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SUMMARY

The nAChR are ligand gated cation channels formed by the assembly of a variety of
receptor subunits into a pentameric transmembrane structure permeable to both Na* and
Ca®". Although a considerable amount of information has been gathered about the molecular
structure, pharmacology and biophysical properties of nAChR, the role of nAChR in the
modulation of various cellular processes of the nervous system has only become apparent in
the last decade. The existence of multiple subtypes of neuronal nAChR, the non-uniform
distribution in the nervous system and their localisation to both pre- and post-synaptic zones,
imply diverse functions for the nAChR. In effect, the ability of nicotine to increase
cytoplasmic Ca?* concentrations should make the activation of nAChR an extremely
sensitive tool for relying information from activity dependent inputs to the nucleus. The aim
of this work was to investigate some of the intracellular signalling processes activated by the
stimulation of nAChR in neuronal preparations.

The first part of the project analysed the putative neuroprotective properties of nicotine
stimulation using cultures from the hippocampus, a brain region involved in memory and in
the progression of Alzheimer's disease. Stimulation with nicotine prevented the NMDA-
evoked neuronal loss, an effect that was mediated by the «7 nAChR through a Ca*-
dependent cellular mechanism acting downstream to the Ca** overload generated by
NMDA. Subsequently, the project focused on the analysis of the Ca?* signals activated by
the stimulation of NnAChR. Using the human SH-SYS5Y cell line as a model system it was
demonstrated that, similar to hippocampal neurones, nicotine evoked sustained elevations of
cytoplasmic Ca®*. The study of these Ca? signals indicated that besides the direct influx
through the nAChR channel and the activation of VOCC, nAChR Ca®" responses involved
the activation of store dependent Ca*-induced and IPs-mediated Ca®* release.

The recruitment of intracellular Ca?* stores provides further complexity to the Ca** signals
activated by stimulation of nAChR. Eventually, much of the capacity to regulate intracellular
mechanisms depends on the activation of specific signalling molecules. In the final part of
the present work, it was established that in both SH-SYSY cells and hippocampal neurones,
the activation of a7 nAChR regulates the activity of the ERK cascade using a novel Ca®* and
PKA dependent signalling pathway. This mechanism, however, was not mediating the
previously observed nicotine neuroprotection. |

Although the a7 nAChR constitutes a precise tool for the activation of specific Ca** signals,
we still do not know the exact function of the nAChR-mediated ERK signalling cascade.
Probably, the activation of ERK following stimulation of the a7 nAChR is related to the
proposed function of NnAChR in memory processing. Considering the role that ERK has in
synaptic plasticity, and the evidence showing the involvement of nAChR in memory, it is thus
suggested that a7 nAChR and the ERK signalling cascade could mediate neuronal plasticity
processes in the CNS.
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CHAPTER 1

CHAPTER 1
< GENERAL INTRODUCTION >

1.1 The Nicotinic Acetylcholine Receptor (hAChR)

1.1.1 nAChR and the development of Neuroscience

The elucidation of the role and function of nicotinic acetylcholine receptors (nAChR) has
played a crucial part in the progress of modern neuroscience. A simple examination of the
major contributions to the understanding of the mechanisms of neurotransmission shows
how the nAChR figure prominently in many of the cornerstone advances that have occurred

in the last 150 years.

It was in the mid nineteenth century that the existence of synaptic transmission and,
indirectly, the presence of ligand gated ion channels (LGIC) was first suggested by Claude
Bernard (1857) on the basis of the blockage of the neuromuscular junction by curare. In
spite of these early studies, research on neuronal nAChR really started in the 1880’s with
the experiments of Langley on the cat superior cervical ganglion, where nicotine was used
as a tool to map the distribution of the sympathetic fibres. More than a decade and a half
later, Langley discovered how the application of nicotine to ganglionic preparations
generated “effects like those produced by brief stimulation of its preganglionic fibres”.
Following these studies, experiments on the skeletal muscle allowed him to define the
existence of “receptive substances”, now more commonly known as receptors, and establish
them as specific physiological targets, capable of “receiving the stimulus” and “transmitting
it" (Langley, 1914). Although for many years this newly defined “receptive substance” was
considered almost as a “mythical” entity, Langley’s work allowed the formulation of receptor
and signal transduction concepts, setting the foundation for modern neuropharmacology.

In 1914, Sir Henry Dale, one of Langley’s students, observed that the action of the esters of
choline could be mimicked in some tissues by an alkaloid from Nicotiana tabacum (nicotine)
and in other tissues by another alkaloid from Amanita muscana (muscarine). In doing so,
Dale proved that the same substance (now known to be acetylcholine) could mediate
distinctive responses in tissues through different molecules, therefore defining the existence
of different receptor subtypes. Ironically, and in spite of all his major contributions to the
understanding of neuronal function, Dale never used the term “receptor”.
14



CHAPTER 1

Almost fifty years later, the finding of «-bungarotoxin (a-Bgt) irreversible inhibition of
neuromuscular transmission led to the isolation of the embryonic muscle nAChR (Changeux
et al., 1970). In spite of this apparent delay in the isolation of the receptor itself, studies by
Katz and colleagues in the 1950’s and throughout the 1970’s relied heavily on the amphibian
and mammalian neuromuscular junction to uncover the principles of quantal release of
transmitters (Fatt and Katz, 1952; Katz and Miledi, 1965), synaptic delay times and the
deconvolution of synaptic noise to single channel events (Katz and Miledi, 1965; 1972), all of
which involved the cholinergic synapse and nAChR. In effect, it can certainly be said that by
nature’s ability to produce precise pharmacological tools targeting the nAChR, as well as
due to the advances in experimental techniques applicable to the study of the endplate
region of the neuromuscular junction, the nAChR has secured its position as one of the most

studied of all receptors in the history of neuroscience.

At present, the research on nAChR has expanded into the study of the neuronal types of
NAChHR and their role in several processes affecting the function of the brain. The discovery
that neuronal nAChR, unlike muscular ones, exist in a variety of subtypes and locations,
along with the observation that they can affect several major brain processes like addiction,
anxiety, synaptic plasticity, memory processing, neuronal survival, and the progression of
neurodegenerative diseases, have been major driving forces in a field in continuous
evolution. As part of this progress, a recent and unforeseen discovery emphasised the past
and future role of nAChR in the understanding of neuronal transmission. In two consecutive
papers, Sixma and colleagues (Smit et al., 2001; Brejc et al., 2001) revealed how in the
Lymnea stagnalis snail, a glia-derived “releasable substance”, similar in sequence and
structure to the extracellular domain of the nAChR, can interact with neuronally released
acetylcholine, thereby modulating neurotransmission at cholinergic synapses. In fact, the
finding of this unique mechanism for controlling synaptic transmission demonstrates that the
role of the “nicotinic acetylcholine receptive substance” in the understanding of the novel
fundaments of neuronal function is far from over yet.

1.1.2 The superfamily of ligand gated ion channels (LGIC)

Receptors that mediate vertebrate neurotransmission can be divided into two groups: the
ionotropic and metabotropic receptors. The ionotropic receptors, which are able to mediate
fast transmission, are usually defined as LGIC. Three main families are distinguished among
the LGIC: the family of glutamate receptors (kainate/a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid, AMPA, and N-methyl-D-aspartate, NMDA), the family of the
purinergic receptors and the family of the nAChR. This last one includes the inhibitory v-

15



CHAPTER 1

amino-butyric acid (GABAA and GABACQ) receptors, glycine receptors, serotoninergic 5-
hydroxy-tryptophan receptors (5-HT3) and the nAChR (Fig 1.1). Whilst the GABAA and
glycine receptors are selectively permeable to anions and therefore usually inhibitory, the

nAChR and 5-HT3receptors are excitatory by being selective for cations.

A ATP receptors B1 ACh, GABA. and glycine C) Glutamate receptors
receptors

Ligand binding Ligand binding
Kainate
COOH
Extracellular
side

Cytoplasmic
side
COOH ' COOH

ACh GABAA Glycine

Fig 1.1 Schematic representation of the ligand gated ion channel (LGIC) family members.
Three main groups are distinguished: the family of purinergic receptors (A), the family of the nAChR
(Bi and B2, which also includes the GABAA and glycine receptors, and the family of glutamate
receptors (Ci and C2, which include the kainate, AMPA and NMDA receptors. All members of the
LGIC superfamily are multiprotein complexes forming an ion selective pathway across the membrane.
The upper panels show the transmembrane structure of the typical subunit for each family. The lower
panel shows the putative arrangement of the subunits in the formed channel. In the case of the
nNAChR (B* the subunits are arranged in a pentameric structure, with the different subunits conferring
distinctive functional and structural properties. Unlike the nAChR, glutamate receptors proved to have
only three transmembrane domains, plus a cytoplasm-facing re-entrant membrane loop (M2). Also
differing with the nAChR, the ligand binding site in glutamate receptors is formed by the N-terminal
and the extracellular M3-M4 loop (Adapted from Kandel, 2000).

When studying a protein-complex as intricate as the LGIC, it is common to subdivide it on
the basis of its functional domains into a ligand binding site and a channel domain. Although
other sites where allosteric effectors, or any other compounds, may bind must also be
considered, these two functional domains, which are thought to have evolved separately,
constitute the minimal requirement for the existence of a LGIC. Accordingly, it should be
possible to exchange functional domains from one ligand-gated channel with another one.
The resulting chimera would display the pharmacological properties conferred by the binding
site while the ionic pore selectivity and sensitivity would match those of the corresponding

donor. The ensemble of these predictions was verified with the construction of the chimeric

16



CHAPTER 1

receptor that comprises the N-terminal domain of the a7 neuronal nAChR and the rest of its

sequence from the 5-HT; receptor (Eisele et al., 1993).

In evolutionary terms, the analysis of DNA sequences also supports the notion that the
nNAChR share a common ancestor, probably homomeric, with the GABA,, the glycine and
the 5-HT, receptors (LeNovere and Changeux, 1995; Ortells and Lunt, 1995). However, the
most elegant evidence for the structural homologies found in this superfamily is revealed by
the ability to change the selectivity of the nAChR ion channel from cation to anion by
changing only three channel lining aminoacids to those characteristic of glycine and GABAa
receptors (Galzi et al., 1992).

1.1.3 Structure of the nAChR

All NAChR subtypes are acetylcholine (ACh) -gated cation channels (Cooper et al., 1991;
Unwin, 1993; Tiemey and Unwin, 2000), organised around a pseudo 5-fold axis that
delineates a cation-selective pathway across the membrane when the channel is open, but a
robust barrier to the ions when it is closed (Fig 1.2b). As a group, the nAChR are part of a
heterogeneous assembly of receptors, which are formed as pentamers from different
combinations of various genetically distinct subunits. The differential association of these
subunits confer distinctive functional and structural properties to the nAChR types that they
form (Fenster et al., 1997). However, and with only few exceptions, the subunit composition,
stoichiometry and arrangements of naturally expressed nAChR are not known with absolute
certainty. The observed variety of known nAChR subunits is thought to have evolved from
the primordial homomeric receptor subunits through repeated gene duplication and
spontaneous mutations (LeNovere et al., 1995). To date, 17 receptor subunit genes (a1-
a10, B1-p4, 3, €, v) have been cloned from vertebrates and initially classified according to the
presence or absence of a pair of tandem cysteine residues in the putative N-terminal
extracellular region. In the a subunits, these residues are near a site known to engage in
agonist binding. None of the other subunits (i.e.: B1-4, 3, €, v) have these tandem cysteines
(Karlin, 1993).

In its amino acid sequence, each of the homologus nAChR subunits starts with a signal
sequence cleaved during translation (Lindstrom, 1995; Sargent, 1993). The large hydrophilic
N-terminal of the mature subunit consists of ~200 amino acids thought to form a large
domain on the extracellular surface, which carries the multiple loops that participate in
neurotransmitter binding site (Fig 1.2a). This is followed by ~90 aminoacids comprising three
closely spaced hydrophobic sequences that form the transmembrane domains M1 to M3.
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The hydrophobic segments are thought to stack in the membrane with the amphiphilic M2

helix orientated towards the channel lumen to form an ion permeant pathway.

M1 M2 M3 M4
COOH

Extracellular side

Cytoplasmic side

B Hypothetical arrangement of subunits in D
one channel

Extracellular
side

Cytoplasmic
side

Fig 1.2 Structure of the nAChR

The nAChR are multiprotein pentameric membrane complexes (B, D) that delineate a cation
selective pathway across the membrane. The large hydrophilic N-terminal region (200 amino acids)
forms a large domain that carries the multiple loops participating in ligand binding (A). Three closely
spaced hydrophobic sequences form the M1-M3 transmembrane domains, with the amphiphilic M2
helix orientated towards the channel lumen to form an ion permeant pathway (A, B). Following the
M3 transmembrane segment is a large cytoplasmic domain of 100-200 amino acids (A), which
constitutes the most variable part of the sequence between subunits, and has several putative
phosphorylation sites relevant for signalling processes. An electron-density image of a section of the
receptor molecule on the synaptic side of the membrane is shown in C. Arrows indicate the possible
site of interaction with the neurotransmitter, and circles indicate the respective positions of the a-Bgt
binding sites. In D, an image reconstruction of electron micrographs yielding a structure at 9 A
resolution (Adapted from Kandel et al., 2000 and Unwin, 1993).

The predicted M2 region forms a rather non-selective channel, largely by virtue of
hydroxylated serine and threonine residues, which line the internal face and are identical or
highly homologous in excitatory (cation channels) and inhibitory (anion channels) receptors
(Imoto et al., 1991; Villarroel and Sakmann, 1992; Bertrand, 1993). lonic selectivity appears
to be conferred by rings of fully charged amino acids just outside the bilayer plane (Bertrand
et al.,, 1993). Following the M3 transmembrane segment there is a large cytoplasmic domain
of ~100-200 aminoacids, which constitutes the most variable part of the sequence between

subunits, and has several putative phosphorylation sites. Next to this large intracellular
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domain we find a fourth hydrophobic sequence (M4), finally leading to a small (~ 10-30
aminoacids) extracellular domain at the C-terminus (Fig 1.2a).

Among the structural and functional features that define the LGIC, several structural motifs,
which are absent or substantially different in members of the glutamate family in particular,
help the characterization of the nAChR family: ' o ' ‘

- An extracellular N-terminal domain of approximately 200 aminoacids containing the
agonist-binding site (Unwin, 1993; Fig 1.1). In glutamate receptors, the agonist-
binding site is formed by part of the N-terminal domain and part of the M3-M4
extracellular loop (Dingledine et al., 1999; Fig 1.1).

- A 15 residue cys-loop in the terminal domain (Ortells and Lunt, 1995), which is
absent in glutamatergic subunits (Hollman et al., 1994).

- Conserved residues in the second transmembrane segment (M2), proposed to form
a primarily a-helical structure lining the ion channel and gating ion-flow (Ortells and
Lunt 1995; Unwin et al 1995). Evidence gained using N-glycosylation site tagging
(Hollman et al., 1994) and prolactin reporter epitopes (Bennett and Dingledine, 1995)
suggests that the “M2" sequence identified in glutamatergic subunits does not
traverse the cell’'s membrane completely, forming instead a re-entrant loop similar to
that seen in e.g. K' channels. Consequently, the large M3-M4 loop is extracellular
and appears to form part of the ligand-binding site, with a C-terminus in the
cytoplasmic side (see Fig 1.1c).

At the pentameric structural level, the nAChR are undoubtedly the best characterised of any
LGIC. This is largely due to the thorough study of nAChR from skeletal muscle and fish
electric organs, whith the latter providing a homogeneous and accessible preparation for
electron microscopy studies. In particular, it was the analysis of postsynaptic membranes
from the Torpedo electric fish that gave extremely detailed pictures of the pentameric cation
channel structure (Fig 1.2d). In these studies, the channel pathway has been reported to
narrow across the membrane, but widen into a 20 A diameter cylinder that extends ~65 A
into the synaptic cleft and ~15 A into the interior of the cell (Unwin, 1993; Fig 1.2d). The
narrow portion of the pore, lined by five a-helical structures from the M2 segment, appears
to come together near the middle of the membrane and form the gate of the channel (Unwin,
1993). At the molecular level, it has been proposed that by bending towards the central axis,
the helices would allow the leucine-251 large side chains to project inwards and associate in
a tight ring, preventing the ions from crossing the membrane (closed channel). In addition,
details of the activated receptor suggest that by bending tangentially to the central axis and
associating side-to-side, the helices would allow the polar surfaces to become more fully
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exposed, while at the same time moving the large side-chains away from the ion path,
therefore opening the gate (open channel; Unwin, 1995). The weakening of the “leucine-
ring” mode of association of the helices, allowing their side-to-side association around the
barrel, must be triggered by localised disturbances at the binding sites in the two o subunits
(Fig 1.2c). At the level of the cytoplasmic wall, the receptor was shown to contain openings
wide enough for the ions to pass through, made by the spaces between ~30 A long rods that
protrude from each of the subunits towards the cell interior. It was therefore proposed that
cations leaving the cell interior are “filtered” through narrow openings in the channel walii.
Framing these narrow pores are lines of negatively charged residues, which may help to
exclude anions from the vicinity of the transmembrane pofe (Miyazawa et al., 1999).

Knowledge about the ligand-binding site comes largely from biochemical studies using high
affinity ligands or photo-affinity labelling (reviewed in Galzi and Changeux, 1995) and from
functional investigations of receptors engineered by site-directed mutagenesis (reviewed in
Bertrand and Changeux, 1999). Most of the evidence obtained up to now indicates that a
minimum of two o subunits are present per receptor, forming the ligand binding pockets at
the interface with its adjacent subunit (Corringer et al., 1995; Karlin, 1993; Sugiyama et al.,
1998; Fig 1.3a). As a result, aminoacid residues from both subunits form the ligand binding
structure of the receptor, indicating that the presence of both a and non-a subunits
contribute to the physiological and pharmacological properties of NnAChR (Couturier et al.,
1990; Figl et al., 1992; see review by Bertrand and Changeux, 1995). A particular exception
to this rule is given by the a7, a8 or a9 nAChR subunits, which can reconstitute functional
homomeric receptors (Schoepfer et al., 1990; Eilghoyen et al., 1994; Seguela et al., 1993,
Peng et al., 1994). Accordingly, these subunits must possess in their sequences both the
principal and complementary components that form the ACh binding pocket, conferring a
functional structure probably responsible for the particular characteristics of receptor

activation and desensitisation observed with a7, a8 and a9 homomers (see later).

Numerous analyses have identified that the ACh binding pocket results from the contribution
of at least six loops. The three loops (A, B, C) of the a subunit are often referenced as the
major binding component while the other loops (D, E, F) present on the adjacent subunit are
called the complementary component (Bertrand and Changeux, 1995; Galzi and Changeux,
1995; Fig 1.3b). Initial site-directed mutagenesis had highlighted the contribution of aromatic
residues in the principal component of the agonist-binding site (Galzi et al., 1991). The
participation of these loops has been further documented in several studies where the
exchange of short aminoacid sequences has been performed between different subunits
(Corringer et al., 1998; Figl et al., 1992). In particular, the introduction of residues between
positions 183-191 of the a4 subunit into the a7-5-HT; receptor chimera was found to be
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sufficient to increase the receptor apparent affinity and equilibrium binding. From these and
other microchimera it was concluded that the transfer of residues 151-155 and 183-191
confers typical pharmacological properties of the a4|32 nAChR to the a7-5-HT3 receptor
(Corringer et al., 1998).

No ACh bound: Two ACh molecules bound:
Channel closed Channel open

External nog

Primary Complementary
component component
[CHOi-- . B
W«149
fovarst a-Hlical
component
Y»190#
C«192#
W-/55W
C<(193#
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Ya9d« M Dyl80/6182 p

A W«86™

Fig 1.3 nAChR channel and agonist binding site

The upper panel shows the pentameric structure of the nAChR transmembrane channel and the
corresponding agonist binding sites in the interfaces between the a and adjacent subunits. In the
lower panel, the left picture shows a model of the ACh binding site of nAChR, which summarises the
results from photoaffinity labelling experiments. These results revealed that the agonist binding
domain is composed of two main components of the N-terminal domain that overlaps the boundary
between subunits. The “principal component” is carried by the a subunit and consists of three loops:
loop A (Trp-86, Tyr-93), loop B (Trp-149, Tyr 151) and loop C (Tyr-190, Cys-192, Cys-193, Tyr-198),
whereas the “complementary component” is carried by the non-a subunits and comprises at least
three loops: loop D (Trp-55, Trp-57), loop F (Asp 180, Asp 182) and loop E (Tyr 111, Tyr 117). On
the right lower panel, a schematic representation of the transmembrane a7 nAChR channel is
shown. The channel pathway has been reported to narrow across the membrane and to widen into a
20 A diameter cylinder at the synaptic cleft (Adapted from Kandel 2000, and Changeux and
Edelstein, 2001).

Additional confirmation for these structural observations of the nAChR came from a totally
unexpected source, when the crystal structure of a glia-derived ACh-binding protein was
determined with a 2.7 A resolution (Brejc et al., 2001). This ACh binding molecule is a

soluble protein found in the snail Lymnaea stagnalis, which is produced and stored in glial
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cells, and released in an ACh-dependent manner into the synaptic cleft. The mature ACh-
binding protein is 210 aminoacids long and forms a stable homopentamer, although lacking
the transmembrane and intracellular domains present in the LGIC superfamily. Of the
extracellular portion, nearly all the residues that are conserved within the nAChR family are
present in the ACh-binding protein, including those that are relevant for ligand binding. The
analysis of this releasable glial protein confirmed many previous assumptions of the nAChR -
structure. Moreover, it also supported the elaboration of new hypotheses for the subunit
assembly and functional structure of the nAChR receptor. The ligand-binding site in this ACh
binding protein is found in a cleft or cavity formed by a series of loops from the principal face
of one subunit énd a series of ﬁ-s'trand's from the complementary face of the adjacent
subunit. Present at each interface between the subunits and close to the outside of the
pentameric ring, the cavity is lined by residues that were biochemically shown to be involved
in ligand binding in NAChR (see above). The study of this protein has also shown that the
most likely access route to the ligand binding sites are from above or below the double
cysteine containing loop that bury the region from the solvent and prevents access from the
outside. Although access from the central pore has been previously suggested (Miyazawa et
al., 1999) this would require major structural rearrangements at the interface, which are less
likely to occur. In spite of the major breakthrough in the understanding of nAChR structure
provided by studies of this ACh binding molecule, a cautionary note must arise when
studying its binding domain. In fact, it is still unclear whether this ACh binding protein
performs the allosteric conformational changes that are important for pentameric LGIC. This
apparently minor consideration might, however, have produced a lack of evolutionary
restraints necessary for the maintenance of the channel allosteric mechanisms. In the end,
this could have diverted the strucutural architecture of the ligand-binding domain in the ACh
binding protein, making it different from the ligand-binding site in the nAChR.

1.1.4 Classification of NAChR

In evolutionary terms, muscle nAChR a1, B1, §, &, y subunits are thought to represent one
branch of the gene family while neuronal nAChR a2, a3, a4, a5, a6, 2, B3, B4 subunits are
thought to form another branch that normally form heteromeric subunit receptors. The third
branch consists of neuronal NAChR composed of a7, a8, a9, or a10 subunits, with the first
three capable of forming homomeric pentamers. In the case of muscle nAChR, their diversity
can be summarised in just two different subtypes, the foetal (a1),88y and the adult (a1),B8s.
In effect, the & subunit replaces y in adult muscle, altering both single channel conductance
and channel kinetics (Mishina et al 1986; Camacho et al.,, 1993). This lack of subtype
diversity, together with their specific segregation to neuromuscular synapses, makes muscle
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nAChR an easy target for receptor classification. On the contrary, the classification of
neuronal nAChR, with their subtype diversity and specific localisation, is a more daunting
task. In addition to the evolutionary studies, several approaches have been taken in an
attempt to illuminate relationships between nAChR subunits and their genes, in order to
allow a rational classification of neuronal nAChR subtypes. However, any protein structure
or genomic sequence comparison between different subunits lacks functional significance, -
as knowledge of the contribution of particular subunits to specific NAChR subtypes is still far
from complete. An alternative approximation is given by the use of pharmacological tools for
the segregation of particular neuronal NAChR subtypes. Specifically, neuronal nAChR can
be divided according to fheir high afﬁnify biridihg to the curaremimetic toxin a-bungarotoxin
(a-Bgt), which defined a nAChR population independent of the one with high affinity for
nicotine (for review see Lindstrom, 2000). Although not totally adequate, the use of
pharmacological, functional and anatomical data serves a useful purpose, differentiating the
family of NnAChR subtypes in three branches:

- The muscle nicotinic acetylcholine receptors (heteromeric).
- The neuronal nAChR with high affinity for nicotine (heteromeric).
- The neuronal nAChR with high affinity for a-Bgt (mainly homomeric).

Thanks to their easier accessibility and straightforward functional role, the synthesis,
structure, and function of muscle-type nAChR are known in relatively great detail. On the
other hand, the more diverse function, location, structure and roles of neuronal nAChR are
much less well characterised. In effect, the functional properties of diverse neuronal nAChR
subtypes in vivo, and the actual functional roles in the nervous system of many of the real
and potential subtypes of neuronal nAChR remain to be determined. However, it is
increasingly apparent that many neuronal nAChR are likely to have functional roles that
differ from the clear-cut postsynaptic type of critical link in neurotransmission exemplified by
muscle nAChR. Actually, a rapid overview of the suggested functions of neuronal nAChR
reveals a molecule involved in such diverse processes as ganglionic neurotransmission in
the autonomic nervous system and synaptic plasticity, learning and memory, modulation of
transmitter release, addiction, neuroprotection and progression of neurodegenerative
diseases in the CNS. The ability to fulfil such a variety of functional roles is, very likely, a
result of several interrelated factors. First, the known diversity of neuronal nAChR subtypes
can selectively influence their molecular properties (i.e.: desensitisation rates and ligand
binding affinity), therefore shaping the actual cellular responses triggered by the activation of
particular nAChR subtypes. Secondly, the precise cellular localisation of neuronal nAChR
can also determine the activation of different neuronal mechanisms after receptor
stimulation. In this regard, the recognised presynaptic location of neuronal nAChR allows the
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control of particular neurotransmitter systems, thus affecting a variety of CNS functions
(Wonnacott, 1997). Last but not least, the fact that neuronal nAChR are highly permeable to
Ca*', opens the possibility for triggering a variety of intracellular signalling processes with
diverse functional outcomes (Role and Berg, 1996).

1.1.4.1 Neuronal nAChR with high affinity for nicotine

A particular population of NnAChR can be phamacologically defined by their high affinity
binding to the nAChR specific agonist [*H]-epibatidine, which is weakly displaced, if at all, by
a-Bgt (Houghtling et al., 1995). These neuronal NnAChR comprise combinations of a2, a3,
ad, a5, ab, B2, B3 and B4 subunits, forming heteromeric NAChR with alternate o and B
subunits. The functional properties of various subunit combinations expressed in
heterologous systems are relatively well known, although the precise nAChR subtypes
present in vivo are not specifically defined yet. In Xenopus oocytes, functional receptors
were obtained with paired combinations of a2, a3, or a4 with 2 or p4 (Papke et al., 1991,
1993). The a6 subunit has been also shown to form functional receptors in combination with
B2 or B4 (Gerzanich et al., 1997; Fucile et al., 1998), even though it seems to function more
effectively when is combined with another o and p subunit (Fucile et al., 1998). Although the
a5 and B3 subunits are incapable of forming a functioning nAChR in pair wise combination
with any other subunit and do not contribute to the ACh binding site (Boulter et al., 1990;
Groot-Kormelink et al., 1998), they can have an effect on the efficacy and potency of
agonists by participating in the overall conformational changes involved in activation and
desensitisation, while also contributing to the channel properties by forming one fifth of the
channel lining (Groot-Kormelink et al., 1998). This role as a 3™ subunit type is consistent
with the suggested a3a5a4 NnAChR reported to exist in avian brain (Conroy et al., 1992) and

the a3a4a5(B2), inferred in midbrain dopaminergic nuclei in rats (Klink et al., 2001).

Among the various heteromeric NnAChR, most of the attention has focused on the o3* and
ad4* subtypes. The a3* nAChR, although expressed in some particular brain regions
(Sargent, 2000), are better-known as the most abundant subtype in the peripheral
autonomic nervous system, where they play a postsynaptic role in ganglionic
neurotransmission. However, this is frequently complicated by the presence of perisynaptic
a7 nAChR, which can also participate in ganglionic transmission (Zhang et al., 1996; Shoop
et al., 1999).

The a4* nAChR are the most prominent subtype with high affinity for nicotine in the CNS.
Experiments performed in rodent brain have suggested that more than 90 % of the
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mammalian high affinity binding sites for nicotine and the nicotinic ligand cytisine are
composed of a4 and B2 subunits alone (Flores et al., 1992; Lindstrom, 2000). Confirming
evidence for this observation was given by the loss of nicotine high affinity binding sites
reported in B2 null mice (Piccioto et al., 1995). Although when expressed in Xenopus
oocytes the subunit stoichiometry has been interpreted to be (a4).(B2)s (Anand et al., 1991;
Cooper et al., 1991), a small fraction of the a4B2 nAChR subtype may have a5 subunits
associated with it (Conroy et al., 1992), and the a4-a3/a6-a5-f2 combination has been also

proposed to exist in midbrain dopaminergic neurones (Klink et al., 2001).

Unlike their functional role in ganglia and skeletal muscle, where nAChR are the main
excitatory LGIC receptor, in the CNS they are outnumbered by several orders of magnitude
by the glutamate receptors (Clarke et al., 1985). At present, there is still only limited
evidence for heteromeric NAChR with postsynaptic functions in the brain (Clarke 1995,
Jones et al., 1999). Nonetheless, numerous reports demonstrate that heteromeric nAChR
can function pre-synaptically to modulate the release of various neurotransmitters
(Wonnacott, 1997), while they can also fulfil a modulatory role when present on cell bodies
and/or dendrites (Blaha and Winn, 1993).

1.1.4.2 Neuronal nAChR with high affinity for a-Bgt

Like muscle nAChR, but unlike the other neuronal nAChR, this set of NnAChR can bind with
high affinity with the snake venom toxins a-cobratoxin and a-Bgt. Several nAChR subunits
are part of this group, including the a7 subunit, and the closely related a8 (Schoepfer et al.,
1990), a9 and a10 (Elgoyhen et al., 1994 and 2001), which are mainly associated with
sensory organs. Although capable of forming functional homomeric nAChR in heterologous
expression systems, it is not certain that the a7 nAChR are always present as homomers,
and in avian brain much of a8 (which is not found in mammals) is normally present in
heteromeric NAChR with o7 (see Lindstrom, 2000).

In terms of localisation, the highly abundant a7 containing nAChR subtype can be found in
many brain regions, being especially concentrated in the hippocampus (Dominguez-Del
Toro et al., 1994). In addition, it is also present in peripheral ganglionic neurons along with
the a3* NAChR (Conroy and Berg, 1995). The a9 containing nAChR are only expressed in
limited neuronal areas, and most notably in the cochlear hair cells (Elgoyhen et al., 1994).

Apart from their ability to function as homomers and bind a-Bgt, the a7, a8 and a9 nAChR
exhibit other particular properties, like an exceptionally high Ca®* permeability and very fast
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desensitisation kinetics. Rapid desensitisation might intrinsically result from homomeric
structure, if the presence of five rather than the typical two ACh binding sites capable of
initiating NAChR activation results in faster desensitisation. The exceptionally high Ca*
permeability of o7 (and also a8 and a9/a10) nAChR can have direct functional
consequences, as Ca’* entering through these nAChR can facilitate transmitter release
when presynaptic a7 nAChR are activated (Gray et al., 1996). In addition, it was also
suggested that the a7 nAChR mediated Ca?* influx could initiate intracellular mechanisms
leading to the modulation of signalling processes and gene expression (Role and Berg,
1996). In fact, many of the functional properties of a7 nAChR, like fast desensitisation and
inward rectification, make them ideal cellular tools for the activation of precise Ca?* signalling
pathways.

1.1.5 Ca®' permeability of nAChR

The potential relevance of nAChR in neuronal function has been pressed further by the
demonstration of their high relative permeability to Ca*. As illustrated above, the capacity to
modulate intracellular Ca** concentrations has prompted the suggestion that nAChR
regulate many neuronal mechanisms in a Ca®* dependent manner.

Although the report of the nicotine-evoked activation of Ca** dependent neuronal functions
has been a relatively recent development (for review see Role and Berg, 1996), the ability of
muscle nAChR to permeate not only monovalent but also divalent cations has been known
for some time (Bregestovski et al., 1979). However, at the neuromuscular junction, activation
of muscle nAChR yields primarily Na* entry and subsequent depolarisation of the muscle
cells. As a result, intracellular Ca** increases during neuromuscular synaptic activation will
be a primary consequence of the activaton of VOCC and Ca®* release from the
sarcoplasmic reticulum (Martonosi et al., 1984). For some time, this mechanism for the
generation of Ca* signals after nicotine activation was also translated to neuronal nAChR,
which were not considered as direct mediators of significant changes in intracellular Ca**
concentrations.

This assumption has dramatically changed in the last decade, when an increasing amount of
studies have demonstrated the relative Ca* permeability of nAChR in neuronal
preparations. In freshly dissociated neurones from the medial habenula nucleus, Mulle et al.
(1992) unequivocally demonstrated that Ca?* permeates nAChR channels. Nicotine
application after extracellular cations were replaced by 100 mM Ca?* resulted in an inward
current representing a significant fraction of that recorded in standard medium, suggesting
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that the single channel conductance in the pure CaCl, extemal solution was comparable to

that of NMDA receptors (see below).

Following these initial studies, several reports suggested that the Ca*" permeability of
nAChR could be directly related to their subunit composition, therefore proposing different
patterns of nicotine evoked Ca*" signals depending on the variable expression of nAChR
subtypes. Accordingly, Ragozzino et al. (1998) demonstrated that a3p4 receptors have a
slightly higher fractional Ca** conductance than a4 containing receptors, while Gerzanich et
al. (1998) indicated that functional incorporation of the a5 subunit in heterologously

expressed a3 containing human nAChR receptors significantly increased Ca** permeability.

Although selective Ca?* permeability is a common property of all nAChR, the homomeric a7
subtype of nAChR appears to be the most highly permeable for Ca®". An elegant study by
Seguela et al. (1993) examined the relative Ca** permeability of the a7 nAChR by
measuring changes in the reversal potential of the nicotine-induced current while changing
the extemnal Ca®* concentration from 1 mM to 10 mM. A reversal shift of +3, +7 and +29 mV
was observed for muscle nAChR, a3p4 and a7 nAChR respectively. Since the relative
permeability of these cation-selective channels to Ca?* versus Na* is a function of the
magnitude of the shift of the reversal potential, these results indicate that the relative
permeability of the a7 nAChR to Ca* is greater than that of the other nAChR (Sands and
Barish, 1991; Vernino et al., 1992), and corresponds to a permeability ratio (PCa:PNa) of
approximately 20 (i.e. ~ 20 % of the fractional current is carried by Ca®"). Other studies of
heterologously expressed a7 receptors by Sands et al (1993), in which barium was
substituted for Ca** to minimise any contaminating influence of Ca*-activated chloride
currents, reported a similar PBa:PNa ratio of 17. In addition, studies carried out by
Lindstrom and coworkers (1995) demonstrated that 11 % of the a7 fractional current was
carried by Ca**, compared to 3 % and 1 % of a4p2 and muscle nAChR respectively.
However, it should also be noted that studies of a7 responses in cultured hippocampal
neurones indicated that Ca®* carried approximately 6 % of the current (Albuquerque et al.,
1997). In spite of these apparent discrepancies in the reported permeability, probably due to
differences in experimental preparations, it is widely accepted that a7 nAChR are highly
permeant to Ca”, with a relative permeability of Ca>* over Na* similar or even higher than
that of the NMDA glutamate receptor (Seguela et al 1993; Albuquerque et al 1997). It should
be considered however, that the combination of rapid desensitisation and inward rectification
in the a7 nAChR could lessen the sustained ion flux through these channels. As a result, the
overall relative permeability cannot be taken as a direct index of the amplitude of evoked
Ca* responses (further illustrated in Chapters 2 and 3).
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At present, the concept that nAChR are predominantly permeant to monovalent ions and
serve mainly for the control of membrane potential, has been replaced by a more complex
hypothesis, in which nAChR channels with significant Ca?* permeability would also be
capable of functioning as direct regulators of intracellular signal transduction pathways (see
Chapter 4). Consistent with this theory, it has been shown that Ca®* entry through nAChR
channels can increase intracellular Ca** concentration up to the micromolar range, a level
sufficient for the activation of Ca®*-dependent regulatory processes (Mulle et al., 1992).

1.1.6 Cellular localisation of nAChR

Functional neuronal nAChR can be located on a cholinergic cell or a cholinergic target (i.e.,
a cholinoceptive cell). Both types of neuronal nAChR can be present on membranes of the
cell body, dendrites, axon or nerve terminals, while functional studies have suggested that
neuronal nAChR may also occur in “preterminal” membranes, i.e., on the axon before the
spread of nerve terminals (see Wonnacott, 1997). In fact, on the basis of both
electrophysiological and transmitter release studies, it has become a common notion that
neuronal nNAChR are often presynaptic, meaning that they are modulators of the release of
various transmitters, including ACh itself (McGehee and Role 1995; Wonnacott 1997). As a
result, this terminal or presynaptic location makes possible the modulation of several brain
functions, possibly underlying several of the behavioural consequences of neuronal nAChR
activation.

In the peripheral nervous system, neuronal nAChR located on terminals, cell bodies and
dendrites of autonomic ganglionic neurons are well characterised from a morphological and
functional standpoint (Ullian et al., 1997; Zhang et al., 1996). In the CNS, the demonstration
of functional neuronal nAChR on cell body/dendrite membranes comes mainly from
electrophysiological studies, and although nicotinic responses are less easy to detect than
for instance, glutamate responses, much evidence has accumulated for neuronal nAChR on
cell bodies/dendrites in a number of CNS regions, including the thalamic nuclei (Lena and
Changeux, 1997), cerebral cortex (Roerig et al., 1997; Xiang et al., 1998), ventral tegmental
area (Blaha and Winn, 1993; Calabresi et al., 1989), hippocampal pyramidal cells and
interneurons (Alkondon and Albuquerque, 1993; Alkondon et al., 1998; Frazier et al., 1998),
and locus coeruleus (Egan and North, 1986).
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1.1.7 Distribution of nAChR in the nervous system

Several methodologies, including high affinity ligand binding and immunolabelling, have
been used to detect and study the distribution of nAChR in the nervous system. However, it
was the availability of subunit specific complementary RNA probes that has permitted the
analysis of the distribution of NnAChR subunit mRNAs in different areas of the nervous

system.

In autonomic ganglia neurones, where ACh mediates rapid synaptic transmission, nAChR
have been characterised extensively (Conroy and Berg, 1995). Neonatal rat sympathetic
ganglia contain mRNAs for a3, a5, a7, B2 and B4, but no mRNA for a2, a4 or B3 (see
Sargent, 2000). In the CNS, distribution studies of specific molecular probes have shown
that expression of nAChR subunit mRNAs is widespread, with most regions of the brain
expressing significant quantities of at least one subunit. The patterns of expression differ,
with some subunits being much less common than others. For example, high concentrations
of a2 transcripts were only found in the interpeduncular area of the rat, with small amounts
detected at limited number of other sites. On the other hand, the a4 mRNA is strongly
expressed in a large number of brain regions, although its distribution is less widespread
than that of p2 (Wada et al., 1989). Among the B subunits, B2 mRNA expression was found
in almost all parts of the brain, including sites with no high affinity [*H}-nicotine binding,
where they are presumably assembled with o subunits other than the a4 (Wada et al,,
1989). The B4 subunit was found in the medial habenula (Duvoisin et al., 1989), with lower
expression at other loci (Dineley-Miller and Patrick, 1992). Finally, a7 mRNA is found in
most regions of the brain, but particularly high levels are found in the amygdala, olfactory
regions, and distinct layers of the hippocampus and cerebral cortex (Seguela et al., 1993).

Although providing very useful information, in situ hybridisation techniques can only identify
cells which express mRNAs for particular subunits, but cannot predict the quantity of that
subunit present on the cell surface nor the composition of the receptor and its distribution
along the neuron. For that reason, additional mapping studies have been carried out in the
CNS using high affinity ligand binding and immunocytochemical detection. The extensive
expression of a7, a4 and B2 mRNAs fits well with studies showing the wide distribution of
high affinity ['*°I]-a-Bgt and [°H]-nicotine binding sites. High affinity [>H]-nicotine or [*H]-ACh
binding is highest within the interpeduncular nucleus, all thalamic nuclei except the posterior
group and intralaminar nucleus, the superior colliculus and the medial habenula. Binding
was also noted in the substantia nigra pars compacta, the ventral tegmental area, the
molecular layer of the dentate gyrus, the presubiculum and in layers | and llIl/IV of the

cerebral cortex (although not equally in all parts of the cerebrum). When specific antibodies
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for the B2 subunit were used, they produced a pattern of binding that is generally similar to
that seen with [*H]-nicotine (Swanson et al., 1987; Hill et al., 1993), which is consistent with
the fact that virtually all high affinity nicotine binding to rat brain extracts is
immunoprecipitated by an antibody against the p2 subunit (Flores et al., 1992; Lindstrom,
2000). The pattern of ['?[]-a-Bgt binding is distinct from that seen with [°H]-nicotine, and is
highest in the cerebral cortex (especially layers I, IV, V and VI), olfactory bulb, hypothalamus
and hippocampus (Clarke et al., 1985).

1.1.8 Brain cholinergic pathways

The study of the neuronal nAChR ditribution constitutes a fundamental question in the
process of understanding the role of NAChR in the CNS. In pursuing this objective, the
investigation of the cholinergic source responsible for the activation of nAChR is, in many
cases, left unattended. In fact, acetylcholine is one of the most ubiquitous neurotransmitters
in the mammalian nervous system, and a cholinergic neuron (i.e., a neuron that utilises ACh
as a neurotransmitter) has several specific neurochemical features: a releasable pool of
ACh; the enzyme necessary for ACh synthesis, i.e., choline acetyltransferase; the uptake
site for choline; and the vesicular ACh transporter. The cholinergic innervation of a given
brain structure can be intrinsic or extrinsic. The innervation of the striatum, for example, is
almost exclusively intrinsic and arises from cholinergic interneurons. In contrast, the
cholinergic innervation of limbic structures, neocortex, thalamus and superior colliculus is
predominantly extrinsic. The anatomical studies of cholinergic pathways has defined several
cholinergic systems, capable of inervating various brain regions:

The Basal Telencephalic System is comprised of several large clusters of cholinergic
neurons, present in the ventral part of the telencephalon, where, intermingled with different
proportions of non-cholinergic neurons, they are detected in a more or less continuous strip.
This series of nuclei comprises (from rostral to caudal levels) the medial septum (MS), the
nucleus of the vertical (VDB) and horizontal limb (HDB) of the diagonal band of Broca, the
magnocellular preoptic area (MPA), the ventral pallidum (VP), the globus pallidus (GP), the
substantia innominata (Sl), the basal nucleus of Meynert (MY) and the nucleus of the ansa
lenticularis (AL). Four principal clusters are distinguished among this basal telencephalic
system, which gives origin to four main projection pathways:

- From MS and VDB to the hippocampal formation

- From VDB, HDB, MPA and Sl to medial neocortex

- From MPA, SI, MY and AL to lateral neocortex, limbic cortex and amygdala

- From HDB to alfactory bulb
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The connectivity of basal telencephalic cholinergic neurons has important functional
consequences, as it has been shown that single cholinergic neurons innervate a relatively
restricted zone of the cortex. At the level of cell bodies, cholinergic neurons are densely
interconnected via dendro-dendritic synapses and functional studies show that even sparse
projections to the basal telencephalic system can cause global release of ACh in the cortex
(see Butcher, 1992).

In the striatum, a population of cholinergic intemeurons that constitute the striatal system
represent one of the two main populations of interneurons, although only corresponding to a
small péréentage (1-2 %) of the overall striatal neuronal popdlafion. In spite of its size, the
population of striatal cholinergic interneurons produces the densést network of cholinergic
terminals in the brain (Contant et al., 1996). Other cholinergic systems have been also
described, including the mesopontine tegmental system, with the highest density of
neurones located in the pedunculopontine tegmental, laterodorsal tegmental and
parabigeminal nuclei. Their projections are rather widespread, including several thalamic
nuclei, the basal ganglia (substantia nigra and ventral tegmental area), basal telencephalic
cholinergic nuclei and catecholaminergic brain stem nuclei. Notably, projections of the
mesopontine tegmental system are not overlapping with those of the basal telencephalic
system. Cholinergic systems have been also described at the brain stem and spinal cord
motor nuclei, the medullary tegmentum, the peripheral ganglia and the retina, while it
continues to be debated whether or not cholinergic interneurons exist in the cerebral cortex,
hippocampus, olfactory bulb and anterior olfactory nucleus of the rat.

In spite of their widespread distribution, the density of cholinergic fibers in neocortex and
thalamic nuclei shows major regional variations (Descarries et al., 1997). For example,
limbic and paralimbic areas of the cerebral cortex contain a far denser concentration of
presynaptic cholinergic markers than immediately adjacent sensory association areas.
These limbic and paralimbic areas also seem to be the only parts of the cerebral cortex that
have substantial projections back into the basal forebrain cholinergic cell groups. Some of
these characteristics may reflect the importance of cholinergic innervation to learning and
memory processes. In fact, acetylcholine plays a special role in the cellular events that
underlie learning, as demonstrated by the direct role of cholinergic transmission in the
establishment of hippocampal long-term potentiation (Matsuyama et al., 2000). Because of
this selective concentration, cholinergic agonists may have a relatively greater impact on
limbic and paralimbic parts of the brain, areas that are known to play a major role in the
organisation of memory and learning.
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1.1.9 Neurotransmission in cholinergic synapses

In physiological conditions neuronal nAChR are activated by ACh binding, although the a.7
subtype of nAChR may, in addition, be activated by choline (see Chapter 1, part 1.3.2.5). In
both cases, it is assumed that activation of neuronal NnAChR depends on signals deriving
from cholinergic cells at synaptic contacts. However, almost none of the ultrastructural
investigations on cholinergic terminals were designed for measuring the frequency with
which cholinergic axon terminals, boutons or varicosities are engaged in synaptic contact.
Results obtained from more recent ultrastructural studies showed that in several key areas
involved in cholinergic transmission, cholinergic terminals presented a low frequency of
junctional specialisation (Descarries et al., 1997). These observations imply that rather than
a brief pulse of a high concentration (mM) of ACh delivered across the synaptic cleft, ACh
may be required to diffuse to adjacent terminals, achieving a lower concentration (uM-nM)
but for a longer duration. This hypothesis must assume that sufficient ACh will escape
hydrolysis by acetylcholinesterase, while the sensitivity of particular neuronal nAChR
subtypes to ACh, and their propensity to desensitise may become important factors in
shaping their responsiveness.

Following the above-mentioned observations, the relevance of assessing the spatial
relationships between cholinergic neurons and neuronal nAChR is manifestly obvious.
Double immunolabelling with choline-acetyltransferase and nAChR subunit antibodies would
be the technique of choice for this assessment. Unfortunately, most of the data regarding
precise subunit localisation derives from in situ hybridisation, a technique that gives no
information on the subcellular distribution of the receptor protein.

1.1.9.1 Wiring versus Volume transmission

In the last decade, the concept that other types of interneuronal, and in general intercellular,
communication besides synaptic transmission exist in the CNS is gaining consensus (Agnati
et al., 1995; Agnati and Fuxe, 2000). Communication between cells following migration of
the transmitter in the cerebral extracellular space has been defined as volume transmission,
as opposed to the synaptic communication, which is defined as wiring transmission. Much
structural evidence points to the fact that cholinergic transmission in several CNS nuclei is
mostly of the volume type. As an example, in both target areas of the basal telencephalic
system (neocortex and hippocampus) as well as in the neostriatum of the rat, the
percentage of cholinergic varicosities (i.e.: release sites of ACh) that make synaptic contact
is only around 10 % (Descarries et al., 1997). This observed asynaptic character and high

density of innervation by ACh neurons in many CNS regions has led to the proposal that a
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continuous cholinergic tone exists in some brain regions. According to this hypothesis, there
would exist, at least in brain regions densely innervated by cholinergic neurons, an ambient
level of extracellular ACh to which all tissue elements would be continually exposed
(Descarries et al., 1997). This ambient level would be maintained by the spontaneous or
evoked release from non-junctional cholinergic varicosities and ACh spill-over beyond the
synaptic interfaces of the few junctional ones. In this context, enzymatic degradation" by
acetylcholinesterase (AChE) would primarily serve to keep the ambient level of ACh within
certain limits, rather than totally eliminate ACh from the extracellular space. Supporting the
ultrastructural evidence, an increasing amount of microdialysis data seems to indicate the
presence of a steadyr state, 7restingvor' basél IeVeI of ACh in the exiracellular space of
different CNS regions. Spontaneous ACh dialysis outputs in the nanomolar range have been
repeatedly measured in cerebral cortex, hippocampus or neostriatum of freely moving rats
(Damsma et al., 1988; Nilsson et al., 1990; Messamore et al., 1993). In addition, a series of
studies performed in rodents have provided strong evidence for the localisation of the CNS
predominant molecular form of acetylcholinesterase (G4) in a distinct compartment separate
from the junctional area (see Descarries, 1997), leading the belief that this form of the
enzyme primarily serves to eliminate ACh molecules which spill over from the synaptic cleft.

Experimental and theoretical models have been proposed to evaluate the diffusion of
transmitter molecules in living CNS tissue, which take into account physical factors such as
re-uptake, degradation and loss at blood-brain boundaries (Descarries et al., 1997 and
references therein). Much of the current work is devoted to dopamine (DA) and nitric oxide
and unfortunately little is known about ACh. In the case of neostriatal DA however, it has
been calculated that transmitter molecules should be found 10 um away from release site
within 50 msec. In a region as densely innervated as the neostriatum, 10 pm is not a short
distance, at least at the scale of axon varicosities. Based on currently available quantitative
data on dopamine and ACh innervation density (Doucet et al., 1986; Contant et al., 1996), it
may be calculated that a sphere of neostriatal neuropil 10 uM in radius comprises about 400
dopamine and at least as many ACh terminals, five to ten times more unidentified axon
terminals and at least several thousand dendritic spines!

The realisation that a significant part of the cholinergic transmission in the CNS may be
composed of non-classical synaptic contact fits well with the proposed role of nAChR as
modulators of neuronal function. In theory, both terminal and/or somatodendritic nAChR
could be regulated by relatively low levels of acetylcholine, able to sustain a basal tone
stimulation, or even desensitisation, of nAChR. This may have even further significance in
the case of a7 nAChR, which can be activated by the metabolite of acetylcholine, choline.
Overall, the integration of classical and non-classical interneuronal contacts may constitute a
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key aspect in the modulatory actions of cholinergic transmission and nicotinic stimulation in
particular.
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1.2 nAChR and Disease

1.2.1 Tobacco smoking and nAChR stimulation: the bad,
the ugly, and the good?

In the process of investigating the function of nAChR in the brain, the study of the effects of
tobacco smoking has played a significant role. A clear example of this interrelation is given
by the examination of the addictive and anxiolitic properties of tobacco consumption, which
are closely related with the neuronal consequences of nAChR activation. In general, nicotine
is regarded as a toxic and addictive substance, and this negative perception certainly stems
from nicotine’s presence in tobacco and the many adverse consequences associated with
cigarette smoking. In reality, it is generally accepted that the well-known adverse effects of
smoking are largely not attributed to nicotine, as cigarette smoke contains many toxic
bioactive substances that are sought to be more harmful than nicotine. There is no doubt,
however, that nicotine has some major liabilities, which include its addictive properties and
adverse effects on the cardiovascular and gastrointestinal systems (for review see Decker
and Arneric, 1999).

Although a significant part of human nicotine research has focused on the understanding of
nicotine addiction, it has become increasingly accepted in the last 15 years that nicotine can
have some beneficial effects on human illness, including neurological disorders such as
Alzheimer's (AD) and Parkinson’s disease (PD; Donnelly-Roberts and Brioni, 1999).
Unexpectedly, some of the initial evidence came from studies of tobacco consumption. In
the case of PD, the epidemiological findings suggested that cigarette smoking was
negatively correlated with the progression of the disease and, although part of the
epidemiological evidence has been controversial, a series of studies by Morens et al. (1994,
1995) demonstrated that tobacco smoking reduces the risk of developing PD and, more
important, that this relationship is not due to any obvious confounding factors (Morens et al.,
1996). In addition, an inverse correlation between tobacco smoking and the progression of
other neurodegenerative diseases of the brain, like AD, has also been reported.
Epidemiological studies show that smokers have a lower risk of developing AD than non-
smokers, even when other factors (i.e.: age) are controlled (Tyas, 2000). In addition, Van
Duijn and Hofman (1991), showed how tobacco smoking might be positively correlated with
the delayed onset of AD, while a more recent retrospective case-control autopsy study by
Ulrich and colleagues (1997) suggested that an apparent protective action against senile
plaque formation could be demonstrated. As a result, the findings reported from
epidemiological investigations indicated a potential role for nicotine in the therapy of
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neurodegenerative diseases. AD, in particular, has been the foremost therapeutic objective,
partly because epidemiological reports have been complemented with studies linking
activation of the nAChR with hippocampal function and the process of cognition (this will be
further discussed in Chapter 2), but also for the more prosaic reason that substantial

economic rewards will surely follow a “successful” therapy for AD.

In addition to AD and PD, nAChR have been also associated with schizophrenia, which
constitutes one of the most disturbing disorders of neurological function. Similar to the
situation with the neurodegenerative diseases, part of the evidence for the involvement of
nAChR came from epide'miolo'giéalr studies of tobacco smokers,' which showed how
schizophrenic patients are particularly heavy smokers, even when compared with other
psychiatric patients (for review see Stitzel et al., 2000). It was therefore suggested that this
heavy tobacco use might reflect an attempt at self-medication of an endogenous neuronal
deficit. When considering the actual experimental data, much of the support for the role of
NAChHR in shizophrenia came from studies of paired pulse inhibition, a method developed for
the analysis of neuronal mechanisms related to the filtering of sensory inputs to higher brain
centers. Clinical evidence suggested that the apparent attention to extraneous stimuli in their
surroundings, which is observed in schizophrenics but ignored in normal individuals, is
related to the inability to filter sensory stimuli (Waldo et al., 1991). Using an electrically
positive evoked potential occurring 50 ms after an auditory stimulus, it was established that
both normal humans and rodents showed similar decreased responses to a repeated
auditory stimulus (Adler et al., 1986; Freedman et al., 1991). This function was shown to be
deficient in schizophrenic patients (Adler et al., 1998). More precise neuronal recordings
identified the pyramidal neurones of the hippocampus as a major source of the rat evoked
potential in auditory stimulus, and showed that these pyramidal neurones have a
decremented response to repeated auditory stimuli that parallels the decrement in the
evoked potential (Bickford-Wimer et al., 1990). This observed decrement is lost after
transection of the fimbria-fornix, a fibre tract that includes afferents to the hippocampus from
cholinergic neurones in the basal forebrain. Moreover, nicotine normalises the inhibition of
response (Bickford and Wear, 1995). The inhibition is also selectively blocked by a-Bgt
(Luntz-Leybman et al., 1992), which suggests that the a7 nAChR receptor mediates
nicotine’s effects. Consistent with this apparent involvement of nAChR function in some of
the neuronal processes affected in schizophrenia, a report by Freedman et al. (1997) has
indicated that the auditory sensory deficit observed in schizophrenic patients is genetically

linked to the locus of the a7 nAChR gene on chromosome 15q14.

At present, it is widely recognised that nAChR are involved in a variety of diseases affecting
both the nervous system and non-neuronal tissue. These alterations can be divided into
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those occurring during development (Tourette’s syndrome and schizophrenia), those
occurring at any stage of life (epilepsy or depression), and those associated with aging
(Alzheimer's and Parkinson’s disease, and dementia). The evidence for an involvement of
nAChR is supported, in some cases, by direct results showing the nAChR role in the
affected brain, while in many others, clinical improvement after nicotine consumption or even
tobacco smoking is the sole indicator for a nAChR role. Although it should be considered
that the therapeutic benefits might not imply the specific involvement of nAChR in the cause
or symptoms of the disease, increasing evidence suggests that abnormalities in nAChR
neurotransmission can be associated to various human diseases. Some of the possible
mechanisms behihd the apbafently widé scope of nAChR action in neuronal disease will be
further illustrated in Chapter 2.
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1.3 The Hippocampus

Although the functional role of nAChR in the CNS is far from being resolved, some of the
physiological implications of nAChR stimulation appear to be related to the
regulation/modulation of synaptic plasticity and cognitive processes (see below). In addition,
the putatively protective properties of nAChR activation can also help in preventing the
neuronal loss observed in neurodegenerative disorders, like Alzheimer’s, while at the same
time, contribute to the cognitive function. Considering that the hippocampus is a key area for
memory processing in the brain and one that is affected in the progression of AD, it
constitutes a relevant model for the study of nAChR function in the CNS (see Chapters 2, 4
and 5).

1.3.1 The hippocampal region

It was back in the sixteenth century that the anatomist Arantius introduced the term
hippocampus, which literally means “horse-caterpillar’, to describe a particular area of the
brain. In actual fact, the hippocampal region presents, perhaps more than any other part of
the brain, many highly formalised and instantly recognisable neuronal assemblages, “so
distinctive that cytoarchitectonic boundaries are unmistakable” (Angevine, 1965).

The hippocampal region has been subdivided into the hippocampal and retrohippocampal
formation, with the latter being divided in the pre- and para-subiculum, the parahippocampal
cortex and the enthorhinal cortex, which is continuous with the neocortex (Fig 1.4). The
hippocampal formation itself is probably the one most thoroughly studied, and can be
divided into dentate gyrus (area dentate), hippocampus proper (cornu ammonis, CA) and
subiculum. Each area is defined by individually distinct cell layers, which are summarised in
Fig 1.4.

The hippocampus proper has been divided in CA1, CA2 and CA3 regions, areas that play a
crucial part in the understanding of hippocampal neuronal circuitry. These CA fields form a
large flap of tightly packed pyramid-shaped neurones that is folded and tucked under the
edge of the neocortex. Pyramidal neurons in the hippocampus proper exhibit a large primary
apical dendrite with numerous higher order branches and many radially orientated basal
dendrites. Their axons arise either from the perikaryon or from a proximal segment of a
basal dendrite. Different anatomical layers have been described in the hippocampus proper,
which give rise to its lamellar neuroarchitecture. The stratum moleculare contains dendritic
processes from pyramidal cells projecting from other layers. Next to this layer is the stratum
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lacunosum with many irregularly spaced cells and a rather large number of fibers projected
from other layers. Some fibers end in this layer, while others project into the stratum
moleculare. Then follows the stratum radiatum, populated with few non-pyramidal neurons
and containing many fiber systems coursing through it from various points of origin. Also
present is a dense network of dendritic arborisations characteristic of the pyramidal
neurones from the stratum pyramidale situated next to it. The stratum oriens, with its densely
packed polymorphic cells that project to other parts of the hippocampus, lies adjacent to the
stratum pyramidale from which receive fibers. Then follows the alveus, which for the most

part, it is composed of white matter, i.e., axons arising from the stratum pyramidale.

Stratum moleculare

Area dentata Stratum granulosum
Hilus fasciate dentate

Hippocampal

Stratum moleculare

formation . Stratum lacunosum
Hippocampus Stratum radiatun
Stratum piramidale
Alveus
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formation

Para-hippocampus

Enthortiinal cortex
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Subiculum

Entorhinal
cortex

Fig 1.4 The anatomy of the Hippocampus

The description of the defining components of the hippocampus is based on the appearance of the
region in horizontal sections. The hippocampal region has been divided into two main formations and
various regions and layers. The hippocampal formation itself can be divided into the dentate gyrus
(Area dentata), hippocampus proper and subiculum. The general organisation of the hippocampal
region in relation to other brain areas is shown in the lower panel. In the case of the hippocampus
proper, it has been divided in the CA1, CA2 and CAS3 regions, which play a crucial role in the
hippocampal neuronal circuitry (Adapted from Angevine, 1975 and Kandel, 2000).
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The second sheet of neurones in the hippocampal formation is the dentate gyrus, which
contains round and also tightly packed neurons called granule cells. These cells extend two
or more primary dendrites from one pole of the cell body, while their axons present a dense,
mossy appearance, therefore called mossy fibers. The dentate gyrus is separated into three
different layers. The stratum moleculare presents many fibers and a few neurones bearing
short processes. Next to it is the densely packed granule cell layer (stratum granulosum)
followed by a polymorphic zone (hilus fasciate dentate) composed of pyramidal, stellate and
bipolar cells. These other morphological cell types (i.e., bipolar, multipolar and aspiny cells)
largely correspond to local circuit neurons or interneurons (Milner and Bacon, 1989a, b;
Bankér and Goslin, 1991). The‘st'rat'um MOieéulére of the4 dentate gyrus blends into the
stratum lacunosum-moleculare of the hippocampus proper, while the stratum radiatum of the
hippocampus fades out beneath the stratum moleculare-granulosum.

The relatively simple layered structure of the hippocampal region, together with its well-
defined connections, made it a model area for the general study of synaptic mechanisms.
The axons of pyramidal neurones from many neocortical association areas project into the
entorhinal cortex, and information from this area is projected to the dentate gyrus of
hippocampal formation via the subicullum, in the so called perforant pathway. This cortical
information is processed in the hippocampus through a network of synaptic connections that
is not yet completely understood. Three major pathways, called the trisynaptic loop,
comprise the thoroughly studied and most important part of the hippocampal synaptic
network:

- Perforant pathway, which projects from the enthorhinal cortex and makes synapses
onto the granule cells of the dentate gyrus.

- Mossy fiber pathway, which contains the axons of granule cells and runs to the
pyramidal cells in the CA3 region of the hippocampus proper. The pyramidal cells of
the CA3 field produce branched axons, in which one leaves the hippocampus
through the fimbria.

- The Schaeffer collateral pathways consist of the excitatory branches of the pyramidal
cells in the CA3 region and ends on the pyramidal cells in the CA1 region of the
hippocampus proper.

Axons of the CA1 pyramidal neurones project to dendrites of neurones in the subicullar
complex and, to complete the circuit, these neurones send axons back to the entorhinal
cortex. However, it has to be noted that apart from the trisynaptic loop described so far, all
areas of the hippocampal formation, except the dentate gyrus, contain neurones that project
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to various other parts of the brain, mainly through the enthorinal cortex (Lavenex and
Amaral, 2000).

1.3.2 nAChR in the hippocampal region

The hippocampus receives rich cholinergic innervation, mainly via the fimbria-fornix, from
the medial septum-diagonal band complex (Wooif, 1991). Electron microscopy reveals
choline-acetyltransferase-positive terminals synapsing on pyramidal neurones, intemeurons,
granule cells and their dendrites (Frotscher, 1992). Those cholinergic afferents provide the
main source of acetylcholine that activates endogenous nicotinic-cholinergic mechanisms.
Indeed, mapping studies indicate that neuronal nAChR are present throughout the
hippocampus, and in situ hybridisation experiments show that the strongest labelling by far
corresponds to a7 NAChR subunits along with p2, with weaker labelling for a3, a4, a5, and
B4 (Seguela et al., 1993; Zarei et al., 1999, and references therein). Imnmunocytochemical
studies by Dominguez-del Toro et al. (1994) demonstrated that the a7 nAChR was the main
subunit in the hippocampus. In accordance with this hippocampal high labelling of a7
nAChR subunits, ['*I]-a-Bgt binding has also been shown to be high in the hippocampus
(Clarke, 1995). Additional evidence for the presence of a7 nAChR in the hippocampus came
from the observed loss of ['**I]-a-Bgt binding in a7 defficient mice (Orr-Urtreger et al 1997).
A more recent study by Fabian-Fine et al. (2001) has reported the ultrastructural distribution
of a7 NAChR subunits in the hippocampus. Light microscopic immunolabelling revealed
diffuse o7 nAChR immunoreactivity throughout the cell bodies and cell processes of
neurones in the dentate gyrus and CA3 and CA1 regions. Immunoreactivity was also visible
in the dendritic fields of CA3 and CA1, and ultrastructural data revealed a widespread
presynaptic and postsynaptic labelling (Fabian-Fine et al., 2001).

1.3.2.1 Nicotine-evoked ionic currents in hippocampal neurones

Hippocampal neuronal cultures

Much of the existing data on the nAChR function in the hippocampus has been carried out
using neuronal hippocampal cultures from rats. This approach allows the easy manipulation
of the neuronal environment, permitting also the detailed study of nAChR dependent ionic
currents (further analysis of different experimental preparations for the study of hippocampal
neurones is given in Chapter 2). Nicotine stimulated currents can be recorded in
hippocampal primary cultures from rats, and as Albuquerque and collaborators have
demonstrated, hippocampal neurones respond to nicotinic agonists with one of three types

of nicotinic whole-cell currents, named type IA, type Il and type lll (Fig 1.5). These nicotine-
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evoked currents are distinguished from one another on the basis of their kinetic and
pharmacological properties. Type IA currents are by far the predominant response of
hippocampal neurones to nicotinic agonists, and are characterised by fast desensitisation
and blockade by a-Bgt, a-cobratoxin and methyllycaconitine (MLA; Alkondon and
Albuquerque, 1993; Albuquerque et al., 1997). The fast kinetics of inactivation and the short
lived open time of the nAChR channels subserving type IA currents accounts for the unique
kinetic properties of these currents (Castro and Albuquerque, 1993). Type Il and Il currents
desensitise more slowly and can only be recorded from a small population of the
hippocampal neurones (Albuquerque et al., 1997). Aproximately 10 % of the hippocampal
neurones in culture respond to nicotinic agonists with type Il currents, whereas no more than
2 % of neurones respond to the agonists with type lll currents. Type Il and lll currents are
differentiated from one another on their sensitivity to nicotinic antagonists. The activation of
type Il currents is inhibited by dihydro-p-erythroidine (DHpE, 10 nM), while type Ill currents

are inhibited by low concentrations of mecamylamine (1 pM), as shown in Fig 1.5.
IA | a-BGT (10 nM) | DHpE (10 nM) Il | mecamylamine (1 pM)

200 pA

I 05s 250 pA

05s

Fig 1.5 Nicotinic currents recorded from the hippocampus

The figure shows the typical family of whole-cell currents evoked by application of ACh to
hippocampal neurones, and their sensitivity to blockade by nicotinic antagonists (Albuquerque et al.,
1997). Short pulses of ACh (3 mM; 1-2 s) were applied via a U-tube to hippocampal neurones at the
time indicated by the arrows. Red traces represent the agonist evoked currents, whereas black traces
correspond to currents recorded in the presence of different antagonists (applied by bath
superfusion). Type IA currents are by far the predominant response, characterised by fast kinetics
and short-lived open time. Type Il and Il currents desensitise more slowly and can only be recorded
from a small population of hippocampal neurones in culture.

A comparison of the kinetic and pharmacological properties of the nicotine-evoked currents
in hippocampal neurones to those elicited in oocytes by heterologously expressed nAChR
led to the suggestion that an a7 bearing nAChR sub serves type IA currents, while an a4p2
and an a3p4 subserve type Il and lll currents respectively (Albuquerque et al., 2000). These
suggestions are in agreement with mRNA expression studies and with the proportion of
cultured hippocampal neurons binding a-Bgt (see above, section 1.3.2). Although it is not
completely clear if a7 containing nAChR are functional homomeric receptors in the brain,

some recent evidence on the basis of Western blot analysis of neuronal a-Bgt binding
42



CHAPTER 1

receptors suggests that the rat neuronal a-Bgt binding nAChR is a homo-oligomer of a7
subunits (Chen and Patrick, 1997).

The distribution of nAChR on the surface of hippocampal neurones was addressed by
recording whole cell currents evoked by focal application of ACh (Alkondon et al., 1996). In
brief, by using an infrared camera and computer-enhanced contrast images of the neuron it
was possible to visualise precise areas of the neuronal surface and to estimate distances
with a precision of 0.5-1 um. The focal application of the agonist to well defined areas of the
neuronal surface of hippocampal neurones and the exact location of recording electrode
allowed the estimation of receptor density distribution (Alkondon et al., 1996). In effect,
assuming that the peak amplitude of the current evoked by activation of a single receptor
subtype is proportional to the number of individual receptors activated by the agonist, an
estimate of the current density at different areas of the neuronal surface can provide
important information about the receptor density distribution in such neuronal areas. From
these estimations, Albuquerque and collaborators have shown that the density of type IA
currents is substantially higher on the apical and basal dendrites of pyramidal neurones and
on the dendrites of bipolar neurones than on the soma of these neurones (Albuquerque et
al., 1997). The localisation of a7 NAChR in the hippocampus was also detected with the use
of specific antibodies, where they were shown to be present along neuronal processes
(Zarei et al.,, 1999). In effect, a correlation of 7 NAChR and the presynaptic marker
synaptotagmin provided support for a synaptic location of the receptor (Zarei et al., 1999).

Hippocampal slices

Taking advantage of the knowledge made available by the studies carried out in cultured
neurones, electrophysiological studies were also performed in conventional hippocampal
slices. Evidence has been provided that in addition to functional a7 nAChR (Alkondon et al.,
1997; Frazier et al 1998; Jones and Yakel 1997), functional a4B2 nAChR are also present in
CA1 interneurones, and that a single CA1 interneuron can express both a7 and a4p2
nAChR (Alkondon et al., 1999).

Although functional a7 nAChR are also expressed by interneurones of the dentate gyrus
(Jones and Yakel 1997), some reports have shown that these receptors are apparently not
present in the soma and/or proximal dendrites of the principal (glutamatergic) neurones in
the dentate gyrus and in the CA1 field of the hippocampus (Alkondon et al., 1997; Frazier et
al., 1998; Jones and Yakel, 1997). It has been also reported that CA1 pyramidal neurones
do not respond to ACh with currents that have typical characteristics of responses mediated
by a7 nAChR (Alkondon et al., 1997; Frazier et al., 1998; Jones and Yakel, 1997). A more

recent study showed that approximately 50 % of the CA1 pyramidal neurones recorded
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showed no response to ACh, whereas the other 50 % responded to ACh with slowly
decaying currents that were insensitive to blockade by MLA (Alkondon et al., 1999). These
results are in apparent discrepancy with the functional a7 nAChR reported to be present in
the soma and proximal neurites of hippocamal neurones in culture (see above). However,
the existence of nicotine-evoked a7-nAChR mediated post-synaptic currents in CA1
pyramidal neurones after stimulation of the Schaffer collaterals was indeed demonstrated by
Hefft et al. (1999) in organotypic hippocampal cultures and slices. In addition, a7 nAChR
dependent currents were also detected in most of the CA1 pyramidal neurones after local
application of acetylcholine in hippocampal slices (Ji et al.,, 2001). On the whole, these
results are in agreement with the recent study by Fabian-Fine et al. (2001), describing the
presence of a7 nAChR immunoreactivity in nearly all synapses in the CA1 stratum radiatum.

1.3.2.2 Functional characteristics of a7 nAChR in the hippocampus

The nAChR present on hippocampal neurones differ from one another not only with respect
to their kinetics and pharmacology, but also with respect to single-channel properties,
rectification, ion permeability and modulation by Ca?*. The type IA currents generated by o7
NAChR show fast desensitisation in the presence of the agonist, intense rundown and
inward rectification dependent on the presence of intracellular Mg®* (Albuquerque, 1997).
The a7 NAChR are also distinctive because of their brief open time (~100 us at =80 mV) and
high channel conductance (~73 pS). In addition, most of the important clues about the
possible physiological roles of the a7 containing nAChR in the CNS were obtained from
studies showing that these receptors have a very high permeability to Ca?* (Seguela et al.,
1993; Castro and Albuquerque, 1995). By the analysis of reversal potentials of ACh-induced
currents under various ionic conditions it was estimated that, close to the resting potential
(~-50 mV) and in the presence of 1 mM extracellular Ca®*, approximately 6 % of the type 1A
current was carried by Ca** (Albuquerque et al., 1997). As illustrated previously (section
1.1.5), this estimation is only slightly lower than the one calculated for a7 NAChR expressed
in oocytes (Lindstrom, 1995), which was shown to be 11 %. In hippocampal measurements
in particular, the Ca®* entry through o7 nAChR appears to be equivalent to approximately 60
% of that through the NMDA receptor. However, considering that the mean opening time and
kinetics of inactivation of the NMDA receptor channel are much slower than those of the a7
NAChR in hippocampal neurones (Castro and Albuquerque, 1993; Nelson and Albuquerque,
1994), the Ca*" influx through the NMDA receptor should be longer lasting than that through
the o7 NnAChR. It is therefore likely that NMDA receptors and native neuronal a7 nAChR
mediate qualitatively different Ca** signals (Teyler et al., 1994). This will be further discussed
in Chapter 2 of this thesis.
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1.3.2.3 a7 nAChR-mediated synaptic transmission

Direct evidence for the mediation of synaptic transmission by neuronal nAChR in the
mammalian CNS is very limited (for review see Albuquerque et al., 2000). The scattered
distribution throughout the CNS of cholinergic projections and nAChR-containig targets and
the rapid desensitisation of nAChR in general and «7 nAChR in particular have made
difficult the isolation of nAChR mediated synaptic transmission in the brain. In fact, it was the
development of rapid drug delivery systems and visualised recording techniques in slice
preparations that allowed the detection of a7 post-synaptic currents in the hippocampus
(Albuquerque et al., 2000). I‘n addition, ohly the Llse of precis'e pharmaéological tools made it
possible to isolate the a7 NAChR evoked currents from the variety of EPSCs that can be
elicited by electrical stimulation.

Two reports, appearing almost simultaneously, described how the stimulation of afferent
fibres in the stratum radiatum or stratum oriens of area CA1 of the hippocampus produced
a7 nAChR mediated excitatory postsynaptic currents recorded on hippocampal interneurons
(Alkondon et al., 1998; Frazier et al., 1998). These postsynaptic currents had their frequency
and amplitude reversibly reduced by the selective a7 nAChR antagonists MLA and a-Bgt,

and were desensitised by the application of nicotine.

The activation of hippocampal GABAergic interneurons by cholinergic afferents from the
medial septum could result in the inhibition of pyramidal neurones. Interestingly, it has been
previously shown that EPSPs can be mediated by muscarinic receptors in CA1 pyramidal
neurones (Cole and Nicoll, 1983). Altogether these findings may indicate that the transient
inhibitory effect mediated by o7 nAChR stimulated GABA neurones, would be opposed by
slow cholinergic EPSPs in the pyramidal cells. The combination of a slow excitatory potential
(Cole and Nicoll, 1983) with synchronised transient IPSPs might provide a mechanism that
could underlie theta rhythm activity. Such pattemns of firing have been hypothesised to be an
important component of the endogenous patterns of activity that can induce long-term
potentiation (LTP) at hippocampal CA1 synapses. In addition, Albuquerque and
collaborators proposed a more complex picture of the nAChR role in the hippocampal
circuitry. In effect, the finding that treatment of hippocampal slices with nAChR antagonists
(MLA and DHPBE) causes an increase in the frequency and amplitude of the GABA-mediated
post-synaptic currents (Alkondon et al., 1999) led to the suggestion that in the CA1 field of
the hippocampus there should be a neuronal network composed of the following circuitry:
cholinergic neuron-nAChR bearing interneuron-interneuron-intemeuron. This could result in
the nAChR-mediated stimulation of the first interneuron and the disinhibition of the activity of
the third interneuron. Consequently, nAChR activation in interneurones that synapse directly
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onto pyramidal neurones is likely to inhib