular stimulation. This
highlights the limitation of extracellular stimulation versus paired recordings between
individual monosynaptically-connected cell pairs.
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Chapter 4. Optical probing of glutamatergic synaptic connections in
hippocampal slices using Ca2+ epifluorescence imaging

4.1 Introduction
A major experimental difficulty in the investigation of neuronal circuits in
cortical networks is the identification of postsynaptic targets of a given neuron. This
problem is compounded when patch clamping in brain slices, since the slicing process
inevitably results in severing of some longer axons, making identification of functional
pathways highly problematic in certain brain areas. Recent studies have employed a
technique based upon calcium imaging that facilitates rapid identification of
postsynaptic targets (Smetters et al., 1999; Peterlin et al., 2000; Kozloski et al., 2001;
Billups et al., 2002). This system relies on imaging intracellular Ca2+ fluorescence
simultaneously in populations of neurons in a neocortical or hippocampal slice. Slices
are first incubated with a membrane permeant Ca2+-sensitive fluorescent indicator,
such as fura2-AM or fluo4-AM. This facilitates bulk-loading of the indicator into a large
proportion of neurons within the slice. The acetoxymethylester group is then cleaved
by intracellular esterases, converting the indicator to the membrane-impermeant form,
thereby ensuring that the indicator molecules remain within the neuron. Following
action potentials in a presynaptic cell, postsynaptic neurons coupled by excitatory
synapses show Ca2+ transients due to depolarisation-induced opening of voltagegated Ca2+ channels (see Helmchen et al., 1996; Johnston et al., 1996). Using Ca2+
imaging techniques, it is possible to detect (i) sub-threshold EPSCs, which can
produce Ca2+ influxes localised to a single dendritic spine; (ii) Na+ action potentials,
which elicit generalised Ca2+ accumulations throughout the cell due to backpropagation of the spike; and (iii) Ca2+ spikes via voltage-gated Ca2+ channels, which
are generated in dendritic regions and have a longer duration than those produced by
Na+ spikes (Smetters et al., 1999). Ca2+ channels inactivate slowly in comparison to
Na+ channels, allowing for a longer duration voltage change. The presynaptic neuron
is activated experimentally via a whole-cell patch clamp recording electrode, or an
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extracellular stimulus electrode. Excitatory synaptic connections may be identified by
imaging somatic Ca2+ transients which are time-locked to action potentials generated
by stimulation of presynaptic neurons (Smetters et al., 1999; Peterlin et al., 2000;
Kozloski et al., 2001; Billups et al., 2002). This technique may be used in a number of
ways. Once a target cell is localised, a simultaneous paired recording of both the
presynaptic neuron and one of its monosynaptically-connected postsynaptic targets
can be obtained by using a second patch clamp recording electrode. Without this type
of imaging technique to identify postsynaptic targets, paired recordings are difficult
and time-consuming to establish, with a relatively high experimental failure rate. This
imaging method thus facilitates the high-resolution study of individual connections of
pyramidal cell axons. The imaging technique may also be used to investigate patterns
of connectivity within neuronal networks, by identifying the numerous postsynaptic
targets of a specific presynaptic input (Peterlin et al., 2000; Kozloski et al., 2001).
The objective of the electrophysiological project described in Chapter 3 was to
compare two distinct inputs to the same individual CA1 interneuron for modulation by
presynaptic group III metabotropic glutamate receptors. These inputs were local CA1
pyramidal cell axon collaterals (activated by stimulation of the alveus in CA1), and
incoming CA3 pyramidal cell axons (Schaffer collaterals; activated by stimulation in
CA1 stratum radiatum). The study gave rise to a poor success rate in eliciting synaptic
responses from both pathways independently within the same CA1 interneuron (2 of
101 whole-cell recordings in CA1 stratum oriens; 0 of 10 whole-cell recordings in
putative CA1 basket cells; see Chapter 3). One possible explanation is that there is a
low level of connectivity between most CA1 interneurons and inputs from both CA1
and CA3 pyramidal cells. The first objective of the present study was to investigate
whether Ca2+ epifluorescence imaging combined with bulk-loading of Ca2+-sensitive
fluorescent indicators in populations of neurons within a hippocampal slice could be
used for rapid detection of CA1 interneurons postsynaptically connected to local CA1
pyramidal cell axon collaterals and incoming CA3 pyramidal cell axons. It was
necessary to adapt the optical probing technique first described by Smetters et al.

(1999). The original studies involved stimulating individual presynaptic neurons, and
establishing paired recordings with postsynaptic cells functionally identified as
displaying stimulus-induced Ca2+ signals using epifluorescence imaging (Smetters et
al., 1999; Peterlin et al., 2000; Kozloski et al., 2001; Billups et al., 2002). The initial
aim of the present study was to adapt the technique to facilitate detection of
postsynaptic targets of axon bundles in defined pathways, activated by extracellular
stimulation. This would represent a powerful means of rapidly and reliably detecting
excitatory connections in areas with low connectivity. Once established, the technique
could then be extended to make paired recordings from individual monosynapticallyconnected cell pairs. Paired whole-cell patch clamp recording is a powerful
experimental technique for high-resolution study of synaptic transmission,
simultaneously providing extensive control over both pre- and postsynaptic neurons
(for review see Miles and Poncer, 1996). The objectives of the experiments described
in this chapter were as follows. Firstly, to establish optimum conditions for bulkloading of hippocampal slices with Ca2+-sensitive fluorescent indicators. Secondly, to
determine optimum imaging conditions and stimulus parameters for epifluorescenceguided detection of postsynaptic Ca2+ transients evoked in CA1 interneurons by
extracellular stimulation of specific afferent input pathways. Thirdly, to reliably make
whole-cell voltage-clamp recordings from target cells identified using the
epifluorescence technique. Once these objectives had been achieved, the technique
would initially be used to facilitate the experiments to investigate group III mGluR
modulation of two distinct classes of excitatory inputs to the same CA1 interneuron, as
described in Chapter 3. Epifluorescence imaging could also be used to facilitate highresolution investigation of modulation of glutamatergic synapses onto CA1
interneurons by facilitating establishing of paired recordings between individual
monosynaptically connected cell pairs.
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4.2 Methods

4.2.1 Electroph ysioloc/ical recording
Experiments were carried out using 350 pm thick transverse hippocampal
slices unless otherwise stated. Extracellular field potential recordings were made
using a borosilicate glass electrode filled with ACSF. A caesium gluconate-based
pipette filling solution was used for whole-cell patch clamp recordings, containing
(mM) Cs-gluconate 117.5, CsCI 17.5, CsOH HEPES 10, CsOH EGTA 0.2, NaCI 8, Mg
ATP 2, Na3GTP 0.3, QX314Br 5, pH 7.2, 290 mOsm. For loading of single neurons
with Ca2+-sensitive fluorescent indicator via the patch pipette, a potassium
methylsulphonate-based filling solution was used, containing (mM) Kmethylsulphonate 117.5, KOH 17.5, K HEPES 10, Na phosphocreatine 10, MgCI2 4,
Na-ATP 4, Na-GTP 0.4, Fluo4 200pM, pH 7.2, 290 mOsm. The non-esterified polar
form of the indicator (usually Fluo4) was used, as diffusion across a membrane was
not necessary for the indicator to enter the cell if applied via the patch pipette. The
concentration of fluorescent indicator in the pipette solution was 50 pM. Neurons were
voltage-clamped at -60 mV. EPSCs were evoked using stainless steel extracellular
stimulus electrodes, controlled by isolated stimulator devices. Stimulus intensities
ranged from 10 - 500 pA, though were usually < 200 pA, with a duration of 50 ps. If
necessary, the bipolar stimulus electrodes were repositioned in order to optimally
evoke monosynaptic EPSCs. To record pharmacologically-isolated AMPA EPSCs, the
following drugs were always present in the perfusion ACSF: DL-APV (50 pM) to block
NMDA receptors, and picrotoxin (100 pM) to block GABA a receptors. Upon
completion of the experiment, NBQX (10 pM) was bath applied to confirm that EPSCs
were mediated exclusively by AMPA receptors. The recording duty cycle consisted of
a single pulse, paired pulse, and calibration pulse to monitor the integrity of the whole
cell recording by measuring lh0id. Rs and RA. The inter-trial interval was 10 s, giving a
30 s duty cycle.
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4.2.2 Loading of fluorescent Ca2+ indicators - bulk-loading o f entire slice
Following a recovery period of at least one hour after slicing, slices were
transferred to a custom-designed chamber for bulk-loading of the membranepermeant Ca2+-sensitive fluorescent indicator (Fig 4.1). All incubations were carried
out in the dark to prevent photobleaching of the indicator. Hippocampal slices were
submerged on nylon mesh in 2.5 ml oxygenated ACSF containing (mM) NaCI 119,
KCI 2.5, M gS04 1.3, MgCI2 2.7, NaH2P 0 4 1.0, NaHC03 26.2, glucose 11, CaCI2 2.5,
pH 7.2, 297 mOsm. A small magnetic stir-bar beneath the nylon mesh ensured
continuous circulation of the indicator solution within the chamber. A small port
allowed the solution to be continuously bubbled with 95% 0 2/ 5% C 0 2. Two Ca2+sensitive fluorescent indicators were initially tested - Fura2-AM and Fluo4-AM. The
non-polar hydrophobic acetoxymethylester (AM) forms of the indicators were used to
ensure diffusion of the indicator across the cell membrane. Following uptake into the
neuron, the acetoxymethylester form was cleaved to the membrane-impermeant form
by intracellular esterases. Varying concentrations of indicator were tested in order to
optimise the bulk-loading procedure. Concentrated indicator solutions containing 50
pg Fura2-AM or Fluo4-AM were prepared in 100% dimethylsulphoxide (DMSO)
together with 5% pluronic F-127. Final concentrations of fluorescent indicator between
1 and 10 mM were tested in order to determine the concentration required to achieve
optimum staining. A concentration of 2 mM appeared to provide optimum staining,
and was used in the experiments described in this chapter. Solutions were sonicated
for 2 min to ensure that the indicator was fully dissolved. Pluronic F-127 is a nonionic
surfactant polyol (Mr 12.5 kD), which has been found to facilitate the solubilisation of
hydrophobic dyes in physiological media, and has been widely used in previous
studies to facilitate fluorescent indicator loading in hippocampal neurons (e.g. Regehr
and Tank, 1991; Faas et al., 2002). A double incubation protocol was used, as
described in previous studies (Smetters et al., 1999; Peterlin et al., 2000; Kozloski et
al., 2001): (i) 2 min incubation, with 2 pi concentrated indicator solution applied
directly to the hippocampal slice surface, with no stirring or gassing in the chamber

during this time, (ii) 60 min incubation with the remainder of the concentrated indicator
solution added to the chamber to give a final concentration of 20 pM, with gentle
gassing with 95% 0 2 / 5% C 0 2 and continuous stirring to ensure circulation of the
indicator solution. Previous studies have suggested that the brief DMSO incubation
does not have a deleterious effect upon the health of the neurons, since normal
resting potentials and synaptic effects may be routinely recorded for some hours
following the procedure (Smetters et al., 1999; Peterlin et al., 2000; Kozloski et al.,
2001). Field potential recording and observation of neurons under DIC was carried out
in control slices, in order to provide a reference point for assessment of the effect of
the bulk-loading procedure upon the health of the neurons. In order to achieve an
accurate comparison, control slices were taken from the same batch of slices at the
same interval following slicing as those subjected to the bulk-loading procedure.

Chamber
containing 2.5 ml
ACSF with
Fura2-AM or
Fluo4-AM

Continuous gentle
bubbling with
95% 0 2 /
5% CO

Hippocampal
slice suspended
on nylon mesh

Magnetic stir bar
Continuous stirring
by electric stirrer

Figure 4.1 Incubation chamber used for bulk-loading o f Ca2+-sensitive fluorescent
indicators in hippocampal slices. The chamber contained 2.5 ml ACSF. Fura2-AM or
Fluo4-AM were loaded into populations of neurons via a two-stage incubation
protocol. Concentrated solutions (2 mM) of indicator in DMSO were applied directly to
the slice surface for 2 min. Additional indicator was then added to give a final

119

concentration o f 20 pM. Continuous stirring via a magnetic stir bar and gentle bubbling
with 95% 0 2/ 5% C 0 2 was carried out during the second stage.

4.2.3 Loading of fluorescent Ca2+ indicators - local pressure injection
Pressure injection of Ca2+-sensitive fluorescent indicators to label localised
populations of neurons was first described in a brain slice preparation by Regehr and
Tank (1991). Three methods of local pressure injection of indicator solution into the
hippocampal slice were tested in the present study, (i) Pressure injection via a
borosilicate glass capillary with a tip diameter of -2 0 pm. (ii) Nanoject device
(Drummond), which could be set to pressure inject volumes between 4 and 76 nl of
solution in single steps via a glass capillary, (iii) Injection via Hamilton syringes, with
capacities of either 1 or 5 pi. Indicator solutions were prepared in DMSO at a
concentration of 2 mM with 5% pluronic F-127. Injections were made directly into the
slice at varying distances from the area to be stained. Following injection, slices were
incubated in the dark for either 60 min or 120 min with continuous perfusion with
ACSF (3ml/min), before transfer to the recording chamber.

4.2.4 Epifluorescence imaging of stimulus-evoked Ca2+ signals
After bulk-loading, slices were transferred to a submerged recording chamber
on an upright microscope (Olympus BX50WI) equipped with both DIC optics and a Till
Photonics wide-field fluorescence imaging system via a dual-port camera mounting
system (Olympus WI-DPMC). A 60* immersion objective was combined with a 1-3*
manual zoom for fluorescence imaging, and 0.35* and 1.0* lenses for DIC optics,
maximising the number of neurons that could be viewed under fluorescence imaging.
The recording chamber was perfused at 3 ml/min with ACSF. Slices were perfused for
a minimum period of 15 min before epifluorescence imaging experiments were carried
out, to allow for excess indicator to be washed out of the intercellular space.
Epifluorescence images were acquired using a Till Photonics cooled charge-coupled
device (CCD) camera. Camera acquisition was 40 ms per frame, and each pixel was
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digitised at 12 bits. Image acquisition, storage and analysis were carried out using
TillVision 4.0 software. Excitation light was delivered using a Till Photonics
Polychrome II monochromator. Fura2-AM is a UV light-excitable ratiometric Ca2+
indicator. Upon binding of Ca2+, Fura2 exhibits an absorption shift that can be
observed by scanning the excitation spectrum between 300-400 nm, while monitoring
the emission at 510 nm. Fluorescence-loaded cells were imaged with excitation light
of two wavelengths: 340 nm (Ca2+-bound) and 380 nm (Ca2+-unbound). Emitted light
was separated by a 400 nm dichroic mirror and filtered with a 420 nm long-pass filter.
A ratiometric image sequence was then prepared by calculating F34o/F38o for each
frame. Fluo4-AM is a non-ratiometric indicator, exhibiting a large increase in
fluorescence intensity upon Ca2+ binding, with no accompanying spectral shift. A
single excitation wavelength of 494 nm was used, together with a 500 nm dichroic
mirror. Custom protocols designed using TillVision software were used for data
acquisition. Images were acquired at 10Hz for a total of six seconds. Following a one
second baseline period, a constant current isolated stimulator device under the
control of the TillVision software was used to deliver an extracellular stimulus train,
with intensities ranging from 100-500 pA. Various stimulation protocols were tested in
order to achieve optimal activation of CA1 stratum radiatum interneurons and
pyramidal cells, thereby maximising stimulus-induced spiking. Stimulus duration was
50 ps. Changes in intracellular Ca2+ concentration were then followed for the
remaining five seconds of the image acquisition period. The relative change in
fluorescence over time was defined as AF/F = (Ft - F0) / F0 + offset, expressed as a
percentage, where Ft is the fluorescence for each pixel at time t, and F0 the
fluorescence before the stimulus train. The addition of an offset was used for display
purposes, in order to enhance image contrast. 60 frames each with an exposure time
of 40 ms were taken at a frequency of 10 Hz. These sequences were analysed by
generating a AF/F sequence, so that pixels showing an increase in fluorescence
intensity appeared white over a dark background.
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4.3 Results
4.3.1 L o a d in g o f individual CA1 neurons with Fluo4

In order to characterise the sensitivity of the Till Photonics epifluorescence
imaging system, individual neurons were loaded with 50 pM Fluo4 via the patch
pipette. This was a relatively low concentration of the indicator, so that comparisons of
fluorescence changes within bulk-loaded neurons could be observed. The nonesterified polar form of Fluo4 was used, as the indicator was dialysed directly into the
cell and did not diffuse across a membrane. This technique allowed precise control
over the membrane potential of an individual neuron filled with a higher concentration
of Fluo4 than could be achieved by bulk-loading of an entire slice. In whole-cell
current clamp configuration, the neuron could be directly depolarised to induce spiking
and concomitant opening of voltage-gated Ca2+ channels. In this way, the sensitivity of
the Ca2+ fluorescence imaging system could be directly evaluated before more
complex experiments utilising the bulk-loading procedure were carried out.
Recordings were made from CA1 stratum radiatum interneurons in whole-cell
current clamp configuration. Once whole-cell recording was established, an interval of
at least 10 min was allowed for the indicator to dialyse into the cell. Current was
injected to maintain a membrane potential of -60mV. Following recording of a 1
second baseline in TillVision, current was injected to depolarise the cell to +20mV,
thereby triggering a train of action potentials. A AF/F sequence was then prepared. A
large elevation in Ca2+ fluorescence was detected when the interneurons were
depolarised from -60 to +20mV, using brief current pulses to elicit single action
potentials.. A total of 5 cells were recorded. Changes in fluorescence of 8 to 15%
AF/F were detected. The mean overall fluorescence change in the soma was 12 ± 4%
AF/F. Increases in fluorescence intensity could clearly be observed in dendritic
processes. These observations demonstrated that the experimental imaging setup
was sufficiently sensitive for detection of changes in Ca2+ fluorescence intensity in
individual dendrites in cells loaded with a high concentration of Fluo4.
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4.3.2 Loading o f fluorescent Ca2+ indicators

-

bulk-loading o f entire slice

4.3.2.1 Extracellular stimulation of Schaffer collateral pathway
A steel bipolar extracellular stimulus electrode was positioned in CA1 stratum
radiatum. This electrode was used to stimulate incoming Schaffer collaterals, thereby
activating excitatory connections onto both CA1 pyramidal cells and interneurons.
Stimulation of this pathway using sufficiently robust parameters would elicit spiking in
CA1 pyramidal neurons and interneurons. Depolarisation of the postsynaptic neuron
during an action potential is associated with a rapid influx of Ca2+ via voltage-gated
Ca2+ channels (see Helmchen et al., 1996; Johnston et al., 1996). It was anticipated
that this influx should be detectable under fluorescence imaging, as a proportion of
the neurons would be stained with fluorescent Ca2+ indicator following bulk-loading of
the entire slice. Various stimulus protocols were tested in order to determine
parameters which would reliably elicit spike trains in CA1 neurons. Stimulus
parameters used in these experiments were 20 pulses at 50 Hz. Stimulus intensity
was 100-500 pA, with a 50 ps pulse duration. A field potential recording electrode was
positioned within the imaging area in CA1 stratum radiatum or stratum pyramidale.
Spike trains were recorded in response to extracellular stimulation of the Schaffer
collateral pathway.
Field potential recordings were used as a criterion for assessing the health of
the neurons within the hippocampal slice, since the staining procedure appeared to
exert a deleterious effect upon the condition of the cells. If field potentials could not be
elicited or had distorted kinetics, despite multiple re-positioning of recording and/or
stimulus electrodes, this pointed towards a problem with synaptic transmission from
Schaffer collaterals to CA1 pyramidal cells. One explanation may be poor condition of
neurons within the slice. Detailed observation of neurons under DIC microscopy was
also carried out, with the proportion of dead neurons used as an additional criterion for
assessing slice condition. Dead neurons tended to have either a swollen, nucleated
appearance, or had markedly shrunken soma. It is important to realise that there may
be considerable variation in the health of neurons in slices from different batches. To
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a lesser extent, there may also be some variation between slices from the same
batch. This type of variation cannot be controlled for experimentally, and may result
from a wide variety of factors within the slicing process. This underlines the fact that
preparation of acute hippocampal slices which are suitably healthy for patch clamp
electrophysiology and fluorescence imaging is a challenging experimental procedure.
Even though all factors in the process were controlled as carefully and accurately as
possible, considerable variation in slice condition between batches nonetheless
occurred. Furthermore, neuronal condition deteriorated progressively with the age of
the slice. The optimum time for imaging and electrophysiological recording was 1-3
hours following slicing. Slices older than 6-8 hours generally contained a high
proportion of dead neurons and achieving successful experiments was difficult. In the
present study, attempting to accurately quantify the relative proportion of dead
neurons in each slice would have been extremely time-consuming. Instead, in each
experiment a qualitative comparison of slice condition was made between control
slices and slices subjected to the bulk-loading procedure. To ensure that the
comparison was as accurate as possible, slices were taken from the same batch at
the same time interval following slicing. The criteria used for this assessment were the
appearance of pyramidal cells and interneurons under DIC observation, and analysis
of field potential recordings.
A trial consisted of selecting a suitable imaging area and running the custom
TillVision protocol. Images were acquired at 10Hz for 6 seconds, giving a total of 60
frames. The stimulus train was triggered via activation of the isolated stimulator device
following a 1 second baseline, allowing 5 seconds for monitoring of stimulus-evoked
Ca2+ transients. A AF/F sequence was prepared using a custom macro in TillVision.
Between 3 and 20 trials were performed per slice, depending upon the condition of
the neurons. Fewer trials were carried out in slices with poor or absent field potential
recordings and widespread neuronal death observed under DIC microscopy. Trials
were performed in different areas of the CA1 subfield in order to maximise the
probability of detecting Ca2+ transients in CA1 pyramidal cells and interneurons
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postsynaptically connected to incoming CA3 pyramidal cell axons. The imaging area
and focal plane were systematically varied in order to achieve coverage of as much of
the subfield as possible. A successful trial was defined as detection of significant
elevations in fluorescence intensity in one or more neurons, which were time-locked to
stimulation of presynaptic afferents (Fig 4.2). Following epifluorescence detection of
stimulus-evoked somatic Ca2+ transients, attempts were made to identify the individual
cell using DIC imaging. This was not always possible. The somata of individual
interneurons in stratum radiatum are sometimes not clearly visible under DIC. The
somata of pyramidal cells are densely packed within stratum pyramidale, leading to
difficulties in correlating individual neurons detected under epifluorescence imaging
with those observed under DIC. When a neuron displaying stimulus-evoked Ca2+
transients was successfully identified by correlation with the DIC image, a patch clamp
recording could be made from the cell. There would be a greatly increased probability
of evoking EPSCs via presynaptic stimulation, since the imaging technique revealed
an excitatory synaptic connection between the afferent fibre bundle and the neuron
being patch clamped. This illustrates that the technique could be usefully employed to
investigate synaptic transmission in areas of low neuronal connectivity. Patch clamp
recordings were not made during the present series of experiments, as the objective
was to establish and optimise the epifluorescence imaging system for detection of
excitatory synaptic connections.
A total of 94 slices were bulk-loaded with Fura2-AM for imaging of the CA1
subfield (Table 4.1). A total of 538 imaging trials were carried out. Of 214 trials in CA1
stratum pyramidale, 21 resulted in detection of one or more Ca2+ transients timelocked to triggering of the stimulus train by the custom TillVision protocol. This gave a
success rate of 9.8%. These neurons were assumed to be pyramidal cells due to
location. In some cases correlation under DIC observation of the somata of the
neuron detected using epifluorescence imaging was possible. However, positively
identifying under DIC individual pyramidal cells showing Ca2+ signals was always
problematic due to dense packing of the somata in stratum pyramidale. In addition to
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pyramidal cells, neurons detected close to stratum pyramidale may also be basket
cells, a class of GABAergic interneuron with soma located around the border between
stratum radiatum and stratum pyramidale (see Freund and Buzsaki, 1996). 4 of 324
trials were successful in stratum radiatum, giving a lower success rate of 1.2%. This
may be explained in terms of the lower neuronal density of interneurons in stratum
radiatum, in comparison with the numerous densely packed pyramidal cell soma in
stratum pyramidale. It has been estimated that interneurons represent only around
10% of the neuronal population of the hippocampus (Amaral et al., 1990). There may,
however, be many alternative explanations. Ca2+ transients in interneurons may be
smaller in magnitude in comparison to those in pyramidal cells, leading to lower
success rate in their detection. Alternatively, loading of fluorescent indicator into
interneurons may occur more slowly or less efficiently in comparison to pyramidal
cells. Finally, fewer stimulus-evoked action potentials may occur in interneurons,
leading to lower Ca2+ influx in response to a given extracellular stimulus train.

Total number of
slices bulkloaded with
Fura2-AM

Imaging area

Total number of
imaging trials

Trials with
neuronal Ca2+
signals detected

Percentage
successful trials

CA1 stratum
pyramidale

214

21

9.8%

CA1 stratum
radiatum

324

4

1.2%

94

Table 4.1 Epifluorescence detection of action potential-associated somatic Ca2+
transients in CA1 subfield evoked by extracellular stimulation o f Schaffer collaterals.
Slices were bulk-loaded with Fura2-AM via two-stage incubation protocol. Successful
trials were defined as detection of significant elevations in fluorescence intensity in
one or more neurons, which were time-locked to stimulation o f presynaptic afferents.
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Figure 4.2 Quantification of action potential-associated postsynaptic Ca2+ transients
in individual CA1 pyramidal cell somata during a single successful imaging trial. The
hippocampal slice was bulk-loaded with Fura2-AM in a two-stage incubation
procedure. Schaffer collaterals inputs were activated via extracellular stimulation (20
pulses at 50 Hz). A, Still images from movie sequence at 0, 2, 4 and 6 seconds. 60
images were acquired at 10 Hz, giving a total sequence of 6 sec. The stimulus train
was delivered following a 1 sec baseline. Somatic Ca2+ transients were detected in
four cells. A region of interest (ROI) was drawn around each cell for analysis of
change in fluorescence intensity (AF/F), using the TillVision software. Scale bar =100
pm. B, Location of extracellular stimulus and field potential recording electrodes in
hippocampal slice. Imaging area is shown by the red square. The area mainly covered
stratum pyramidale. C, Field potential recording o f population response to stimulus
train obtained in CA1 stratum pyramidale. D, Time-course o f AF/F for each putative
pyramidal cell soma, surrounded by an ROI of the corresponding colour.. Arrow
shows delivery of stimulus train following a 1 sec baseline.
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A number of experimental difficulties were encountered. The bulk-loading
procedure had a markedly deleterious effect upon the condition of the slice. The
appearance of neurons under DIC observation was markedly different from control
slices from the same batch that had not been subjected to the bulk-loading procedure.
There were a much greater proportion of cells within the CA1 subfield with soma
displaying a highly swollen, nucleated appearance. There were also greater numbers
of cells with shrunken soma. These observations applied both to pyramidal cells in
stratum pyramidale, and to interneurons in stratum radiatum. Field potential
recordings were elicited with a lower success rate than in control slices, were
generally of lower amplitude, and often displayed distorted kinetics. In some slices
virtually all neurons appeared to be dead, and field potential recordings were entirely
absent, despite multiple re-positioning of recording and stimulus electrodes. In such
slices only a low number of trials were performed before the slice was rejected. Taken
together, these findings suggest that the bulk-loading procedure caused widespread
neuronal death within the hippocampal slice. The most plausible explanation is that
direct application of the non-polar solvent DMSO onto the slice surface for two
minutes resulted in cytotoxic effects. These observations are in contrast to previous
studies, which have reported that brief incubations in 100% DMSO do not adversely
affect the condition of neurons within the slice (Smetters et al., 1999; Peterlin et al.,
2000; Kozloski et al., 2001). Experiments were carried out in which the incubation
involving pure DMSO was omitted, leaving a single 60 min incubation in 20 pM Fura2AM. A total of 5 slices were tested. Field potential recordings and appearance of
neurons under DIC were similar to control slices. A total of 48 imaging trials were
performed in 5 slices. None resulted in detection of Ca2+ transients. These
experiments confirmed that the incubation in pure DMSO was very likely to be
responsible for the widespread deleterious effects upon neuronal health observed in
slices subjected to the bulk-loading procedure. Furthermore, these findings suggest
that the two-stage incubation was necessary to achieve a sufficient intracellular
concentration of Fura2 for detection of stimulus-evoked Ca2+ signals. It is probable
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that the brief application of concentrated indicator solution in pure DMSO to the slice
surface greatly facilitates uptake of indicator across the hydrophobic cell membrane
(Smetters et al., 1999; Peterlin et al., 2000; Kozloski et al., 2001; Billups et al., 2002).
The success rate in detecting stimulus-evoked Ca2+ transients was low even when
this step was included. Despite the widespread neuronal damage resulting from
incubation in pure DMSO, omission of this step is clearly not possible if an acceptable
level of staining is to be achieved.

4.3.2.2 Extracellular stimulation in CA3 subfield
The sensitivity of the Ca2+ imaging technique was further investigated by
carrying out experiments the CA3 subfield, which contains a network of recurrent
excitatory connections among the pyramidal neurons (e.g. Ishizuka et al., 1990). This
area therefore exhibits an unusually high level of network excitability, and is
susceptible to epileptiform discharges. In order to further evaluate the technique of
combining bulk-loading of fluorescent Ca2+ indicators with extracellular stimulation, the
objective of this series of experiments was to image Fura2-AM Ca2+ signals
associated with widespread spiking of CA3 pyramidal neurons. It was anticipated that
due to the highly excitable nature of the CA3 pyramidal cell network, more rapid and
sustained firing of neurons could be achieved in comparison with activation of CA1
neurons via stimulation of a defined input pathway. Activation of widespread firing
within the CA3 network may thus give rise to larger influxes of Ca2+ into a greater
number of cells, thereby increasing the probability of detecting Ca2+ transients using
epifluorescence imaging. The network of CA3 pyramidal cells was activated by
positioning a steel bipolar extracellular stimulus electrode in the hilus or CA3 stratum
lucidum to activate incoming mossy fibres (dentate granule cell axons), or in CA3
stratum pyramidale to directly activate CA3 pyramidal cells. Network excitability was
increased by blockade of GABA a receptors using picrotoxin (100 pM) and GABA b
receptors using CGP52432 (5 pM).
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A lower success rate in eliciting stimulus-evoked Ca2+ signals was achieved in
CA3 in comparison to CA1. A total of 36 slices were bulk-loaded with Fura2-AM for
imaging of the CA3 subfield (Table 10.2). A total of 181 imaging trials were carried
out. Of 92 trials in CA3 stratum pyramidale, 8 resulted in detection of one or more
Ca2+ transients time-locked to presynaptic stimulation, giving a success rate of 8.7%.
Of 89 trials in stratum radiatum, none were successful. Observation of the CA3
subfield under DIC indicated extremely widespread neuronal death following the bulkloading procedure in comparison to control slices taken from the same batch. The
majority of cells in both stratum pyramidale and radiatum displayed a swollen,
nucleated appearance. Field potential recordings were obtained in the CA3 subfield in
only in a low number of slices, confirming that the bulk-loading procedure has a
markedly deleterious effect upon the neuronal population. Ca2+ signals were unlikely
to be observed in the absence of detectable population spikes in postsynaptic
neurons, since widespread activation of voltage-gated Ca2+ channels would not occur.
The low success rate in eliciting Ca2+ signals in area CA3 may therefore be explained
by extensive neuronal damage resulting from the bulk-loading procedure.

Total number of
slices bulkloaded with
Fura2-AM

Imaging area

Total number of
imaging trials

Total number of
trials with Ca2+
signals detected

Percentage
successful trials

CA3 stratum
pyramidale

92

8

8.7%

CA3 stratum
radiatum

89

0

0

36

Table 4.2 Epifluorescence detection of action potential-associated somatic Ca2+
transients in CA3 subfield following bulk-leading o f slices with Fura2-AM via two-stage
incubation protocol. Successful trials were defined as detection of significant
elevations in fluorescence intensity in one or more putative neurons, which were timelocked to stimulation of presynaptic afferents.
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4.3.3 Loading of fluorescent Ca2* indicators

-

local pressure injection

Local pressure injection of acetoxymethylester forms of fluorescent Ca2+
indicators into brain slices is an established experimental technique, which has been
used to investigate many aspects of synaptic physiology (e.g. Regehr and Tank,
1991; 1994a; Wu and Saggau, 1994b; Kamiya and Ozawa, 1999). This technique was
investigated as an alternative to the bulk-loading procedure, due to the difficulties
associated with widespread neuronal death and low success rate in detecting action
potential-associated somatic Ca2+ transients. The objective remained the same - to
load a population of neurons with a membrane-permeant Ca2+-sensitive fluorescent
indicator, and use epifluorescence imaging of action potential-associated postsynaptic
Ca2+ influxes to optically detect neurons postsynaptically connected to a specific
afferent input pathway. It was anticipated that localised neuronal death would occur at
the injection site due to pressure damage and cytotoxic effects of 100% DMSO in the
indicator solution. Neurons were expected to survive and become loaded with
indicator in a penumbra surrounding the injection site as the solution diffused through
the slice.
Three methods of local pressure injection were tested, (i) borosilicate glass
capillary with a tip diameter of -2 0 pm, with pressure generated using a 1 ml syringe
connected by silicon tubing; (ii) Nanoject device (Drummond, USA) which could be set
to pressure inject volumes between 4 and 76 nl of solution in single steps via a glass
capillary; (iii) Hamilton syringes (precisely gradated syringes with extremely fine steel
needles), with capacities of either 1 or 5 pi. Pressure was generated manually by the
experimenter when using the borosilicate glass capillary or Hamilton syringes,
whereas the Nanoject device was electronically controlled. The three methods were
evaluated extensively, the most important criteria being (i) optimum penetration of
fluorescent indicator into the tissue, and (ii) minimal damage to the slice from the
injection device.
2 pi of 2 mM Fura2-AM in DMSO with 5% pluronic F-127 was injected into two
sites in each slice (Fig 4.3). (i) In CA1 stratum pyramidale or stratum radiatum towards
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the subiculum, so that the indicator solution would diffuse through CA1 towards CA3.
Injecting towards the subiculum ensured that CA3 pyramidal cell axons would remain
intact, (ii) In CA3 stratum radiatum to load interneurons, or stratum pyramidale to load
pyramidal cells. Physical damage to the slice and neuronal death resulting from
injection were visually assessed using DIC microscopy. Penetration of Fura2-AM was
assessed using epifluorescence imaging to examine background staining, and by
running imaging trials combined with extracellular stimulation controlled by the
TillVision software, as described above in previous experiments.

CA1
SP.
• SR
•m v ..........

CA3

....

Figure 4.3 Diagram of transverse hippocampal slice, showing position of sites for
pressure injection of Fura2-AM to load localised neuronal populations in stratum
pyramidale (SP) and stratum radiatum (SR) in CA1 and CA3 subfields. Three different
pressure injection methods were tested, and ultimately the main set of experiments
were performed using a Nanoject device.

Borosilicate glass capillaries resulted in extensive damage to the tissue in the
area surrounding the injection site. 10 slices were tested before the method was
rejected. A total of 56 trials were recorded, with no detection of postsynaptic Ca2+
signals which were time-locked to presynaptic stimulation (n = 10 slices, 56 trials, 0%
success rate). Hamilton syringes caused the least damage, but penetration of
indicator into the tissue was poor due to the extremely fine diameter of the needle,
which became blocked easily. 10 slices were tested before the method was rejected.
A total of 38 trials were recorded, none of which were successful (n = 10 slices, 38
trials, 0% success rate). Subsequently, injections in the series of experiments
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described in this section were performed using the Nanoject device. This was
selected as the most suitable of the three methods, since it enabled a defined volume
of indicator solution to be dispensed in precisely controlled steps via a finely extruded
glass capillary. The Nanoject device provided the best balance between optimum
indicator penetration and minimal tissue damage. 76nl of indicator solution was
injected stepwise to give a total of 2 pi. Extensive neuronal damage was observed in
the area immediately surrounding the injection site, due to the cytotoxic effect of
DMSO and physical pressure damage. Damaged neurons with swollen somata were
visible under DIC microscopy in a circular area, generally approximately 200-400 pm
surrounding the injection site. Stained neurons were visible within a circular penumbra
generally extending approximately 300-800 pm from the injection site. Imaging trials
were carried out within this area, and also further outside the area of background
staining containing visibly stained neurons, in case stained neurons were present with
a baseline fluorescence too low to be detected in the absence of stimulus-evoked
population spiking. 48 slices were injected with Fura2-AM, with a total of 506 imaging
trials carried out (Table 4.3). The success rates in detecting stimulus-evoked
postsynaptic somatic Ca2+ transients were similar to those achieved from bulk-loading
of entire slices with Fura2-AM. 7.9% of trials (11 of 139) were successful in CA1
stratum pyramidale. 1.4% (3 of 202 of trials) were successful in CA1 stratum radiatum.
1.9% (2 of 103 trials ) were successful in CA3 stratum radiatum. No Ca2+ transients
were detected in CA3 stratum pyramidale (0 of 62 trials; 0% success rate).
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Total number of
slices injected
with Fura2-AM

Imaging area

Total number of
imaging trials

Total number of
trials with Ca2+
signals detected

Percentage
successful trials

CA1
s.pyramidale

139

11

7.9%

CA1 s.radiatum

202

3

1.4%

CA3
s.pyramidale

62

0

0

CA3 s.radiatum

103

2

1.9%

48

Table 4.3 Epifluorescence detection of action potential-associated somatic Ca2+
transients in CA1 and CA3 subfields following local pressure injection o f Fura2-AM.

4.4 Discussion
Following bulk-loading of entire hippocampal slices with membrane permeant
Fura2-AM using a double incubation protocol (Smetters et al., 1999; Peterlin et al.,
2000; Kozloski et al., 2001), Ca2+ signals elicited by trains of extracellular stimuli to the
Schaffer collateral pathway could be detected with a success rate of approximately
10% in CA1 pyramidal cells, and 1% in CA1 stratum radiatum interneurons. In
successful trials, Ca2+ signals corresponded to the soma of single neurons. dF/F
values were quantified for individual cells, and were within the range 0.30-4.12%. Ca2+
signals were detected in a lower proportion of trials in CA3 compared to CA1. This
difference may be explained by the significantly greater neuronal damage in area CA3
following the bulk-loading procedure. The major obstacle in eliciting Ca2+ signals in
interneurons appeared to be widespread neuronal death in the superficial layers of the
slice following the bulk-loading procedure. Similar success rates were achieved
through pressure injection of indicator into specific areas of the slice, but Ca2+ signals
were detected only within a localised area surrounding the injection site, making this
method unsuitable for widespread probing of neuronal connectivity.
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It is important to note that there are a number of differences between detecting
Ca2+ transients by filling an individual neuron with fluorescent indicator via a patch
pipette, and bulk-loading an entire slice. When loading an individual cell via the patch
pipette, the intracellular concentration of fluorescent indicator is fixed. It is likely to be
much higher than could be achieved through bulk-loading of an entire slice, as the
indicator does not diffuse across a membrane. Ca2+ fluorescence signals are therefore
likely to be weaker and more difficult to detect in neurons from a bulk-loaded slice. In
addition, an individually stained cell is positively identified and can be viewed at the
centre of the imaging field at the optimum focal plane. In a bulk-loaded slice, Ca2+
transients are detected only in stained cells which by chance are within the field of
view and at the correct focal plane. Patch clamp recording from a single neuron
provides far greater control over the membrane potential of the cell being imaged than
extracellular stimulation of an afferent fibre bundle. Spike trains were recorded from a
single cell, and triggered by depolarising the cell in current clamp mode. By contrast,
triggering of spike trains via extracellular stimulation is less reliable, and it is
impossible to determine whether an individual cell is spiking from field potential
recordings, which show only population activity. These factors may explain the
disparity between the clear Ca2+ signals obtained when filling individual neurons with
Fluo4 via the patch pipette, and the failure to detect Ca2+ signals when carrying out
extracellular stimulation of defined pathways in slices bulk-stained with Fura2-AM.
Stimulus-evoked Ca2+ transients were detected in a low proportion of trials.
The success rate was especially low when imaging interneurons in stratum radiatum
(< 2%, in comparison with 8-9% in stratum pyramidale). This may largely be explained
in terms of the considerably greater neuronal density within stratum pyramidale in
comparison to stratum radiatum. Interneurons have been estimated to make up only
approximately 10% of the hippocampal neuronal population (Amaral et al., 1990).
Other factors may also contribute towards the disparity between interneurons and
pyramidal cells in terms of detecting stimulus-evoked Ca2+ transients. Specific subsets
of interneurons in the hippocampus have been shown to display a selective
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vulnerability in comparison to principal cells to many types of insult, including
ischaemia (Hsu and Buzsaki, 1993) and models of temporal lobe epilepsy (Obenaus
et al., 1993; Houser and Esclapez, 1996; Dinocourt et al., 2003). It is possible that
hippocampal interneurons display a selective vulnerability to the deleterious effects of
the bulk-loading procedure. Another factor potentially involved may be differences in
efficacy of indicator uptake between pyramidal neurons and interneurons. Since the
primary objective of the project was to establish the technique for identification of
functional excitatory connections to interneurons, it is essential to significantly improve
the success rate in eliciting and detecting stimulus-evoked Ca2+ signals.
Several factors may account for the low number of trials in which Ca2+ signals
were observed in response to extracellular stimulation of defined input pathways.
Despite continuous attempts to enhance the staining procedure and improve the
survival rate of the neuronal population within the slice, bulk-loading invariably had a
markedly deleterious effect upon slice condition. Clear differences in field potential
recordings and the proportion of swollen, nucleated cells could be observed between
stained and unstained slices from the same batch. Thus in contrast to previously
reported findings (Smetters et al., 1999; Peterlin et al., 2000; Kozloski et al., 2001), a
clear deterioration in slice quality following the two-stage bulk-loading procedure was
consistently observed in the present study. This is likely to be primarily due to the
cytotoxic effects of pure DMSO applied directly to the slice surface during the first
stage of the bulk-loading procedure. DMSO affects membrane stability through its
nature as a nonpolar hydrophobic solvent. In addition, application of DMSO to the
slice surface would cause significant cell damage through osmotic effects, as the
molarity of pure DMSO is approximately 14 M. Since the exposure to pure DMSO is
relatively brief, it is likely that the majority of neuronal death would occur in the more
superficial layers of the slice. However, as imaging is carried out using an
epifluorescence system, only the superficial layers can be utilised for fluorescence
imaging experiments. When searching for stained neurons under fluorescence
imaging, it was apparent that the focal depth which could be observed was
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considerably less than that under DIC imaging. Experiments in which the first stage of
the incubation procedure was omitted (application of indicator in 100% DMSO directly
to the slice surface) confirmed that this step was responsible for the widespread
neuronal death resulting from the bulk-loading procedure. However, these
experiments also demonstrated that this step was necessary in order to achieve a
sufficient intracellular concentration of Fura2-AM for stimulus-evoked somatic Ca2+
transients to be detected.
Although local pressure injection of indicator solution had a less deleterious
effect upon overall slice quality, the disadvantage of using the method for probing
neuronal connectivity was that Ca2+ signals could only be detected within a localised
area surrounding the injection site. When bulk-loading the entire slice with indicator,
imaging trials were carried out over the entire subfield of interest and Ca2+ transients
were often detected at some distance from the stimulus site. Making multiple
injections within the same subfield to stain an entire area gave rise to a greater
number of damaged areas surrounding the injection sites. Every effort was made to
avoid tissue damage when injecting indicator solution. Injection capillaries were made
as fine as possible, but a tip diameter ^15 pm was necessary to avoid becoming
blocked when inserted into the tissue, preventing further dye injection. Damaged
areas may contain axons from the pathway being stimulated, adversely affecting
detection of postsynaptic targets. It is important to note that previous studies utilising
localised pressure injection of fluorescent indicators have involved injection into axon
bundles to quantify presynaptic Ca2+ dynamics within a highly localised area (e.g.
Regehr and Tank, 1991; 1994a; Wu and Saggau, 1994b; Kamiya and Ozawa, 1999).
In contrast, the objective of the present study was imaging of postsynaptic Ca2+
signals in order to identify functional synaptic connections within a large area.
The efficacy of the bulk-loading procedure and the survival rate of the neuronal
population could potentially be enhanced by using younger animals. Previous studies
have reported that bulk-loading of fluorescent indicators into neurons is more effective
in the developing neocortex, and used rats or mice aged P10-P23 (Smetters et al.,
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1999; Peterlin et al., 2000; Kozloski et al., 2001). In contrast, the rats used in the
present study were aged P21 to P25. There are clear developmental differences in
the efficiency of bulk-loading between these age groups (Peterlin et al., 2000).
However, it is important to note that there are also widespread developmental
variations in expression of neurotransmitter receptors and voltage-gated ion channels.
This factor must be considered if using younger animals when employing the
epifluorescence imaging technique as an experimental tool to facilitate subsequent
electrophysiological and pharmacological studies. Developmental differences in
receptor expression, for example mGluR subtypes, may give rise to significant
variations in results of pharmacological studies between juvenile and adult rats.
An inherent difficulty in using the Ca2+ epifluorescence imaging system to
probe neuronal connectivity was reliably reconciling neurons displaying Ca2+ signals
under epifluorescence imaging with individual cells under DIC observation. Often the
Ca2+ signals detected were indistinct and could not be reliably correlated with
individual neurons under DIC. Indeed, the strength of the epifluorescence imaging
system is its temporal rather than spatial resolution. This problem was particularly
apparent when attempting to identify individual pyramidal neurons in stratum
pyramidale, due to the high neuronal density within this area. This issue could be
addressed in two ways. Firstly, the strength of the Ca2+ signals could be improved,
giving rise to a clearer fluorescence image and aiding identification of individual cells.
Secondly, the number of neurons within the imaging field displaying Ca2+ signals
could be increased, thereby enhancing the probability of detecting Ca2+ signals in
neurons which could be clearly identified under DIC. Both of these objectives could be
achieved if the deleterious effect of the bulk-loading procedure upon the neuronal
population within the slice could be further reduced, and if the spatial sensitivity and
reliability of the technique could be enhanced.
The original objective was to use minimal extracellular stimulation (e.g. single
or paired stimuli) of afferent inputs to evoke action potentials in postsynapticallyconnected cells. The associated Ca2+ transients could then be detected using
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epifluorescence imaging. However, experimental evidence demonstrated that more
robust presynaptic stimulation was necessary to elicit detectable postsynaptic Ca2+
signals. The robust extracellular stimulation of defined pathways necessary to elicit
Ca2+ signals (e.g. 20 pulses at 50Hz) may cause accumulation of K+ within the
extracellular space through population spiking. Sufficient K+ accumulation could result
in depolarisation of neurons in the vicinity of the stimulus site, thereby activating
voltage-gated Ca2+ channels. This may give rise to Ca2+ signals if such neurons were
located within the imaging field. Although these Ca2+ signals may be temporally
correlated with delivery of the extracellular stimulus to the input pathway, it does not
follow that the Ca2+ signals indicate the presence of a monosynaptic excitatory
connection. Indeed, previous studies have demonstrated step-like elevations in Ca2+
fluorescence intensity which can be correlated with individual presynaptic action
potentials (Smetters et al., 19S9; Peterlin et al., 2000; Kozloski et al., 2001). In
contrast, some of the Ca2+ signals detected in this study increased as a bi-exponential
curve. These factors could affect the reliability of detection of postsynaptically
connected neurons using extracellular stimulation.
In conclusion, wide-field epifluorescence imaging and bulk-loading of neuronal
populations with fluorescent indicators to detect postsynaptic action potentialassociated Ca2+ transients, combined with extracellular stimulation of specific
presynaptic afferent inputs, represents a potentially powerful and useful means of
identifying excitatory connections in areas with low connectivity. However, the present
study demonstrated that a number of major experimental difficulties would have to be
overcome for the technique to be used successfully in this way.
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Chapter 5. Glutamatergic synaptic transmission to CA1 stratum
radiatum interneurons is modulated by group I mGluRs

5.1 Introduction
The remainder of the results chapters in this thesis (Chapters 5-9) describe
detailed investigation of modulation of glutamatergic synaptic transmission from CA3
pyramidal axons to CA1 stratum radiatum interneurons by group I metabotropic
glutamate receptors. Group I mGluRs comprise mGluRI and mGluR5 subtypes. (S)3,5-dihydroxyphenylglycine (DHPG) is a potent agonist which is highly selective for
group I mGluRs (Schoepp etal., 1994; 1999). Expression of these receptors in
transfected cell lines has demonstrated that group I mGluR activation is coupled via
the G protein Gq to phosphoinositide (PI) hydrolysis, resulting in generation of the
intracellular messengers diacylglycerol (DAG) and inositol trisphosphate (IP3). This in
turn leads to activation of protein kinase C (PKC) and mobilisation of calcium from
intracellular stores (Pin and Duvoisin, 1995; Hermans and Challiss, 2001). Group I
mGluR activation directly affects excitability of hippocampal neurons in a variety of
ways, the majority of which have been demonstrated in CA1 pyramidal cells (see
Chapter 1, Section 1.2.4). The principal effects are depolarisation and increased firing
of action potentials (e.g. Mannaioni e ta l., 2001). The underlying mechanisms involve
modulation of ion channel function, and include inhibition of at least four distinct K+
currents - the AHP current (Charpak et al., 1990; Desai and Conn, 1991; Ireland and
Abraham, 2002), the M current (Charpak et al., 1990), a leak current (Guerineau et
al., 1994) and a voltage-dependent slow-inactivating current (Luthi et al., 1996). There
is also activation of Ca2+-activated and Ca2+-independent cationic conductances
(Crepel et al., 1994; Guerineau et al., 1995; Congar et al., 1997; Heuss et al., 1999;
Chuang et al., 2000; Chuang et al., 2002; Gee et al., 2003). Systematic investigation
of these mechanisms in GABAergic interneurons has not yet been carried out. Group I
mGluR activation further increases CA1 pyramidal cell excitability by decreasing
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GABAergic inhibition (Desai and Conn, 1991; Geroau and Conn, 1995; Fitzsimonds
and Dichter, 1996).
In addition to these mechanisms which directly affect neuronal excitability,
group I mGluRs have been shown to powerfully modulate synaptic transmission in the
hippocampus. Initial studies demonstrated that selective activation of group I mGluRs
by DHPG in hippocampal slices caused a short-term, reversible depression of
excitatory synaptic transmission from Schaffer collaterals to CA1 pyramidal cells. This
effect was demonstrated using both field potential recording (Manzoni and Bockaert,
1995) and whole-cell patch clamp (Gereau and Conn, 1995; Rodriguez-Moreno et al.,
1998; Mannaioni et al., 2001). Changes in paired-pulse ratio suggested that the
mechanism involved a presynaptic action. This acute depression has been shown to
be dependent upon the mGluRI subtype in CA1 pyramidal cells (Mannaioni et al.,
2001). In addition to this acute depression of synaptic transmission, group I mGluRs
mediate a specific type of long-term depression (LTD) in the CA1 subfield, known as
‘mGluR-LTD’ (Palmer et al., 1997; Overstreet et al., 1997; Fitzjohn et al., 2001; Faas
et al., 2002; Huang and Hsu, 2005). This type of LTD is discussed in detail in General
Introduction, Section 1.4.5.3. Previous studies investigating mGluR-LTD have been
carried out in CA1 pyramidal cells. It is currently unknown whether group I mGluRdependent LTD occurs in CA1 interneurons, and if so, whether the phenomenon is
interneuron subtype-specific. Group I mGluRs are required for induction of a form of
stimulus-induced long-term potentiation in CA1 stratum oriens interneurons, which are
innervated by axon collaterals of local CA1 pyramidal cells. However, this does not
occur in CA1 stratum radiatum interneurons, many of which receive Schaffer collateral
excitation and project to local pyramidal cells (Perez et al., 2001; Lapointe et al., 2004
). It is important to realise that long-term synaptic plasticity is considerably less well
characterised in GABAergic interneurons than in pyramidal cells, and remains a
complex and controversial issue, due in part to the heterogeneity of the interneuron
population. It should be noted that detailed investigation of long-term synaptic
plasticity (mGluR-LTD) at Schaffer collateral connections onto CA1 interneurons was
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not the primary objective of the projects described within this thesis. However, the
experiments carried out raised a number of questions regarding this phenomenon,
which warrant further investigation in future studies.
There are a number of interesting questions regarding modulation of excitatory
synaptic transmission by group 1mGluRs in the CA1 subfield. An important issue is
whether the group I mGluR-mediated acute depression observed in pyramidal cells
(Gereau and Conn, 1995; Manzoni and Bockaert, 1995; Rodriguez-Moreno etal.,
1998; Mannaioni et al., 2001) also operates at excitatory connections onto GABAergic
interneurons, and if so whether there are differences in the nature of the effect
between pyramidal cells and interneurons. Furthermore, the mechanisms via which
this depression is induced and expressed are currently unknown. Group I mGluRdependent LTD has not been systematically investigated in interneurons, though as
stated above, characterising this phenomenon is not within the objectives of this
thesis. Given the heterogeneous nature of the hippocampal interneuron population, it
may be expected that variations may occur in response to group I mGluR activation. A
study by van Hooft et al. (2000) correlated immunocytochemical identification of CA1
oriens-alveus interneurons with the effect of mGluR agonists on inward current.
However, no attempt has yet been made to correlate distinct subtypes of interneuron
with the effects of group I mGluR activation upon synaptic transmission. It is important
to address these questions, since modulatory mechanisms operating at excitatory
connections onto interneurons can powerfully affect the recruitment of inhibitory drive
within the hippocampus.
The objective of the experiments described in the present chapter was to
determine whether the group I mGluR-dependent acute depression of excitatory
synaptic transmission described at Schaffer collateral connections onto CA1
pyramidal cells (Gereau and Conn, 1995; Manzoni and Bockaert, 1995; RodriguezMoreno et al., 1998; Mannaioni et al., 2001) occurs in CA1 stratum radiatum
interneurons. Given the extensive differences between glutamatergic synapses onto
pyramidal cells and interneurons, quantitative comparisons of the acute depression
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between the two cell types were carried out. A variety of pharmacological approaches
were employed in order to confirm that the effect was mediated by group I mGluRs,
with no involvement of group II and III receptors. Subsequent experiments aimed to
identify the individual group I mGluR subtypes responsible for mediating depression of
synaptic transmission in CA1 interneurons.

5.2 Methods
5.2.1 Whole-cell patch clamp recording of pharmacologically-isolated EPSCs
Whole-cell patch clamp recordings were made from CA1 pyramidal cells and
stratum radiatum interneurons in 350 pm thick transverse hippocampal slices
prepared from P21-28 Sprague-Dawley rats. Slices were continuously perfused with
ACSF at a rate of 3 ml per minute. A cut was made in the slice between CA3 and CA1
to prevent the spread of stimulus-induced epileptiform discharges due to the network
of recurrent excitatory collaterals in CA3. Patch clamp recording was visually guided
by infra-red DIC microscopy. Neurons were voltage-clamped at -60 mV using a
caesium gluconate-based intracellular solution containing QX314-Br (5 mM) to
prevent spiking. Interneurons were identified initially by their location within stratum
radiatum of the CA1 subfield, by their high input resistance, and subsequently by posthoc morphological analysis. Neurons were loaded with biocytin (0.4% w/v) via the
patch pipette to facilitate post hoc staining and subsequent visualisation by confocal
microscopy. To record pharmacologically-isolated AMPA-kainate EPSCs, the
following drugs were always present in the perfusion ACSF: DL-APV (50 pM) to block
NMDA receptors, and picrotoxin (100 pM) to block GABAa receptors. Upon
completion of the experiment, NBQX (10 pM) was bath applied to verify that EPSCs
were mediated by AMPA/kainate receptors. A stainless steel bipolar stimulus
electrode was positioned in stratum radiatum in the CA1 subfield, close to the cut
between CA3 and CA1. Once stable whole-cell access had been achieved,
monosynaptic EPSCs were elicited by single test pulses from a constant current
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isolated stimulator. Stimulus intensity was progressively increased until maximal
EPSC amplitude was determined, then reduced until EPSCs were around 250-300 pA
in magnitude. The rationale behind this is discussed in Chapter 2, Section 2.4.2.
Stimulus intensities ranged from 10 - 500 pA, though were usually < 200 pA, with a
duration of 50 ps. If necessary the bipolar stimulus electrode was re-positioned within
stratum radiatum once whole-cell access had been achieved, in order to optimally
evoke clean monosynaptic EPSCs via Schaffer collateral stimulation, thereby
removing any potential contamination resulting from polysynaptic responses. In order
to test for presynaptic effects, paired pulse stimulation was delivered in each
recording cycle. Alterations in PPR indicate a change in the release probability of
neurotransmitter, suggesting involvement of a presynaptic mechanism (for review see
Zucker and Regehr, 2002). Paired pulses were delivered at a frequency of 20 Hz,
giving an inter-pulse interval of 50 ms. The recording duty cycle consisted of a single
pulse, paired pulse, and calibration pulse to monitor the integrity of the whole-cell
recording by measuring lh0|d, Rs and RA. The inter-trial interval was 10 s, giving a 30 s
duty cycle. During whole-cell patch clamp recording it is essential to maintain stable
access to the cell interior. Changes in parameters such as lh0id and Rs may affect
other factors in the recording, such as EPSC amplitude. Rs was < 40 MQ and lh0|d was
< 200 pA. Recordings were rejected if either of these parameters varied by > 20%
over the course of the experiment. EPSC time courses were plotted using values
calculated from the maximum amplitude of EPSCs elicited by single pulses every 30
s. Data were binned by three points, such that each point represents a 90 s interval,
or the average of three data points.

5.2.2 Investigation of pharmacological effects
Unless otherwise stated, drugs were applied via the perfusion ACSF. Drugs
were prepared in aliquots and frozen, then diluted 1:1000 in ACSF. Drugs were
dissolved in the following solvents when preparing aliquots (final concentration in
ACSF shown in brackets): DL-APV (50 pM) in 50 mM NaOH, picrotoxin (100 pM) in
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DMSO, DHPG (30 p M ) in water and ACPD (50 p M ) in 50 mM NaOH. CHPG was used
at a final concentration of 500 p M , but due to difficulties in dissolving the drug,
aliquots were prepared at 100 mM in 100 mM NaOH and diluted 1:200. LY367385
(100 pM) was used to selectively block mGluRI, and MPEP (10 pM) was used to
selectively block mGluR5. Following a 10 min baseline, slices were pre-exposed to
one of the group I mGluR-selective antagonists for 10 min, allowing the drug to
penetrate the tissue and reach its target receptors. This was followed by 20 min
DHPG application to activate the remaining group I mGluR subtype, with 20 min
washout. The selective antagonist remained in the perfusion solution throughout the
exposure to DHPG and washout. In addition to demonstrating the contribution of
individual group I mGluR subtypes to DHPG-induced effects, this experimental design
also allowed the effect of blocking individual receptor subtypes upon baseline synaptic
transmission to be investigated.
A 10 min baseline (20 data points) was recorded prior to drug application. This
gave a stable reference for baseline EPSC amplitude, and ensured that the whole-cell
recording remained stable according to the parameters lh0id and Rs measured using
the calibration pulse in each duty cycle. Slices were continuously exposed to the
drugs for a period of 20 min, followed by a 20 min washout in ACSF containing the
same drugs present during baseline recording (usually DL-APV and picrotoxin). In
certain experiments, slices were exposed to multiple drugs at different time points.
Pharmacological effects on EPSC amplitudes were calculated from an average of 10
recording cycles (5 min), unless otherwise stated. Paired pulse ratios (PPR) were
calculated from averages of 20 cycles and normalized to the baseline value obtained
prior to the addition of DHPG.
Unless otherwise stated, interneurons were treated as a single population
when analysing data. EPSCs were fully abolished by the addition of NBQX (10 pM) at
the end of each experiment, confirming that they were mediated entirely by
AMPA/kainate ionotropic glutamate receptors.
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5.3 Results
5.3.1 D H P G depresses m onosynaptic E P S C s in CA1 p yra m id a l cells

The initial objective of the investigation was to confirm that selective activation
of group I mGluRs via DHPG application depresses monosynaptic Schaffer collateralevoked EPSCs in CA1 pyramidal cells. This phenomenon has been demonstrated in a
number of previous studies (Gereau and Conn, 1995; Manzoni and Bockaert, 1995;
Rodriguez-Moreno et al., 1998; Mannaioni et al., 2001).
Single EPSCs were evoked every 30 s. Once a stable 10 min baseline (20
cycles) had been recorded, DHPG (30 pM) was bath applied for 20 min, followed by a
20 min washout. EPSCs were reduced to 30 ± 5% (mean ± SEM) of baseline
amplitude (p « 0.0001, paired t test, n = 5; Fig. 5.1 A). The onset of depression began
within 6 minutes of DHPG application, accounting for the time taken for the drug to
wash in to the slice, penetrate through the tissue, and bind to and activate receptors.
Group I mGluR activation has been shown to depolarise pyramidal cells (see Chapter
1, Section 1.2.4). Recordings in the present study were carried out in voltage clamp
configuration, so any depolarisation would be observed as a change in lh0id- However,
depolarisation occurs primarily due to inhibition of various K+ conductances (Charpak
et al., 1990; Desai and Conn, 1991; Guerineau et al., 1994; Luthi et al., 1996). A
caesium-based intracellular solution was used in the present study. This would
prevent flux of K+ ions through K+ channels. Furthermore, QX314 was present in the
intracellular solution, which blocks GIRK (G protein-coupled inward-rectifier)-class K+
channels (Nathan et al., 1990). These factors would thus mask any postsynaptic
DHPG-induced depolarisation. Indeed, no significant change in lh0|d was detected.
EPSC amplitude began to return towards baseline within 5 minutes of washout of
DHPG. It is interesting to note that EPSC amplitude returned almost to baseline upon
washout of DHPG, indicating that robust group I mGluR-dependent LTD did not occur.
DHPG-induced LTD was apparent in 3 of the 5 cells recorded. However, this did not
reach significance once the data were averaged. Since the objective of this series of
experiments was not to investigate long-term synaptic plasticity, the duration of

recordings was limited to 50 minutes. This included a 20 min washout period. A longer
washout, e.g. 60 or 120 min, would be required in order to quantify any long-term
plastic effects induced by group I mGluR activation. EPSC amplitude did not reach a
steady state, and was still returning towards baseline at the end of the 20 min
washout period (Fig 5.1 A). Nonetheless, it appeared that no significant long-term
depression of EPSCs occurred following the initial acute depression when averaged
across all 5 cells recorded. This finding is in contrast to a number of previous studies
in CA1 pyramidal cells (e.g. Palmer et al., 1997; Overstreet et al., 1997; Fitzjohn et al.,
2001; Faas et al., 2002; Huang and Hsu, 2005; reviewed in General Introduction,
Section 1.4.5.3), which reported a large acute depression followed by a modest but
significant prolonged depression of EPSCs, which persisted for > 60 min following
washout of DHPG. It should be noted that in the present study, DHPG-induced LTD
was apparent in 3 of the 5 cells recorded, and in any case only a limited number of
data points were available for analysis of LTD. A greater number of longer-duration
recordings from CA1 pyramidal cells would be necessary in order to draw definitive
conclusions regarding this issue.

5.3.2 DHPG depresses monosynaptic EPSCs in CA1 stratum radiatum interneurons
The next series of experiments aimed to determine the effect of group I mGluR
activation by DHPG in CA1 interneurons. DHPG (30 pM) evoked a depression of
excitatory transmission in stratum radiatum interneurons to 56 ± 6% of baseline (p «
0.0001, paired t test, n = 20; Fig. 5.1 B). No significant change in lh0|d was detected. An
important finding is that DHPG-induced depression in interneurons was significantly
smaller than that observed in pyramidal cells (p < 0.01, unpaired t test). As discussed
previously, hippocampal interneurons are a highly heterogeneous population, even
within a restricted area such as the stratum radiatum layer of the CA1 subfield
(Freund and Buzsaki, 1996; Parra et al., 1998; McBain and Fisahn, 2001; Freund,
2003). A large sample population of 20 interneurons was investigated, in order to
provide an accurate overall representation of the effects of group I mGluR activation.
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Scatter o f results was much greater among interneurons than pyramidal cells, even
with a much larger sample population of interneurons. The standard deviation (SD) of
the maximal effect of DHPG application upon EPSC amplitude was ± 10% (n = 6)
among pyramidal cells, and ± 25% (n = 20) among interneurons (Fig 5.1C). DHPGevoked depression exhibited marked heterogeneity among interneurons, ranging
between 0% and 92% depression relative to baseline (Figs 5.1 C & 5.2). 25% of
neurons (5 of 20 cells) were entirely unresponsive to group I mGluR activation via
DHPG. EPSC amplitude following DHPG application was not significantly different
from baseline in these cells. All interneurons were grouped together, including cells
unresponsive to DHPG application. DHPG-evoked depression in interneurons was
reversible - EPSC amplitude was not significantly different from baseline 20 minutes
after washout. This observation indicates that group I mGluR-dependent LTD does
not occur in the majority of CA1 stratum radiatum interneurons. However, it should be
noted that in a small proportion of cells (10%, 2 of 20 cells), DHPG evoked a
significant persistent depression which did not return to baseline upon washout. The
magnitude of depression was not significantly different 20 minutes after washout. This
is noticeably distinct from previously-reported mGluR-LTD in CA1 pyramidal cells, in
which there was some return of EPSC amplitude towards baseline followed by a
smaller persistent depression (e.g. Palmer et al., 1997; Fitzjohn et al., 2001).
The findings of the present study demonstrate that, in contrast to previous
reports in pyramidal cells, group I mGluR activation via DHPG failed to induce LTD in
the majority (90%) of CA1 stratum radiatum interneurons tested. Of the cells that did
exhibit a persistent depression, there was no return at all of EPSC amplitude to
baseline upon washout of DHPG. Without further experimentation, it is impossible to
ascertain whether this due to underlying physiological mechanisms operating in
certain subtypes of CA1 interneuron, or experimental issues, e.g. slower washout of
DHPG due to recordings being made from cells deeper within the hippocampal slice.
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Figure 5.1 The selective group I metabotropic glutamate receptor agonist DHPG
depresses monosynaptic EPSCs in both CA1 pyramidal cells and CA1 stratum
radiatum interneurons. A, EPSC amplitude (mean ± SEM) normalized to average
baseline amplitude prior to addition of DHPG in CA1 pyramidal cells (n = 5).
Representative sample traces from a single neuron before, during and after DHPG
application (averages of 20 cycles) are shown above. B, Effect of DHPG on EPSCs
recorded in stratum radiatum interneurons (n = 20). Single EPSCs were elicited every
30 sec. Data were binned such that each point represents a 90 sec interval, or the
average of three data points. C, Summary o f magnitude o f DHPG-induced depression
in CA1 pyramidal cells and interneurons. Group I mGluR-mediated depression was
significantly greater in pyramidal cells than in interneurons. Open squares show
values for individual cells, demonstrating that scatter of results was considerably
greater among interneurons than pyramidal cells.
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Figure 5.2 The effect o f group I mGluR activation by DHPG exhibits marked
heterogeneity among individual CA1 stratum radiatum interneurons. Cell 1, DHPG
causes a large acute depression of EPSCs to 36% of baseline, which recovers upon
washout (65%) o f interneurons showed this effect). Cell 2, DHPG causes a persistent
depression of EPSCs to 54%0 of baseline, which does not recover during 20 min
washout (10%> of interneurons showed this effect). Cell 3, DHPG application has no
effect upon EPSC amplitude (25%) of interneurons showed this effect).

5.3.3 DHPG-induced depression is accompanied by an increase in PPR
Investigation of paired-pulse ratio (PPR) is a widely-used experimental
technique to determine whether an effect is pre- or postsynaptically mediated.
Alterations in PPR indicate a change in the release probability of neurotransmitter,
suggesting involvement of a presynaptic mechanism (for review see Zucker and
Regehr, 2002). Paired-pulse ratios were calculated from EPSC traces generated from
averages of 20 cycles (10 minutes) for each condition (baseline, drug exposure,
washout), and normalized to the baseline value obtained prior to the addition of
DHPG. A reversible increase in paired-pulse ratio accompanied DHPG-evoked
depression in both pyramidal cells and interneurons (Fig 5.3), implying a presynaptic
mechanism of expression. In pyramidal cells, PPR increased to 138 ± 13% of baseline
(paired t test, p < 0.001, n = 5) upon DHPG application, returning to 120 ± 7% of
baseline upon washout. In interneurons, PPR increased to 135 ± 8% of baseline (p <
0.001, n = 20), returning to 108 ± 6% of baseline upon washout. In all analyses of
paired-pulse ratios, statistical tests were performed on raw, as opposed to normalised,
values.
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Figure 5.3 DHPG-induced depression was accompanied by a reversible increase in
paired pulse ratio in both pyramidal cells (A) and interneurons (B), implying a
presynaptic action (mean PPR normalised to baseline). Representative sample traces
from single neurons are shown above (average of 20 cycles for each condition. Thick
lines: control and washout superimposed; thin lines: DHPG).

5.3.4 The mGluR5 agonist CHPG does not significantly depress EPSCs in
interneurons
An important experimental procedure before investigating the phenomenon
further was to confirm that DHPG-induced depression was mediated exclusively by
group I mGluRs. A number of alternative agonists were therefore tested. It was
essential that any agonist used was exclusively selective for group I receptors, to
avoid possible contamination of the response by other mGluRs. There are currently
very few alternative agonists to DHPG which fit this role. CHPG is a potent mGluR
agonist which is highly selective for the mGluR5 subtype (Doherty et al., 1997). No
selective agonist is currently available for the mGluRI subtype. However, activation of
mGluR5 would confirm that DHPG-induced depression was group I mGluR-mediated,
and may also reveal information regarding the subtypes involved. Alternatively, failure
of CHPG to depress EPSC amplitude would suggest either that the phenomenon was
mediated exclusively by the mGluRI subtype; or that DHPG application induced
depression by some mechanism other than selective group I mGluR activation. The
required concentration of CHPG reported to achieve group I mGluR activation in
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hippocampal slices is considerably higher than that of DHPG. Previous studies have
indicated concentrations of CHPG of 500 pM (Nakamura et al., 2000) or 1 mM
(Palmer et al., 1997; Doherty et al., 1997) are required to achieve maximal mGluR5
activation in hippocampal slices, as compared to the much lower concentration of 30
pM DHPG widely used to achieve maximal group I mGluR activation. Difficulties were
encountered in preparing CHPG at such high concentrations. Even when prepared at
a lower concentration of 100 mM, the drug did not dissolve readily in equimolar
NaOH, the solvent recommended by the manufacturer (Tocris Cookson, UK). CHPG
was subjected to prolonged stirring for one hour at high speed with a magnetic stir
bar. The solution was then placed in a water bath in a sonicatorfor 10 minutes. CHPG
appeared to be fully dissolved in the resultant dark brown solution. However, concerns
were raised due to the high concentration of CHPG required and the difficulties
encountered in preparing a solution of the drug.
CHPG (500 pM) was bath applied for 20 min, followed by 20 min washout.
CHPG reduced EPSC amplitude to 91 ± 4 % of baseline. This effect was not
significant (paired t test, p = 0.60, n = 7, Fig 5AA^). There was virtually no change in
PPR, with CHPG application resulting in PPR of 103 ± 2% of baseline (paired t test, p
= 0.71, n = 7, Fig 5.4A2). In 5 of 7 cells (71% of cells), CHPG application did not
significantly affect EPSC amplitude. However, CHPG depressed EPSCs in 2 of 7
cells, to 74% and 85% of baseline. This depression was not significant when the
average was taken from the entire sample population of 7 cells. In a further 4 cells not
included in the analysis, CHPG application clearly coincided with a large jump in lh0|d,
resulting in loss of the recording. The jump in lh0id occurred between 3 and 6 minutes
following CHPG application. These cells were entirely stable prior to CHPG
application.
In order to eliminate the possibility that CHPG failed to cause depression in 5
of 7 interneurons because these cells were entirely unresponsive to mGluR5
activation, experiments were carried out in which two agonists were applied to the
same cell. Following a 10 min baseline, CHPG (500 pM) was applied for 20 min, then
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DHPG (30 pM) for 20 min. With the inclusion of a 30 min washout period, this gave a
total recording time of 80 minutes. Long duration whole-cell patch clamp recordings
such as these present a difficult challenge, due to the increased probability of the
integrity o f the voltage-clamp being lost. Cells were rejected if lh0id or Rs varied by >
20% over the course of the experiment, since changes in these parameters could
affect voltage-clamp recording of EPSCs. The probability of a cell being rejected as
the result of these factors increased markedly beyond 45 min, and maintaining
recordings longer than 60 min proved particularly challenging. Fig 5.4B shows two
cells in which two distinct group I mGluR agonists were applied to the same CA1
interneuron. In both cells, 20 min application of CHPG had no effect upon EPSC
amplitude or PPR, whereas subsequent 20 min exposure to DHPG caused significant
depression. In cell 1, DHPG depressed EPSCs to 64% of baseline. This was a
persistent depression which did not begin to return to baseline during a 30 min
washout of DHPG, and was accompanied by an increase in PPR to 132%, decreasing
to 122% upon washout. In cell 2, DHPG depressed EPSCs to 62% of baseline. This
was an acute depression which returned fully to baseline during washout, and was
accompanied by an increase in PPR to 141%, returning to 112% upon washout.
These experiments clearly demonstrate that activation of group I mGluRs by DHPG
causes significant depression of EPSCs even when CHPG application had no effect.
This eliminates the possibility that CHPG failed to evoke depression in 5 of 7 cells (Fig
5.4A t) because those interneurons were entirely insensitive to group I mGluR
activation. Instead, these findings point towards a failure of CHPG to effectively
activate mGluR5 at 500 pM concentration with 20 min exposure to the drug. An
alternative explanation is that only 2 of the 7 interneurons expressed the mGluR5
subtype. It has previously been shown that, while most CA1 interneurons express
both group I mGluR subtypes, some interneurons exclusively mGluRI or mGluR5
(van Hooft et al., 2000).
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Figure 5.4 The selective group I mGluR agonist DHPG causes acute synaptic
depression, whereas the mGluR5 subtype-selective agonist CHPG does not. A1t
CHPG does not cause significant depression of EPSCs (mean ± SEM).
Representative sample traces from a single interneuron before, during and after
DHPG application (averages of 20 cycles) are shown above. A2, CHPG does not
significantly affect PPR. C, Whole-cell voltage clamp recordings from two individual
CA1 interneurons, which were subjected to 20 min exposures to CHPG (500 pM) and
subsequently DHPG (30 pM). Cell 1 - CHPG has no effect upon EPSC amplitude,
whereas DHPG causes a depression which does not recover upon washout. Cell 2 CHPG has no effect upon EPSC amplitude, while DHPG causes an acute depression
which returns fully upon washout.
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5.3.5 The bread spectrum mGluR agonist ACPD causes acute depression in
interne urc n s
D H P G is a potent and highly selective agonist of group I mGluRs (Schoepp et
al., 1994; Pin and Duvoisin, 1995; Schoepp et al., 1999). The two group I mGluR
subtypes m G lu R I and mGluR5 can be selectively blocked using the antagonists
LY367385 and MPEP respectively (Schoepp et al., 1999). However, at the present
time, only the mGluR5 subtype can be selectively activated, by the agonist CHPG.
Experiments carried out in this thesis (see Section 5.3.4) indicated problems using
this drug in hippocampal slices. In order to confirm that the DHPG-induced depression
observed in previous experiments was mediated exclusively by mGluRs, and to
further investigate the pharmacological profile of the effect, the broad-spectrum
mGluR a g onist 1S, 3R-ACPD was used. 1S, 3R-ACPD is relatively non-selective,
acting on both group I mGluR subtypes (mGluR 1 and 5), both group II subtypes
(mGluR 2 and 3) and most group III subtypes (mGluR 4, 6 and 8). However, ACPD is
active at m uch lower concentrations at the group I mGluRs. Furthermore, it does not
affect the widely-expressed presynaptic group III receptor mGluR7 even at high
concentrations (Schoepp et al., 1999).
1S, 3R-ACPD (50 pM) was applied for 20 min. EPSCs recorded in
interneurons were decreased to 58 ± 14% of baseline (paired t test, p < 0.001, n = 5,
Fig 5.5A), returning close to baseline upon washout. This depression was
accompanied by a reversible increase in PPR to 138 ± 10 % of baseline (paired t test,
p < 0.001, n = 5, Fig 5.5B), returning to 116 ± 6% of baseline upon washout. The
magnitude o f ACPD-induced depression was not significantly different from the
magnitude o f DHPG-induced depression (paired t test, p = 0.58). 25% of neurons (1
of 5 cells) w e re entirely unresponsive to mGluR activation by ACPD, with the
remaining 4 cells exhibiting significant depression. This is similar to the proportion of
neurons w hich were unresponsive to group I mGluR activation via DHPG application
(25%, 5 of 2 0 cells).
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Figure 5.5 The broad-spectrum metabctrcpic glutamate receptor agonist 1S, 3RACPD (50 pM) depresses monosynaptic EPSCs at glutamatergic Schaffer collateral
inputs onto CA1 interneurons A. EPSC amplitude (mean ± SEM) normalised to
average baseline amplitude (n = 5). Representative sample traces from single
neurons are shown above, indicating EPSCs before, during and after ACPD
application (averages of 20 cycles). B. ACPD-induced depression was accompanied
by a reversible increase in PPR, suggesting that the mechanism involves a
presynaptic action (mean PPR normalised by baseline amplitude, n = 5).

Figure 5.6 Summary of effects of metsbctropic glutamate receptor agonists on
glutamatergic synaptic transmission from Schaffer collaterals to CA1 stratum radiatum
interneurons. CHPG (500 pM) is a subtype-selective mGluR5 agonist; DHPG (30 pM)
is a group I mGluR-seiective agonist; 1S, 2R-ACPD (50 pM) is a broad spectrum
mGluR agonist. A, Effect upon EPSC amplitude (normalized EPSC amplitude ± SEM).
B, Effect upon PPR.

156

5.3.6 m G lu R I and mGluR5 subtypes contribute differentially to short and long-term
effects o f DHPG

It is important to identify which group I mGluR subtypes are involved in
mediating depression of excitatory synaptic transmission to CA1 interneurons, and
determine whether different subtypes have distinct roles in the underlying mechanism.
Although a variety of pharmacological tools are available to distinguish between
groups of mGluRs, distinguishing between individual members within a group is much
more problematic. Recent research has lead to increased availability of highly
selective agonists and antagonists which act upon specific mGluR subtypes. At
present a selective agonist is available for only one group I mGluR, the mGluR5selective drug CHPG (Doherty et al., 1997). Experiments described in this chapter
revealed technical difficulties when using CHPG in hippocampal slices due to the high
concentrations necessary to achieve maximal mGIR5 activation (see Section 5.3.4).
Antagonists are available which act with a high degree of specificity at individual
group I mGluR subtypes. The highly mGluRI-selective nature of the 4carboxyphenylgycine (4CPG) analogue LY367385 was first definitively reported by
Clark et al. (1997). 2-methyi-6-(phenylethynyl)-pyridine (MPEP) was first described as
strongly mGluR5-selective by Gasparini et al. (1999). By blocking one or other group I
mGluR subtype using a selective antagonist, then activating the remaining subtype
using DHPG, it is possible to investigate the contribution of individual subtypes to the
phenomenon of DHPG-induced depression. The mGluRI-specific antagonist
LY367385 has previously been shown to completely block the DHPG-evoked acute
depression of EPSCs in CA1 pyramidal cells, indicating that there is no contribution to
this short-term effect from mGluR5 in this cell type (Mannaioni et al., 2001). However,
there are numerous differences in functional properties and modulatory mechanisms
between excitatory connections onto pyramidal cells and interneurons. One important
way in which this may be manifested is in differential expression of distinct mGluR
subtypes at distinct classes of synapse, and the involvement of these receptors in
modulatory effects.
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The objective of the experiments described in this section was to determine
which group I mGluR subtypes mediate DHPG-induced acute depression of EPSCs in
CA1 stratum radiatum interneurons. Furthermore, by selectively blocking group I
mGluR subtypes, it is possible to investigate effects mediated by persistent activation
of these receptors. Previous research has shown that blockade of mGluRs leads to an
enhancement of excitatory synaptic transmission to specific subsets of hippocampal
interneurons, suggesting that glutamate release is subject to tonic inhibition by these
receptors under normal physiological conditions (Losonczy et al., 2003). However,
these experiments were not carried out in CA1 stratum radiatum interneurons, and the
mGluR subtypes involved were not comprehensively investigated using a range of
subtype-selective drugs. A further aim of the experiments described in this section
was thus to investigate whether glutamate release at connections onto CA1 stratum
radiatum interneurons is subject to modulation by persistently active group I mGluR
subtypes.
Experiments were carried out to test the effect of pre-applying either the
mGluRI-selective antagonist LY367385 (100 pM) or the mGluR5-selective antagonist
MPEP (10 pM) on the acute effect of DHPG in interneurons. Neither drug had any
significant effect on baseline transmission, arguing against tonic activation of these
receptors by ambient glutamate (Fig 5.7 A ^ & Bt). In the continued presence of
LY367385, bath application of DHPG (30 pM) depressed EPSCs to 70 ± 5% of
baseline (paired t test, p < 0.001, n = 10; Fig 5.7Ai). This depression was significantly
smaller than that observed in the absence of group I mGluR antagonists (unpaired t
test, p < 0.01). Interestingly, the EPSC amplitude did not return to baseline upon
DHPG washout. This persistent depression was highly consistent across all cells, as
evidenced by the small standard deviation (± 15%) during the final 10 minutes of
washout. None of the 10 cells showed any return of EPSCs towards baseline during
20 min washout. The depression was accompanied by a small but significant increase
in PPR to 110 ± 4% of baseline (paired t test, p < 0.05, n = 10; Fig 5.7A2), returning to
106 ± 3% upon washout. It is notable that there is considerably less variability in the
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effect of DHPG in this subset of interneurons (standard deviation ± 15%, n = 10; Fig
5.7A-i) than in those in which DHPG was applied in the absence of any mGluR
antagonists (standard deviation ± 25%, n = 20; Fig 5.1B), despite the smaller
population size. In the continued presence of the mGluR5 blocker MPEP, DHPG
again depressed EPSCs to 76 ± 8% of baseline (p < 0.05, n = 7; Fig.

This

depression was also smaller than that seen without group I mGluR blockers (p <
0.01). However, in this case the depression was fully reversible. It was accompanied
by a non-significant increase in PPR to 106 ± 6% (p = 0.37), decreasing to 103 ± 3%
upon washout (Fig 5.7B2). The magnitude of DHPG-induced depression was not
significantly different in the presence of LY367385 and MPEP (unpaired t test, p <
0.001), suggesting an approximately equal contribution of mGluRI and mGluR5 to the
depression. These results are summarised in Figure 5.8.
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Figure 5.7 m GluRI and mGluR5 subtypes contribute differentially to short and long
term effects of DHPG. A 1f EPSC amplitude (± SEM) normalized to baseline, showing
the effect of DHPG applied following a 10 min exposure to the selective m GluRI
antagonist LY367385 (n= 10). B 1f DHPG effect in the presence o f the selective
mGluR5 antagonist MPEP (n = 7). Representative sample traces from single neurons
are shown above (averages of 20 cycles). DHPG caused a small but significant
elevation in PPR presence of LY367385 (A2), but had no effect upon PPR in the
presence of MPEP (B 2).
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Figure 5.8 Summary of effects of subtype-selective group I mGluR antagonists upon
EPSC amplitude and PPR. The mGluRI-selective LY367385 and mGluR5-selective
MPEP reduce the magnitude both of DHPG-induced depression o f EPSCs and
DHPG-induced increases in PPR. However, significant DHPG-induced depression
occurs in the presence of either antagonist, indicating that both mGluRI and mGluR5
subtypes are involved. Control, DHPG only.

5.4 Discussion
The experiments described in this chapter have uncovered a number of novel
findings regarding modulation of excitatory synaptic transmission to hippocampal
interneurons by metabotropic glutamate receptors. Patch clamp electrophysiological
recording in whole-cell voltage-clamp configuration was used to demonstrate that
glutamatergic Schaffer collateral synapses onto CA1 stratum radiatum interneurons
were robustly depressed by activation of group I mGluRs by the selective agonist (S)3,5-DHPG. This agonist was also found to depress excitatory synaptic transmission at
Schaffer collateral connections onto CA1 pyramidal cells, accompanied by significant
elevations in PPR. This is in agreement with previously reported findings (Gereau and
Conn, 1995; Manzoni and Bockaert, 1995; Rodriguez-Moreno et al., 1998; Mannaioni
et al., 2001). A significant DHPG-induced LTD was not observed in CA1 pyramidal
cells. This finding is puzzling, since it contrasts with numerous previous studies (e.g.
Palmer et al., 1997; Overstreet et al., 1997; Fitzjohn et al., 2001; Faas et al., 2002;
Huang and Hsu, 2005; reviewed in General Introduction, Section 1.4.5.3). DHPG161

induced LTD was apparent in 3 of the 5 cells recorded. However, this did not reach
significance once the data were averaged. No clear explanation can be provided at
present for the lack of LTD in the remaining 2 pyramidal cells. It should be noted that
only a limited number of data points were available for analysis of LTD. The washout
period was limited to 20 min, as investigation of long-term synaptic plasticity was not
the goal of this series of experiments. A clearer picture would emerge if recordings of
longer duration (minimum washout period 60 min) were made from a greater number
of CA1 pyramidal cells. In this case, it is entirely possible that a significant LTD would
be observed. It is difficult to speculate further on this issue without additional
experimentation and more data.
The present study demonstrates that glutamatergic connections onto both CA1
pyramidal cells and CA1 stratum radiatum interneurons are subject to powerful
inhibitory modulation by group I mGluRs. There are important differences in the effect
between the two cell types. Firstly, the magnitude of DHPG-induced depression was
significantly greater in pyramidal cells than in interneurons. This may have
implications for the role of group I mGluR-mediated acute depression in network
function within the hippocampus. For example, an elevation in ambient glutamate
concentration during periods of high excitatory traffic may cause a large depression at
connections onto pyramidal cells, reducing transmission from CA3 to CA1. The overall
effect at excitatory connections onto interneurons would be smaller, ensuring that the
recruitment of inhibitory drive was less pronounced. It is difficult to speculate in detail
on the physiological role of this effect without further experimentation. Secondly, there
was extensive heterogeneity in the response of CA1 stratum radiatum interneurons to
DHPG, CHPG and ACPD, whereas the response of CA1 pyramidal cells to DHPG
exhibited much less variation. It was necessary to use a large sample population of 20
interneurons to achieve the same SEM as a sample population of five pyramidal cells.
Some interneurons exhibited an almost total attenuation of AMPA/kainate EPSCs
(maximum depression 92%), whereas others were entirely unresponsive to DHPG.
The extensive heterogeneity of the hippocampal interneuron population is well
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documented (Freund and Buzsaki, 1996; Parra et al., 1998; McBain and Fisahn,
2001; Freund, 2003; Somogyi and Klausberger, 2005). Parra et al. (1998) categorised
CA1 interneurons according to morphology, firing properties and response to various
neurotransmitter receptor agonists. The study found that 39% of the sample
population was responsive to mGluR activation by the broad spectrum agonist ACPD.
The present study demonstrated that 75% of interneurons were responsive to group I
mGluR activation by the selective agonist DHPG, with extensive variation in the
magnitude of the response. A similar proportion (75%) were responsive to ACPD,
though it should be noted that different measures of response were used between the
two studies (changes in holding current in the study of Parra et al. (1998) versus
alterations in synaptic transmission in the present study). Distinct subtypes of
inhibitory interneuron may mediate specific computational functions within the
hippocampus and other cortical networks (Buhl et al., 1994; Cobb et al., 1995; Freund
and Buzsaki, 1996; Miles et al., 1996; Freund, 2003; Klausberger et al., 2003; 2005).
The variation in response to DHPG among stratum radiatum interneurons may
correlate with other factors such as patterns of axonal and dendritic projection, firing
properties and expression of modulatory neurotransmitter receptors. The properties of
group I mGluR-mediated acute depression in individual GABAergic interneurons may
relate to the specific inhibitory role of the cell in the hippocampal network. One
method by which this possibility could be investigated experimentally is by combining
patch clamp electrophysiology with immunohistochemistry to facilitate morphological
and neurochemical analysis of individual interneurons.
While DHPG is highly selective for group I mGluRs, 1S, 3R-ACPD is a broadspectrum agonist which activates all known mGluRs except the group III receptor
mGluR7 (Schoepp et al., 1999). A very similar magnitude of depression was induced
by both DHPG (56 ± 6%, n = 20; Fig 5.1B) and ACPD (58 ± 14%, n = 5; Fig 5.5A).
Provided that the agonists maximally activate their target receptors at the
concentrations used in these experiments, these findings suggest that only group I
mGluRs are involved in mediating the acute depression, with mGluR7 also causing
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depression at this class of synapse (see below). Activation of non-group I mGluRs
affected by ACPD (mGluR 2, 3, 4, 6 and 8) would be expected to produce a change in
the magnitude of depression induced by DHPG if these receptors were involved in
modulating acute depression at glutamatergic Schaffer collateral synapses onto CA1
stratum radiatum interneurons. The depression may be enhanced by additional
contribution from non-group I mGluRs, or reduced in magnitude if those receptors
potentiated transmission. However, the finding that the magnitude of depression
remained essentially the same as that induced by DHPG implies that the non-group I
mGluR receptors activated by ACPD are not directly involved in this phenomenon.
Another possibility is that maximal activation of one or more mGluR subtypes was not
achieved by either DHPG or ACPD. Finally, other mGluRs activated by ACPD may be
involved, but may induce depression through the same mechanism as group I
mGluRs. The concentrations of agonists were chosen based upon previous work in
hippocampal slices which demonstrated maximal activation of receptors. The only
mGluR subtype unaffected by ACPD is mGluR7. High-resolution
immunohistochemical studies have demonstrated that mGluR7 is expressed
presynaptically at glutamatergic and GABAergic synapses onto hippocampal
interneurons but not pyramidal cells (Shigemoto et al., 1996; 1997; Kogo et al., 2004).
Group III mGluRs, including predominantly mGluR7, have been shown to powerfully
modulate transmission at both excitatory and inhibitory connections onto hippocampal
interneurons. The selective group III mGluR agonist L-AP4 induces depression of both
glutamatergic (Scanziani et al., 1998; Semyanov and Kullmann, 2000) and GABAergic
(Semyanov and Kullmann, 2000; Kogo et al., 2004) inputs to CA1 interneurons but not
pyramidal cells in a target-dependent manner. It is therefore possible that activation of
group III mGluRs using the selective agonist L-AP4 may increase the magnitude of
DHPG-induced depression.
The group I mGluR agonist CHPG is highly selective for mGluR5, having no
effect at the mGluRI subtype (Doherty et al., 1997). CHPG did not significantly
depress EPSCs in CA1 stratum radiatum interneurons, causing a small depression in
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only 2 of 7 cells. There are a number of possible explanations for this finding. Firstly,
the depression induced by DHPG may not have been mediated by group I mGluRs.
This is extremely unlikely, given the wealth of previous data on the potent and highly
selective nature of this agonist, together with the finding that a similar depression was
induced by ACPD. Alternatively, these findings may be explained by the fact that,
while most CA1 interneurons express both group I mGluRs, certain types of
interneuron express only the mGluRI or the mGluR5 subtype (van Hooft et al., 2000).
mGluR5 expression by only 2 of the 7 cells would account for the smaller overall
depression of EPSCs observed when the mGluR5-selective agonist CHPG was used,
as compared to DHPG which activates both mGluR subtypes. The remaining 5 cells
may have exclusively expressed only the mGluRI subtype, which is unaffected by
CHPG. This is a plausible explanation, since expression of mGluRs is highly specific
at distinct classes of hippocampal synapse. It is possible that DHPG-induced
depression may be mediated by both group I mGluR subtypes or exclusively by one
single subtype in distinct classes of stratum radiatum interneuron (van Hooft et al.,
2000). It is important to note that technical issues within the experiment may have
resulted in a failure of CHPG to reach its target receptors at a sufficient concentration
to achieve maximal activation. Previous studies in brain slice preparations used
CHPG at a concentration of 500 pM (Nakamura et al., 2000; White et al., 2003) or 1
mM (Palmer et al., 1997; Doherty et al., 1997) to achieve maximal activation of
mGluR5. A concentration of 500 pM was used in the present study. It is possible that
a higher concentration of CHPG of 1 mM was required to maximally activate mGluR5
in the hippocampal slice preparation used in this study. CHPG was used at a high
concentration, and difficulties were encountered dissolving the drug when preparing
aliquots. When bath applying drugs to the slice, aliquots of most of the drugs used
were generally diluted 1:1000 in ACSF. Preparing CHPG aliquots at 500 mM proved
impossible, as the drug did not readily dissolve in equimolar NaOH (the solvent
recommended by the manufacturer, Tocris Cookson, UK). Even when aliquots were
prepared at 100 mM for 1:200 dilution, CHPG required prolonged stirring and

sonication to dissolve. The drug appeared to be fully dissolved, but concerns were
raised due to the thick, brown appearance of the resulting solution. It is possible that a
considerable proportion of the CHPG was not fully dissolved, and thus did not
penetrate through the tissue of the hippocampal slice and access the target receptors.
Additionally, a longer exposure time may have been required for the drug to fully
reach its target receptors. With a higher concentration of CHPG and a longer
exposure time, it is possible that depression of EPSCs may have been of greater
magnitude in interneurons expressing mGluR5, and that a greater proportion of
CHPG-responsive interneurons may have been revealed. However, given the
experimental difficulties involved in using CHPG at such high concentrations, it was
not possible to perform these experiments in the time available. Investigating the
effects of 1 mM CHPG on a sample population of five or more interneurons would be
worthwhile in future studies. One conclusion which may be drawn from these
experiments is that CHPG is a problematic drug to work with in brain slice
preparations. It may be better suited to cell culture systems, where lower
concentrations may be used and issues of perfusion and penetration through tissue to
reach target receptors present less of a technical challenge. It was not necessary to
carry out further experiments involving CHPG, since DHPG-induced depression was
confirmed to be mediated by mGluRs by ACPD application and the other experiments
described in this thesis.
A number of interesting discoveries were made when investigating the
contribution of individual group I mGluR subtypes to DHPG-induced depression in
interneurons. When mGluRI was blocked using LY367385, the magnitude of
depression of EPSCs by DHPG was remarkably consistent across all cells, with an
overall range from 58 to 80 % of baseline (n = 10, Fig 5.7A,). However, in 8 of the 10
cells the depression was highly consistent, ranging from 63% to 75%. This would
suggest that mGluR5 was universally expressed in all of the interneurons studied, and
the magnitude of depression of EPSCs caused by mGluR5 activation was highly
consistent. As discussed above, although more sophisticated classification of
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interneurons was necessary, it is probable that more than one, and possibly several,
interneuron subtypes were included in the 10 cells recorded. mGluR5 thus appears to
play an important role in modulating excitatory transmission to multiple subtypes of
CA1 interneurons, being universally expressed in the sample population tested, and
exerting a highly consistent effect upon depression of EPSCs.
The role of mGluRI in modulating excitatory synaptic transmission appears to
vary more widely than that of mGluR5 across the interneuron population tested in this
study. The magnitude of depression of EPSCs by DHPG when mGluR5 was
selectively blocked by MPEP, leaving only mGluRI intact, ranged from 0% to 66% of
baseline (n = 7). Thus one interneuron was entirely unaffected by selective mGluRI
activation. In 4 of the 7 cells, however, the effect of DHPG was consistent, with
depression ranging from 70 to 85% of baseline. As discussed above, it is impossible
to correlate these electrophysiological data with identified interneuron subtypes
without the use of additional techniques to achieve a detailed classification of the
interneurons being studied. Nevertheless, the relative importance of mGluRI in
modulation of excitatory synaptic transmission is clearly subject to greater variability
among CA1 stratum radiatum interneurons than that of mGluR5.
The sum of the depression evoked in the presence of each of the blockers of
mGluRI and mGluR5 applied separately was approximately 54%, only slightly more
than the depression observed when neither receptor was blocked (44%). It should be
noted that conclusions drawn from these experiments should be interpreted with some
degree of caution, since it is impossible to be certain that either receptor subtype was
fully blocked by the selective antagonists. This issue could be addressed by repeating
the experiment and applying DHPG in the simultaneous presence of both LY367385
and MPEP. Under these conditions, no depression of EPSC amplitude in response to
DHPG application would be expected. This is an important experiment which was not
included in the present study, and should be performed in future investigations.
Intriguingly, a persistent DHPG-evoked depression was uncovered when
mGluRI was blocked. This effect was highly consistent across all 10 cells tested. It
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remains unclear why the persistent depression was not observed in the absence of
the mGluRI blocker LY367385. One possibility is that mGluRI activation has an
additional effect that contributes to recovery of transmitter release. Furthermore, in
contrast to previously-reported group I mGluR-dependent LTD, there was no return of
EPSC amplitude towards baseline upon washout of DHPG. The magnitude of
depression remained the same during washout as during the acute phase. This type
of persistent depression thus exhibits marked differences with mGluR-LTD reported in
pyramidal cells in previous studies (e.g. Palmer et al., 1997; Fitzjohn etal., 2001; Tan
et al., 2003). One potential strategy which could be used to further investigate
mGluR5-dependent long-term depression in CA1 stratum radiatum interneurons is
use of the mGluR agonist CHPG, which is highly selective for the mGluR5 subtype
(Doherty et al., 1997). CHPG would activate mGluR5 while leaving mGluRI
unaffected, and could thus be used to confirm the existence of an mGluR5-mediated
persistent depression in CA1 interneurons. This type of experimental design is less
robust than the use of selective antagonists, since at present no mGluRI-selective
agonist is available. Selective activation of both group I mGluR subtypes would be
necessary to confirm that the persistent phase of the depression is mediated
exclusively by mGluR5. Furthermore, serious technical difficulties were encountered
during previous experimental work using CHPG in hippocampal slices, due to the high
concentrations necessary to achieve maximal mGluR5 activation (see Chapter 5,
Section 5.3.4). Given the extensive ongoing research into developing novel, highly
selective pharmacological agents acting at individual metabotropic glutamate receptor
subtypes, it is only a matter of time before an mGluRI-selective agonist and a
superior mGluR5-selective agonist are discovered. The individual receptor subtypes
involved in mediating group I mGluR-dependent LTD could then be investigated in
distinct cell types using experimental strategies involving both selective agonists and
antagonists. The research could be further improved by including techniques to
achieve detailed classification of interneurons, such as immunohistochemical staining
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for neurochemical markers, analysis of firing patterns etc., to achieve a more detailed
picture of this apparently novel form of persistent depression.
The persistent DHPG-evoked depression revealed with mGluRI blocked by
LY367385 is consistent with selective coupling of mGluR5 to a cascade that leads to
group I mGluR-mediated long-term depression, as has been reported in pyramidal
cells (Palmer et al., 1997; Huber et al., 2001; Faas et al., 2002; Huang and Hsu,
2005). Taken together, these results are consistent with two relatively independent
induction cascades, as has been proposed in pyramidal cells, with mGluRI coupled to
an acute depression and mGluR5 coupled to a more long-lasting depression of
transmission. In the present experiments, both phenomena were associated with
increases in PPR (though this did not reach significance in the presence of MPEP),
implying presynaptic expression. The issue of whether DHPG-induced depression is
mediated by pre- or postsynaptic group I mGluRs is addressed in detail the
subsequent chapter. It should be noted that the primary objective of the projects
described in this thesis was not a detailed characterisation of LTD mediated by
metabotropic glutamate receptors. The main aims were to investigate modulation of
excitatory synaptic transmission to hippocampal interneurons by group I mGluRs, to
characterise in detail the mechanisms by which this occurs, and to explore the
physiological significance of the effect. The apparent mGluR5-mediated LTD
uncovered in these experiments is an interesting phenomenon and represents an
important area of future research. Essential initial experiments would involve longduration recordings (^ 120 min) combined with more detailed characterisation of
interneurons, according to morphological, neurochemical and physiological criteria.
Such long duration recordings are feasible in brain slices when pyramidal cells are
being investigated, since a field-potential recording electrode may be positioned
around stratum pyramidale and used to record stable EPSPs (excitatory postsynaptic
potentials) from localised populations of pyramidal cells for long-durations. Field
potential recording from interneurons is not possible, since they are fewer in number
and much more sparsely distributed, meaning that clear recordings of population
169

activity cannot be generated. It is instead necessary to use techniques for recording
activity of individual neurons, such as sharp electrode recording or the various
configurations of the patch clamp technique (whole-cell, perforated-patch, cellattached etc.). Such techniques are inherently more challenging than field potential
recording. Establishing recordings from individual neurons is more technically
demanding. Maintaining long duration recordings, particularly beyond 45-60 minutes,
is particularly difficult since the recording must remain fully stable according to strictlydefined predetermined criteria, and changes in experimental parameters (e.g. drifts in
Ihoid and Rs) are more likely to occur when making patch clamp recordings in individual
neurons. Of course, it is nonetheless possible to investigate long-term synaptic
plasticity by making long-duration recordings from single cells, but experiments have a
higher failure rate and thus provide a lower data yield. However, due to the greatly
increased resolution, information gained in this way is very valuable and has the
potential to provide great insights. Furthermore, the greater flexibility of the patch
clamp technique has many other advantages when working with interneurons,
including the ability to overcome the problem of extensive heterogeneity of the
interneuron population by correlating electrophysiological recording with analysis and
classification of the individual cell, using criteria such as morphology, presence of
neurochemical markers and analysis of physiological parameters, e.g. firing pattern.
Detailed study of long term synaptic plasticity in GABAergic interneurons was not the
objective of the projects discussed in this thesis, but this clearly remains an area of
ongoing research with the potential to reveal valuable information regarding functional
properties of inhibitory neuronal networks.
The findings described in this chapter raise a number of interesting questions.
What is the mechanism via which group I mGluR activation causes depression of
synaptic transmission? Although a number of previous studies have described DHPGinduced depression of excitatory synaptic transmission to CA1 pyramidal cells
(Gereau and Conn, 1995; Manzoni and Bockaert, 1995; Rodriguez-Moreno etal.,
1998; Mannaioni et al., 2001), none have attempted to address the issue of the
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mechanisms via which the depression is induced and expressed. The consistent
increase in PPR which accompanies DHPG-induced depression strongly implies that
the mechanism involves a presynaptic action. However, high-resolution
immunohistochemical studies have revealed predominantly postsynaptic expression
of group I mGluRs (Martin et al., 1992; Baude et al., 1993; Lujan et al., 1996;
Shigemoto et al., 1997; Lujan et al., 1997; Lopez-Bendito et al., 2002). It is thus
important to uncover the underlying physiological basis of group I mGluR-mediated
depression. Which receptors are responsible for mediating group I mGluR
depression? Previous work has shown that only the mGluRI subtype is involved in
CA1 pyramidal cells (Mannaioni et al., 2001), but it is important to determine whether
different subtypes, and therefore potentially different signalling cascades and other
downstream effects, are involved in interneurons. How can the heterogeneity in the
response of CA1 interneurons to DHPG be explained? Unlike pyramidal cells, CA1
interneurons exhibit wide variation in the magnitude of group I mGluR-mediated
depression. Morphological, physiological and neurochemical analysis of interneurons
may reveal correlations between interneuron subtype and response to group I mGluR
agonists. What is the physiological importance of group I mGluR-mediated depression
of glutamatergic synaptic transmission to CA1 interneurons? This is the most complex
question, and the most difficult to address. Further experimentation is necessary to
uncover the role of this effect in hippocampal network function. Elucidating the
underlying mechanism may provide important clues. Further information may be
provided by attempting to activate group I mGluRs by physiologically-released
glutamate as opposed to an exogenous agonist. These questions are addressed in
the following chapters.
The experiments discussed in the latter part of this chapter (Section 5.3.6)
describe the existence of an apparently novel form of mGluR5-mediated persistent
depression of excitatory synaptic transmission to CA1 stratum radiatum interneurons.
Furthermore, although expression of both mGluRI and mGluR5 in hippocampal
interneurons has previously been shown using RT-PCR (van Hooft et al., 2000; see
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Chapter 1, Section 1.2.6), the present study represents the first demonstration that
these receptors play an active role in modulation of glutamatergic synaptic
transmission from Schaffer collaterals to CA1 interneurons. This finding is in contrast
to the mechanism operating at Schaffer collateral connections onto CA1 pyramidal
cells, in which only the mGluRI subtype is involved (Mannaioni et al., 2001), and is
thus a further example of different modulatory mechanisms operating at specific types
of synaptic connection.
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Chapter 6: Pre- versus postsynaptic induction and expression of
group I mGluR-mediated depression

6.1 Introduction
Activation of group I mGluRs using the selective agonist DHPG leads to an
acute depression of glutamatergic synaptic transmission, which is accompanied by a
robust increase in paired pulse ratio (PPR) in both CA1 stratum radiatum interneurons
(demonstrated in present study) and CA1 pyramidal cells (Gereau and Conn, 1995;
Manzoni and Bockaert, 1995; Rodriguez-Moreno et al., 1998; Mannaioni et ai., 2001;
also shown in present study). The consistent elevation in PPR suggests that the
mechanism of group I mGluR-mediated acute depression involves a presynaptic
action. However, high-resolution immunohistochemical studies have reported a
predominantly postsynaptic location for group I mGluRs (Martin et al., 1992; Baude et
al., 1993; Lujan et al., 1996; Shigemoto et al., 1997; Lujan et al., 1997; Petralia et al.,
1997; Lopez-Bendito et al., 2002). It is of central importance in investigating
modulation of synaptic transmission by mGluRs to determine the mechanisms via
which mGluRs exert their effects. One possible explanation for the apparent
presynaptic expression of DHPG-evoked depression is that activation of postsynaptic
group I mGluRs results in the release of a factor which acts upon presynaptic
receptors. This type of phenomenon is known as retrograde signalling, and is a
mechanism via which information can be relayed by neurons back to the cells which
innervate them. This can be important for a variety of reasons, for example
homeostatic maintenance of the level of network excitability.
A potential candidate for the factor released by postsynaptic group I mGluR
activation is GABA. Group I mGluRs depolarize hippocampal neurons by inhibiting at
least four distinct K+ currents - the AHP current (Charpak et al., 1990; Desai and
Conn, 1991), the M current (Charpak et al., 1990), a leak current (Guerineau et al.,
1994) and a voltage-dependent slow-inactivating current (Luthi et al., 1996). There is
also activation of Ca2+-activated and Ca2+-independent cationic conductances (Crepel
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et al., 1994; Guerineau et al., 1995). Depolarisation of interneurons in this way leads
to increased spiking and release of GABA. Although the postsynaptic neuron was
voltage clamped, thereby preventing any change in membrane potential, firing of
surrounding neurons may have led to GABA accumulation in the extracellular space,
with activation of presynaptic GABA b receptors leading to depression of glutamate
release. A similar mechanism has been proposed for part of the action of kainate on
GABAergic transmission in the hippocampus (Frerking et al., 1999). GABA b receptors
are heptahelical G protein-coupled receptors (GPCRs). Unlike the ionotropic GABA a
receptors, which directly gate an ion channel, GABA b receptors are coupled via G
proteins (predominantly Gia- and Goa-type) to intracellular signal transduction
cascades. Downstream targets of GABA b receptor activation include adenylate
cyclase, inwardly rectifying K+ channels and voltage-gated Ca2+ channels. GABA b
receptor-mediated activation of K+ channels produces postsynaptic hyperpolarisation
and inhibits neuronal excitability (for review see Bettler et al., 2004). Activation of
GABAb receptors on presynaptic terminals causes an inhibition of neurotransmitter
release via inhibition of N-type and P/Q-type Ca2+ channels (Doze et al., 1995; Lei and
McBain, 2003). Of particular relevance to the present study are reports that
presynaptic GABA b receptors depress both glutamatergic and GABAergic synaptic
connections onto CA3 stratum radiatum interneurons, via inhibition of N-type and P/Qtype Ca2+ channels (Lei and McBain, 2003). This indicates that excitatory synaptic
connections onto hippocampal interneurons are an important target for GABA b
receptor modulation, lending support to the idea that these receptors may be involved
in the mechanism of DHPG-induced acute depression.
Another potential mechanism to account for the presynaptic depression is the
release of endocannabinoids acting as retrograde messengers. Endocannabinoid
signalling is reviewed in detail in Chapter 1, Section 1.4.5.2. These molecules have
been shown to be released in response to postsynaptic group I mGluR activation, and
to subsequently inhibit neurotransmitter release by acting as retrograde messengers
upon presynaptic CB1 receptors. Recent high-resolution immunohistochemical and
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electrophysiological evidence have demonstrated that functional CB1 receptors are
expressed at Schaffer collateral terminals, and act to inhibit glutamatergic synaptic
transmission to CA1 pyramidal cells (Katona et al., 2006; Kawamura et al., 2006;
Takahashi and Castillo, 2006). This makes endocannabinoids strong candidates for a
potential retrograde signal mediating acute depression in CA1 interneurons.
If a short-range physical or chemical retrograde signal is involved in mediating
the apparent presynaptic expression of DHPG-evoked depression, it is important to
determine whether the signal is released from the recorded interneuron itself. This
was tested by interfering with the signalling cascade downstream from postsynaptic
group I mGluRs in the recorded cell, leaving surrounding interneurons intact. Targetdependent expression of mGluRs has been demonstrated in previous studies. For
example, electron microscopy combined with immunocytochemistry has been used to
show that the group III receptor mGluR7a is strongly expressed at presynaptic
terminals contacting interneurons but not pyramidal cells. This high level of targetdependent segregation has been shown at both glutamatergic (Shigemoto et al.,
1996; 1997) and GABAergic (Somogyi et al., 2003) terminals in area CA1 of the
hippocampus. It is thus possible that there is close pairing between pre- and
postsynaptic neurons, such that a retrograde factor released from a postsynaptic cell
acts only upon directly opposed presynaptic axon terminals. However, there is
extensive evidence for ‘spillover’ of glutamate to neighbouring synapses (Kullmann et
al., 1996; Asztely et al., 1997; Rusakov and Kullmann, 1998; Scimemi et al., 2004),
and it is possible that this may occur with other types of neurotransmitter. At the
concentration used in the experiments described in this thesis, the selective agonist
DHPG would be expected to maximally activate a large proportion of group I mGluRs
in the hippocampal slice. If group I mGluR activation via DHPG causes release of a
retrograde factor, interfering with this mechanism in the recorded neuron may not fully
abolish DHPG-induced effects if the retrograde factor can spill over from nearby
synapses. The signalling cascade downstream from postsynaptic group I mGluR
activation was abolished in the recorded cell by applying two compounds
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intracellularly via the patch pipette. Firstly, the non-hydrolysable G protein analogue
GDPftS was used to prevent signalling through the group I mGluR-associated G
protein Gq/n, and thus inhibit downstream effects such as phospholipase C activation
(for review see Pin and Duvoisin, 1995; Hermans and Challiss, 2001). An important
downstream signalling effect of group I mGluR activation is release of Ca2+ from
intracellular stores (triggered primarily by the G protein-dependent activation of the
phosphatidyl inositide/PLC signalling pathway), which has a variety of downstream
effects within the cell (see Pin and Duvoisin, 1995). Intracellular Ca2+ signalling was
therefore inhibited by applying a high concentration of the rapid Ca2+ chelator BAPTA.
The objective of the experiments described in the present chapter was to
determine whether DHPG-induced acute depression in CA1 interneurons is pre- or
postsynaptically mediated, and whether an additional factor is released as the result
of group I mGluR activation.

6.2 Methods
Whole-cell voltage-clamp recordings of pharmacologically-isolated AMPA
EPSCs were obtained from CA1 stratum radiatum interneurons as described
previously (Chapter 2; also Chapter 5, Section 5.2). GABA b receptors were blocked
via a 10 min pre-exposure to the selective antagonist CGP52342 (5 pM), which has
been shown to fully block GABA b receptor-mediated presynaptic depression at other
synapses (e.g. Chandler et al., 2003). CB1 endocannabinoid receptors were blocked
by pre-incubation of slices in the selective CB1 receptor antagonist AM251 (2 pM).
Slices were exposed to the drug for at least 25 minutes to ensure penetration (Wilson
and Nicoll, 2001). AM251 is a hydrophobic molecule which penetrates slowly through
the slice, hence the extended pre-incubation period. A combination of antagonists
were used to block a number of neurotransmitter receptors involved in modulation of
synaptic transmission. GABA b receptors were inhibited using CPG52432 (5 pM). A-i
adenosine receptors were blocked using DPCPX (200 nM). All mGluR subtypes were
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blocked using LY341495 (1 pM), which acts primarily on groups I and II, and MSOP
(100 pM), which acts on group III receptors (Schoepp et al., 1999). Subsequent
detailed review of previously unfamiliar papers revealed that this selection of drugs
was sub-optimal, and is likely to have not provided complete blockade of group I
mGluRs (M. Capogna, personal communication). LY341495 is a highly potent group II
mGluR antagonist (Fitzjohn et al., 1998; Kingston et al., 1998), but is less effective at
group I mGluRs and would not have provided a complete blockade at 1 pM
concentration (Fitzjohn et al., 1998). A better solution would have been to block group
I mGluRs by including either CPCCOEt, or selectively blocking both receptors using
LY367385 (for mGluRI) and MPEP (for mGluR5). Although an effective group III
mGluR antagonist, MSOP is not the best compound available for this purpose.
Alternative antagonists should have been used, either CPPG, or an increased
concentration of LY341495 (20 pM; Fitzjohn et al., 1998).
Downstream group I mGluR signalling was inhibited by applying two
compounds intracellularly via the patch pipette. G protein signalling was inhibited by
replacing the standard 0.3 mM Na3GTP in the pipette solution with 1 mM GDPpS, a
non-hydrolysable GTP analogue. In addition, 0.2 mM EGTA in the intracellular
solution was replaced with 10 mM BAPTA, in order to prevent an mGluR-mediated
elevation in cytoplasmic Ca2+ concentration, secondary to release of intracellular Ca2+
or Ca2+ channel activation. An interval of at least 15 min was allowed between
obtaining whole-cell access and the start of the recording, to ensure penetration of
GDPpS and BAPTA into the neuron.

177

6.3 Results
6.3.1 D H P G -in d u ce d depression is not m ediated by G A B A r re ceptors

Following a 10 min pre-exposure to the selective GABA b receptor antagonist
CGP52432 (5 pM), DHPG evoked a depression of EPSCs to 53 ± 11 % of baseline (p
< 0.001, n = 8; Fig 6.1 A). This was accompanied by a reversible increase in PPR to
128 ± 8 % of baseline (p < 0.01; Fig 6.1B). The magnitude of this depression was not
significantly different from that of control experiments carried out in the absence of
CGP52432 (paired t test, p < 0.001). Since 5 pM CGP52432 fully blocks GABA b
receptor-mediated presynaptic depression at other synapses (e.g. Chandler et al.,
2003), this finding argues that the action of DHPG on EPSCs does not involve GABA b
receptors. The results could have been made yet more definitive by testing
CGP52432 against a GABAB-mediated synaptic response, or against a GABA b
receptor agonist, in order to provide a positive control.
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Figure 6.1 GABAb receptors are not involved in group I mGluR-mediated acute
depression of synaptic transmission. A, Effect of DHPG on EPSC amplitude (mean ±
SEM), applied following 10 min exposure to the GABAb receptor antagonist
CGP52432, on EPSC amplitudes (n - 9). B, DHPG causes a reversible elevation in
PPR.
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6.3.2 D H P G -in d u ce d depression is not m e d iated b y CB1 endocannabinoid receptors

Following a 10 min baseline, slices were pre-exposed for 25 min to the
selective CB1 endocannabinoid receptor antagonist AM251 (2 pM). This aim of this
prolonged exposure was to ensure that the hydrophobic molecule penetrated into the
tissue so that maximal blockade of the target receptors was achieved. A 20 min
exposure to DHPG subsequently evoked an acute depression of EPSCs to 51 ± 6% of
baseline (p < 0.001, n = 5; Fig 6.2A), accompanied by a reversible increase in PPR to
145 ± 15 % of baseline (p < 0.001; Fig 6.2B). EPSC amplitude returned to baseline
upon washout, while PPR decreased to 110 ± 8%. The magnitude of depression was
not significantly different from control experiments (paired t test, p < 0.005), arguing
against a role for CB1 receptors in group I mGluR-mediated acute depression of
excitatory synapses onto CA1 interneurons.
To further test for involvement of CB1 endocannabinoid receptors, a longduration recording was made from a CA1 stratum radiatum interneuron (Fig 6.2C).
Following a 10 min baseline, DHPG (30 pM) was applied for 20 min, resulting in a
depression of EPSCs to 60% of baseline. DHPG was then washed out for 20 min.
EPSCs returned to 95% of baseline. AM251 (2 pM) was applied for 25 min to ensure
penetration of the hydrophobic molecule into the slice. A second exposure to DHPG
resulted in a depression of EPSCs to 52% of baseline. The magnitude of DHPG
induced depression was very similar following washout and pre-exposure to AM251
(60% and 52%), further suggesting that CB1 receptors are not involved in the
mechanism. In contrast to the first washout, there was only a small return of EPSCs
towards baseline during the second washout when CB1 receptors were blocked by
AM251, suggesting a possible role for CB1 receptors in group I mGluR-mediated LTD.
A greater number of recordings (minimum n = 5) is required for statistical analysis of
this design of experiment, using a paired t test for the magnitude of DHPG-induced
depression before and after pre-exposure to AM251. However, long-duration patch
clamp recordings of 120 min are technically difficult to obtain, with a high failure rate
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resulting from loss of recordings due to changes in lh0|d and Rs which are beyond
predetermined experimental limits (> 20%).
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Figure 6.2 CB1 endocannabinoid receptors are not involved in the group I mGluRmediated acute depression. A, Effect o f DHPG on EPSC amplitude (± SEM) following
a 25 min exposure to the selective CB1 receptor antagonist AM251 (n = 5). B, DHPG
causes a reversible elevation in PPR. C, Recording from a single neuron showing that
the magnitude DHPG-induced depression is very similar before and after pre
exposure to AM251.

In 2 of 7 cells, 25 min exposure to AM251 caused a significant increase in
EPSC amplitude (cell 1, 162% of baseline; cell 2, 159% of baseline; Fig 6.3),
suggesting that excitatory synaptic connections onto certain subtypes of CA1 stratum
180

radiatum interneuron may be subject to tonic inhibition by CB1 endocannabinoid
receptors. EPSC amplitude appeared to reach a steady state prior to DHPG
application, but this cannot be definitively confirmed since insufficient recording time
was allowed to determine whether a plateau had been reached. It is possible that
EPSC amplitude may have continued to increase if DHPG had not been applied.
Following pre-exposure to AM 251, DHPG caused a significant depression of EPSCs
in both cells (cell 1, DHPG depressed EPSCs from 162% to 123% of baseline, a total
depression of 39%; cell 2, DHPG depressed EPSCs from 159% to 127% of baseline,
a total depression of 32%). These findings further confirm that the mechanism of
DHPG-induced depression does not directly involve CB1 endocannabinoid receptors.
These two cells were not included in the analysis shown in Fig 6.2A & B, which
comprises 5 of the 7 cells recorded which did not show an increase in EPSC
amplitude in response to AM251.
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Figure 6.3 The selective CB1 receptor antagonist causes an increase in EPSC
amplitude in 2 o f 7 cells, suggesting possible tonic endocannabinoid inhibition at
certain excitatory synaptic connections onto interneurons. Subsequent exposure to
DHPG causes depression o f EPSCs, confirming that group I mGluR-mediated
depression is not dependent upon CB1 endocannabinoid receptors.

181

6.3.3 DH PG -induced depression is attenuated by antagonists o f mGluRs, GABA r
receptors and A i adenosine receptors

Several antagonists were applied simultaneously to block various
neurotransmitter receptors which may be involved in mediating modulatory effects at
excitatory connections onto CA1 interneurons. All mGluR subtypes were blocked
using LY341495, which acts primarily on groups I and II, and MSOP, which acts on
group III receptors (Schoepp et al., 1999); GABA b receptors were inhibited using
CPG52432; and Ai adenosine receptors were blocked using DPCPX. Following 20
min pre-exposure to the antagonists LY341495 (1 pM), MSOP (100 pM), CGP52432
(5 pM) and DPCPX (200 nM), DHPG was applied for 20 min, with 20 min washout.
The cocktail of antagonists had no significant effect upon EPSC amplitude (paired t
test, p < 0.001), implying that glutamatergic synaptic connections onto CA1 stratum
radiatum interneurons are not subject to tonic inhibition from group I, II or III mGluRs,
GABA b receptors or A t adenosine receptors. Following pre-exposure to these drugs,
DHPG induced a significant depression to 78 ± 3% of baseline, which returned almost
to baseline upon washout (p < 0.001, n = 6, Fig 6.4A). This depression was
significantly smaller than that observed in control experiments in which DHPG alone
was applied (paired t test, p < 0.01). DHPG-induced depression was accompanied by
a significant elevation in PPR to 123 ± 9% of baseline (p < 0.05, n = 6), which
returned to 107 ± 6% upon washout (Fig 6.4B). An unexpected result from this series
of experiments was that a significant DHPG-induced depression persisted in the
presence of antagonists of group I, II and III mGluRs. This finding may be explained in
two ways. Either DHPG affects receptors other than mGluRs in hippocampal slices at
the concentration used in this study; or one or more mGluR subtypes was
incompletely blocked by the concentrations of LY341495 and MSOP used in these
experiments. There is extensive evidence for the highly group I mGluR-selective
action of DHPG (for review see Schoepp et al., 1999), and it is thus unlikely that other
neurotransmitter systems were affected by this drug. A more plausible explanation is
that mGluRs were incompletely blocked, thereby reducing, but not fully attenuating,

DHPG-induced acute depression. MSOP is a highly selective group III mGluR
antagonist (Schoepp et al., 1999), and is very commonly used at 100 pM
concentration in brain slice preparations (e.g. Semyanov and Kullmann, 2000;
Rusakov et al., 2004). However, LY341495 is less well characterised. It is a broadspectrum mGluR antagonist which appears to be primarily selective for group I and II
mGluRs (Fitzjohn et al., 1998; Schoepp et al., 1999). Concentrations of LY341495
used to block mGluRs in hippocampal slices have varied widely in previous studies.
Some studies have used 1 pM concentration (e.g. Losonczy et al., 2003), whereas
others have used higher concentrations of 20 pM (e.g. Fitzjohn et al., 1998; Kemp and
Bashir, 1999; Watabe et al., 2002) or 100 pM (Fitzjohn et al., 1998). A probable
explanation for the small DHPG-induced depression observed in the present series of
experiments is therefore incomplete blockade of group I and/or group II mGluRs, due
to a concentration of LY341495 (1 pM) which was too low. The experiments should
therefore be repeated using a higher concentration of LY341495, such as 20 pM or
100 pM (Fitzjohn et al., 1998).
In order to clarify the role of adenosine receptors in DHPG-induced depression
in CA1 interneurons, experiments should be carried out in which slices are pre
exposed only to the

adenosine receptor antagonist DPCPX, followed by DHPG

application. In the absence of the other antagonists, the role of A-) adenosine
receptors could be interpreted more definitively.
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Figure 6.4 DHPG-induced depression o f EPSCs is significantly attenuated in the
presence of antagonists of group /, II and III mGluRs, GABA b receptors and A*
adenosine receptors. However, a significant depression persists, and is accompanied
by an increase in PPR which returns to baseline upon washout (n = 6).

6.3.4 Blockade of Ca2+ and G protein signalling in single neurons attenuates DHPGinduced depression

Downstream targets of mGluR activation were inhibited in the postsynaptic
neuron from which the whole-cell recording was made. G protein signalling was
blocked using the non-hydrolysable GTP analogue GDPpS (1 mM), while Ca2+
signalling was attenuated using the rapid Ca2+ chelator BAPTA (10 mM). Both drugs
were applied intracellularly via the patch pipette. DHPG-evoked depression of EPSCs
was markedly attenuated: a non-significant reduction of amplitude to 84 ± 9 % of
baseline was observed (paired t test; p = 0.07; n = 7; Fig 6.5A), with no significant
change in PPR (103 ± 6 %; paired t test; p = 0.76; Fig 6.5B).
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Figure 6.5 DHPG-induced depression is attenuated by blockade o f postsynaptic G
protein and Ca2+ signalling. A, Effect of DHPG on EPSC amplitude (mean ± SEM),
obtained in interneurons recorded with a pipette solution containing the nonhydrolysable GTP analogue GDPpS, and the Ca2+ chelator BAPTA (n = 7). B, DHPG
application evoked no significant change in PPR.

Figure 6.6 Summary of pharmacological manipulations designed to determine
whether group I mGluR depression in CA1 interneurons is pre- or postsynaptically
mediated. The magnitude of DHPG-induced depression is significantly reduced by (i)
blockade of intracellular G protein and Ca2+ signalling; and (ii) blockade o f mGluR, A i
adenosine and GABA b receptors.
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6.4 D iscu ssio n
The objective of the experiments described in the present chapter was to
investigate the mechanism via which group I mGluR activation by DHPG results in an
acute depression of excitatory synaptic transmission to CA1 interneurons. In
particular, the aim of these experiments was to determine whether pre- or
postsynaptic mechanisms mediate induction and expression of DHPG-induced
depression. One issue which raised a number of question was the robust increase in
PPR associated with DHPG-induced depression, suggesting that the mechanism
involves a presynaptic action. However, high-resolution immunohistochemical studies
have consistently reported a predominantly postsynaptic location for group I mGluRs.
Both mGluRI and mGluR5 have been detected in a peri-synaptic annulus at
glutamatergic synapses both in the hippocampus and in the cerebellar cortex (Martin
et al., 1992; Baude et al., 1993; Lujan et al., 1996; Shigemoto et al., 1997; Lujan et al.,
1997; Petralia et al., 1997; Lopez-Bendito et al., 2002): The simplest explanation for
these observations is that DHPG-induced acute depression results from a decrease in
glutamate release from Schaffer collateral terminals, triggered by activation of
presynaptic group I mGluRs which had not been previously detected by highresolution immunohistochemical studies. One possible reason may be a low level of
receptor expression at axon terminals in comparison to the postsynaptic membrane.
Thus the weak signal resulting from antibody binding to presynaptic receptors would
be masked by the much stronger signal resulting from antibody binding to
postsynaptic receptors. Another possibility may be a lower level of antibody binding to
presynaptic receptors due to the morphology of the synaptic cleft. However, an
alternative hypothesis to explain the apparent presynaptic expression of DHPGevoked depression is that activation of postsynaptic group I mGluRs by DHPG results
in the release of a factor which acts upon presynaptic receptors. This explanation is
consistent both with the abundant postsynaptic expression of mGluRI and mGluR5
revealed by high-resolution immunohistochemical studies (Martin et al., 1992; Baude
et al., 1993; Lujan et al., 1996; Shigemoto et al., 1997; Lujan et al., 1997; Petralia et
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al., 1997; Lopez-Bendito et al., 2002); and with the apparent presynaptic expression
of DHPG-induced depression demonstrated in both CA1 interneurons and pyramidal
cells by the experiments carried out in this thesis, and in CA1 pyramidal cells by
previously reported studies (Gereau and Conn, 1995; Manzoni and Bockaert, 1995;
Rodriguez-Moreno et al., 1998; Mannaioni et al., 2001). Numerous pharmacological
manipulations were carried out in the experiments described in this chapter in an
attempt to identify the potential retrograde signal that couples postsynaptic group I
mGluR-mediated signalling to presynaptic modulation of glutamate release at
excitatory synaptic connections onto CA1 interneurons.
Group I mGluR activation has been shown to depolarize interneurons, causing
increased spiking and release of GABA. This occurs via inhibition of various K+
conductances (Charpak et al., 1990; Desai and Conn, 1991; Guerineau et al., 1994;
Luthi et al., 1996), and activation of Ca2+-activated and Ca2+-independent cationic
conductances (Crepel et al., 1994; Guerineau et al., 1995). In interneurons, this
depolarisation leads to increased spiking and release of GABA. Accumulation of
GABA in the extracellular space could conceivably result in depression of EPSCs in
CA1 stratum radiatum interneurons via increased activation of presynaptic
metabotropic GABA b receptors, which would in turn inhibit glutamate release from
Schaffer collateral terminals by acting upon N-type and P/Q-type Ca2+ channels (see
Doze et al., 1995; Lei and McBain, 2003). Two lines of evidence from the present
study argue against this hypothesis. Firstly and most importantly, the magnitude of
DHPG-induced depression of EPSCs was unaffected by the specific GABA b
antagonist CGP52432. Previous work has shown that this is a highly selective and
potent antagonist of the GABA b receptor (e.g. Chandler et al., 2003). Secondly,
manipulation of G protein and Ca2+ signalling only within the recorded neuron using
drugs applied via the patch pipette was sufficient to reduce the magnitude of DHPGinduced depression below significance. If DHPG-induced depression resulted from
widespread depolarisation of interneurons and increased release of GABA acting
upon presynaptic GABA b receptors, intracellular blockade of downstream effects of
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group I mGluR activation in the recorded neuron would be unlikely to have a large
effect upon the magnitude of depression. The surrounding interneurons would be
unaffected, becoming depolarised and releasing GABA in response to DHPG
application. This would cause increased activation of presynaptic GABA b receptors,
inhibiting glutamate release from Schaffer collateral terminals onto CA1 stratum
radiatum interneurons. However, blockade of postsynaptic group I mGluR signalling in
only the recorded interneuron was sufficient to prevent DHPG-induced depression,
further ruling out a direct involvement of presynaptic GABA b receptors.
Endocannabinoids are potentially a better candidate for a factor released
postsynaptically in response to group I mGluR activation, because they have been
shown to act as a local retrograde signal affecting GABA and glutamate release
(Wilson and Nicoll, 2001; Kreitzer and Regehr, 2001b). Indeed, group I mGluR
activation has been shown to trigger endocannabinoid release leading to presynaptic
inhibition of GABA and glutamate release in the cerebellum (Maejima et al., 2001),
brainstem (Kushmerick et al., 2004), hippocampus (Varma et al., 2001; Rouach and
Nicoll, 2003), ventral tegmental area (Bellone and Luscher, 2005), and nucleus
accumbens (Robbe et al., 2002). Earlier immunohistochemical studies failed to detect
CB1 receptors on hippocampal glutamatergic terminals (Tsou et al., 1999; Katona et
al., 1999b; Hajos et al., 2000; Nyiri et al., 2005). However, very recent studies have
demonstrated CB1 receptor expression at glutamatergic Schaffer collateral terminals,
although at lower levels than at GABAergic axon terminals (Katona et al., 2006;
Kawamura et al., 2006). Some actions of endocannabinoids have been proposed to
be mediated by an as yet uncharacterized receptor (Hajos et al., 2001; Hoffman et al.,
2005). Glutamatergic synaptic transmission in the hippocampus has been shown to
be modulated by the endocannabinoid signalling system (Misner and Sullivan, 1999;
Ohno-Shosaku et al., 2002), and recent studies have shown definitively that excitatory
synaptic transmission from Schaffer collaterals to CA1 pyramidal cells is depressed by
CB1 receptors (Kawamura et al., 2006; Takahashi and Castillo, 2006). There is thus
considerable evidence, particularly from recent studies, to suggest that
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endocannabinoids may be the retrograde factor involved in DHPG-evoked depression
in CA1 stratum radiatum interneurons. However, pre-exposure to the selective CB1
antagonist AM251 did not affect the magnitude of DHPG-induced depression of
EPSCs in CA1 stratum radiatum interneurons in the present study, indicating that
endocannabinoids are not the retrograde messenger in this system (Fig 6.2A & B).
To examine in more detail the involvement of CB1 receptors, a long-duration
recording was made from a CA1 stratum radiatum interneuron. DHPG was applied,
washed out, and then re-applied following pre-exposure to AM251. The magnitude of
DHPG induced depression was very similar with and without pre-exposure to AM251,
further suggesting that CB1 receptors are not involved in the mechanism (Fig 6.2C). It
should be noted that these data were obtained from a single interneuron. Further
long-duration recordings would be required in order to increase the number of cells
and facilitate statistical analysis (paired t test for magnitude of DHPG-induced
depression before and after pre-exposure to AM251). However, this experimental
design requires a whole-cell voltage-clamp recording of 120 min duration. Attempting
to make such long recordings inevitably leads to a greatly increased number of
failures due to sudden loss of the patch clamp recording, and rejection of cells due to
changes in lh0|d and Rs which are beyond acceptable predetermined experimental
parameters. Such experiments were not carried out since the data shown in Fig 6.2
clearly indicate that CB1 endocannabinoid receptors are not directly involved in group
I mGluR-mediated acute depression at excitatory connections onto CA1 stratum
radiatum interneurons. Interestingly, in contrast to the first washout, EPSCs returned
only very slightly towards baseline during the second washout when CB1 receptors
were blocked by AM251. This suggests a possible role for CB1 receptors in group I
mGluR-mediated LTD in CA1 interneurons, since blockade of these receptors caused
DHPG to bring about a persistent depression of EPSCs which follows the initial acute
phase. These findings may initially appear to contrast with those of Rouach and Nicoll
(2003), who demonstrated that endocannabinoids contribute to the acute phase but
not the persistent phase of group I mGluR-mediated depression. However, their study

was carried out in CA1 pyramidal cells as opposed to interneurons. Furthermore, they
conclude that the effects observed in their study were mediated by a non-CB1
endocannabinoid receptor, since the DHPG-induced acute depression was unaffected
in the CB1 knockout mouse and by the CB1-selective antagonist AM251.
Alternatively, it is possible that re-activating group I mGluRs within a certain temporal
window following the first activation is responsible for induction of this persistent
depression of EPSCs. In other words, the first activation of group I mGluRs may act
as a ‘switch’, which causes the second activation to bring about LTD following the
acute depression. It is impossible to speculate further on this issue without a greater
number of recordings. Nevertheless, the findings from the interneuron recording
shown in Fig 6.2C raise a number of interesting questions. If future studies were
carried out in order to systematically investigate group I mGluR-mediated LTD in CA1
interneurons, experiments should be included which examine the involvement of the
endocannabinoid system.
In 2 of 7 cells, 25 min exposure to AM251 caused a significant increase in
EPSC amplitude (Fig 6.3), suggesting that excitatory synaptic connections onto
certain subtypes of CA1 stratum radiatum interneuron may be subject to tonic
inhibition by CB1 endocannabinoid receptors. This phenomenon was not explored in
detail due to time constraints, but merits further investigation in future studies. It is
impossible to draw further conclusions regarding endocannabinoid-mediated tonic
inhibition from the available data. Subsequent experiments to investigate this
phenomenon would involve recording from a larger sample population of interneurons,
so that the proportion of cells displaying this effect could be accurately determined.
The experiments would be carried out in the same way, but without DHPG application,
thereby allowing EPSC amplitude to reach a steady state following AM251
application. This potential tonic inhibition of glutamatergic connections onto CA1
stratum radiatum interneurons by CB1 endocannabinoid receptors represents an
interesting area of future research.
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Signalling cascades downstream from postsynaptic mGluR activation were
inhibited only in the recorded neuron by applying compounds via the patch pipette.
Group I mGluRs are closely associated with the G proteins Gq/11) which in turn are
coupled to activation of the enzyme phospholipase C and subsequent activation of the
phosphatidyl inositide signalling cascade (reviewed in Chapter 1, Section 1.2.3; see
also Hermans and Challiss, 2001 for review). G proteins are composed of a, p and y
subunits. Activation via ligand binding results in a conformational change in G proteincoupled receptors (GPCRs) such as mGluRs, causing them to catalyse exchange of
GDP for GTP in their associated G proteins. This results in dissociation of the
heteromeric G protein, generating a-GTP and (3y subunits, both of which then interact
with their downstream targets. The GTPase activity of the G protein a subunit
mediates hydrolysis of GTP to GDP, with concomitant conversion of the G protein
back to the inactive state. The non-hydrolysable GTP analogue GDPpS was used to
block G protein signalling by inhibiting the GTPase activity of the G protein a subunit.
GTP hydrolysis is an essential step in the G protein signalling cascade. By replacing
0.3 mM Na3GTP in the patch pipette with 1 mM GDPpS, GTP hydrolysis was
prevented, locking G proteins in the inactive state and thus inhibiting all downstream
effects. The second intracellular manipulation was blockade of Ca2+ signalling by a
high concentration (10 mM) of the rapid Ca2+ chelator BAPTA. Group I mGluR
activation has been shown to result in release of Ca2+ from intracellular stores, an
important downstream effect of the phosphoinositide signalling cascade (Pin and
Duvoisin, 1995; Hermans and Challiss, 2001). The possibility of Ca2+ channel
activation can also not be ruled out. Combining these two strategies for blocking
downstream effects of group I mGluR activation in the recorded neuron resulted in a
reduction of the magnitude of DHPG-induced depression from 56 ± 6% to a non
significant 84 ± 9%. Although this does not exclude an additional presynaptic location
of some group I receptors, the finding that postsynaptic manipulation of G protein and
Ca2+ signalling almost abolished DHPG-evoked depression argues that such
receptors do not play a large role. The residual non-significant depression observed in

these experiments could be explained by a small contribution of mGluR-mediated
signalling in neighboring neurons. The finding that interfering with the cascade
triggered by group I mGluRs in the postsynaptic cell alone prevented the effect of
DHPG sets constraints on the signal that can travel to the presynaptic elements of
glutamatergic synapses: it makes a long-range signal (such as a peptide transmitter)
a poor candidate because this should still be released from neighboring interneurons
where G protein signalling and/or Ca2+ elevation were intact. Instead, it argues for a
short-range physical or chemical signal that gives the postsynaptic neuron privileged
access to regulatory mechanisms in the presynaptic glutamatergic varicosities in
direct synaptic contact.
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Chapter 7. Modulation of presynaptic Ca2+ channels by group I
mGluRs

7.1 Introduction

Activation of group I mGluRs causes an acute depression of excitatory
synaptic transmission to CA1 stratum radiatum interneurons. Although anatomical
studies have suggested that group I mGluRs are expressed predominantly
postsynaptically in the hippocampus (Martin et al., 1992; Baude et al., 1993; Lujan et
al., 1996; Shigemoto et al., 1997; Lujan et al., 1997; Petralia et al., 1997; LopezBendito et al., 2002), electrophysiological evidence reported in previous studies
(Gereau and Conn, 1995; Manzoni and Bockaert, 1995; Rodriguez-Moreno etal.,
1998; Mannaioni et al., 2001) and this thesis indicates that the mechanism of
depression involves a presynaptic action. One hypothesis is that activation of
postsynaptic group I mGluRs results in the release of an as-yet unidentified retrograde
signal, which acts upon presynaptic receptors to bring about an inhibition of glutamate
release. Many modulatory influences that act upon neurotransmitter release are
mediated by G protein-coupled receptors, which act in large part via inhibition of
presynaptic Ca2+ channels. Ca2+ influx into the presynaptic terminal via voltage-gated
channels is the trigger for release of neurotransmitter vesicles. A detailed review of
the highly complex process of synaptic vesicle exocytosis is beyond the scope of this
thesis. Such a review is not directly relevant to the present discussion, since the focus
of this chapter is the involvement of presynaptic Ca2+ channels in group I mGluRmediated synaptic depression. To summarise the process briefly, incoming action
potentials depolarise the axon terminal, causing activation of voltage-gated Ca2+
channels. There is a large and rapid increase in Ca2+ concentration, which is restricted
within local microdomains in the presynaptic terminal. Clusters of Ca2+ channels are
localised near docked synaptic vesicles in active zones. Within microdomains, Ca2+
acts rapidly

200 ps) over short distances (tens of nanometres), at very high local
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concentrations (> 10 jjM, compared with the resting intracellular Ca2+ concentration of
-100 nM) to trigger synaptic vesicle release. Fusion of docked and primed vesicles in
the active zone with the presynaptic membrane is mediated by a number of proteins
known as the SNARE complex. The fusion process remains incompletely understood,
but the most widely accepted view is that vesicle-associated proteins (v-SNAREs)
such as VAMP interact with proteins on the target membrane (t-SNAREs) such as
SNAP-25 and syntaxin to overcome the energy barrier involved in fusion of the vesicle
membrane with the membrane of the presynaptic terminal. The SNARE complex
brings the vesicle and plasma membranes into close proximity, representing one of
the final steps in the exocytosis process. The Ca2+ influx triggers vesicle fusion by
binding to an integral synaptic vesicle membrane protein known as synaptotagmin.
The large cytoplasmic portion of synaptotagmin contains two Ca2+ binding C2
domains (C2A and C2B), which interact with SNARE complex proteins and
phospholipids in a Ca2+-dependent manner. One or more of these interactions is
thought to be the triggering event for vesicle fusion. As stated above, the mechanism
of synaptic vesicle fusion is highly complex, and many steps in the process remain
incompletely understood.

The resting intracellular [Ca2+] is -1 0 0 nM, with an extracellular [Ca2+] o f -1 .5
mM. The Nernst potential for Ca2+ ions (ECa) is extremely positive, estimated at
approximately 120-130 mV in most types of neuron (Hille, 2001). Upon opening of
voltage-gated Ca2+ channels, there is thus a large and rapid influx of Ca2+ ions into the
neuron due to the strong electrochemical driving force. There are numerous distinct
Ca2+ channels, which may be classified according to a variety of criteria, including
structural nomenclature, Snutch gene class and sensitivity to various pharmacological
agents (for review see Hille, 2001). The Ca2+ channels which are concentrated in
presynaptic terminals and are responsible for mediating the influx of Ca2+ that triggers
vesicle exocytosis are the high voltage-activated (HVA) N-type and P/Q-type
channels, with also in some cases a much smaller residual contribution from R-type
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channels (Wu and Saggau, 1997; Reid et al., 2003). Presynaptic Ca2+ channels
involved in mediating vesicle release have been shown by many studies to be
important targets for modulation by GPCRs (for review see Wu and Saggau, 1997). Ntype Ca2+ channels show a higher sensitivity to G proteins than P/Q type channels
(Zhang et al., 1996; Currie and Fox, 1997). In keeping with this concept, blockade of
N-type Ca2+ channels has been shown to occlude the effect of presynaptic CB1
receptor activation on GABA release (Wilson et al., 2001). N-type Ca2+ channels have
been strongly implicated as the main targets in group III mGluR modulation of
synaptic transmission (Millan and Sanchez-Prieto, 2002; 2002a; Millan et al., 2002b;
2003) Moreover, Ca2+ imaging has revealed a direct of effect of group III mGluRs on
N-type channel-mediated Ca2+ influx in individual axonal varicosities (Rusakov et al.,
2004).

Although the putative retrograde signal released following postsynaptic group I
mGluR activation could not yet be definitively identified (see Chapter 6), experiments
were also carried out in order to investigate presynaptic effects occurring during
DHPG-induced acute depression of glutamatergic synaptic transmission to CA1
interneurons. One possibility was that a retrograde signal acted presynaptically to
inhibit Ca2+ influx via N-type and/or P/Q-type Ca2+ channels, thereby reducing
glutamate release from Schaffer collateral terminals and depressing EPSCs in CA1
stratum radiatum interneurons. The objectives of the experiments described in this
chapter were as follows. Firstly, to confirm that N-type and P/Q-type Ca2+ channels
could be specifically blocked in a subtype-selective manner in hippocampal slices,
using highly specific peptide toxins. Secondly, to determine whether DHPG-induced
acute depression of EPSCs in CA1 interneurons was affected by blockade of these
Ca2+ channel subtypes. Investigation of the presynaptic expression of the effect in this
manner would reveal further information regarding the mechanism of DHPG-induced
depression in interneurons.

195

7.2 M ethods

Whole-cell voltage-clamp recordings of pharmacologically-isolated AMPA
EPSCs were obtained from CA1 stratum radiatum interneurons as described
previously (Chapter 2; also Chapter 5, Section 5.2). Presynaptic Ca2+ channels
involved in neurotransmitter release were blocked using selective peptide antagonists.
N-type channels were blocked using oo-conotoxin GVIA (CgTx, 250 nM, obtained from
AnaSpec Inc., USA), and P/Q-type channels were blocked using w-agatoxin IVA
(AgTx, 100 nM, obtained from Alexis Biochemicals, USA). These antagonists are
highly purified peptide toxins. Technical difficulties were encountered when using
these molecules in hippocampal slices, since they are large molecules and appeared
to penetrate poorly through the tissue, reaching a low proportion of their target Ca2+
channels. The selective Ca2+ channel antagonists had high molecular weights (CgTx
3039 Da; AgTx 5202 Da). The antagonists were prepared on ice from lyophilised
powder into concentrated aliquots in purified water, and subsequently diluted 1:500 in
ACSF. The perfusion system was set up to re-circulate ACSF containing the Ca2+
channel antagonists, since they were highly expensive. Care was taken to avoid
cross-contamination of ACSF containing different drugs, and the re-circulation did not
appear to adversely affect the experiments in any way. As the project progressed,
experimental evidence appeared to reveal that CgTx and AgTx were not exerting
maximal effects upon their target Ca2+ channels. The most likely cause was poor
penetration of the large peptide molecules through the tissue of the hippocampal slice.
Some experiments aimed to attempt to overcome the problem of peptide Ca2+ channel
antagonists penetrating only into the superficial layers of the slice. In addition to
continuous exposure to the selective Ca2+ channel antagonists during the experiment
via the perfusion ACSF whilst in the recording chamber, hippocampal slices were pre
exposed to the antagonists for two hours in a custom-built submersion chamber (see
Chapter 4, Fig 4.1). The chamber contained 5 ml ACSF, which was bubbled
continuously with 95% 0 2 / 5% C 0 2 via a fine tube. Slices were submerged on a mesh
gauze. The chamber was placed on an electric stirrer, which was used to gently rotate
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a small magnetic stirring bar in the bottom of the chamber, ensuring that ACSF was
circulated continuously around the slice. Submerging slices in this way also ensured
that toxins could penetrate both sides of the slice.

7.3 Results

The objective of the first series of experiments was to test the efficacy of the
selective Ca2+ channel blockers. Both CgTx (250 nM) and AgTx (100 nM) were bath
applied in the ACSF perfusing the hippocampal slices in the recording chamber. An
incubation period of 25 min for each drug was used in order to allow the high
molecular weight peptide molecules to penetrate through the tissue and reach their
target Ca2+ channels. The concentrations of Ca2+ antagonists used were relatively low,
partly due to their extremely high cost, and partly due to successful blockade of the
relevant channels in previous studies carried out in this laboratory (e.g. Rusakov et
al., 2004). This factor may have contributed towards the long-term equilibration of the
antagonists. If more time had been available, experiments would have been repeated
using concentrations at least twice as high, and concentrations up to 10 times higher
could have been used without loss of specificity.

Once a 10 min baseline had been recorded, CgTx was applied for 25 min
followed by AgTx for 25 min. Unless otherwise stated, drugs applied earlier in the
experiment remained in the perfusion solution while additional drugs were added, i.e.
CgTx remained present while AgTx was applied. CgTx significantly depressed EPSCs
to 81 ± 7 of baseline (p < 0.05, n = 8, Fig 1AA^), with AgTx causing a further
depression to 58 ± 7% of baseline (p < 0.01, n = 8). The depression caused was 19 ±
7% by CgTx and 23 ± 7% by AgTx. These findings clearly suggested an incomplete
blockade of N-type and P/Q-type Ca2+ channels. Previous studies have demonstrated
that N-type and P/Q-type Ca2+ channels are almost entirely responsible for mediating
the influx of Ca2+ into the presynaptic terminal that triggers release of
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neurotransmitter, with a low level of contribution from R-type Ca2+ channels in some
cases (W u and Saggau, 1997; Reid et al., 2003). The peptide toxins CgTx and AgTx
are large molecules (3039 Da and 5202 Da respectively). A plausible explanation for
these observations was thus that the toxins penetrated poorly through the dense
tissue of the slice, and reached a relatively small proportion of their target Ca2+
channels during the 25 min exposure. It should be noted that in these and subsequent
control experiments, the effect of the first drug had often not reached a steady state
before the second drug was added. Thus over a longer time period CgTx may have
caused a depression larger than 19 ± 7%, but this effect was masked by the addition
of AgTx. The magnitude of depression induced by AgTx is in fact the combined effect
of AgTx and CgTx. These issues result from the slow onset of effects of the peptide
toxins and delayed time to reach steady state. This is again likely to be due to poor
penetration of the peptide molecules through the slice tissue. The values determined
for the effects of the drugs on EPSC amplitude may therefore not be fully accurate.
The problem could be overcome by allowing prolonged exposure to each toxin until
steady state was reached, e.g. one hour in CgTx followed by one hour in AgTx.
However, this raises the technical difficulty of maintaining stable long-duration whole
cell patch clamp recordings. The high failure rate would make this experimental
approach time-consuming.

Subsequent experiments aimed to attempt to overcome the problem of peptide
Ca2+ channel antagonists penetrating only into the superficial layers of the slice.
Hippocampal slices were pre-exposed to the selective Ca2+ channel antagonists for
two hours in a custom-built submersion chamber. A major disadvantage of this
experimental approach is that it is was impossible to quantify the effects of the Ca2+
channel antagonists when applied in this way, since parameters such as EPSC
amplitude cannot be compared in the same neuron before, during and after drug
application. In the first series of experiments, slices were pre-exposed to CgTx for two
hours in the submersion chamber. Once a 15 min baseline had been recorded, AgTx
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(100 nM) was applied for 25 min, followed by NiCI (100 pM) for 25 min. The aim of
applying NiCI was to test for involvement of R-type Ca2+ channels. AgTx depressed
EPSCs to 69 ± 8% of baseline (p < 0.01, n = 6, Fig 7.1 B^, with NiCI causing a further
depression to 41 ± 9% of baseline (p «

0.0001, n = 6). The depression caused was

31 ± 8% by AgTx and 28 ± 9% by NiCI. This suggests a possible contribution of up to
30% by R-type Ca2+ channels to AMPA-kainate EPSCs at Schaffer collateral
connections onto CA1 stratum radiatum interneurons. However, a more plausible
explanation is that the effects of AgTx had not reached steady state at the point when
NiCI was applied. Thus if an exposure longer than 25 min had been used, a larger
depression may have been elicited by AgTx, with less effect upon EPSC amplitude
subsequently exerted by NiCI. A large EPSC component was present following pre
exposure to CgTx and application of AgTx, indicating that blockade of N-type and
P/Q-type Ca2+ channels was incomplete under these experimental conditions. In an
attempt to achieve a total blockade of N-type and P/Q-type Ca2+ channels, slices were
incubated for two hours in both CgTx and AgTx. EPSCs were virtually abolished in
slices subjected to this procedure. Whole cell voltage-clamp recordings were made
from CA1 stratum radiatum interneurons. Large amplitude EPSCs could not be
elicited. Stimulus electrodes were re-positioned multiple times during recoding in order
to verify that only low amplitude EPSCs could be elicited (n = 6 cells in 6 separate
slices. Fig 7.1C1&2). Accurate representations of stimulus and recording electrode
positions were recorded. Even at high stimulus intensities (> 300 pA) with two bipolar
stimulus electrodes placed close to the cell, maximal EPSC amplitude was generally <
50 pA, as compared to < 400-500 pA in control slices taken from the same batch at
the same time, incubated in the submersion chamber in the absence of the Ca2+
channel antagonists. Fig 7.1C2 shows typical EPSC traces recorded in control slices
and in slices following 2 hrs pre-exposure to both CgTx and AgTx. Only very low
amplitude EPSCs could be elicited following incubation in both toxins, suggesting
extensive blockade of both N-type and P/Q-type Ca2+ channels, with a consequent
large reduction in glutamate release elicited via extracellular stimulation of Schaffer

collaterals. Fig 7.1Ci shows the time course of EPSCs recorded following 2 hrs pre
exposure to CgTx and AgTx. EPSCs generally ^ 50 pA were recorded. The figure
shows raw EPSC amplitudes in pA, since normalisation of such low values would
produce widely scattered points. Addition of NiCI to block R-type Ca2+ channels
caused a further reduction in EPSC amplitude, indicating that R-type channels make a
small contribution to glutamate release at Schaffer collateral synapses onto CA1
stratum radiatum interneurons.
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Figure 7.1 Three series o f control experiments were carried out in order to test the
efficacy of selective Ca2+ blockers. The peptide toxins oj-Conotoxin GVIA (250 nM)
and uj-Agatoxin IVA (100 nM) were used to block N-type channels and P/Q-type
channels respectively. A 1&2. CgTx and AgTx both induce depression of EPSCs.
However, the substantial remaining EPSC component suggests an incomplete
blockade of N-type and P/Q-type channels. B 1&2. EPSCs are depressed by AgTx
following two hour pre-exposure to CgTx. Once again the magnitude of the remaining
EPSC component points towards an incomplete blockade of N-type and P/Q-type
channels. A further depression of EPSCs is induced by NiCI, indicating a contribution
of R-type Ca2+ channels to glutamate release. C E P S C s are virtually abolished
following two hour pre-exposure to both CgTx and AgTx. NiCI causes a slight further
depression. C2. EPSCs recorded in control slice (1) and following two hour pre
exposure to both CgTx and AgTx (2).
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Control experiments demonstrated that N-type and/or P/Q-type Ca2+ channels
could be selectively blocked by a prolonged (> 2 hr) incubation in the peptide
antagonist in a custom submersion chamber with constant gentle stirring. The
objective of the subsequent series of experiments was to determine whether group I
mGluR-mediated acute depression in CA1 interneurons involved a reduction in
glutamate release from Schaffer collateral terminals via an action on presynaptic Ca2+
channels involved in vesicle exocytosis. DHPG was applied following selective
blockade of N-type or P/Q-type Ca2+ channels. When N-type channels were blocked
by 2 hrs pre-exposure to CgTx, DHPG evoked a depression of EPSCs to 63 ± 9 % of
baseline (p < 0.01, n = 6; Fig 7.2A^). This was not significantly different from the
depression observed in control experiments (paired t test, p < 0.01). In contrast, when
P/Q-type channels were blocked by 2 hrs pre-exposure to AgTx, the effect of DHPG
was abolished: a non-significant depression to 92 ± 6% of baseline was observed (p =
0.88, n = 7; Fig 7.23^). Following pre-exposure to CgTx, DHPG caused an increase in
PPR to 105 ± 7%, which did not reach significance (paired t test, p = 0.10; Fig 7.2A2).
This result is surprising, since an elevation in PPR would be expected to accompany
the DHPG-induced depression of EPSC amplitude, based upon all other findings
within this study. The probable explanation is that an increase in PPR occurred, but
fell short of reaching statistical significance due to the relatively large standard
deviation. Following pre-exposure to AgTx, DHPG did not produce any significant
effect upon PPR (97 ± 5%, p = 0.28; Fig 7.2B2).
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Figure 7.2 Group I mGluR-mediated acute depression o f synaptic transmission is
occluded by blockade o f P/Q-type but not N-type Ca2+ channels. A, Effect of DHPG on
EPSC amplitude (± SEM) when applied following a two hour pre-incubation in the
selective N-type Ca2+ channel blocker co-conotoxin GVIA (CgTx) (n = 6). B, Effect of
DHPG when applied following incubation in the selective P/Q-type Ca2+ channel
blocker co-agatoxin IVA (AgTx) (n - 7). C, Summary of results, showing mean EPSC
amplitude in the presence of DHPG, normalized to baseline.
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7.4 D iscu ssio n

Initial control experiments demonstrated that application of CgTx followed by
AgTx via the perfusion system did not result in a complete blockade of N-type and
P/Q-type Ca2+ channels. The maximum total depression elicited by the combined
effect of these two selective antagonists was 42 ± 7%. Previous studies have
suggested that N-type and P/Q-type Ca2+ channels are almost entirely responsible for
mediating the influx of Ca2+ into the presynaptic terminal that triggers release of
neurotransmitter, with some residual contribution from R-type Ca2+ channels (see Wu
and Saggau, 1997; Reid et al., 2003). Thus the maximum total depression expected if
CgTx and AgTx fully blocked their target Ca2+ channels would be closer to 90%.
Previous studies by Poncer et al. (1997; 2000) using paired recordings combined with
selective peptide Ca2+ channel antagonists have shown that, at GABAergic synapses
in the hippocampus, transmitter release is triggered entirely by either N-type or P/Qtype channels, depending upon the identity of the interneuron. IPSPs (inhibitory
postsynaptic potentials) generated by interneurons located in stratum radiatum were
fully abolished by the N-type Ca2+ channel antagonist co-conotoxin MVIIA, while IPSPs
generated by interneurons in stratum lucidum and stratum oriens were entirely
blocked by the P/Q-type Ca2+ channel antagonist oo-agatoxin IVA. As discussed
previously, excitatory synaptic connections onto hippocampal interneurons are a
poorly described class of synapse, and the presynaptic Ca2+ channels involved in
mediating glutamate release have not yet been characterised. If similar mechanisms
operate at both glutamatergic and GABAergic synapses, it may be expected that
glutamate release would be triggered entirely by either N-type or P/Q-type channels,
and that N-type channels would be responsible in stratum radiatum interneurons
(Poncer et al., 1997; 2000). If this were the case, only one of the selective Ca2+
channel antagonists would have been effective, and would have suppressed EPSCs
almost to baseline. On the other hand, studies on excitatory synapses in autaptic
cultures prepared from hippocampal pyramidal cells have demonstrated non-uniform
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distribution of N-type and P/Q-type channels, even at terminals originating from the
same afferent (Reid et al., 1997). However, these experiments were carried out in
autaptic cultures, and no studies have been performed at excitatory connections onto
interneurons in hippocampal slices. The composition of the population of presynaptic
Ca2+ channels involved in mediating glutamate release, and their distribution at
presynaptic terminals, are therefore unknown. In the present study, both CgTx and
AgTx elicited some depression of EPSCs. There is extensive evidence for widespread
variation in both morphological and functional properties between glutamatergic and
GABAergic synapses. It is therefore entirely possible that both N-type and P/Q-type
channels are responsible for triggering glutamate release at excitatory connections
onto CA1 stratum radiatum interneurons. A bimodal distribution of results was not
observed, lending no support to the hypothesis that only one type of channel is
responsible for mediating glutamate release at connections onto distinct interneuron
subtypes. The combined effect of both toxins did not depress EPSCs to baseline
following a 50 min exposure to CgTx and 25 min exposure to AgTx. It is possible that
an increased depression would have been observed with longer exposure to the
antagonist, potentially reaching ^ 90% if sufficient recording time were allowed (e.g.
one hour in each toxin). However, this raises the technical difficulty of making
extremely long-duration patch clamp recordings, especially given that further
experimentation with mGluR-selective drugs was necessary once blockade of
presynaptic Ca2+ channels had been successfully established. The relatively low total
depression elicited by the two toxins suggests an incomplete blockade of presynaptic
N-type and P/Q-type Ca2+ channels (see Wu and Saggau, 1997; Reid et al., 2003).
This was likely to be due to poor penetration of the high molecular weight peptide
toxins into the slice tissue. This problem was compounded by variation in the depth of
the recorded neuron within the slice. All neurons from which patch clamp recordings
were made are in the relatively superficial layers of the slice, due to limitations of
visualisation of neurons under DIC microscopy, and penetration of the patch pipette
through the tissue. However, there was still considerable variation in the depth of the
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soma of the recorded cell within the slice. If there are limitations upon how far the
peptide toxins can penetrate into the tissue, there is likely to be some correlation
between the magnitude of depression of transmitter release, and the depth of the
neuron within the slice. This represented a clear source of error, and an improved
experimental design which allowed for maximal blockade of target Ca2+ channels by
CgTx and AgTx was required. Pre-incubating slices for a prolonged period (2 hours) in
a submersion chamber with a small volume of ACSF containing peptide selective Ca2+
channel antagonists overcame the difficulty of long exposures being required in order
to achieve blockade of Ca2+ channels, by allowing increased time for the toxins to
penetrate through the tissue and access their target Ca2+ channels. Constant stirring
of the ACSF within the chamber also assisted in circulation of the toxins within the
tissue. However, since electrophysiological recordings were not being made during
application of the antagonists, it was impossible to follow and quantify blockade of the
Ca2+ channels. Following exposure to only one antagonist (either CgTx or AgTx), the
extent of the blockade could not be confirmed, since Ca2+ influx occurred through the
remaining channel type, and EPSCs could still be evoked via extracellular stimulation.
It is impossible to determine the degree to which one subtype may compensate for
blockade of the other. When slices were pre-exposed for 2 hrs to both CgTx and
AgTx, EPSCs were virtually abolished, and could not be evoked when recording from
several cells across numerous slices, even when the stimulus electrode was re
positioned multiple times within CA1 stratum radiatum (see Fig 7.1C2). These
observations would suggest that application of CgTx and AgTx via prolonged
exposure in the submersion chamber resulted in successful blockade of target N-type
and P/Q-type Ca2+ channels. However, this type of control experiment is considerably
less direct and robust than monitoring blockade of Ca2+ channels via continuous
electrophysiological recording. When blocking only one type of channel via pre
exposure to the selective peptide antagonist in the submersion chamber, it was
impossible to confirm that the channel had been fully blocked, since EPSCs would still
be evoked due to glutamate release elicited via entry of Ca2+ via the other type of
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channel. Nevertheless, given the technical constraints encountered, this experimental
design was selected as the best available under the circumstances. To enhance
reliability o f the data, use of knockout mice for either N-type or P/Q-type Ca2+
channels would provide a substrate for testing efficacy of subtype-selective
antagonists.

The control experiments carried out using prolonged pre-incubations in either
CgTx or AgTx in the submersion chamber suggested that either N-type or P/Q-type
channels (or both types) could be entirely blocked by a two hour pre-exposure in one
of the peptide toxins. Slices in which one population of presynaptic Ca2+ channels had
been entirely blocked in this way were subsequently transferred to the recording
chamber, with continued application of the specific peptide Ca2+ channel antagonist
via the perfusion system throughout the experiment. Following recording of a stable
EPSC baseline, DHPG was applied for 20 min in order to determine whether the
magnitude of group I mGluR-mediated acute depression was affected by blockade of
N-type or P/Q-type Ca2+ channels. Blockade of N-type Ca2+ channels by 2 hr pre
exposure to CgTx resulted in a large depression of EPSCs in response to DHPG,
which was not significantly different in magnitude from control experiments (Fig
7.2A-,). In contrast, blockade of P/Q-type Ca2+ channels by 2 hr pre-exposure to AgTx
fully abolished DHPG-induced depression of EPSCs (Fig 7.2B-i; data summarized in
Fig 7.2C). The results presented in this study argue that N-type Ca2+ channels are not
the target of the cascade leading from group I mGluR activation. Instead they are
consistent with the hypothesis that postsynaptic group I mGluR activation in CA1
stratum radiatum interneurons leads to inhibition of presynaptic P/Q-type Ca2+
channels at Schaffer collateral axon terminals via a retrograde signal, resulting in a
decrease in glutamate release and hence a reduction in EPSC amplitude. However,
these findings should be interpreted with caution, because an effect on transmitter
release independent of any modulation of Ca2+ channels could give the same result if
P/Q-type channels co-localized with a sub-population of release sites that were
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sensitive to group I mGluRs - see Rusakov et al., (2004). One interesting aspect of
these findings is that DHPG-induced depression of EPSCs was not significantly
greater than in control studies when N-type Ca2+ channels were blocked by pre
incubation in CgTx. If the effects of group I mGluR activation were mediated by
depression of glutamate release via inhibition of exclusively P/Q-type Ca2+ channels,
then an almost total attenuation of EPSC amplitude would be expected in response to
DHPG application when only P/Q-type channels were left intact due to blockade of Ntype channels by CgTx. This result remains unexplained, but suggests that
presynaptic boutons do not simply fall into two classes, i.e. those that use N-type Ca2+
channels and are insensitive to DHPG and those that use P/Q-type channels and are
sensitive.

Despite the uncertainty surrounding the retrograde factor, the present study
implies that DHPG-induced depression in CA1 interneurons is expressed through a
presynaptic mechanism. It persisted when N-type channels were blocked, but was
occluded when P/Q-type channels were blocked. The preferential involvement of P/Qtype channels is unexpected because N-type Ca2+ channels are more usually
implicated as downstream targets in cascades involving modulation of synaptic
transmission. CB1 receptor agonists have been argued to act on N-type channels at
GABAergic terminals (Wilson et al., 2001). Previous studies have also demonstrated
that N-type Ca2+ channels are considerably more sensitive to G protein modulation
than P/Q-type channels (Zhang et al., 1996; Currie and Fox, 1997). Furthermore, Ntype channels, rather than P/Q-type channels, have been identified as major targets in
group III mGluR modulation of synaptic transmission (Millan and Sanchez-Prieto,
2002; 2002a; Millan et al., 2002b; 2003; Rusakov et al., 2004). However, the previous
evidence that endocannabinoids act on N-type channels in hippocampal interneurons
is based on occlusion experiments, which are open to alternative interpretation, and
direct evidence that Ca2+ influx is reduced has not been reported (Rusakov et al.,
2004). Furthermore, although N-type Ca2+ channels have been strongly implicated as

208

the main targets in group III mGluR modulation of synaptic transmission (Millan and
Sanchez-Prieto, 2002; 2002a; Millan et al., 2002b; 2003; Rusakov et al., 2004),
functional coupling between group I mGluRs and presynaptic Ca2+ channels is less
well understood. Group I mGluR activation has been shown to inhibit presynaptic Ca2+
currents in the neocortex (Choi and Lovinger, 1996) and basal ganglia (Stefani et al.,
1998). Studies in Xenopus oocytes have shown that N-type Ca2+ channels are
sensitive to modulation by mGluR5a (Sanchez-Prieto et al., 2004). An important
recent study by Kitano et al. (2003) demonstrated that m G luR la and the pore forming
Cav2.1 subunit of P/Q-type Ca2+ channels are strongly co-localised in cultured rat
brain cerebellar Purkinje neurons, and when co-expressed in heterologous expression
systems (COS-7 cells). This association occurred via direct interaction between the Cterminal intracellular domains of the two proteins. Activation of m G luRla via DHPG
application resulted in a strong inhibition of Ca2+ influx via P/Q-type channels, as
demonstrated by fluorescent Ca2+ imaging and whole-cell electrophysiological
recordings. The study of Kitano et al. (2003) therefore provides strong evidence for
functional coupling between group I mGluR activation and inhibition of Ca2+ influx
specifically via P/Q-type channels. Although such mechanisms have not yet been
demonstrated in the hippocampus, it remains entirely possible that at glutamatergic
synaptic connections onto CA1 stratum radiatum interneurons, group I mGluRs couple
preferentially to P/Q-type, rather than N-type, Ca2+ channels in order to bring about a
reduction of Ca2+ influx into the presynaptic terminal, with consequent inhibition of
neurotransmitter release. However, this functional coupling may not necessarily
involve a direct physical interaction, since anatomical evidence strongly supports
predominantly postsynaptic expression of group I mGluRs in the hippocampus (Martin
et al., 1992; Baude et al., 1993; Lujan et al., 1996; Shigemoto et al., 1997; Lujan et al.,
1997; Petralia et al., 1997; Lopez-Bendito et al., 2002).
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Chapter 8. Group I mGluR-mediated heterosynaptic depression in
CA1 interneurons

8.1 Introduction
Group I mGluRs are involved in mediating both short- and long-term synaptic
plasticity. Group I mGluR-mediated LTD has been characterised in CA1 pyramidal
cells (e.g. Palmer et al., 1997; Overstreet et al., 1997; Fitzjohn et al., 2001; Huang
and Hsu, 2005; see Chapter 1, Section 1.4.5.3). Despite their possible role in LTD,
previous studies have suggested that group I mGluRs do not contribute to long-term
potentiation in stratum radiatum interneurons (Perez et al., 2001; Lapointe et al.,
2004). In the present study, robust group I mGluR-evoked LTD was not observed in
CA1 stratum radiatum interneurons, except when mGluRI was blocked using
LY367385, allowing mGluR5 to be selectively activated by DHPG application (Chapter
5, Section 5.3.6). Synaptic stimulation protocols such as prolonged low-frequency
activity that might induce a form of use-dependent mGluR-mediated LTD were
therefore not pursued exhaustively. Instead, evidence was sought that glutamate
release in a separate afferent pathway could mimic the effect of exogenous agonist
application. Within this thesis, a more relevant issue than long-term synaptic plasticity
is whether group I mGluR-mediated acute depression contributes to short-term
heterosynaptic interactions. An important question regarding the physiological role of
group I mGluR-mediated acute depression of excitatory synaptic transmission to CA1
interneurons is whether the effect of DHPG can be mimicked by synaptic release of
the endogenous ligand glutamate. If so, it is necessary to determine whether
glutamate released from one Schaffer collateral terminal can activate group I mGluRs
at other, nearby independent synaptic connections onto CA1 interneurons, causing
depression of excitatory transmission.
The classical view of fast chemical synaptic transmission was that
neurotransmitter molecules act locally upon postsynaptic receptors and are cleared
rapidly from the synaptic cleft within a few milliseconds, both by diffusion and specific
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re-uptake mechanisms. Many ionotropic receptors have relatively low affinities for
their endogenous agonist, and together with the fact that rapid clearance by specific
transporters restricts the spread of neurotransmitter, synaptic transmission was
thought to occur in a simple point-to-point fashion. However, there is now extensive
evidence that diffusion of glutamate from the synaptic cleft can activate receptors at
other nearby synapses. This phenomenon is known as spillover, and is responsible
for cross-talk between neighboring synapses (Asztely et al., 1997; Rusakov and
Kullmann, 1998; Semyanov and Kullmann, 2000; Arnth-Jensen etal., 2002; Scimemi
et al., 2004). Glutamate spillover has been shown to lead to activation of inhibitory
presynaptic mGluRs at other synapses located close to the original release site. This
phenomenon has been demonstrated at glutamatergic mossy fibre synapses in the
hippocampus (Scanziani et al., 1997; Vogt and Nicoll, 1999); at GABAergic synapses
in the cerebellum (Mitchell and Silver, 2000); and among interneuron networks in the
CA1 subfield of the hippocampus (Semyanov and Kullmann, 2000). Given that
different classes of synapse vary widely in functional properties and expression of preand postsynaptic neurotransmitter receptors, it is important to determine whether
group I mGluR-mediated depression of EPSCs at excitatory connections onto CA1
interneurons could be evoked by spillover of glutamate from nearby synapses. This
would shed further light upon the physiological role of group I mGluRs within the
hippocampal network.
The aim of the projects discussed in this chapter was to determine whether the
effects of the exogenous selective group I mGluR agonist DHPG upon excitatory
transmission to CA1 interneurons could be reproduced by endogenously released
glutamate. A number of experimental protocols were tested, which were designed to
activate group I mGluRs using stimulus-evoked glutamate release at Schaffer
collateral connections onto CA1 stratum radiatum interneurons. The main objective
was to examine heterosynaptic effects; that is, to attempt to activate group I mGluRs
via spillover of glutamate released from an independent Schaffer collateral pathway.
This would determine whether the powerful modulatory effect upon excitatory synaptic
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transmission to CA1 interneurons revealed using the potent exogenous agonist DHPG
could be reproduced by release of the endogenous ligand glutamate; and
demonstrate whether there were any differences in the properties of the modulatory
effect when elicited in this way.

8.2 Methods
Whole-cell voltage-clamp recordings of pharmacologically-isolated AMPA
EPSCs were obtained from CA1 stratum radiatum interneurons as described
previously (Chapter 2; also Chapter 5, Section 5.2). CGP52432 (5 pM) was included
in order to block GABAb receptors, which have been shown to mediate long-range
heterosynaptic actions in the hippocampus (Isaacson et al., 1993), and could thus
potentially lead to complications in interpretation of results. A two-pathway
experimental design was used (Fig 8.1C). Both stimulus electrodes were positioned
within CA1 stratum radiatum to activate Schaffer collaterals. Stimulus intensity was
adjusted so that evoked EPSC amplitude was the same from both pathways. EPSC
amplitude was 250-300 pA in most experiments. One stimulating electrode (the test
pathway, A) was positioned to generate single EPSCs in interneurons, followed by
paired EPSCs so that PPR could be determined, followed by a calibration pulse in
each recording cycle. The second stimulus electrode was used to deliver trains of
stimuli to an alternate, independent pathway (the conditioning pathway, B). The aim
was to elicit substantial glutamate release from the independent conditioning pathway,
and determine whether spillover would activate group I mGluRs in the test pathway.

Two experimental designs were tested. The first involved brief trains of stimuli
(5 pulses at 50 Hz) delivered to the conditioning pathway within each duty cycle, in
order to determine whether spillover of glutamate from this pathway affected the
amplitude of single EPSCs and PPR in the test pathway. The second experimental
design involved recording a long baseline of 20 minutes, with single and paired stimuli
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delivered to the test pathway in each duty cycle. Single stimuli were also delivered to
the conditioning pathway in each duty cycle to confirm that EPSCs of consistently the
same amplitude were elicited. Following a 20 min baseline, a single tetanic stimulation
of 100 pulses at 100 Hz was delivered to the conditioning pathway, in order to evoke a
large release of glutamate from presynaptic Schaffer collateral terminals, thereby
raising ambient glutamate concentration within the extracellular space. This single
dramatic elevation in glutamate concentration may thus increase activation of
modulatory receptors at connections within the test pathway. A further 20 min was
then recorded, in order to determine whether tetanic stimulation of the conditioning
pathway altered EPSC amplitude in the test pathway.

Cross paired-pulse analysis was used to verify that both pathways were fully
independent. The degree to which test and conditioning pathways were independent
was assessed by looking for paired-pulse cross-facilitation. In each recording, prior to
running the main experimental protocol, a separate protocol was used to assess
cross-paired pulse facilitation. Results were determined from the average of 30 cycles
(25 sec per cycle, total 12.5 minutes). Each duty cycle comprised paired pulses at 20
Hz delivered to the test pathway (A) and conditioning pathway (B) in the following
order: AA, BB, AB, BA. If test and conditioning pathways were fully independent,
paired-pulse facilitation should be observed within each pathway, but not when a
pulse was delivered following a stimulus to the other pathway (Fig 8.1E). Cells were
rejected if cross-paired pulse analysis did not demonstrate that test and conditioning
pathways were fully independent.
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8.3 Results

8.3.1 Heterosynaptic depression of glutamatergic transmission to CA1 interneurons is
not induced by short conditioning bursts to an independent Schaffer collateral
pathway
In investigating whether heterosynaptic depression could be evoked at
excitatory connections onto CA1 interneurons, the first experimental design tested
was an adaptation of a protocol previously shown to elicit heterosynaptic depression
of IPSCs in CA1 interneurons by group III mGluRs via glutamate spillover (Semyanov
and Kullmann, 2000). The objective of this set of experiments was to determine
whether relatively small amounts of glutamate released by a brief stimulus train to an
independent Schaffer collateral pathway would activate group I mGluRs within a short
time interval. Single and paired EPSCs were elicited in the test pathway by the first
stimulus electrode. The second stimulus electrode was used to deliver a short burst of
5 stimuli at 50 Hz to the conditioning pathway. This was followed by a single stimulus
to the test pathway after a short delay to elicit a single EPSC (Fig 8.1 A & B). Control
trials and trials with conditioning stimuli were interleaved within in each duty cycle.
The delay between conditioning train and test stimulus was 100 ms. The duty cycle
was as follows: (i) single stimulus to test pathway; (ii) paired stimuli at 20 Hz to test
pathway to examine PPR; (iii) single stimulus to test pathway, preceded by 5 pulses at
50 Hz to conditioning pathway with 100 ms interval; (iv) no stimuli; (v) calibration
pulse. Inter-trial interval was 5 s, giving a 25 s duty cycle. Evoked EPSC amplitude
varied between cycles in all experiments carried out in this project. In other words,
there was a small variation in EPSC amplitude in response each stimulus, even
though stimulus intensity remained fixed. This variability results mainly from
probabilistic quantal glutamate release. However, comparing amplitudes of control
EPSCs with EPSCs following the conditioning train within each individual cycle would
not yield accurate results, since any heterosynaptic effects may be obscured by this
natural variation. The time course showing EPSC amplitude throughout the
experiment is therefore not shown. Instead, it was necessary to record as many data
points as possible and compare mean values for test EPSC amplitude in control and
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conditioning trials over the entire experiment. The mean amplitude of the single EPSC
in the test pathway was compared with and without prior delivery of the conditioning
burst, in order to determine whether the stimulus burst to the conditioning pathway
altered EPSC amplitude in the test pathway. A 30 min baseline (25 sec per cycle, total
72 cycles) was recorded in the presence of DL-APV (50 pM), picrotoxin (100 pM) and
GCP52432 (5 pM) to record isolated AMPA currents in the usual manner, in order to
determine whether any heterosynaptic effects occurred in the absence of
pharmacological agents acting upon neurotransmitter systems involved in modulation
of synaptic transmission. Following the 30 min baseline, all mGluRs were blocked
using the selective group III mGluR antagonist MSOP (100 pM) together with MCPG
(500 pM), which acts as an antagonist at group I and II mGluRs (Schoepp et al.,
1999). A further 30 min (72 cycles) was recorded in the presence of the mGluR
antagonists. Blocking all mGluRs would indicate whether there was any effect upon
heterosynaptic depression mediated by this class of modulatory receptor. If any
change in heterosynaptic depression was observed, the individual mGluR subtypes
involved could be identified in subsequent experiments using more selective
pharmacological agents.

EPSCjest refers to cycles in which the E P S C in the test pathway (A) was

preceded by a stimulus burst in the conditioning pathway (B); E PS C Controi refers to
cycles in which no stimuli were delivered to the conditioning pathway. With a 100 ms
interval between conditioning burst and test stimulus, the mean ratio of
EPSCjest/EPSCcontroi was 90 ± 9%. This depression of test EPSCs relative to control

was non-significant (paired ttest, p = 0.15, n = 5, Fig 8.1D). This result fell only just
short of reaching statistical significance, suggesting that a small heterosynaptic
depression may be induced by activation of mGluRs by relatively small amounts of
glutamate released by a brief stimulus train to an independent Schaffer collateral
pathway. Subsequently, experiments were carried out in the presence of the mGluR
antagonists M C P G (500 pM) and MSOP (100 pM). During the subsequent 30 min of
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the recording, the mean ratio of E P S C Test/EPSCcontroi was 95 ± 7%. This effect was not
significant (p = 0.49, n = 5, Fig 8.1D). The effect of mGluR antagonists on the ratio of
EPSCyest/EPSCcontroi was not significant (paired t test, p = 0.15, n = 5).
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Figure 8.1. Glutamate release elicited by five conditioning pulses in each recording
cycle did not elicit heterosynaptic depression. A, In control trials, a single EPSC was
evoked in the test pathway (A) only. In conditioning trials, the test EPSC was
preceded by a burst of 5 stimuli at 50 Hz to evoke EPSCs in the independent
conditioning pathway (B), thereby raising the ambient glutamate concentration within
the extracellular space. The interval between conditioning burst (pathway B) and test
EPSC (pathway A) was 100 ms (represented by arrow). Control and conditioning trials
were delivered within each duty cycle (total 144 cycles per experiment). B,
Representative sample traces from a single neuron, showing control and conditioning
trials (averages o f 20 cycles). C, Schematic representation o f transverse hippocampal
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slice, showing position of recording and stimulus electrodes. D, Mean values (± SEM)
for EPSC amplitude in test pathway (A) following conditioning burst, normalised by
mean value of control trials. A small heterosynaptic depression of EPSCs was
detected in the test pathway, but did not reach significance. The magnitude was
reduced very slightly when all 8 mGluR subtypes were blocked using MCPG (500 pM)
and MSOP (100 pM), but the difference was not significant. E, Mean values (± SEM)
for PPR. Cross paired-pulse analysis was used as a criterion to confirm that test and
conditioning pathways were independent. Paired-pulse facilitation (PPF) occurred
within each pathway (AA, BB), but paired-pulse stimulation across pathways (AB, BA)
did not affect paired-pulse ratio (PPR ~ 1), confirming that test and conditioning
pathways were independent. Cells were rejected if stimulation of one pathway
significantly affected PPR in the other.

8.3.2 The excitatory amino acid transporter antagonist TBOA caused experimental
difficulties, and did not enhance heterosynaptic effects
Experiments described in the previous section indicated that no apparent
heterosynaptic effects were evoked by a short burst of stimuli to the conditioning
pathway, followed after a 100 ms interval by a single EPSC to the test pathway. One
possible explanation is that the increased level of glutamate released in response to
the conditioning stimulus was rapidly cleared from the extracellular space by uptake
via excitatory amino acid transporters (EAATs), before diffusion of glutamate to
nearby synapses and activation of mGluRs in the test pathway could take place.
There is substantial evidence that increasing glutamate availability in the extracellular
space through inhibition of EAATs enhances spillover and consequent mGluRmediated heterosynaptic effects (Semyanov and Kullmann, 2000; Brasnjo and Otis,
2001; Zhang and Sulzer, 2003; Marcaggi et al., 2003; see Discussion). The aim of
the experiments described in this section was therefore to block EAATs, prolonging
the availability of glutamate released in response to the conditioning burst within the
extracellular space. It was proposed that inhibition of glutamate re-uptake may lead to
enhanced diffusion of neurotransmitter to nearby synapses (spillover), and thus an
increased probability of detecting mGluR-mediated heterosynaptic effects in the
independent test pathway.
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Five subtypes of EAATs (EAAT1-5) have been cloned from mammalian
tissues. EAAT1 and EAAT2 have the greatest impact on clearance of glutamate
released during neurotransmission, and are abundantly expressed in the plasma
membranes of glial cells at excitatory synaptic connections (Seal and Amara, 1999;
Amara and Fontana, 2002; Shigeri et al., 2004; see Discussion). TBOA is a
competitive, non-transportable blocker which is highly selective for the EAAT1 and
EAAT2 transporter subtypes (Shimamoto et al., 1998; Shigeri et al., 2004). TBOA was
bath applied at a concentration of 50 pM. The duty cycle was identical to that used in
the previous series of experiments (Section 8.3.1) - (i) single stimulus to test pathway;
(ii) paired stimuli at 20 Hz to test pathway to examine PPR; (iii) single stimulus to test
pathway, preceded by 5 pulses at 50 Hz to conditioning pathway; (iv) no stimuli; (v)
calibration pulse. Inter-trial interval was 5 s, giving a 25 s duty cycle. The delay
between conditioning train and test stimulus was 100 ms. Experiments had a total
recording duration of 60 min, and were carried out as follows: (i) 20 min baseline; (ii)
20 min in the presence of TBOA, to determine whether blockade of EAAT1 and
EAAT2 affected the magnitude of heterosynaptic effects induced by the 5 pulse
conditioning train; (iii) 20 min in the presence of TBOA, MCPG and MSOP, to
determine whether blockade of all 8 mGluR subtypes affected heterosynaptic effects.

TBOA application caused a number of experimental difficulties. Whole-cell
voltage clamp recordings were made from a total of 7 CA1 stratum radiatum
interneurons in this set of experiments. Recordings were entirely stable in terms of
Ihold>Rs and EPSC amplitude during the baseline period. Bath application of TBOA (50
pM) appeared to be responsible for loss of recording in 4 of 7 cells (57% of cells
overall). Within 2 to 6 min of TBOA application, dramatic elevations in EPSC
amplitude were observed, together with alterations in EPSC kinetics. EPSC amplitude
became larger and highly variable between stimuli. EPSC kinetics were also markedly
altered, changing from smooth curves with rapid return to baseline, indicating clean
monosynaptic EPSCs; to slower currents with jagged decay (suggesting polysynaptic
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effects) and much slower return to baseline. These alterations to stimulus-evoked
EPSCs were shortly followed within 1 to 4 min by a large increase in lh0id, resulting in
loss of the whole-cell recording (n = 4 of 7 cells). These effects were clearly
attributable to the effects of TBOA, given that the cells were entirely stable for over 20
min prior to application of the drug, and recordings were lost within 2 to 6 min of
TBOA application. In 3 of 7 cells, these effects did not occur, and the 60 min
experiment was completed. However, TBOA application nonetheless caused a
serious problem which prevented meaningful interpretation of the results. In the
absence of TBOA, EPSC amplitude returned to baseline following the conditioning
burst of 5 stimuli to pathway B, such that the amplitude of the subsequent single
EPSC to the test pathway (A) which followed after 100 ms was measured from
baseline (Fig 8.2A!). In the presence of TBOA, EPSC amplitude was markedly
altered, even in cells which did not experience a large jump in lh0id with consequent
loss of the recording. Blockade of EAAT1 and EAAT2 increased the ambient
glutamate concentration in the extracellular space, blocking uptake by these
transporters in the plasma membrane of astrocytes close to the excitatory synapse.
This resulted in dramatically increased short-term potentiation during the conditioning
burst, and a slowing of the return of EPSC amplitude towards baseline (Fig 8.2A2).
With a 100 ms interval between conditioning burst and test EPSC, the amplitude had
not returned to baseline. The single EPSC evoked in the test pathway (A) therefore
occurred during the decay of the 5 pulse conditioning train evoked in the conditioning
pathway (B). It was impossible to accurately determine the amplitude of the test EPSC
and compare with control, since it was not measured from baseline. Control and
conditioning trials were delivered during each duty cycle. The single test EPSC to
pathway A was measured from baseline during control trials, since it was not
preceded by a conditioning stimulus burst to pathway B. However, during conditioning
trials, the test EPSC to pathway A occurred during decay of the conditioning burst
EPSCs from pathway B. This decay was greatly lengthened by blockade of EAAT1
and EAAT2 by TBOA. Since the amplitude of the single test EPSC to pathway A was

thus not measured from baseline in conditioning trials, interpretation of the results
from experiments in the presence of TBOA was impossible. Test EPSC amplitude
could not be accurately compared between control and conditioning trials. It was
therefore impossible to detect any heterosynaptic effects induced by the 5 pulse
conditioning burst when glutamate uptake was blocked using TBOA. The interval
between conditioning burst and test EPSC was increased from 100 ms to 250 ms, in
order to determine whether EPSC amplitude would return to baseline following the
conditioning burst with this longer interval. Following a 20 min baseline, CA1 stratum
radiatum interneurons were exposed to TBOA for 30 min, using the 250 ms interval
throughout the experiment (n = 3). In all 3 cells, EPSC amplitude did not return to
baseline during the 250 ms following the 5 pulse conditioning burst to pathway B (Fig
8.2Bi &2). Even with this extended interval, analysis of heterosynaptic effects induced
by the 5 pulse burst to the independent conditioning pathway therefore remained
impossible.
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Figure 8.2 Traces from experiments which aimed to induce heterosynaptic
depression o f glutamatergic transmission to CA1 interneurons in a test pathway (A) by
delivering conditioning trains o f five stimuli to an independent conditioning pathway
(B). A1t EPSC amplitude returned to baseline during the 100 ms interval between
conditioning burst (pathway B) and single test EPSC (pathway A). A * When
glutamate concentration in the extracellular space was raised by blocking uptake
using the selective EAAT1 and EAAT2 antagonist TBOA (50 pM), short-term
potentiation o f EPSCs during the conditioning train was much greater, and EPSC
amplitude did not return to baseline during the 100 ms interval (dotted line shows
baseline). The single test EPSC (pathway A) was delivered during return of EPSCs
towards baseline, making interpretation o f the results impossible. B1&2j A similar
difficulty was encountered even when the interval between conditioning burst and test
EPSC was increased to 250 ms.

8.3.3 Heterosynaptic depression was induced in the test pathway by a single tetanic
stimulus to the independent conditioning pathway
A second experimental design was tested in order to determine whether
heterosynaptic depression could be induced at excitatory synaptic connections onto
CA1 stratum radiatum interneurons. An alternative strategy was employed in order to
evoke a large release of glutamate from the conditioning pathway (B), which may then
activate mGluRs in the independent test pathway (A). Rather than delivering a short
burst of 5 stimuli in each cycle, a single large tetanic conditioning stimulus of 100
pulses at 100 Hz was delivered to pathway B once during the experiment, and the
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effect upon EPSC amplitude in pathway A monitored. Following a 20 min baseline, the
conditioning tetanus was delivered in a single cycle and the subsequent 20 min were
recorded. The duty cycle was as follows: (i) single stimulus to test pathway (A); (ii)
paired stimuli at 20 Hz to test pathway (A) to examine PPR; (iii) single stimulus to
conditioning pathway (B); (iv) no stimuli; (v) calibration pulse. Inter-trial interval was 5
s, giving a 25 s duty cycle. Although the aim of the experiment was not to investigate
the effect of the conditioning tetanus on pathway B, it was nonetheless important to
ensure stability of the conditioning pathway during the baseline period by delivering a
single stimulus in each duty cycle, in order to confirm that monosynaptic EPSCs of
consistent amplitude were evoked. A stable baseline in both pathway A and B was
thus one of the criteria for a successful experiment. Homosynaptic depression was not
investigated because in the conditioning pathway, the stimulus protocol would
inevitably evoke a number of phenomena which would preclude accurate analysis of
the data. These include use-dependent forms of synaptic plasticity such as posttetanic potentiation and synaptic depression, and effects mediated by release of
endocannabinoids and/or adenosine.

Tetanic stimulation of the conditioning pathway evoked a small but significant
heterosynaptic depression, which persisted for approximately 5-6 minutes. This was
preceded by a larger, non-specific depression, which was evoked as a result of the
powerful tetanic stimulation of the conditioning pathway. The non-specific depression
subsided within 2 minutes following the tetanus. For this reason, the period of +20 to
+22 minutes overall during the experiment (4 cycles) was not included in the analysis
of the magnitude of the specific heterosynaptic depression (the tetanus was delivered
at +20 minutes). The magnitude of heterosynaptic depression in each interneuron was
determined by taking the mean EPSC amplitude for a 5 minute period (12 cycles)
from 3 to 8 minutes following the tetanus (i.e. +23 to +28 minutes). The mean of this
value across all cells was then calculated to determine the overall magnitude of
depression. The EPSC amplitude following tetanus was 85 ± 4% of baseline (p <
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0.05, n = 6; Fig 8.3A!). This is consistent with group I mGluR-mediated heterosynaptic
depression. However, an alternative interpretation of this result is that glutamate acts
on group III, as opposed to group I, mGluRs. These receptors have been shown to
modulate Schaffer collateral inputs to CA1 interneurons (Scanziani et al., 1998), and
to mediate a short-lasting heterosynaptic depression of GABAergic transmission to
CA1 interneurons lasting < 200 ms (Semyanov and Kullmann, 2000). The contribution
of group III mGluRs was tested by performing the experiment in the continued
presence of the selective antagonist MSOP (100 pM). A 100 Hz tetanus delivered to
the conditioning pathway in the presence of MSOP evoked a depression of EPSCs to
81 ± 7 of baseline, which again persisted for approximately 6 minutes (p < 0.05, n = 5,
Fig 8.3Bi). This demonstrated that group III mGluRs do not contribute to the tetanusevoked heterosynaptic depression of EPSCs. Selective antagonists were used in
order to determine whether group I mGluRs are involved. mGluRI and mGluR5 were
blocked using LY367385 (100 pM) and MPEP (10 pM) respectively. Both mGluRI and
mGluR5 were blocked in initial experiments. If an effect upon the magnitude of
tetanus-induced heterosynaptic depression were found to occur, one or other
antagonist could be omitted in subsequent experiments, in order to determine whether
the depression is mediated by mGluRI, mGluR5, or both subtypes. The contribution
of each subtype could be directly quantified. The greater degree of specificity given by
using this pharmacological approach thus provided a clear advantage over using a
broad-spectrum group I mGluR antagonist such a ACPD. The first set of experiments
was carried out in the continued presence of both selective group I mGluR
antagonists, together with MSOP to block group III mGluRs as in the previous set of
experiments. The 100 Hz tetanus evoked only a non-significant depression (to 95 ±
5% of baseline, n = 6; p = 0.11; Fig 8 .3 0 ^ with shorter recovery (full return to baseline
within 4 minutes). These results argue for a new role of group I mGluRs in mediating
heterosynaptic depression of EPSCs in interneurons.
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Figure 8.3 A single tetanic stimulation delivered to an independent Schaffer collateral
input evoked group I mGluR-mediated heterosynaptic depression. A, Effect of
tetanizing an independent population of afferents on EPSC amplitude (± SEM; A-,)
normalised to baseline amplitude in control experiments. The tetanus was delivered to
an independent conditioning pathway at the time indicated by the arrow, and was
followed by heterosynaptic depression lasting several minutes. A2, Cross-facilitation
results for the same dataset. Absence of cross facilitation (PPR * 1 ) was used as a
criterion for independence of test (A) and conditioning (B) pathways (average of 30
cycles for each condition: AA, BB: each pathway stimulated twice, AB, BA: one
pathway stimulated after the other; data expressed as a ratio of the EPSC evoked
alone). B, Heterosynaptic depression of similar magnitude to control was induced in
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the presence of MSOP to selectively block group III mGluRs. C, Data obtained in the
additional presence of LY367385 and MPEP to block mGluRI and mGluR5,
respectively, showing complete blockade of heterosynaptic depression. D, Summary
of results, showing the EPSC amplitude, measured 3-8 minutes following tetanisation
and normalized by baseline, for each condition.

8.4 Discussion
The present study reveals a novel role for group I mGluRs in modulating
glutamate release from Schaffer collaterals at excitatory synapses on CA1 stratum
radiatum interneurons. A single tetanic stimulation of 100 pulses at 100 Hz delivered
to a conditioning pathway resulted in a small but significant heterosynaptic depression
of an independent test pathway, which persisted for several minutes. This depression
was unaffected by blockade of group III mGluRs, but was abolished by group I mGluR
antagonists (Fig 8.3). Although the effect of synaptic glutamate release from a
neighboring pathway was small, it underestimates the full dynamic range of the
phenomenon (DHPG application caused a roughly 50 % decrease in glutamatergic
drive to interneurons). A possible reason for the small heterosynaptic depression is
that only a minority of Schaffer collaterals innervating the interneuron were activated
by the tetanus. This is in contrast to maximal activation of all group I mGluRs by bath
application of the highly selective exogenous agonist DHPG.
Interleaving a brief train of five stimuli in a separate conditioning pathway with
a single stimulus in the test pathway within each duty cycle failed to elicit significant
heterosynaptic depression of excitatory inputs onto CA1 interneurons (Fig 8.1).
Interestingly, this type of experimental design has previously been used to reveal a
small but robust group III mGluR-mediated heterosynaptic depression of GABA
release among CA1 interneurons (Semyanov and Kullmann, 2000). However, a small
heterosynaptic depression which did not reach significance was seen at glutamatergic
Schaffer collateral connections onto CA1 interneurons in the present study. The
magnitude of this depression was 10 ± 9%, while that observed in the study of
Semyanov and Kullmann (2000) was 14 ± 1%. The latter study had a greater number
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of recorded cells. It would be worthwhile to continue these experiments, in order to
determine whether increasing the n number, and thereby reducing standard deviation
(SD), would cause the results to reach significance. This experimental design could
be altered in a number of ways in order to improve the possibility of evoking
heterosynaptic depression. Firstly, the interval between conditioning burst and test
EPSC could be altered. This approach is problematic, however. Increasing the 100
ms interval (e.g. to 250 ms) is unlikely to enhance heterosynaptic depression. During
the longer interval, increased clearance of glutamate released in response to the
conditioning burst would occur, due both to uptake by EAATs and diffusional
processes. Less glutamate would therefore be available within the extracellular space
to activate mGluRs when the test EPSC was evoked, thus reducing rather than
enhancing heterosynaptic depression. Shortening the interval between conditioning
burst and test EPSC may prove equally problematic, since sufficient time must be
allowed for return to baseline following the conditioning burst before delivery of the
test EPSC (see Fig 8.2). However, reducing the duration of the interval would
increase availability of glutamate within the extracellular space when the test EPSC
was evoked. Determining whether heterosynaptic effects could be induced using a 50
ms or 75 ms interval represents a worthwhile experimental approach for future
studies.
Secondly, the number of stimuli in each conditioning burst could be increased,
e.g. from 5 to 10, thereby raising the amount of glutamate released from the
conditioning pathway in response to each burst. This would elevate glutamate
concentration within the extracellular space, potentially enhancing spillover and
activation of mGluRs in the test pathway. This represents an experimental approach
with the potential to successfully increase the probability of inducing heterosynaptic
effects using this type of protocol. In the present study, it was instead decided to
explore the effect of a single tetanus to the conditioning pathway. However, increasing
the number of stimuli in the conditioning burst is a potentially successful approach for
future experiments. It is important to realise that the number of stimuli in the
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conditioning burst may not directly correlate with the magnitude of any evoked
heterosynaptic effects. The effect of the conditioning burst of 5 stimuli at 50 Hz upon
EPSCs in the conditioning pathway was not systematically analysed, since stimulusinduced short-term synaptic plasticity is not the focus of this thesis. There was some
variation in response of EPSC amplitude to this stimulus protocol. However, in the
majority o f experiments carried out, there was an initial enhancement of EPSC
amplitude - the second EPSC was larger than the first, an example of paired pulse
facilitation. However, subsequent EPSCs became progressively smaller, indicating
stimulus-induced short-term depression (Fig 8.1 B). These effects are likely to result
primarily from depletion of glutamate vesicles within the presynaptic terminals, which
in turn affects activation of postsynaptic AMPA receptors. The increase in amplitude of
the second EPSC (i.e. PPF) is likely to be due to increased Ca2+ accumulation within
the presynaptic terminal, resulting in enhancement of glutamate release. However,
subsequent stimuli delivered within a short time window may deplete glutamate
vesicles within the presynaptic terminal, inhibiting transmitter release and thus
resulting in a progressive depression of EPSC amplitude. It is important to realise that
increasing the number of stimuli in the conditioning burst (e.g. from 5 to 10) may result
in diminishing glutamate release with each stimulus. While this approach may
potentially enhance heterosynaptic effects in the test pathway, it is complicated by
short-term plasticity within the conditioning pathway.
Thirdly, heterosynaptic effects could be enhanced by inhibiting uptake of
glutamate from the extracellular space, potentially leading to increased spillover and
activation of mGluRs in the test pathway in response to the conditioning burst. In
addition to diffusional processes, the termination of glutamatergic neurotransmission
is mediated by transmembrane high-affinity Na+-dependent glutamate/aspartate
transporters. Five subtypes of EAATs (EAAT1-5) have been cloned from mammalian
tissues. These transporters couple the electrochemical gradient of three co
transported Na+ ions and one proton, together with one counter-transported K+ ion, to
that of glutamate. EAAT1 and EAAT2 have the greatest impact on clearance of
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glutamate released during neurotransmission, and are abundantly expressed in the
plasma membranes of glial cells at excitatory synaptic connections. EAAT3, EAAT4
and EAAT5 are expressed by forebrain neurons, Purkinje cells and photoreceptor
cells respectively. These three subtypes appear to have far more subtle roles in
regulating neuronal excitability and signalling (for detailed review see Seal and
Amara, 1999; Amara and Fontana, 2002; Shigeri et al., 2004). Group I mGluRs have
a high affinity for glutamate (Conn and Pin, 1997). In Purkinje and striatal cells a
cationic conductance activated by mGluRI has been shown to be highly sensitive to
manipulations of extracellular glutamate, with mGluRI activation enhanced when
EAATs are selectively blocked (Brasnjo and Otis, 2001; Zhang and Sulzer, 2003).
Indeed, extracellular pooling of glutamate, achieved by recruitment of multiple
afferents leads to activation of mGluRI (Marcaggi et al., 2003). This may also explain
the finding that mGluR-activated currents are preferentially evoked by high-frequency
presynaptic activity (Batchelor and Garthwaite, 1997). In the hippocampus, group III
mGluR-mediated heterosynaptic depression at GABAergic connections between CA1
interneurons is enhanced by blocking glutamate uptake (Semyanov and Kullmann,
2000). There is thus substantial evidence that increasing glutamate availability in the
extracellular space through inhibition of EAATs enhances spillover and consequent
mGluR-mediated heterosynaptic effects. In the present study, blockade of EAAT1 and
EAAT2 was carried out using the highly selective, competitive, non-transportable
antagonist TBOA (Shimamoto et al., 1998; Shigeri et al., 2004). However, this
resulted in experimental complications which made meaningful interpretation of the
results impossible. TBOA application caused a dramatic enhancement in summation
of EPSCs during the conditioning burst, together with slowing of return of EPSC
amplitude to baseline. These effects may be attributed to increased glutamate
concentration within the extracellular space, due to blockade of EEAT1 and EAAT2,
the primary mechanism responsible for rapid glutamate clearance. In control trials,
test EPSC amplitude (pathway A) was measured from baseline, whereas in
conditioning trials the test EPSC was evoked during decay of the conditioning EPSCs

towards baseline (Fig 8.2). Test EPSC amplitude could therefore not be accurately
compared between control and conditioning trials, preventing detection of any
potential heterosynaptic effects. Attempting to overcome this difficulty by increasing
the interval between conditioning burst and test EPSC from 100 ms to 250 ms proved
unsuccessful, as EPSC amplitude still did not return to baseline during this period.
Furthermore, in a high proportion of recordings (n = 4 of 7 cells), TBOA application
appeared to be directly responsible for loss of the whole-cell voltage-clamp recording,
due to a large increase in lh0|d. One possible explanation may be that these
observations are consistent with persistent ionotropic glutamate receptor activation
causing an osmotic load upon the neuron. Blocking glutamate uptake using TBOA
was therefore an unsuccessful experimental approach. A potential way to overcome
these difficulties would be to use a lower concentration of TBOA, blocking a sufficient
proportion of EAATs to enhance spillover, without evoking the issues discussed
above. However, such a strategy is imprecise, due to variations between slices. When
attempting to elicit heterosynaptic effects by using brief bursts of conditioning stimuli,
it appears that some means of enhancing glutamate concentration within the
extracellular space is required. However, blockade of EAAT1 and EAAT2 using TBOA
is not a successful means of achieving this aim. As discussed, a number of
experimental strategies may potentially be used in order to improve the possibility of
evoking heterosynaptic depression at Schaffer collateral inputs to CA1 stratum
radiatum interneurons using short bursts of conditioning stimuli. These ideas could be
explored further in future experiments. However, in the present study, an alternate
experimental design was found to successfully elicit heterosynaptic depression.
A robust, albeit small and reversible, heterosynaptic depression was observed,
following a single high-frequency tetanus delivered to the conditioning pathway. This
was insensitive to blockade of group III mGluRs, but was abolished by blocking group
I mGluRs. An important step in future investigations in to identify whether mGluRI,
mGluR5 or both receptors are responsible for mediating the effect. This could be
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achieved by repeating experiments but omitting one or other of the selective group I
mGluR antagonists.
W hat is the potential physiological role of the group I mGluR-mediated
depression of excitation of interneurons? The different time-course and glutamate
release requirements of the group I and group III mGluR-mediated forms of
heterosynaptic depression may reflect distinct signalling cascades: in the case of
group III mGluR-mediated heterosynaptic depression, spillover of glutamate directly
affects presynaptic terminals. In the case of group I mGluR-mediated heterosynaptic
interaction, in contrast, the induction of a postsynaptic cascade may well explain the
more prolonged, albeit reversible, depression. The earlier finding that blocking
postsynaptic G protein and Ca2+ signalling in the recorded cell abolished the effect of
DHPG makes unlikely (although does not preclude) diffusion of a retrograde
messenger from neighboring neurons to the glutamatergic axons mediating the test
EPSC. A more plausible explanation for group I mGluR-mediated heterosynaptic
depression is that glutamate released from other Schaffer collateral inputs onto the
same interneuron is responsible for triggering the induction cascade.
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Chapter 9. Morphological classification of CA1 interneuron
subtypes and correlation with group I mGluR-mediated effects

9.1 Introduction
In contrast to pyramidal cells, which are relatively homogeneous, GABAergic
interneurons in the hippocampus are a highly heterogeneous population. This issue is
discussed in detail in the General Introduction (Chapter 1, Section 1.3). The distinctive
characteristics displayed by specific interneuron subtypes are thought to reflect their
specialised roles in mediating specific functions within the hippocampus and other
cortical networks (Miles et al., 1996; Freund, 2003). GABAergic interneurons may be
classified according to somatodendritic morphology, physiological factors such as
firing pattern, presence of specific neurochemical markers, and other criteria (Freund
and Buzsaki, 1996; Parra et al., 1998; McBain and Fisahn, 2001; Maccaferri and
Lacaille, 2003; see Chapter 1, Section 1.3). However, no unified classification system
currently exists (Maccaferri and Lacaille, 2003). This is due to the complexity in
variation of these numerous criteria. For example, Parra et al. (1998) identified
subsets of hippocampal interneurons which could be grouped together in terms of
morphology. However, within these groups interneurons exhibited widespread
variations in other criteria such as firing pattern and expression of specific
neurotransmitter receptors. Providing a single definitive classification of a given
interneuron is therefore highly problematic.
In the experiments described in this thesis, widespread heterogeneity in the
response of CA1 stratum radiatum interneurons to various pharmacological
manipulations was observed. The effect of group I mGluR activation via application of
the selective agonist DHPG varied widely, from 0-92% depression of EPSC amplitude
(n = 20; Figs 5.1 C & 5.2). The overall magnitude of EPSC depression was 56 ± 6% of
baseline (p «

0.0001, paired ttest, n = 20; Fig 5.1B). The standard deviation (SD) of

the maximal effect of DHPG application upon EPSC amplitude was ± 10% (n = 6)
among pyramidal cells, and ± 25% (n = 20) among interneurons (Fig 5.1C). DHPG231

evoked depression thus exhibited much greater variation among interneurons than
pyramidal cells, with a greater standard deviation despite the larger sample
population. There was thus considerably greater variation in the response of
interneurons to group I mGluR activation than pyramidal cells, reflecting the
heterogeneity of the hippocampal interneuron population. This variation among
interneurons was also apparent throughout the other pharmacological studies
described within this thesis.
In the present study, results could be interpreted much more clearly if
interneurons from which patch clamp recordings were made were accurately
classified, and correlated with pharmacological effects. However, this presented a
number o f difficulties. mGluRI is abundantly expressed in several neurochemicallydefined classes of hippocampal interneuron within the CA1 subfield (van Hooft et al.,
2000; Ferraguti et al., 2004). Analysis of neurochemical markers within individual
neurons requires detailed immunohistochemical work combined with confocal
imaging. There are numerous markers which must be tested for in order to accurately
classify GABAergic interneurons, including peptides (e.g. somatostatin (SS),
cholecystokinin (CCK), vasointestinal peptide (VIP) and substance P); and Ca2+binding proteins (e.g. calbindin, parvalbumin and calretinin) (Freund and Buzsaki,
1996; McBain and Fisahn, 2001). Every single experiment described in this thesis was
performed solely by the author. Carrying out a detailed immunohistochemical and
confocal imaging analysis of every neuron recorded would have dramatically reduced
the time available for electrophysiological studies. In the present study, because a
caesium-based pipette solution containing QX314-Br was used to optimize voltage
clamp, interneuron firing patterns and detailed effects of DHPG on postsynaptic cation
conductances could not be analysed (van Hooft et al., 2000). In the absence of
detailed neurochemical and physiological analysis of interneurons, attempts were
made to relate the heterogeneity in DHPG effect to the somatodendritic morphology
and location within stratum radiatum of the cell. Neurons were filled with biocytin via
the patch pipette during whole-cell electrophysiological recording, and subsequently

fixed and stained using streptavidin conjugated to Alexa488. Detailed morphological
images w ere then obtained using confocal microscopy.
T h e objective of this chapter is to describe the morphological subtypes of CA1
interneuron observed during the experiments described in this thesis, and to
determine whether any correlation existed between interneuron morphology and
effects observed during combined electrophysiological and pharmacological studies.

9.2 Methods
9.2.1 Confocal imaging of neuronal morphology
During whole-cell patch clamp electrophysiological recording, neurons were
routinely filled with biocytin (0.4% w/v), which was applied via inclusion in the patch
pipette filling solution. Subsequent immunostaining of the recorded cell was carried
out using streptavidin conjugated to Alexa488. Following recording, slices were fixed
in 4% PFA in 1 ml PBS overnight at 4°C. PBS was used to rinse PFA from the slice.
Membranes were permeabilised using Triton X-100, and immunostaining was carried
out using streptavidin conjugated to Alexa488. A three-dimensional image of the
neuron, together with its location within the hippocampal slice, was then obtained
using confocal imaging. This process is described in detail in General Methods,
Chapter 2, Section 2.5.

9.3 Results
9.3.1 Confocal imaging of neuronal morphology
The different morphological subtypes of CA1 stratum radiatum interneuron
from which whole-cell patch clamp recordings were made are described in this
section. A number of morphologically-distinct interneuron subtypes were identified
through post-hoc staining and confocal imaging. Pyramidal cells were also visually
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identified, in order to confirm that recordings were made from the correct cell type.
Interneuron classification was attempted according to a number of criteria.
1. Somatodendritic morphology (i.e. uni-, bi-, or multipolar interneurons).
2.

Position of soma within CA1 stratum radiatum (i.e. closer to stratum
pyramidale (proximal), or stratum lacunosum-moleculare (distal).

3. Dendritic projection pattern (layers of CA1 to which dendritic projections could
be visually identified).

It is important to realise that neurons were fixed within a 350 pm thick
transverse hippocampal slice. Dendrites projecting upwards or downwards beyond the
limit of the slice would be severed during the slicing process. This could lead to
incorrect interpretation of dendritic projection patterns, since dendrites may be cut
before reaching their final target area. This problem is impossible to overcome when
working with a thin brain slice preparation, though it should be noted that this severing
of dendrites did not appear to occur in every cell imaged. The most important criteria
for morphological classification of interneurons are thus (i) axonal projections, since
this defines the target outputs of the interneuron; (ii) pattern of dendritic projections,
since this defines the layer(s) in which the cell receives afferent input; (iii) location of
the soma with stratum radiatum.
It should be noted that not every neuron included in the electrophysiological
studies described in this thesis was subjected to immunostaining and confocal
imaging. This is because morphological analysis of interneurons was introduced as an
additional experimental procedure during the course of the series of experiments
carried out in this thesis. Electrophysiological studies in which morphological analysis
of interneurons was not carried out were: (i) Effect of GABA b receptor blockade upon
group I mGluR activation (Chapter 6, Section 6.3.1); (ii) Effect of mGluR blockade
using ACPD upon group I mGluR activation (Chapter 5, Section 5.3.5); (iii) Blockade
of intracellular signal transduction cascades downstream from group I mGluR
activation in the recorded neuron, using GDP(3S and BAPTA (Chapter 6, Section

234

6.3.4); (iv) Heterosynaptic depression experiments with conditioning burst delivered in
each duty cycle (Chapter 8, Section 8.3.1). In addition there was a failure rate of 6.3%
(n = 6 of 95 slices), in which no neurons were visible under confocal fluorescence
imaging in an immunostained slice. This may result from a number of possible factors
within the immunohistochemistry procedure, for example unsuccessful membrane
permeabilisation or poor penetration of the streptavidin-Alexa488 conjugate.
A total of 84 interneurons and 5 pyramidal cells were visualised. In a small
proportion of neurons, axons were clearly visible in the confocal image (6.0%; n = 5 of
84 interneurons). Axons were identified as distinct from dendrites since they: (i) were
of a smaller diameter; (ii) extended for some distance from the soma before
branching; (iii) branched far more extensively than dendrites; (iv) showed larger, more
intricate patterns of ramification at the end of collaterals. In contrast, dendrites were
thicker and followed a straighter, more ordered profile than axons. They began
branching close to the soma, and were stereotypical in terms of branching patterns,
with clear-cut, angular branches that occurred less frequently than those of axonal
processes. In the majority of neurons, axons were visualised poorly or not at all. The
reasons for this are unclear, but may involve the following factor (J. Heeroma,
personal communication). Axons are smaller in diameter than dendrites, potentially
resulting in slower diffusion of biocytin, especially in extremely finely-branched
structures. This issue may be overcome to some extent by replacing biocytin with
neurobiotin. It is important to realise that accurate visualisation of axonal projections is
extremely important in defining interneuron classes, since this defines the target
outputs of the interneuron. This highlights a major weakness in the present study.
. The majority of interneurons were multipolar (90.5%; n = 76 of 84 cells), with
numerous trunk-like dendritic projections emanating from the soma. A smaller number
of interneurons were bipolar (9.5%; n = 8 of 84 cells), with two large dendritic
branches at the soma. No unipolar interneurons were imaged. Classification of
interneurons according to horizontal / vertical orientation of dendritic projections was
more problematic. This is not a widely-used means of interneuron classification. Pre
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existing systems are focused upon defining interneuron subtypes according to axonal
as opposed to dendritic projection patterns, for example oriens-lacunosum
moleculare, ‘O-LM cells’, and pyramidale-lacunosum moleculare, ‘P-LM cells’ (Freund
and Buzsaki, 1996; McBain and Fisahn, 2001; Maccaferri and Lacaille, 2003; see
Chapter 1, Section 1.3). Dendritic projections often appeared to terminate within
multiple layers of the CA1 subfield. This complication was compounded by the issue
of severing of dendritic projections before reaching their final target location due to
working with a thin slice preparation. Since the majority of interneurons were identified
as multipolar cells, with numerous dendritic projections emanating from the soma,
definitive classification of neurons according to horizontal / vertical orientation of
dendritic projections could frequently not be carried out with complete certainty. A
small number of interneurons displayed an orientation of dendrites which was
obviously horizontal (i.e. dendrites aligned along the length of CA1 stratum radiatum)
or vertical (i.e. dendrites running across stratum radiatum, from stratum pyramidale to
stratum lacunosum-moleculare). However, in most cases the pattern of dendritic
projections was too complex for a single descriptive term to be applied with total
confidence. In the present study it was therefore clear that classification of
interneurons according to dendritic projection pattern (i.e. horizontal / vertical
projection; or target layers of CA1 to which dendritic projections could be visually
identified) were not ideal criteria. Nonetheless, they were selected as the most
suitable given the relatively limited data available, highlighting the requirement for
more detailed interneuron classification based upon not only morphology, but also
neurochemical and physiological analysis.

9.3.2 Chi squared statistical analysis o f data
Although classification of interneurons into discrete categories was
problematic, as described above, statistical analysis was attempted on one subset of
data, in order to demonstrate more conclusively that no correlation could be found
between morphology and pharmacological effects. This highlights further the
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requirement for more comprehensive means of interneuron classification, i.e. inclusion
of neurochemical analysis using immunohistochemistry to detect markers such as
CCK, SS, parvalbumin, calretinin, calbindin etc.; and physiological analysis, for
example categorisation of interneuron action potential firing patterns. This would allow
interneurons to be divided into discrete subsets with a greater degree of certainty (see
Parra et al., 1998). The chi squared test was selected as the most appropriate method
of statistical analysis. The Student's t-test and Analysis of Variance (ANOVA) are
used to analyse measurement data which, in theory, are continuously variable.
Between a measurement of, say, 1 pm and 2 pm there is a continuous range from
1.0001 to 1.9999 pm. However, in some types of experiment, it is necessary to record
how many individuals fall into a particular category, e.g. horizontally- or verticallyorientated interneurons, bi- or multi-polar interneurons, etc. These counts, or
enumeration data, are discontinuous (e.g. 1, 2, 3 etc.), and must therefore be treated
differently from continuous data. Often the appropriate test is chi-squared {%2), which
is used to test whether the number of individuals in different categories fit a null
hypothesis, known as an expectation (E) value.

Due to the difficulty in classifying interneurons into discrete categories based
upon morphology alone, together with the fact that a large sample population is
required to perform a chi squared analysis in order to satisfy the underlying
mathematical assumptions, namely that each category should contain no less than 5
cells, this statistical analysis was attempted on one set of data only. This was the data
set for the control experiments, in which the magnitude of EPSC depression caused
by 20 min DHPG application in CA1 interneurons was measured. The total sample
population was 20 cells (Chapter 5, Fig 5.1 B & C). This was the largest sample
population of any data set in the thesis. Given the size of the sample population, and
the requirement for at least 5 cells in each category, only a relatively simple chi
squared analysis with a low number of morphological categories could be carried out.
I firstly construct a table, containing the actual observed (O) values, followed by the
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expected (E) values if the null hypothesis is correct. Each E value is then subtracted
from the corresponding O value (O - E). The O-E values are squared, and divided by
the relevant E value, to give (0-E )2/E. The sum of all of the (0 -E )2/E values is then
calculated, to give the total, which is termed X2. Now I compare my X2 value with a %2
(chi squared) value in a table of X 2. It may appear that there are 3 degrees of freedom
(because there are 4 categories; df = n -1 ). But there is actually one degree of
freedom. The reason is that I lose one degree of freedom because I had 4 categories
(df = n - 1); and I lose a further 2 degrees of freedom because I used two pieces of
information to construct my null hypothesis - 1used a column total and a row total.
Once I had used these I would have needed only one data entry in order to fill in the
rest of the values (therefore I have one degree of freedom). With one degree of
freedom, the Yates correction must be used (subtract 0.5 from each O-E value). It is
important to note that when there are only two categories (e.g. proximal and distal) or,
more correctly, when there is only one degree of freedom, the chi squared test should
not strictly be applied. There have been various attempts to correct this deficiency, but
the simplest is to apply the Yates correction to the data. To do this, I simply subtract
0.5 from each calculated value of O-E. Then I continue as usual but with these new
(corrected) O-E values: I calculate (with the corrected values) (O-E)2, (0 -E )2/E and
then sum the (0-E )2/E values to get X 2. The Yates correction is only applied when
there are two categories (one degree of freedom).The table is thus generated as
follows.

238

Category

EPSC depression
< 22%

Calculated
values

Proximal to
stratum
pyramidale

Distal from
stratum
pyramidale

Row totals

Observed (O)

7

3

10

Expected (E)

5

5

10

O-E

2

-2

0

1.5

-1.5

0

0.45

0.45

Observed (O)

4

6

10

Expected (E)

5

5

10

O-E

-1

1

0

|0-E| - 0.5

0.5

0.5

0

0.05

0.05

X2 = 1.00

10

10

|0-E| - 0.5
Yates correction
( 0 “ E c o rre c te d )

EPSC depression
> 22%

Yates correction
( 0 - E COrre c te d )

Column totals

n = 20 (total
sample
population)

Table 9.1 Chi squared analysis comparing magnitude o f EPSC depression induced
by group I mGluR activation via DHPG application against location o f interneuron
somata in stratum radiatum layer. Total EPSC depression was 44 ± 6%. This was
therefore split in half to give < 22% and > 22% EPSC depression. Stratum radiatum
was arbitrarily divided in half, and two values for soma position in were selected proximal to stratum pyramidale and distal from stratum pyramidale (i.e. closer to
stratum lacunosum moleculare). Total sample population size was 20 interneurons.
This relatively simplistic analysis was necessary due to the size o f the sample
population and the requirement o f the chi squared test to have a minimum o f 5 cells in
each category.

I now compare the calculated value for X2 against a x 2 value in a chi squared
table, using n - 1 degrees of freedom (where n represents the number of categories,
in this case two; because I used two pieces of information to construct my null
hypothesis - 1used a column total and a row total) and a probability value of p = 0.05.
If the calculated X2 value does not exceed the tabulated %2 (chi squared) value, then
there is no significant difference from the expected (E) value, and thus no reason to
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reject the null hypothesis - i.e. there is only a 5% probability that the calculated X2
value does not correlate with the null hypothesis. In this case, the calculated X2 value
was 1.00, and the tabulated value for x2 for 1 degrees of freedom is 3.84 at p = 0.05;
6.64 at p = 0.01; and 10.83 at p = 0.001. Thus the calculated X2 value does not
exceed the tabulated %2 value for 1 degrees of freedom even at the p = 0.001
probability level. There is thus only a 0.1% probability that the data do not correlate
with the expected (E) value, i.e. a null hypothesis. In other words, the chi squared
analysis demonstrates that, in this case, there is very unlikely to be any correlation
between the magnitude of DHPG-induced EPSC depression and the position of the
interneuron somata within the stratum radiatum layer.

Figure 9.1 Summary o f the effects o f pharmacological manipulations on the
magnitude o f the DHPG-induced acute depression. DHPG was applied following pre
exposure to the antagonists listed on the x axis. Control, DHPG alone.
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Figure 9.2 Somatodendritic patterns obtained from confocal imaging o f five
representative stratum radiatum interneurons, together with the effect o f DHPG
application upon EPSC amplitude in each cell. No consistent differences in the effect
o f DHPG were observed in 84 interneurons, when related to the position of the soma
within stratum radiatum or dendritic orientation. This purpose o f this figure is not to
show correlations between somatodendritic patterns o f interneurons and effects o f
DHPG, since no such relationships were identified; instead, it simply shows
representative examples o f five interneurons. Alv, alveus; SO, stratum oriens; SP,
stratum pyramidale; SR, stratum radiatum; SL-M, stratum lacunosum-moleculare.
Scale bar = 1 0 0 pm.
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Figure 10.3 Confocal images of CA1 neurons showing patterns of dendritic
projections. Alv, alveus; SO, stratum oriens; SP, stratum pyramidale; SR, stratum
radiatum; S-LM, stratum lacunosum-moleculare. A, pyramidal cell. Axons are
visible extending through SO and running along the alveus in both directions,
towards the subiculum and fimbria/fornix. B, stratum radiatum interneuron, with
soma in upper SR. Extensive dendritic ramifications are visible within SR.
Dendrites project through SP and SO, terminating at the alveus. C, stratum
radiatum interneuron, with soma in mid-SR. Dendrites project within a confined
area in SR. There is a single large-diameter dendritic projection extending through
SP and SO, terminating in the alveus. D, Stratum radiatum interneuron, with soma
in lower SR. Dendrites ramify within SR, extending downwards into S-LM. There is
a single large-diameter dendritic projection extending through SP and SO,
terminating in the alveus. Scale bar = 100 pm
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9.3.2 Correlation of pharmacological effects with confocal imaging o f neuronal
morphology
As noted above, morphological analysis of interneurons was not carried out in
all sets of experiments. Correlations between morphology of CA1 stratum radiatum
interneurons and pharmacological effects were investigated in the following series of
experiments.
1. Effect of group I mGluR activation via DHPG and CHPG (Chapter 5).
2. Group I mGluR subtypes involved in mediating DHPG-induced depression of
EPSCs (Chapter 5).
3.

Interaction between group I mGluRs and CB1 endocannabinoid receptors
(Chapter 6).

4.

Interaction between group I mGluRs and N-type and P/Q-type Ca2+ channels,
including all control experiments (Chapter 7).

5. Some experiments in which heterosynaptic depression was induced by a
single tetanic stimulation of the conditioning pathway (Chapter 8).

Somatodendritic morphology and position of the soma within stratum radiatum
were correlated with the magnitude of changes in EPSC amplitude due to
pharmacological manipulations reflecting the objective of the experiment. No distinct
correlations were found between interneuron morphology and pharmacological effects
in any of the series of experiments analysed in this thesis. The results of the present
study thus indicate that additional means of classification are required to achieve a
detailed analysis of interneuron subtypes, which could then be correlated with
electrophysiological data.
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9.4 Discussion

In the present study, no distinct correlations were found between interneuron
morphology (as defined by somatodendritic pattern and location of soma within CA1
stratum radiatum) and response of CA1 stratum radiatum interneurons to various
pharmacological manipulations, in a number of studies investigating modulation of
excitatory synaptic transmission by group I mGluRs. Hippocampal interneurons are a
highly heterogeneous population (Freund and Buzsaki, 1996; Parra e ta l., 1998;
McBain and Fisahn, 2001; Maccaferri and Lacaille, 2003), and it is certain that the
results of electrophysiological studies described in this thesis were obtained from a
number of distinct subtypes ofCA1 stratum radiatum interneurons. Nonetheless, CA1
interneurons were treated as a single population in analysis of electrophysiological
experiments. Insufficiently large sample populations were used in each experiment to
ensure that statistical analysis (chi squared) could be used to give a definitive overall
result. It is clear that a great deal more information regarding modulation of
glutamatergic synaptic transmission to CA1 interneurons by group I mGluRs could be
obtained if the results of electrophysiological studies were combined with detailed and
accurate classification of interneurons into specific subtypes. For example, there was
widespread variation in the effect of group I mGluR activation via application of the
selective agonist DHPG, with depression of EPSCs varying from 0-92% (n = 20;
Chapter 5, section 5.3.2). A large sample population was used, and the overall effect
of group I mGluR activation in CA1 interneurons was highly significant (depression of
EPSCs to 56 ± 6% of baseline, p «

0.0001, paired t test, n = 20; Fig. 5.1 B). However,

it is important to consider the interneurons which displayed a response to DHPG that
varied widely from the mean value, i.e. those which showed an unusually large
depression (maximum 92%) and those which were unresponsive. Could such cells be
correlated with specific subtypes of CA1 interneuron, with distinct functional roles
within the hippocampal network? One of the main conclusions of this thesis is that
correlation of electrophysiological data with accurate, detailed classification of
interneurons into distinct subtypes is required in order to fully understand the role

played by group I mGluRs in modulation of excitatory synaptic transmission to CA1
interneurons, and the overall implications of this modulatory mechanism in the
function of the hippocampal network. Additional means of identification, including
physiological and neurochemical analysis, are required to achieve more definitive
classification of interneurons into distinct subtypes, which could then be correlated
with electrophysiological data.
The present study has shown that anatomical identification alone clearly does
not yield sufficient information for detailed classification of interneurons into distinct
subtypes. However, high-resolution three-dimensional confocal imaging of patterns of
axonal and dendritic projections can provide important information regarding the role
of an interneuron within neuronal circuits, and represents one major criterion by which
classification can be achieved. Clear, detailed confocal images of both CA1 pyramidal
cells and interneurons were obtained in the present study, using an experimental
procedure involving loading neurons with biocytin and immunostaining using a
streptavidin-Alexa488 conjugate. The success rate of clearly imaging somatodendritic
pattern of individual recorded interneurons was high, with no neurons visible in only a
small proportion of immunostained slices (6.3%; n = 6 of 95 slices). Patterns of
dendritic projections could be consistently identified both at high resolution and over
long distances, though using relatively thin hippocampal slices (350 pm) raises the
issue of severing of axonal and dendritic processes before the final target location is
reached.
However, a major shortcoming was that axonal processes were visualised in
only a low proportion of interneurons (6.0% of cells; n = 5 of 84). The difficulty in
identifying axons lead to serious problems in interneuron classification. Accurate
imaging of axonal projections is essential in classifying interneuron subtypes, since
this allows the target outputs of the cell to be identified. Although many strategies for
classification exist, one system involves identifying interneurons according to the two
specific layers containing the soma and axonal processes, e.g. oriens-lacunosum
moleculare, ‘O-LM cells’, pyramidale-lacunosum moleculare, ‘P-LM cells’, oriens245

oriens and radiatum ‘O-bistratified cells’, etc. (Freund and Buzsaki, 1996; Maccaferri
and Lacaille, 2003; see Chapter 1, Section 1.3). However, due to the low proportion of
interneurons in which axons were clearly identified under confocal microscopy in the
present study, classification using this type of system was not possible. The
effectiveness of this technique in aiding identification of distinct interneuron subtypes
would be greatly enhanced by increasing the proportion of cells in which axons could
be clearly identified. Similar problems had been experienced by another lab member.
However, by re-imaging the same neurons under confocal microscopy in a different
laboratory, a much greater success rate in accurately defining patterns of axonal
projections was achieved (J. Heeroma, personal communication). Axonal projection
patterns may thus potentially be accurately identified by imaging the present data set
under these different conditions. This would considerably enhance the value of the
data described in the present chapter in correlating interneuron morphology with
mGluR-related pharmacological effects.
The fact that no clear correlations were found between CA1 interneuron
morphology and results from electrophysiological studies reflects the limitations of
using a single criterion for interneuron classification. Morphological characterisation of
interneurons is a useful and important descriptive criterion. However, as the results of
this study clearly demonstrate, the role of an interneuron within an active brain
network is also strongly defined by its physiological properties, which must also be
characterised. In addition, detailed neurochemical analysis is required to achieve an
accurate classification of a given interneuron subtype. As discussed previously,
complications still exist because it is becoming increasingly clear that multiple criteria
must be used to accurately identify an interneuron, and no unified classification
system is currently available (Maccaferri and Lacaille, 2003; Somogyi and
Klausberger, 2005; see Chapter 1, Section 1.3.1).
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Chapter 10. General discussion

10.1 Summary of experimental findings
The following novel experimental findings have been described in this thesis.
1. Group I metabotropic glutamate receptors mediate an acute depression of
glutamatergic synaptic transmission from Schaffer collaterals to CA1 stratum
radiatum interneurons. This modulatory phenomenon displays the following
characteristics.
•

It is reversible upon washout of the selective agonist DHPG, implying the
existence of an acute depression only, with no involvement of the
persistent long-term depression (LTD) that is seen in CA1 pyramidal cells
(e.g. Palmer et al., 1997; Oliet et al., 1997; Faas et al., 2002; Huang and
Hsu, 2005). The exception is when the mGluR5 subtype alone is
selectively activated, when an unusual form of persistent synaptic
depression is observed (Chapter 5, Fig 5.7)

•

It is sensitive to postsynaptic manipulations, including inhibition of G
protein signalling and changes in intracellular Ca2+ levels (Chapter 6).

•

The inhibition of excitatory synaptic transmission is expressed at least
partially as a presynaptic reduction of glutamate release.

•

The presynaptic depression is occluded by blocking P/Q-type, but not Ntype, Ca2+ channels (Chapter 7, Fig 7.2).

•

Together with the fact that group I mGluR-mediated acute depression is
sensitive to postsynaptic manipulations, and is expressed as a presynaptic
reduction of glutamate release, this implies the existence of some kind of
retrograde signal from the postsynaptic to the presynaptic terminal.
However, neither CB1 endocannabinoid receptors, Ai adenosine receptors
nor GABAb receptors appear to be required for the decrease in glutamate
release, suggesting the existence of a retrograde signal of currently
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unknown molecular origin (Chapter 6). One potential candidate yet to be
investigated is nitric oxide (NO), which has been shown to act as a
synaptic retrograde messenger in the neocortex (e.g. Hardingham and
Fox, 2006). For review of NO signalling, see Boehning and Snyder (2003).

2. Both mGluRI and mGluR5 subtypes contribute to the acute depression, in
contrast to previous reports in CA1 pyramidal cells, in which the acute
depression appears to be mediated entirely by the mGluRI subtype
(Mannaioni et al., 2001).

3. The present study demonstrated for the first time that group I mGluRs mediate
heterosynaptic depression evoked by intense activity in neighboring axons
(Chapter 8, Fig 8.3).

4. Extensive heterogeneity in response to numerous pharmacological
manipulations was detected among CA1 stratum radiatum interneurons. For
example, DHPG-evoked depression of EPSCs exhibited much greater
variation among interneurons than CA1 pyramidal cells, with a greater
standard deviation despite a considerably larger sample population.

5. Morphological analysis of neurons from which electrophysiological recordings
were obtained was carried out using immunohistochemistry combined with
confocal microscopy. No clear correlations were detected between
pharmacological effects and neuronal morphology, highlighting the
requirement for additional means of interneuron classification (e.g.
neurochemical and physiological analysis) in future research.
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10.2 Quantitative comparison of two distinct classes of qlutamaterqic afferent
input to CA1 interneurons for modulation bv group 111 mGluRs

In the General Discussion, I first consider the two projects that did not involve
group I mGluR modulation of excitatory synaptic connections onto CA1 interneurons,
before discussing and drawing conclusions from the group I mGluR projects which
form the main part of this thesis. The central objective of this thesis has been
investigation of the functional properties and modulation of excitatory synaptic
connections onto GABAergic interneurons in the CA1 subfield of the hippocampus.
This research is important for a number of reasons, which are discussed in detail in
the General Introduction (Chapter 1, Sections 2, 3 and 4). Briefly, GABAergic
interneurons are critically involved in a wide variety of network functions, yet the
functional and modulatory properties of the excitatory synapses through which they
sense the activity of the principal cell population are at present relatively poorly
characterised. An important questions is whether all classes of excitatory input to a
given interneuron are subject to the same modulatory mechanisms; and whether there
may be quantitative differences in the strength of modulatory effects, and
susceptibility to activation by glutamate spillover, at different classes of input. This
would provide additional levels of control in activation of the GABAergic system within
the hippocampal network. Such differences in functional properties and modulatory
effects at distinct classes of input to the same inhibitory interneuron have not yet been
extensively investigated in the hippocampus and elsewhere in the neocortex. Group III
mGluRs were chosen as a suitable candidate receptor for this study, since they have
been widely shown to be expressed presynaptically in highly specific patterns, and to
inhibit release of both glutamate and GABA at various classes of synapse (for review
see Pin and Duvoisin, 1995; Conn and Pin, 1997; Anwyl, 1999).
This preliminary study was carried out at the start of the Ph.D. during
familiarisation with the patch clamp technique. Serious technical difficulties were
encountered in reliably evoking monosynaptic EPSCs in the same interneuron via
extracellular stimulation of two distinct input classes. This low success rate (Chapter
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3, Tables 3.1 and 3.2) made quantitative comparison of the two inputs for modulation
by group III mGluRs impossible without recording from large numbers of cells, which
would have proved extremely time-consuming, given the constraints of the Ph.D. The
decision was taken to move on to alternative projects, returning to this investigation if
the remaining time within the Ph.D. permitted. Thus only limited conclusions can be
drawn from the data obtained in this project. Firstly, The principal experimental
difficulty appeared to be evoking EPSCs in stratum oriens interneurons through
activation of CA1 pyramidal cell axons via extracellular stimulation of the alveus
pathway. This suggested a low level of connectivity between CA1 pyramidal cell axon
collaterals and stratum oriens interneurons. These electrophysiological findings
support previously-reported anatomical data, which have demonstrated that local CA1
pyramidal cell axon collaterals are very thin relative to the parent branch, display few
varicosities, and rarely extend more than 100 pm into stratum oriens (Knowles and
Schwartzkroin, 1981). Secondly, careful re-positioning of stimulus electrodes within
the hippocampal slice once the whole-cell configuration had been established often
improved the success rate in evoking monosynaptic EPSCs, presumably by activating
different axon bundles which were directly connected to the cell being recorded. This
was thus found to be a valuable experimental approach, which was frequently
employed in subsequent experiments during the course of the Ph.D. Placing the
stimulus electrode close to the recording electrode raises the complication of direct
depolarisation of interneuron dendrites and soma by extracellular stimulus current, as
opposed to activation of glutamatergic synaptic inputs by stimulation of presynaptic
afferents. An alternative explanation is that different subtypes of CA1 stratum oriens
interneuron may be more strongly connected to CA1 pyramidal cell axons, reflecting
their relative importance in feed-back inhibitory circuits. This issue could be addressed
by post-hoc morphological analysis of recorded interneurons, which would also be
important for definitive classification if future studies were carried out in CA1 basket
cells. These experiments were carried out at the beginning of the PhD, during
familiarisation with the patch clamp technique, between November 2002 and February

2003. A subsequent study achieved success in evoking excitatory synaptic responses
in single CA1 interneurons via stimulation of both alveus and Schaffer collateral
pathways, indicating that this experimental approach is indeed possible with further
optimisation. There were distinct differences in synaptic dynamics between these two
inputs, underlining that distinct classes of excitatory input to the same neuron may
display different functional properties (Wierenga and Wadman, 2003). It may therefore
be reasonably proposed that they may also exhibit differences in modulatory
mechanisms, particularly by mGluRs which display highly specific expression
patterns. Unfortunately, due to technical difficulties and the time constraints of the
project, it was not possible to investigate the effects of group III mGluR activation
upon EPSC amplitude by applying the selective agonist L-AP4, nor to examine tonic
activation of these receptors using the selective antagonist MSOP. These represent
important areas of future research.

10.3 Optical probing of glutamatergic synaptic connections in hippocampal
slices using Ca2* epifluorescence imaging

I now consider the conclusions that can be drawn from the project involving
optical probing of glutamatergic synaptic connections in hippocampal slices using
Ca2+ epifluorescence imaging. The initial objective of the project was to adapt the
optical probing technique (Smetters et al., 1999; Peterlin et al., 2000; Kozloski et al.,
2001; Billups et al., 2002) so that action potential-associated Ca2+ signals could be
detected in postsynaptic targets of axon bundles in defined afferent input pathways
activated by extracellular stimulation, as opposed to activation of single presynaptic
‘trigger’ cells. This method could be used, for example, to detect neurons
postsynaptically-connected to axon collaterals in specific input pathways in areas with
low levels of connectivity, for example CA1 pyramidal cell axons and stratum oriens
interneurons (see Chapter 3). By visualising stimulus-evoked Ca2+ signals and then
patch-clamping synaptically-connected neurons, the success rate in evoking
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monosynaptic EPSCs from two distinct input classes in the same interneuron could be
dramatically enhanced, thereby facilitating complex electrophysiological experiments
such as those described in Chapter 3. Once successfully established, the optical
probing technique could also be used for detection of postsynaptic targets of single
presynaptic neurons which had been patch clamped and stimulated to fire trains of
action potentials, as in the original design of the method (Smetters et al., 1999).
However, the present study highlighted a number of technical challenges
which would have to be overcome in order to successfully apply the optical probing
technique to detection of glutamatergic synaptic connections onto interneurons. A
detailed discussion of these issues is provided in Chapter 4, Section 4.4. Firstly, the
success rate in detecting stimulus-evoked Ca2+ transients associated with action
potentials in postsynaptic neurons would have to be dramatically increased (Chapter
4, Tables 4.1 and 4.2). The primary reason for the low success rates observed in the
present study was widespread neuronal death within the hippocampal slice following
the two-stage bulk-loading procedure. The fewer healthy neurons within a slice, the
lower the probability of detecting action potential-associated Ca2+ transients. Success
rate would also be improved if the staining procedure were further optimised, such
that following staining, a greater proportion of neurons contained a higher
concentration of indicator. Attention would have to be focused particularly on
interneurons, since investigation of excitatory synaptic connections to this cell type is
the overall objective of this thesis. A particularly low success rate in detecting action
potential-associated Ca2+ transients was apparent in stratum radiatum interneurons in
CA1 and CA3 subfields. This was mainly due to the fact that interneurons are more
sparsely distributed than pyramidal cells and comprise only around 10% of the
hippocampal neuronal population (Amaral et al., 1990); and also possibly due to a
selective vulnerability of this cell type to the cytotoxic effects of the staining procedure.
Further issues must be considered if the technique were to be used for identifying
excitatory synaptic connections in order to facilitate combined electrophysiological and
pharmacological studies. Robust stimulus protocols were found to be necessary for
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detection of Ca2+ signals. Such protocols may induce long-term synaptic plasticity
(LTP), which would affect the results of electrophysiological studies of synaptic
transmission. This problem could potentially be overcome by improving the staining
and imaging procedures, so that Ca2+ signals could be detected with greater
sensitivity, meaning that less robust presynaptic stimulation was required. A further
difficulty in performing electrophysiological studies following the imaging procedure is
the continued presence within the neurons of an unknown concentration of fluorescent
indicator. These molecules are powerful Ca2+ buffers and may therefore affect the
results of many types of pharmacological study by interfering with intracellular
signalling cascades. Wide-field epifluorescence imaging and bulk-loading of neuronal
populations with fluorescent indicators to detect postsynaptic action potentialassociated Ca2+ transients has previously been shown as a powerful means of
probing neuronal connectivity within networks. Furthermore, the technique may readily
be used to facilitate establishing paired recordings between individual
monosynaptically-connected cell pairs (Smetters et al., 1999; Peterlin et al., 2000;
Kozloski et al., 2001). The present study has shown that in certain cases the method
may also be useful in detecting excitatory synaptic connections in areas with low
connectivity in order to facilitate combined electrophysiological and pharmacological
studies. However, the technique is not always suitable for this purpose, and a number
of major experimental difficulties must be overcome in order to improve its
effectiveness.

10.4 Modulation of excitatory synaptic transmission to CA1 interneurons bv
group I mGluRs
I now discuss the implications of the experimental findings from the five
chapters (Chapters 5 to 9) describing modulation of synaptic transmission from
glutamatergic Schaffer collateral inputs onto CA1 interneurons by group I mGluRs.
This study shows that group I mGluRs mediate depression of excitatory transmission
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in stratum radiatum interneurons, which is sensitive to postsynaptic manipulations and
is expressed at least partially as a presynaptic reduction of glutamate release. Both
mGluRI and mGluR5 contribute to the acute depression, and neither CB1 nor GABAb
receptors appear to be required for the decrease in glutamate release. The
presynaptic depression is occluded by blocking P/Q-, but not N-type Ca2+ channels.
Finally, this study has shown for the first time that group I mGluRs mediate
heterosynaptic depression evoked by intense activity in neighboring axons.

The group I mGluR-mediated depression in interneurons differs in several
respects from what has been reported in pyramidal neurons. First, the acute
depression was not followed by a robust persistent depression (LTD). Although group
I mGluR-mediated LTD was also not detected in pyramidal cells in the present study,
it has been widely reported in previous investigations (e.g. Palmer et al., 1997;
Overstreet et al., 1997; Fitzjohn et al., 2001; Faas et al., 2002; Huang and Hsu, 2005;
reviewed in General Introduction, Section 1.4.5.3). The lack of detection of this
phenomenon in CA1 pyramidal cells in this study may be explained in terms of a
relatively subtle effect failing to reach statistical significance due to an insufficiently
large sample population. LTD was observed in 3 of 6 pyramidal cells, and only a
limited number of data points were available for analysis since the objective of the
experiments was not to investigate long-term synaptic plasticity (Chapter 5, Fig 5.1).
Second, both mGluRI and mGluR5 contribute to the acute depression. The sum of
the depression evoked in the presence of each of the blockers of mGluRI and
mGluR5 applied separately was approximately 54%, only slightly more than the
depression observed when neither receptor was blocked (44%) (Chapter 5).
Intriguingly, a modest persistent DHPG-evoked depression was uncovered when
mGluRI was blocked (Chapter 5, Fig 5.7 A^). Taken together, these results are
consistent with two relatively independent induction cascades, as has been proposed
in pyramidal cells, with mGluRI coupled to an acute depression and mGluR5 coupled
to a more long-lasting depression of transmission (e.g. Huber et al., 2001). In the
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present experiments, both phenomena were associated with a robust increase in
PPR, implying presynaptic expression. It remains unclear why a persistent depression
was not observed in the absence of the mGluRI blocker. One possibility is that
mGluRI activation has an additional effect that contributes to recovery of transmitter
release.

Both mGluRI and mGluR5 have been detected in a peri-synaptic annulus at
glutamatergic synapses both in the hippocampus and in the cerebellar cortex (Martin
et al., 1992; Baude et al., 1993; Lujan et al., 1996; Shigemoto et al., 1997; Lujan et
al., 1997; Petralia et al., 1997; van Hooft et al., 2000; Lopez-Bendito et al., 2002).
Although this does not exclude an additional presynaptic location of some group I
receptors, the finding that postsynaptic manipulation of G protein and Ca2+ signalling
almost abolished DHPG-evoked depression (Chapter 6) argues that such receptors
do not play a large role. The residual non-significant depression observed in this
experiment could be explained by a small contribution of mGluR-mediated signalling
in neighboring neurons. Group I mGluRs have a high affinity for glutamate (Conn and
Pin, 1997). In Purkinje and striatal cells a cationic conductance activated by mGluRI
has been shown to be highly sensitive to manipulations of extracellular glutamate
(Brasnjo and Otis, 2001; Zhang and Sulzer, 2003). Indeed, extracellular pooling of
glutamate, achieved by recruitment of multiple afferents leads to activation of mGluRI
(Marcaggi et al., 2003). This may also explain the finding that mGluR-activated
currents are preferentially evoked by high-frequency presynaptic activity (Batchelor
and Garthwaite, 1997).

The postsynaptic induction and presynaptic expression of DHPG-evoked
depression implies that a retrograde signal links the two. Group I mGluRs depolarize
neurons by inhibiting several K+ conductances (Charpak et al., 1990; Desai and
Conn, 1991; Guerineau et al., 1994; Luthi et al., 1996) and activating Ca2+-activated
and Ca2+-independent cationic conductances (Crepel et al., 1994; Guerineau et al.,
1995), leading to increased spiking and release of GABA. This could conceivably
255

result in depression of EPSCs via increased activation of presynaptic metabotropic
GABAb receptors. However, this would not explain why manipulation of G protein and
Ca2+ signalling in one cell is sufficient to prevent the depression. Moreover, the
depression was unaffected by the selective G ABA b antagonist CGP52432. DHPG
application did not result in depolarisation in the recorded neuron (see Chapter 5,
Section 5.3.1). However, this was because a caesium-based intracellular solution
containing QX314 was used, thereby blocking K+ flux through the channels primarily
responsible for mediating the depolarisation. However, other interneurons in the slice
were not affected in this manner, and would thus be expected to exhibit increased
spiking and release of GABA, thereby raising the ambient GABA concentration.

Endocannabinoids are potentially a better candidate, because they have been
shown to act as a local retrograde signal affecting GABA and glutamate release (
Wilson and Nicoll, 2001; Kreitzer and Regehr, 2001b). Indeed, group I mGluR
activation has been shown to trigger endocannabinoid release leading to presynaptic
inhibition of GABA and glutamate release in the cerebellum (Maejima et al., 2001),
brainstem (Kushmerick et al., 2004), hippocampus (Varma et al., 2001; Rouach and
Nicoll, 2003), ventral tegmental area (Bellone and Luscher, 2005), and nucleus
accumbens (Robbe et al., 2002). Until recently, CB1 receptors had not been detected
on hippocampal glutamatergic terminals in immunohistochemical studies (Katona et
al., 1999b). Nevertheless, because some actions of endocannabinoids have been
proposed to be mediated by an as yet uncharacterized receptor (Hajos et al., 2001)
this class of molecules cannot be fully ruled out as the retrograde factor involved in
DHPG-evoked depression. In the present study, pre-exposure to the selective CB1
antagonist AM251 did not affect the magnitude of DHPG-induced depression of
EPSCs in interneurons. This lends no support to the hypothesis that
endocannabinoids are the retrograde messenger in this system.

Notwithstanding the uncertainty surrounding the retrograde factor, the present
study implies that the DHPG-induced depression is expressed through a presynaptic
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mechanism. It persisted when N-type channels were blocked, but was fully occluded
when P/Q-type channels were blocked (Chapter 7).

What is the physiological role of the group I mGluR-mediated depression of
excitation of interneurons? Evidence was sought that glutamate release in a separate
afferent pathway could mimic the effect of exogenous agonist application (Chapter 8).
Interleaving a brief train of stimuli in a separate conditioning pathway with a single
stimulus in the test pathway has previously been used to reveal a group III mGluRmediated heterosynaptic depression of GABA release onto interneurons (Semyanov
and Kullmann, 2000). When applied to EPSCs in the present study, with group ill
mGluRs blocked, a possible heterosynaptic interaction was seen, but fell just short of
reaching statistical significance (Chapter 8, Fig 8.1). It is possible that a group I
mGluR-mediated heterosynaptic depression may have reached significance using this
protocol, simply by increasing the sample size in this experiment. Instead, however, a
robust, albeit small and reversible, heterosynaptic depression was observed following
a single high-frequency tetanus delivered to the conditioning pathway (Chapter 8, Fig
8.3). This was insensitive to blockade of group III mGluRs, but was abolished by
blocking group I mGluRs.

The different time-course and glutamate release requirements of the group I
and group III mGluR-mediated forms of heterosynaptic depression may reflect distinct
signalling cascades: in the case of group III mGluR-mediated heterosynaptic
depression, spillover of glutamate directly affects presynaptic terminals. In the case of
group I mGluR-mediated heterosynaptic interaction, in contrast, the induction of a
postsynaptic cascade may well explain the more prolonged, albeit reversible,
depression. The earlier finding that blocking postsynaptic G protein and Ca2+
signalling in the recorded cell abolished the effect of DHPG makes unlikely (although
does not preclude) diffusion of a retrograde messenger from neighboring neurons to
the glutamatergic axons mediating the test EPSC. Instead, the simplest explanation
for group I mGluR-mediated heterosynaptic depression is that glutamate itself is
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responsible for triggering the induction cascade in the recorded cell, leading indirectly
to presynaptic inhibition of glutamate release.

The present study reveals a novel role for group I mGluRs in modulating
glutamate release from Schaffer collaterals at synapses on interneurons. Although the
effect of synaptic glutamate release from a neighboring pathway was small, it
underestimates the full dynamic range of the phenomenon (DHPG application caused
a roughly 50 % decrease in glutamatergic drive to interneurons; Chapter 5, Fig 5.1). A
possible reason for the small heterosynaptic depression is that only a minority of
Schaffer collaterals innervating the interneuron were activated by the tetanus. This
heterosynaptic depression potentially leads to disinhibition of pyramidal cells.
Although its adaptive significance is unclear, it must be put into the context of other
synaptic, heterosynaptic, and extrasynaptic actions of glutamate and GABA, which
are likely to alter interneuron depolarization under conditions of intense network
activity. Interestingly, in contrast to the group I mGluR-mediated depression, lasting a
few minutes, exhibited by stratum radiatum interneurons, the same receptors mediate
a long-lasting tetanus-induced potentiation of EPSCs in stratum oriens interneurons
(Perez et al., 2001; Lapointe et al., 2004). Given the distinct innervation and
projection patterns of stratum radiatum and stratum oriens interneurons, it is tempting
to speculate that group I mGluR activation may simultaneously depress feed-forward
inhibition and facilitate feed-back inhibition.
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