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Abstract

Within the mammalian central nervous system, pentameric nicotinic acetylcholine
receptors (nAChR) are assembled from a portfolio of 11 subunits, (a2-7,9 & 10
and p 2-4), giving the potential for numerous nAChR subtypes with different
pharmacological and functional properties. Presynaptic nAChRs that modulate
neurotransmitter release are widespread in the CNS, and the nicotinic stimulation
of dopamine release from striatal slices and synaptosomes has been well
characterised (Wonnacott 1997, Wonnacott et al. 2000). Pharmacological
evidence implicates the contribution of both a3p2* and a4p2* nAChR subtypes
on dopamine terminals in the striatum (Kaiser et al. 1998, Sharpies et al. 2000).
The aim of this study was to examine a4 nAChR subunit immunoreactivity in
axonal boutons in the dorsal striatum to determine the distribution at
dopaminergic terminals in light of the pharmacological data. Previous studies
have only investigated the cell bodies of dopaminergic neurons to the
ultrastructural level (Sorenson et al. 1998, Arroyo-Jimenez et al.1999).
Using five available anti-a4 nAChR subunit antibodies, light and confocal
microscopy studies revealed a4 nAChR subunit immunoreactivity in tyrosine
hydroxylase (TH) positive (dopaminergic) perikarya and dendrites in the
substantia nigra pars compacta (SNc). At this resolution there was no apparent
labelling of the striatum, in agreement with previous studies (Sorenson et al.
1998, Arroyo-Jimenez et al. 1999). However, immunolabelling was observed in
striatal synaptosome preparations, although this labelling appeared to be
inconsistent between the antibodies used.
Attempts at labelling tissue for ultrastructural analysis were restricted by the loss
of antigenicity in glutaraldehyde fixed tissue. Investigation of several fixation
regimes determined that paraformaldehyde-lysine-periodate (PLP) fixative
provided good ultrastructural morphology and retained enough antigenicity to
enable immunolabelling. The labelling seen at the ultrastructural level was weak
compared to light level experiments, there again appeared to be inconsistencies
between the antibody labelling patterns, raising questions about antibody
specificity.
In an attempt to determine which antibodies were specific, western blot and
immunoprecipitation was performed for each antibody, on rat, wild type (WT) and
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a4 nAChR subunit null mutant mouse (KO), brain homogenates. The surprising
result was that in each case there were no apparent differences between WT and
KO labelling by the antibodies. These results suggest that the specificity of the
a4 nAChR subunit antibodies, under the conditions used in this study, is suspect.
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Introduction
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1.1 The Basal Ganglia
1.1.1 The role of the basal ganglia

The basal ganglia are a group of highly interconnected subcortical nuclei located
in the telencephelon, diencephalon and midbrain. These nuclei are involved in a
wide range of behaviours including motor, cognitive, emotional and mnemonic
functions (Graybiel et al., 1994;Schultz et al., 1993;Schultz, 1998;Wurtz and
Hikosaka, 1986).
Motor control has been most prominently studied, due to early clinical
observations of obvious dysfunctions, and the subsequent ability to gain results
from unsophisticated experimental investigations. Motor control is considered to
comprise several facets and the role that the basal ganglia plays in each has
been investigated: sequencing of motor movements (Schwab et al., 1954);
initiation and execution of movements (Denny-Brown and Yanagisawa,
1976;Evarts etal., 1981;Flowers, 1976;Hallett and Khoshbin, 1980;Wilson, 1925)
inhibition of competing motor functions (Mink, 1996); motor learning (Kimura,
1995) automatic execution of routine movements (Marsden and Obeso, 1994).
The research of the functions of the basal ganglia has been extensive though not
exhaustive, and has revealed the complexity of these nuclei.
One of the most studied elements of motor control has been the initiation of
movement, this has been identified as a crucial function of the basal ganglia
(Denny-Brown and Yanagisawa, 1976;Graybiel, 1990b;Kimura, 1995).
The delayed initiation of movement, termed akinesia, and a slowness of
movement, bradykinesia, are both associated with severe dysfunction of the
basal ganglia systems, both of these motor dysfunctions are observed in patients
with Parkinson’s disease (Hallett, 1990).
The underlying mechanism causing these disturbances in motor function has
been studied with the aid of animal models. It was discovered that 6-hydroxydopamine (6-OHDA), a hydroxylated analogue of dopamine, caused oxidative
stress forming lesions in rodents that produced Parkinsonian symptoms (Heikkila
and Cohen, 1971;Kumar et al., 1995). The discovery of the toxin 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP) which caused Parkinsonian symptoms
amongst Californian drug addicts abusing a new synthetic drug containing 3%
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MPTP opened a new avenue of investigation to the underlying factors causing
Parkinson’s Disease (Langston and Ballard, Jr., 1983).The neurotoxic
mechanisms of these compounds are discussed at length in Blum et al. 2001. In
addition to the well-documented Parkinson’s disease other conditions have been
associated with basal ganglia dysfunction, Gilles de la Tourettes syndrome is a
basal ganglia disorder with hyperkinetic movements (Georgiou et al., 1998),
other hyperkinetic disorders include Huntington’s disease, Sydenhams chorea,
atheosis, hemiballism and torsion dystonias (Joel, 2001;Marsden, 1984).
These diseases are all manifestations of disruptions in the intricate circuitry of the
basal ganglia so in order to understand them better it is necessary to understand
the connectivity and of properties of neurons in the basal ganglia.
1.1.2 Cells, structure and circuitry in the basal ganglia

The major subdivisions of the basal ganglia are, in rodents, the striatum, globus
pallidus (GP), subthalamic nucleus (STN), entopeduncular nucleus (EPN) and
substantia nigra (SN). In primates the striatum represents the caudate and
putamen, these structures are indistinguishable in rodents, so in the latter
species the striatum may be referred to as the caudate-putamen (CP).
Additionally the globus pallidus is separated into internal and external portions in
primates but this subdivision is not recognised in rodents. The entopeduncular
nucleus in rodents plays the role of the internal section of the globus pallidus
seen in primates. The localisation of these structures is outlined in figure 1.1.
The basal ganglia receives input to the striatum from the cerebral cortex, this is
processed via one of two pathways termed the ‘direct’ and ‘indirect’ pathways to
output structures, the substantia nigra and entopeduncular nucleus (Albin et al.,
1989;Alexander and Crutcher, 1990). The basal ganglia is used as a processing
centre and the role it plays in the convergence of cortical signals is implied by the
fact that there are approximately 30 times more input structures (striatal neurons)
than output structures, (EPN and nigral neurons) (Oorschot, 1996).
The direct and indirect pathways have functionally opposite consequences;
several parallel routes exist within the indirect pathway with feedback loops and
crosstalk between direct and indirect pathways (Alexander and Crutcher,
1990;DeLong, 1990;Smith etal., 1998).
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A

CP

VTA

Figure 1.1 Stereotaxic brain maps of striatum and substantia nigra regions.
(A) Stereotaxic map of rat brain indicating caudate-putamen (striatum) (CP), globus
pallidus (GP) and the lateral ventricles (VL). Bregma level - 7.5mm.
(B) Stereotaxic map of rat brain indicating substantia nigra pars compacta (SNc),
substantia nigra pars reticulata (SNr) and the ventral tegmental area (VTA). Bregma level
- 3.4mm.
Figures adapted from Brain Maps: Structure of the Rat Brain (Swanson L. W., 1998)
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The ‘direct’ pathway refers to the projections from the CP to the substantia nigra
pars reticulata (SNr) (Fig. 1.2). The ‘indirect’ pathway refers projections from the
CP to the GP then the STN before reaching the SNr (Fig 1.2) (Alexander and
Crutcher, 1990;Smith et alM1998). The neurotransmitters and cell types involved
are as important as the circuitry in the basal ganglia, of all the regions in the brain
the basal ganglia contains the widest range of neurotransmitters (McGeer and
McGeer, 1993).
1.1.2.1 Circuitry within the striatum
The striatum is more accurately termed the caudate-putamen and the nucleus
accumbens, sometimes referred to as the dorsal and ventral striatum, in this
instance references to the striatum indicate the dorsal striatum only. These
regions perform distinct functions yet are indistinguishable from each other at the
cellular architectural level. The main cell type in the striatum is the spiny
projection neurons also known as the medium sized densely spiny neuron
(MSDSN) based upon its morphological appearance.
These MSDSNs make up -95% of all striatal neurons (Kemp and Powell, 1971),
and receive input from the cortex and limbic system. These projection neurons
use y-aminobutyric acid (GABA) as their main neurotransmitter, which has an
inhibitory post-synaptic effect on target neurons in the GP and SNr (Kita and
Kitai, 1988;Yoshida and Precht, 1971).
Within the population of MSDSNs there are two main subtypes, those in which
GABA is co-localised with enkephalin (Enk), and those where it is co-localised
with substance P and dynorphin (Beckstead and Kersey, 1985;Kanazawa et al.,
1977;Vincent et al., 1982). This distinction in neurochemical make up is reflected
in the different targets of the two subtypes of MSDSN, Enk positive cells project
selectively to the GP whereas the substance P positive cells project directly to
the SNr (Gerfen, 1988;Gerfen and Young, III, 1988). These represent the output
neurons from the CP involved in the indirect (Enk positive) and direct (substance
P positive) pathways respectively (Fig 1.2). Some of these substance P positive
MSDSN cells can be identified from other GABAergic cells in the CP by the
presence of the calcium binding protein calbindin, and the small population of
GABA interneurons which contain parvalbumin as their main calcium binding
protein (Bennett and Bolam, 1994b)
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Cerebral Cortex

(G|U)|

(Indirect)

Striatum

(Glu)

(Direct)

(GABA/
Subst P)

(GABA/Enk)

(GABA)
(DA)

Thalamus
SNc
(GABA)

PPN

▼
Brainstem

SNr

Spinal cord

Figure 1.2 Simplified schematic diagram o f circuitry o f the main elements o f the
basal ganglia indicating the ‘direct’ and ‘indirect’ parallel pathways in rodents.

Inhibitory neurons are shown in blue, excitatory neurons are shown in red.
Abbreviations: DA, dopamine; Enk, enkephalin; GABA, y-aminobutyric acid; GP,
globus pallidus; Glu, glutamate; PPN, pedunculopontine nucleus; SNc,
substantia nigra pars compacta; SNr, substantia nigra pars reticulata; Subst P,
substance P; STN, subthalmic nucleus. Adapted from Alexander and Crutcher,
1990.
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The remainder of the cells in the CP are various classes of interneurons which
include the parvalbumin positive GABA aspiny interneurons; acetylcholine
interneurons (ACh); somatostatin (SS)/ neuropeptide Y (NPY)/ NADPHdiaphorase-positive interneurons, also positive for the calcium binding protein
calretinin, and nitric oxide synthetase (NOS) (Bennett and Bolam, 1994a;Bennett
and Bolam, 1994b;Bolam and Bennett, 1995;Hauber, 1998;Kawaguchi etal.,
1995).
The microcircuitry of these neurons within the CP is illustrated in Figure 1.3; this
includes most of the confirmed synaptic contacts between cells within the
striatum. This will be briefly outlined below.
The MSDSNs receive input from the cortex and feedback from the parafasicular
nucleus of the thalamus via glutamate transmission (red). These inputs do not
converge onto the same neurons, as demonstrated in retrograde transport
studies using thalamic injections of horseradish peroxidase conjugated
wheatgerm agglutinin in conjunction with electrolytic cortical lesions (Dube et al.,
1988). The glutamate inputs form asymmetric synapses onto the heads of spines
(Smith et al., 1998). These synapses have dense post-synaptic matrices (postsynaptic density) this is characteristic of glutamatergic synapses. The matrices
contain scaffolding proteins that assemble complexes of proteins around Nmethyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxalepropionic
acid (AMPA) glutamate receptors to enable signal transduction (Sheng, 2001).
The MSDSNs also receive dopaminergic input from cells originating in the SNc
(the nigrostriatal pathway (orange)) that synapse onto the necks of spines and
onto dendrites in the form of symmetric synapses (Hanley and Bolam, 1997). In
addition to the input from neurons outside the CP, the MSDSN also receive input
from the local interneurons.
The ACh interneurons (green) synapse symmetrically onto the perikarya and
dendrites of the MSDSN (blue). These aspiny neurons also innervate GABA
interneurons (pale blue) and NPY-immunopositive interneurons (purple) (Phelps
et al. 1985). The ACh interneurons also receive glutamatergic input from the
thalamus (red), GABAergic input from MSDSNs (blue), and dopaminergic input
from the substantia nigra (orange) (Bolam and Bennett, 1995;Lapper and Bolam,
1992).
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Substantia Nigra
pars compacta

Figure 1.3 Schematic of the microcircuitry of the striatum
Diagram illustrating the main synaptic connections within the dorsal striatam
Neuron colours: Acetylcholine, green; Dopamine, orange; GABA interneuron, pale blue;
GABAergic MSDSNs, blue; Glutamate, red; Somatostatin/ diaphorase / neuropeptide Y,
purple. Adapted from Bolam and Bennett 1995.
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GABA interneurons (pale blue) that make up a very small percentage of striatal
neurons also innervate the MSDSNs and possible other GABAergic interneurons.
These interneurons receive both symmetric and asymmetric synapses from ACh
interneurons (green) and cortical glutamatergic neurons (red), respectively
(Bennett and Bolam, 1994c)
The final class of interneuron, the SS/NPY/NADPH-diaphorase positive
interneurons, innervate the ACh and GABA interneurons with symmetric
synapses onto dedritic shafts and perikarya; they may also innervate the
MSDSNs (Aoki and Pickel, 1989).
Finally the MSDSNs themselves innervate neurons within the striatum. The Enk
positive class of MSDSNs contact other Enk positive MSDSNs (Somogyi et al.,
1982) and the ACh interneurons (Martone et al., 1992).The substance P positive
MSDSNs innervate other substance P positive MSDSNs, ACh interneurons and
SS/NPY/NADPH-diaphorase positive interneurons (Bolam et al., 1986;Bolam and
Izzo, 1988;Li et al., 2002;Martone et al., 1992). This indicates that the neurons
generating the indirect pathway are in synaptic contact with each other, and the
same is true for the direct pathway. There is also some evidence that there is
direct interaction between neurons of both pathways (Aronin et al., 1986).
In addition to the targeting of discrete output systems by different MSDSN types
in the striatum, there is another level of organization via geographic segregation
into functional compartments known as patch, or striasome, and matrix.
The dendritic fields of neurons in the CP are largely restricted wholly within patch
or matrix compartments (Gerfen, 1992), discrete groups of MSDSNs process
information flow within, patch, matrix, and between patch and matrix (Bolam et
al., 1988).
Patch and matrix compartments are identified on the basis of their output targets,
patches target the SNc and matrix compartments the SNr, and various
neurochemical markers. The p opiate receptor and Ieu5-enkephalin are
selectively enriched in patches (Herkenham and Pert, 1981;Wang et al., 1996),
acetylcholinesterase is minimal in patches (Graybiel and Ragsdale, Jr., 1978),
and calbindin positive MSDSNs are exclusively located in the matrix.
There are also differences in the innervation of patch and matrix from the
substantia nigra, the dorsal tier of neurons in the SNc target cells in the matrix
and the ventral tier principally innervate patches, some dorsal tier neurons target
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both (Hanley and Bolam, 1997). Innervation from the cortex also differs, layer VI
and deep layer V selectively target patches, and layer III and upper layer V target
the matrix (Gerfen, 1989).
1.1.2.2 Basal ganglia circuitry outside the striatum
The targets of the output neurons from the CP include the globus pallidus,
entopeduncular nucleus and the substantia nigra (Fig 1.2). The globus pallidus
receives GABAergic input from the Enk positive MSDSNs (Ingham et al.,
1988).The subsequent output from the GP to the subthalamic nucleus also uses
GABA as its neurotransmitter (Smith et al., 1990). The GP also directly
innervates the SNr and EPN with GABAergic outputs (Bolam and Smith,
1992;Smith and Bolam, 1989;Totterdell et al., 1984). These inputs to the SNr
directly converge onto neurons receiving input from the direct pathway (Bolam et
al., 1993), these SNr cells receive inputs from multiple neurons in the ventral
pallidum and the GP (Bevan et al., 1996)
The subthalamic nucleus forms excitatory glutamatergic (Kita and Kitai, 1987)
connections to the SNr, entopeduncular nucleus and feedback to the GP, these
outputs can originate from the same STN neuron producing a degree of
coordination between structures (Deniau et al., 1978). The STN also receives
excitatory input from cerebral cortex (Canteras et al., 1990); these
interconnections mean that the STN is ideally situated to control the signal
processing within the basal ganglia.
In addition to the indirect and direct pathways controlling information flow through
the basal ganglia there is a pathway that runs from the substantia nigra and
synapses onto elements of both direct and indirect pathways, the nigrostriatal
pathway. This pathway, as previously mentioned, targets MSDSNs in patch and
matrix structures, with the dopaminergic projections from the pars compacta
region of the SN targeting the patches (Prensa and Parent, 2001), and also the
nucleus accumbens, the GP, STN and SNr (Hornykiewicz, 1998;Magill et al.,
2001 ).

This dopaminergic pathway plays a vital role in modulating the output of the
direct and indirect pathway as discussed in section 1.1.4.
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1.1.3 Fundamental causes of basal ganglia disorders

With an understanding of the connectivity of the basal ganglia it has been
possible to elucidate some of the basic factors underlying the disorders
previously outlined in section 1.1.1. Disturbances of the information flow through
the basal ganglia cause either hypokinesia, a reduction in executed movements,
or hyperkinesias, the spontaneous occurrence of inappropriate movements.
Hypokinesia is the principal effect seen in Parkinson’s disease due to a lack of
coordination from the basal ganglia. Studies of MPTP toxicity have identified the
underlying changes in basal ganglia function, there was increased activity from
striatum to the GP, decreased activity from GP to the STN, increased activity
from STN to the GP, and increased activity from the GP to the thalamus and
PPN (Mitchell et al., 1989;Speciale, 2002). This reveals a bias towards activation
of the indirect pathway, leading to a suppression of thalamic excitation of the
motor cortex. The nigrostriatal pathway normally influences the balance between
activation of the direct and indirect pathways, and it is this group of dopaminergic
neurons that are seen to degenerate in Parkinson’s disease (Jellinger, 1999).
The symptoms of Parkinson’s disease, akinesia, rigidity and tremor, have been
reproduced in middle-aged rats by the bilateral infusion of 60H-DA into the
striatum causing nigrostriatal damage (Lindner et al., 1999).
The understanding of the underlying causes of Parkinson’s disease has
contributed to the formation of treatments. Lesion of the subthalamic nucleus
resulted in some reversal of Parkinsonian symptoms in primates treated with
MPTP (Bergman et al., 1990) has caused renewed interest in the application of
surgical procedures, ablation of structures via thallamotomy, pallidotomy and
subthalamotomy, as reviewed in Gross et al. 1999. Other treatments have
involved the replacement of damaged dopaminergic cells with foetal cell
transplants and through dopamine replacement therapy via L-DOPA, the major
therapy for Parkinson’s disease, which is successful in attenuating symptoms but
ultimately has limited long-term success (Ahlskog, 2001).
The other types of dyskinesias are the hyperkinesias that account for the motor
deficits in Gilles de la Tourette syndrome, hemiballism and choreas. Of these
diseases the most understood is Huntington’s disease where a genetic mutation
causes an expansion in the CAG repeat in the gene encoding huntingtin, a
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protein of unknown function. A knock-in mouse has been produced with a 94
CAG repeat insertion that produces a motor phenotype akin to that seen with
Huntington’s disease (Menalled et al., 2002).
The mutation causes aggregation of the huntingtin in striatal neurons eventually
causing cell death in both humans and animal models. It has been suggested
that the earliest cell loss seen is Enk positive MSDSNs (Menalled et al., 2000).
There have been reports that high concentrations of huntingtin aggregates are
found in patch projection neurons (Kosinski etal., 1997), conversely other reports
suggest that huntingtin is found mainly in matrix (Ferrante et al., 1997) or equally
in both patch and matrix and in cholinergic interneurons (Fusco et al., 1999). The
presence of huntingtin in corticostriatal neurons and ACh interneurons leads to
the hypothesis that huntingtin may not produce vulnerability in the striatal
projection neurons but instead may confer destructive nature to other neurons
(Fusco et al., 1999). This model also allows for the observations that NMDA
receptor mediated excitotoxic injury of striatal neurons mimic the neuronal
depletion seen in Huntington’s disease (DiFiglia, 1990).
From these pathological states it is apparent that the striatum and the
nigrostriatal pathway play an essential role in the co-ordination of movement, in
particular the balance between the output of the direct and indirect pathways.
1.1.4 Modulation of direct and indirect pathways

Modulation of the direct and indirect pathways is achieved through the
nigrostriatal pathway (Fig 1.2). Nigrostriatal neurons utilise dopamine as their
neurotransmitter, and synapse directly onto the MSDSNs. The dopamine has
opposing effects on MSDSNs of the direct and indirect pathways. The reason for
this disparate effect is the different subtypes of dopamine receptor expressed by
the striatonigral (direct) and striatopallidal (indirect) neurons.
Dopamine receptors are 7 transmembrane domain G-protein coupled receptors
that can be subdivided into two categories, Di and D2 -like (Sibley and Monsma,
Jr., 1992). These two types of dopamine receptor couple to different G-proteins
with the result that D! receptors stimulate, and D2 receptors inhibit, adenylyl
cyclase activity (Albert et al., 1990;Bunzow et al., 1988;Monsma, Jr. et al., 1990).
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The striatonigral neurons express D1f and striatopallidal neurons express D2,
dopamine receptors (Gerfen et al., 1990;Le Moine and Bloch, 1995).The result of
dopaminergic innervation of these neurons is a suppression of the indirect
pathway and enhancement of the direct pathway. This produces the net effect of
inhibiting the output from the SNr, which in turn disinhibits the thalamus allowing
motor cortex stimulation (Fig 1.2). The loss of the nigrostriatal pathway, as seen
with Parkinson’s disease, contributes to increased activity of the indirect pathway
causing reduction of thalamocortical output. This prevention of dopaminergic
signal within the indirect pathway is also seen in D2 receptor deficient mice; the
animals demonstrate hyperactivity of the subthalamic nucleus producing some
Parkinsonian symptoms (Murer et al., 2000).
1.1.4.1 Modulation of striatal dopamine release
The release of dopamine from the nigrostriatal neurons is itself subject to
modulation. This modulation takes place at the level of the cell bodies in the SNc
through classical postsynaptic mechanisms. The dopamine release in the
striatum is inhibited by GABA or dynorphin A, and stimulated by substance P or
neurokinin A in the SNc (Reid et al., 1990).
In addition to the control at the cell body level, modulation also takes place at the
dopaminergic terminals in the striatum via presynaptic receptors. This allows
influence of the local milieu directly on the release of dopamine. There is
evidence for the presence of dopamine ‘autoreceptors’, these are receptors that
recognise the neurotransmitter carried by the neuron they are located on,
muscarinic, 5HT, and GABAb receptors autoreceptors have also reported for their
corresponding neurotransmitters (Raiteri, 2001). In this case it is the D2 class of
dopamine receptor in a role providing feedback inhibition (Glowinski et al., 1988).
This modulatory effect relies on the ‘spill-over’ effect of excess dopamine at
synaptic junctions increasing the concentration of dopamine in regions away from
the site of active transmission. This non-synaptic mode of signalling appears to
be relatively common for the effects of other neurotransmitters acting upon pre
synaptic receptors, ‘en passant ’ transmission is implicated for other
neurotransmitters at nigrostriatal terminals. Glutamate presynaptic receptors,
both NMDA and non-NMDA, are activated at presynaptic locations by glutamate
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derived from corticostriatal neurons (Glowinski et al., 1988;Wang, 1991), there
does not appear to be any synaptic contact.
There have been suggested links between 5-HT and dopamine release, an
increase in 5-HT, achieved using selective uptake inhibitors, leads to increase in
homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC),
metabolites of dopamine (Waldmeier and Delini-Stula, 1979). The specific effects
of 5-HT on dopamine release have been difficult to ascertain. Some reports claim
an increase, and others a decrease in dopamine release in the presence of 5-HT
(Glowinski et al., 1988). Recent studies claim that 5-HT from dorsal raphe
nucleus can enhance the release of dopamine yet cannot elicit dopamine release
under basal conditions (Lucas et al., 2000).
The application of ACh induces release of DA from striatal synaptosomes (de
Belleroche and Bradford, 1978). ACh interneurons make up 1-2 % of striatal
neurons, a large percentage of the non-MSDSN population, meaning that the
striatum contains the highest concentration of ACh of all brain regions suggesting
that ACh is an important neurotransmitter. Acetylcholine release is known to be
connected to DA release, ACh interneurons possess D-i receptors on their
perikarya, and D2 receptors in a presynaptic position, this allows stimulation at
the cell body level with en element of inhibitory control at local axon terminals (Di
Chiara et al., 1994). The imbalance of dopaminergic input seen in Parkinson’s
disease leads to hyperactive ACh with this removal of inhibition, contributing to
the motor phenotype (Barbeau, 1962).
ACh exerts its effect by interacting with specific receptors of two classes; it is one
of the subunits from one class of these receptors that was the focus of this study.
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1.2 Acetylcholine receptors
1.2.1 Classes of ACh receptor

There are two classes of ACh receptors, the metabotropic muscarinic receptors
and the ionotropic nicotinic receptors; these classes take their name from the
work of Sir Henry Dale in 1914, which demonstrated the ability of muscarine and
nicotine to activate distinct responses. The muscarinic receptors are more
prevalent in the brain, they outnumber nicotinic receptors ~ 100:1. Both classes
of receptor are found throughout the brain, the distribution within the basal
ganglia will be the focus of this study.
1.2.1.1 Muscarinic receptors
There are 5 types of muscarinic receptor, with 5 separate genes, identified in the
CNS (Bonner etal., 1987;Bonner, 1989;Peralta etal., 1987), mAChR 1-5. These
7 transmembrane receptors are coupled to various G-proteins to produce slow,
secondary messenger responses (Caulfield, 1993;Hulme, 1990). This variation in
G-proteins produces two further classes of mAChR, with different downstream
effects seen from the receptors; the ‘MT class (M1f 3 and 5) all increase
phospholipase C, the ‘M2’ class (M2 and 4) both decrease adenylyl cyclase
activity (McKinney, 1993).
Studies using subtype specific antibodies confirmed that the Mi, M2 and M4
receptors made up the majority of muscarine binding sites in the brain, with the
M3 receptor subtype contributing less than 10% (Levey et al., 1991 ;Levey et al.,
1994).
Immunoprecipitation of

receptors determined the expression of high levels of

Mi and M4 subtypes and low levels of both M2 and M3 subtypes in the striatum
(Bernard et al., 1992;Levey et al., 1991;Levey etal., 1994).
Immunocytochemical approaches have determined that all of the subtypes of
muscarinic receptor expressed in the striatum are enriched at post-synaptic sites
and also transported to pre-synaptic locations. The subtypes are distributed in
different distinct populations of striatal neurons; with only the M2 subtype found
on acetylcholine interneurons where it acts as an autoreceptor (Hersch and
Levey, 1995). The Mi subtype is the most widely expressed; approximately 78%
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of the striatal cells were Mi positive. The Mi subtype is mainly located on
dendrites and cell bodies, particularly spiny dendrites; a small population of
terminals at asymmetric synapse (glutamatergic) were also labelled for the Mi
receptor
(Hersch et al., 1994;Levey et al., 1991). The striatal cells labelled for the M2
subtype of receptor were not MSDSNs but included the cholinergic interneurons
and another class of interneuron, making a total of 2.5 % of all striatal cells M2
positive. The M3 subtype also appeared to be restricted to a small population of
interneurons (non-choiinergic), whilst the M4 subtype was expressed in
approximately 44% of the striatal neurons, a group of MSDSNs (Hersch et al.,
1994). The subcellular distribution of the muscarinic acetylcholine receptors
appears to be directly influenced by the presence of acetylcholine, the stimulation
of receptors appears to increase their degredadtion and exocytosis in certain cell
types (Bernard et al., 1998;Bernard et al., 1999).
The role that muscarinic receptors play in the modulation of striatal function is
discussed at length in the reviews (Calabresi et al., 2000), and (Di Chiara et al.,
1994), and will not be further explored in this study.
1.2.1.2 Nicotinic receptors
The nicotinic acetylcholine receptors (nAChRs) are ligand gated ion channels
from a supergene family containing GABAa, 5HT3 and glycine receptors. The
nAChR family includes neuronal nAChRs and muscle nAChRs, found at the
neuromuscular junction. Much of the structural understanding of various features
of the receptor has been deduced by studying the analogue of the muscle
nAChR found in the electric organ of the Torpedo fish (Torpedo Californicus,
(Schmidt and Raftery, 1972), and Torpedo Marmorata, (Karlsson et al., 1972),
(Lindstrom etal., 1979b)).
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1.2.2 Nicotinic Acetylcholine Receptor structure
Under the electron microscope the Torpedo nAChR appeared to be pentameric
in structure, with the five subunits forming a ring around a central pit (Cartaud et
al., 1973). The solubilized receptor was analysed and 4 distinct subunits were
identified with a high degree of hydrophobic amino acid composition with
evidence of glycosylation (Vandlen et al., 1979). These subunits were classified
as: a at 40 KDa, p at 50 KDa, y at 60 KDa, and 6 at 65 KDa, with a stoichiometry
of 2a,p,y,5 (Lindstrom et al., 1979a;Reynolds and Karlin, 1978). A fifth subunit
was discovered, the s subunit was found to be a homologue of the y subunit and
was expressed in adult mammals to replace the y seen in embryonic muscle
receptors (Takai et al., 1985). The subunits are named by greek letters (apySe)
followed by arabic numerals, a1 and p1 being muscle type, the neuronal
receptors are composed of combinations of a2 -10 and p2 - 4 subunits. The
nomenclature of the neuronal receptor is based upon the known subunit
composition where * denotes receptors containing 1 or more identified type of
subunit but possibly additional subunits (Lukas et al., 1999).

a4p2

a3a5p2

Figure 1.4 Illustration of possible combinations of homomeric and heteromeric
receptors.
Receptor pentamers can either be formed as homomers, e.g. al, or heteromers which
may consist of a combination of 2 or more subunits with the requirement that there is a
minimum of 2 a subunits; 2(a4), 3 (J32) or 2(a3), 1(a5), 2(j32).
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The heterologous neuronal nAChRs are thought to contain 2 ‘a ’ subunits and 3
‘non-a’ subunits; these include the p subunits but may also include a5 (Cooper et
al., 1991). The a subunits are classified by vicinal cysteine residues at the amino
acid position 1 9 2 -3 , (as found in a1 subunit) which contribute to the ligand
binding site (discussed in section 1.2.2.3). The 12 types of neuronally expressed
nAChR subunits, a2-10 and £2-4, facilitates a wide variety of potential receptors
(Elgoyhen et al., 2001;Galzi and Changeux, 1995;Sargent, 1993). When
neterologously expressed the a7, a8 and a9 nAChR subunits can produce
homopentamers (Elgoyhen et al., 1994;Gotti et al., 1994). The a2-6 and a10
nAChR subunits only form complexes with p subunits or other a subunits
(Elgoyhen et al., 2001 ;Le Novere et al., 1996;Ramirez-Latorre et al.,
1996;Vernallis et al., 1993), or experimentally with 5HT3 subunits (van Hooft et
al., 1998). This enables the formation of diverse receptors with varying properties
that may contain multiple subunit types (Fig 1.4).

Extracellular

Binding site
interface

Agonist
binding site

Cytoplasmic
ion concentration

Figure 1.5 Pentameric structure o f the nAChR
The five subunits are arranged around a central channel in a pseudosymmetric manner.
The pentamer consists of at least 2 a subunits and 3 non-a subunits. There is a large
extracellular domain containing two acetylcholine binding sites that are mainly confined to
the a subunits, with some contribution at the interfaces from neighbouring subunits.
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The subunits are all members of the cys-loop family in which a pair of cysteines
is conserved and disulphide bonded with a 13 amino acid residue loop between
them, this is a conserved feature of all nAChR subunits. The subunits show
homology at the structural level, with similar hydrophobic profiles suggesting
pseudosymmetry, as predicted from the electron microscopy images (Cartaud et
al., 1978;Cartaud et al., 1973;Noda et al., 1983). It has been suggested that the
cys-loop is involved in the assembly of the receptor from component subunits; in
particular a conformational change in the cys-loop of the a subunit enables the
association of a second subunit (Green and Wanamaker, 1997)
From studies of the muscle receptor, the subunits were thought to be rod-like in
shape and arranged around a central pore with the y subunit sandwiched
between the two a subunits (Kubalek et al., 1987;Sine and Claudio, 1991). This
model has been modified with flattened subunits, rather than rod-like, which are
arranged around the pore like the blades of a pinwheel with a clockwise torsion
(Le Novere et al., 1999).
The subunits contain two major domains, the N-terminal extracellular domain,
which contains the agonist-binding site, and the transmembrane domain that
contains the ion channel {Fig. 1.5).
1.2.2.1 Transmembrane domains
The hydropathy profiles of the subunits predict 4 transmembrane domains with
the amino and carboxyl terminals both in an extracellular orientation (Noda et al.,
1983). Studies of secondary structure elements predicted a 5 transmembrane
model in which each 5 a helices spanned the membrane (Finer-Moore and
Stroud, 1984).
This model has since been refined to confirm the 4 transmembrane paradigm, in
which the transmembrane domains contain both p sheets and a helices Fig 1.6
(Corbin et al., 1998;Gorne-Tschelnokow et al., 1994;Guy and Hucho,
1978;Stroud et al., 1990). Computational analysis predicts nine a helices 17 p
strands with the extracellular domain mainly p strandand the TM domains being
of mixed a/p topology (Le Novere et al., 1999).
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Figure 1.6 Schematic diagram o f nAChR subunit structure
The subunit contains a large extracellular amino terminal region ( ) containing a pair of
disulphide-bonded cysteines (Cys -Cys) that form a loop containing 13 amino acids. The
N-terminal region is glycosylated with up to 4KDa of carbohydrate polymers. There are
four membrane-spanning regions (M1-M4) with a large cytoplasmic loop between M3 and
M4 (*) and a short C extracellular carboxyl terminus.

The second transmembrane segment, TM2 is orientated to line the channel
where it is tilted by approximately 7° producing a wide region at the extracellular
surface narrowing towards the cytoplasmic face {Fig. 1.7) (Dani and Eisenman,
1987;Furois-Corbin and Pullman, 1989;Unwin, 1995). The TM2 region was
confirmed to line the pore using a radiolabelled non-competetive antagonist (a
channel blocker), [3H]chloropromazine, this was found to label Thr 253, Ser 257
and Leu 260 of the y subunit. These residues are located in the TM2 region and
suggest an a helical conformation, confirmed by high magnification imaging
(Revah et al., 1990;Unwin, 1995). The other 3 transmembrane domains contain
a helical regions but also contain a large degree of p strand conformation (Le

Novere etal., 1999).
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Figure 1.7 Arrangement o f TM2 in subunits o f nAChR to form ion channel
The subunits are arranged with pseudosymmetry around the central pore. The second
transmembrane domain of each subunit is aligned to form the wall of the ion channel (red
helices). The view down the channel demonstrates the symmetrical arrangement of
subunits and TM2 helices, the subunits taper towards the membrane with clockwise
torsion.

1.2.2.2 Structure of the ion channel
An early study of the nAChR determined the importance of 3 anionic rings, the
extracellular ring (a262), intermediate ring (a241), and the cytoplasmic ring
(a238), rings are numbered corresponding to the residue found in the a subunit
of the Torpedo receptor (Imoto et al., 1988).These rings were found to be
significant in the determination of ion flow with the greatest influence exerted by
the intermediate ring (Imoto et al., 1988).A second non-polar ring adjacent to the
intermediate ring at a244 was found to work in conjunction with the anionic ring
to form a narrowing of the channel leading to constriction of ion flow (Imoto et al.,
1991;Miyazawa et al., 1999).
This narrowing of the channel has a pronounced effect on transport of large
cations (K+, Cs+, RB+) and also appears to be contributed to by a threonine
residue at a264 in the rat muscle nAChR near the cytoplasmic neck of the pore
(Villarroel et al., 1991).The functional role of the intermediate ring may also
include ion selectivity as well as controlling the rate of channel conductance
(Konno et al., 1991).Mutations of the homomeric a7 nAChR have demonstrated
that mutation of Glu 237 to Ala removes the ability to conduct divalent cations,

and insertion of a proline residue between 236 and 237 allowed conversion of the
ion selectivity from cationic to anionic (Galzi et al., 1992).
The study of the mouse muscle receptor has determined those residues lining
the channel region by using a cysteine substitution methanethiosulphonate
ethylammonium (MTSEA) accessibility approach (Akabas et al., 1994). Residues
were systematically replaced by cysteine and were determined to be exposed in
the channel region based upon their ability to react with MTSEA. This system
determined a likely a helical structure of the TM2 region between a241 and a262
with an extended region between 250-252 exposed in the channel. Within this
region a Leucine residue is highly conserved across GABAa, 5HT3i glycine and
Glu-CI glutamate receptors (Lester, 1992). This Leucine kink appears in all five of
the TM2 helices, each residue independently contributes, in a symmetrical
fashion, to the structural transition between open and closed states (Labarca et
al., 1995).This ‘gating’ region has different properties depending on the state of
the receptor. The closed state of the receptor may be either resting or
desensitized, the gating region was determined to span G240 - T244 in the
muscle a subunit when in a resting state (Wilson and Karlin, 1998), this was
extended to encompass G240 - L251 in the desensitized state (Wilson and
Karlin, 2001).
1.2.2.3 Extracellular domain and agonist binding site
The extracellular domain of the nAChR is largely made of the hydrophilic amino
terminal. This region projects into the synaptic cleft and is highly glycosylated, up
to 20KDa of total receptor mass can be ascribed to carbohydrate polymers (Shoji
et al., 1992;Vandlen et al., 1979). The extracellular domain contains the ligand
binding sites; two binding sites for ACh per Torpedo nAChR pentamer have been
identified by covalent bonding of the ACh ligand, 4-(N-maleimido)-benzyltrimethyl ammonium (MBTA) (Kao et al., 1984;Pedersen et al., 1986).This
method labelled residues 192 and 193, the vicinal cysteines in the a subunit.
Other residues in the a subunit contributing to the binding pocket have been
identified using photoactive ligands (Dennis et al., 1988;Galzi et al., 1990).
Initially it was thought that the binding site was totally confined to the a subunit,
the contribution of neighbouring subunits was identified when [3H]tuburcurarine
binding experiments showed labelling of residues in the y and 5 subunits in
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addition to the a subunit (Pedersen and Cohen, 1990). This led to the model of
the location of the binding sites at the interface of the a subunits and
neighbouring subunits (Fig. 1.5). The nature of the binding site appears to be
mainly hydrophobic, a large number of the residues identified in the binding
pocket contain aromatic groups (Sullivan and Cohen, 2000). A proline identified
at position 199 in the a4 nAChR subunit appears to confer the high affinity of this
subunit for nicotine, probably through conformation restrictions imposed by
proline (Lentz, 2000). In addition to the aromatic residues, a negatively charged
amino acid is conserved between the 8 and y subunits Asp180/174, respectively,
which is though to interact with the positively charged quaternary ammonium
group of acetylcholine (Czajkowski et al., 1993;Czajkowski and Karlin, 1995).
The 2 binding sites of the muscle nAChR are not equivalent, expression of pairs
of mouse muscle a8 and ay identified different binding properties (Blount and
Merlie, 1989). Expression of whole receptors with a(3 and either y or 8,
possessed high and low affinity, respectively, for the cholinergic agonist
dimethyltuburcurarine (DMT). Loss of co-operativity between the two binding
sites in the triplet receptors compared to native receptors suggests indirect
contact between these sites (Sine and Claudio, 1991). This indicates that in
heteromeric receptors the binding sites may have different properties.
The recent discovery of the acetylcholine binding protein (AChBP) from the
mollusc lymnaea stagnalis, has provided the best information to date on the likely
structure of the acetylcholine binding site. AChBP is produced by glial cells and is
excreted into the extracellular space where it binds to free ACh, effectively
lowering the concentration of ACh at synapses (Smit et al., 2001). The AChBP is
a homopentameric soluble protein, which appears to be analogous to
extracellular portion of the nAChR, appearing similar to a7-9 homopentamers.
The cys-loop is present although the 13 amino acids between cysteines are not
conserved. The high-resolution crystal structure demonstrated that the pentamer
is 80 A in diameter, 62 A in height with an 18 A channel through the centre. The
subunits form an immunoglobulin-like fold and are arranged as predicted by Le
Novere et al. 1999 in a pin-wheel conformation (Brejc et al., 2001). The crystal
structure of the AChBP is remarkably similar to the electron microscopy images
of the Torpedo nAChR, the only difference appears to be the lack of p sheet lined
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channel running from the pore to the binding site in the AChBP (Miyazawa et al.,
1999).
The sequence for the chick a l nAChR subunit was mapped to the structure of
the AChBP according to the best sequence alignment (Le Novere et al., 1999).
The structure was subsequently extrapolated for the a4 and (32 sequences. This
alignment identified the positions of the residues implicated in the binding pocket,
this consisted of 3 loops (A, B, and C) contributed by the a subunit and 3 loops
(D, E and F) from the neighbouring subunit (Fig. 1.8). The contribution of loop E
appears to be responsible for difference in agonist affinities between (32* and [34*
nAChRs (Changeux and Edelstein, 2001 ;Le Novere et al., 1999).

a subunit

complem entary
subunit

Figure 1.8 Representation o f the ligand-binding site viewed from the extracellular
face o f the protein.
The binding site is formed at the interface of the a subunit and the complementary
subunit, y or Sin muscle receptors, a or p in neuronal receptors. Acetylcholine (orange
orb) binds between 6 loops, 3 contributed from the a subunit, A, B and C, and 3 from the
complementary subunit, D, E, and F. Loop C contains vicinal cysteines 192 and 193,
(Cys), the majority of the other residues on the 6 loops are aromatic amino acids
(Adapted from Changeux and Edelstein, 2001,and Le Novere et al., 2001).
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1.2.2.4 Functional states of the receptor
As an allosteric protein the nAChR produces all-or-none openings in response to
agonists. This is achieved through a conformational change at a site distant from
the agonist-binding site. Typically allosteric proteins are fitted to a two-state
model, relaxed and tense, in the case of the nAChR four states have been
identified, basal, active, fast-desensitising and slow desensitising (Changeux et
al., 1998;Galzi et al., 1996). Cryo-electron microscopy has enabled imaging of
the nAChR in the presence and absence of an ACh analogue, carbamylcholine.
This represents the basal and inactive, desensitised, states. This has
demonstrated that a quaternary rearrangement takes place in which the
desensitised state becomes less symmetrical, with alterations at the ligand
binding site and in the cytoplasmic region (Unwin et al., 1988).
The nAChR has also been imaged in the open state to show that rotation in the
extracellular domain causes a change in alpha helices lining the pore region
(Unwin, 1995). Most recently a time-resolved electron microscopy study has
provided evidence to suggest that binding of an agonist causes an important
conformational change in the a subunits. The a subunits rotate, approximately
15-16° of the pore- facing parts, until they resembles non-a subunits, producing
an extracellular domain similar to the AChBP (Unwin et al., 2002).
The multiple conformational states of the nAChRs enable a high degree of
adaptability. The nAChRs have ability to respond to the local environment,
dependent on the concentrations and temporal availability of agonist they may be
activated or desensitised, producing a sensitive mechanism for modulation in
situ. The diversity of nAChR subunits that enables multiple subtypes of receptor
also contributes to localised control, different subunit combinations produce
receptors with varying channel opening properties, agonist affinities and ionselectivity (Gotti etal., 1997;Sargent, 1993;Stroud and Finer-Moore, 1985).
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1.3 Methods used for studying the properties and distribution of
nAChRs in the basal ganglia

There have been various techniques employed both in vivo and in vitro, to
investigate the location, subtype and function of nAChRs in the basal ganglia. In
addition to the classical post-synaptic function of these receptors at cell bodies
and dendrites, a large percentage of the research focuses on the pre-synaptic
role of nAChRs, particularly in the striatum. The localisation of nAChRs at a
presynaptic site enables an increase, or decrease in neurotransmitter release,
supporting the proposed function of nAChRs as modulators (Role and Berg,
1996). There have been several reviews written about the presynaptic role of
nAChRs, (Kaiser and Wonnacott, 1998;MacDermott et al., 1999;Vizi and
Lendvai, 1999;Wonnacott, 1997); in this study only studies of nAChRs involved in
the functioning of the basal ganglia, and particularly the nigro-striatal pathway,
will be addressed.
1.3.1 Neurochemical techniques for studying nAChRs

1.3.1.1 Superfusion
The superfusion system, so named by H.E. Gaddum in 1953, employs the flow of
buffer over tissue slice or synaptosome preparations (described in section
2.2.7.1). Several samples are usually superfused in parallel and serial fractions
are collected of the superfused buffer to be subsequently analysed for
neurotransmitter content. This system enables the measurement of baseline
neurotransmitter levels to be assessed before a chemical, agonist or antagonist
combinations, or an electrical stimulus is applied to evoke release. A modified
high throughput system based on a 96 well microtitre plate, with comparable
results to conventional superfusion systems, has also been reported recently
(Anderson et al., 2000;Puttfarcken et al., 2000). This may become a favoured
system for rapid screening of novel compounds.
The drawback of superfusion techniques is the subsequent detection of
neurotransmitter in the collected fractions. The concentrations of endogenous
transmitter are generally too low to be detected by all but the most sensitive
assay methods. For this reason, tissue is loaded with a radiolabelled analogue of
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the neurotransmitter to be studied prior to superfusion; this means that the
release of radioactivity can be monitored. This method has been used to
demonstrate the ability of nicotinic agonists to stimulate the release of;
[3H]dopamine (Westfall, 1974) reviewed in (Rowell, 2002), [3H]noradrenaline
(Clarke and Reuben, 1996;Sacaan et al., 1995), [3H]GABA (Lu etal., 1998), and
[3H]5HT (Reuben and Clarke, 2000;Westfall et al., 1983). Alternatively
radiolabelled precursors may be used, as for acetylcholine, which has no uptake
mechanism. [3H]choline is taken up by tissue and the majority is converted to [3H]
ACh which can be measured upon release (Grady et al., 2001 ;Wilkie et al.,
1996).
The nicotine-stimulated release of neurotransmitters is calcium dependent, as
demonstrated by the use of calcium channel antagonists (Harsing et al.,
1992;Prince et al., 1996;Soliakov and Wonnacott, 1996;Westfall et al., 1987).
This implies that release is through an exocytotic mechanism, synaptic vesicular
release, rather than other mechanisms such as the reversal of transporters.
The superfusion technique may use tissue prepared in slices / minces or
synaptosomes. As previously mentioned, both preparations have provided
information about the presence of nAChRs. Synaptosomes, being isolated nerve
terminals as described in section 3.3.1, provide a snapshot of the modulation by
nicotine that can only be acting in a presynaptic capacity. This has enabled the
identification of presynaptic nAChRs, by use of selective nicotinic antagonists, on
striatal dopaminergic synaptosomes (Rapier et al., 1988;Sakurai et al.,
1982;Wonnacott et al., 1989). The use of synaptosomes is limited by the loss of
connectivity, to understand the complexity of more indirect mechanisms it is
necessary to use slice preparations.
These indirect actions of neurotransmitter release can complicate the
interpretation of results. Typically to interpret the effects of agonists / antagonists
a pair of stimuli are required, an initial depolarising event that can be measured
as an internal standard, followed by a recovery period and a second depolarising
event in the presence of the compound to be tested. This approach is unsuitable
for the study of nAChRs, since the nAChRs depolarise readily after initial
stimulation, and exert their effect on the basal levels of release. Instead the total
transmitter release in a given time is measured so that the overall changes in the
basal levels of release can be compared to parallel, nAChR agonist/antagonist
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negative controls. This approach has been applied to the nAChR-mediated
release of dopamine and 5HT in striatal slice preparations (Dwoskin et al.,
1995;Marshall et al., 1996;Westfall etal., 1983).
Along with electrophysiology (section1.3.1.2) this technique has provided a
wealth of information about the different subtypes of nAChRs present within the
striatum based on the use of subtype selective or specific toxins.
These toxins are derived from a variety of plants and animals, as tools they
generally have to be treated as subtype-selective, not specific, since the
preference for particular subtypes is heavily dependent on the concentration
ranges used. Studies using these toxins have excluded the direct presence of the
a7 homomeric nAChR subtype on striatal dopaminergic terminals
(synaptosomes), a bungarotoxin (Rapier et al., 1990), and a conotoxin IMI (Kulak
etal., 1997).
The use of a conotoxin Mil in striatal synaptosome and slice superfusion
produced a significant reduction in [3H] dopamine release (Kaiser et al.,
1998;Kulak et al., 1997). The blockade by a conotoxin Mil was attributed to the
a3[32* subtype of nAChR, the toxin recognising the interface of the a3 and (32

subunits (Cartier et al., 1996). More recently it has been demonstrated that a
conotoxin Mil binds to an a6 containing nAChR in chick (Vailati et al., 1999). The
a3 and a6 subunits demonstrate a remarkably high degree of homology and are
more closely related to each other than to the rest of the nAChR subunits (Le
Novere and Changeux, 2001). When this is taken into account with the selective
distribution of the a6 nAChR subunit, concentrated in catecholaminergic neurons
(Goldner et al., 1997;Le Novere et al., 1996), the possibility that the toxin is
binding to a6 containing nAChRs must be considered. Indeed this speculation
has been supported by recent studies with radiolabelled ligand binding in wild
type and a3 nAChR subunit null mutant mice (sections 1.3.2.3 Table 1, and
1.3.3.1). It is entirely possible that the toxin is recognising a receptor that
contains both a3 and a6 subunits since the assembly of a6 containing receptors
from human subunits requires the presence of another a subunit (Kuryatov et al.,
2000), however the level of a3 subunit expression appears to be low in these
neurons (Klink et al., 2001).
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Figure 1.9 Representation o f the putative locations o f nAChR subtypes within the
striatum. (Adapted from Kaiser et a l . 1998)
Axon terminals from nigrostriatal dopamine neurons (orange), possess multiple subtypes
of nAChR, a4p2* and oc3/a6p2* (Sharpies et al. 2000, Kulak et al. 1997, Kaiser et al.
1998). These terminals that synapse symmetrically onto the necks of spines on
GABAergic medium sized densely spiny neuron dendrites (blue), also express glutamate
receptors (GluR). An indirect mechanism of nicotine mediated dopamine release is
suggested to be via a l nAChRs present at glutamate terminals (red). Nicotine induced
enhancement of glutamate release, causing stimulation of presynaptic glutamate
receptors on dopaminergic terminals, thus leading to further increase in dopamine
release (Kaiser et al. 1998, Wonnacott et al. 2000).
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The blockade of nicotine stimulated striatal dopamine release by a conotoxin Mil
is incomplete, suggesting a second class of nAChR is involved at these
terminals. This second class of receptor is most likely to be a4(32*, based upon
direct pharmacological evidence using the novel agonist UB-165 (Sharpies et al.,
2000), and the complete loss of nicotine mediated dopamine release in p2 null
mutant mice (Grady et al., 2001 ;Grady et al., 2002).
A third class of nicotine mediated dopamine release has been demonstrated in
striatal slice preparations. Both a l nAChR and glutamate receptor selective
antagonists block an element of the nicotine induced dopamine release. As
previously mentioned, evidence supports the lack of a7 nAChRs at dopaminergic
terminals, however it is proposed that presynaptic a l nAChRs exist on glutamate
terminals in the striatum (Kaiser and Wonnacott, 2000;Wonnacott et al., 2000).
There is a precedent for the presence of cx7nAChRs at glutamatergic terminals
found in the ventral tegmental area (VTA), demonstrated by electrophysiology
techniques, where the a l nAChR is reported to play a role in long-term
potentiation (Mansvelder and McGehee, 2000).
The experimental evidence led to the proposed model of nAChR subtype
distribution in the striatum illustrated in figure 1.9. From this model, the a4
nAChR subunit is implicated in a crucial role as a major component of the
nAChRs modulating dopaminergic transmission in the striatum.
1.3.1.2 Electrophvsioloav
The majority of electrophysiological experiments depend on recording induced
currents in post-synaptic cells as an indication of pre-synaptic activity. This
technique is employed due to the diminutive size of most axon terminals, making
direct reading almost impossible, although amperometry has been performed to
detect the evoked release of endogenous dopamine (Zhou et al., 2001). The
majority of electrophysiology-based investigation into nAChRs focuses on GABA
and glutamate synapses, particularly in the hippocampus (Pereira et al.,
1999;Radcliffe et al., 1999), for the purposes of this project these will not be
discussed, instead precedence will be given to studies of the basal ganglia.
In vivo electrophysiological single unit recordings from the substantia nigra
demonstrated the ability of systemically administered nicotine to elicit dopamine
release via a direct excitatory mechanism (Clarke et al., 1985a). Direct
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innervation and subsequent activation by cholinergic neurons in the
pedunculopontine tegmental nucleus (PPN) provides further evidence for the
presence of nAChRs on the perikarya of dopaminergic cells in the substantia
nigra (Clarke etal., 1987).
Cholinergic excitation in slice preparations of rat striatum demonstrated the
presence of both muscarinic and nicotinic receptors, with nAChRs mediating fast
excitation and mAChRs mediating slow excitation (Misgeld et al., 1980).
In vivo experiments determined that application of nicotine increased
spontaneous firing of the MSDSNs in the striatum. It is proposed that this
increase in efficiency is achieved through augmented dopamine release from
nigrostriatal terminals, in agreement with the putative presynaptic role for
nAChRs (Yu et al., 2000). Results from patch-clamp experiments on rat striatal
slices suggest that nicotine acts mainly through presynaptic nAChRs in nerve
terminals to release dopamine and/or glutamate, thereby activating the MSDSNs
in agreement with the model proposed by Kaiser et al., 2000 (Matsubayashi et
al., 2001).
It has also been reported that the activation of nAChRs is instrumental in the
long-term depression (LTD) associated with ‘habit’ learning in the dorsal striatum
(Partridge et al., 2002). The release of dopamine activates receptors on the
glutamatergic terminals synapsing onto MSDSNs, causing high-frequency
activation and subsequent LTD. This action is blocked by nAChR antagonists,
yet can be restored by the presence of dopamine reuptake inhibitors. This
outlines an important role for presynaptic receptors on nigrostriatal dopamine
neurons contributing to striatal synaptic plasticity.
Electrophysiological approaches have elucidated a supplementary role for
nAChRs on the fast spiking GABA interneurons of the striatum. This small
population of GABA interneurons appears to play an important role in the co
ordination of MSDSN firing patterns (Koos and Tepper, 1999). The presence of
endogenous acetylcholine exerted two distinct effects facilitated by muscarinic
and nicotinic receptors (Koos and Tepper, 2002). The somato-dendritic non-a7
nAChRs caused a direct depolarisation and hence excitation, whilst presynaptic
muscarinic receptors attenuated the GABAergic inhibition of the MSDSNs. It has
been postulated that this dual action represents a mechanism for detecting and
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translating the brief pauses in tonic ACh release via the nAChRs, whereas during
basal ACh release mAChRs are active (Koos and Tepper, 2002).
1.3.1.3 Microdialvsis
Microdialysis is a method for detecting in vivo changes in neurochemical
concentrations. Cannula style probes are used to sample dialysates from brain
regions with high anatomical accuracy. The neurotransmitters diffuse through the
probe membrane and are collected in artificial cerebrospinal fluid from which
fractions are taken for subsequent high performance liquid chromatography
(HPLC) analysis. With regard to studies of nAChRs this method has been
employed most extensively for measuring dopamine overflow. These studies
systemically applied nicotine acute or chronic (Benwell and Balfour, 1992),
however it is also possible to directly deliver agonists or antagonists through
cannulae for direct stimulation of specific nuclei.
The involvement of nAChR was implicated on dopaminergic cell bodies in the
VTA when local infusion of the general nicotinic antagonist mecamylamine
blocked nicotine evoked dopamine release in the nucleus accumbens (Nisell et
al., 1994). More recently, studies have demonstrated that local infusion of the a7subtype selective antagonist methyllycaconitine (MLA), or N-methyl-D-aspartate
(NMDA) receptor antagonists, into the VTA abolished the nicotine-evoked
release of dopamine in the nucleus accumbens (Schilstrom et al.,
2000a;Schilstrom et al., 2000b). This suggests that the nicotine is acting via
presynaptic a7 nAChRs on glutamate terminals in the VTA, in agreement with
the data previously mentioned (Mansvelder and McGehee, 2000). However it
mast be noted that MLA, originally thought to be selective for a7 nAChRs, also
antagonizes a3/a6 02* nAChRs (Mogg et al., 2002).
In the striatum, direct infusion of nicotine produces local dopamine release that
can be blocked by mecamylamine, further strengthening the argument for the
presence of presynaptic nAChRs (Marshall et al., 1997). Indeed studies using
both nicotine and lobeline, an agonist for low affinity nAChRs like the a7 nAChR,
suggest that both high affinity, including the a4p2* nAChR subtype, and low
affinity nAChRs are involved in striatal dopamine release (Lecca et al., 2000).
Interpretation of experiments utilizing lobeline must be cautious due to the
inhibitory effect of this drug on dopamine transport.
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Studies using p2 nAChR null mutant mice, (sectionl.3.2.3, Tablel), reported that
nicotine-induced DA release in the ventral striatum was abolished, this result
conveys the importance of the (32 subunit in nAChRs mediating dopamine
release but does not fully explain the likely sites of action of nicotine (Picciotto et
al., 1998).
Together these methods have produced a wealth of information to characterize
the properties and to some extent distribution of nAChR subtypes. However
these neurochemical approaches are far more useful when combined with other
techniques. Understanding the contribution of individual subunits may be
explored by investigating mutated subunits or indeed null mutants (section 1.3.2).
Verifying the location of receptors as well as subunit composition may also
explain the observed neurochemical properties (sectionl.3.3).
1.3.2 Genetic approaches to studying nAChRs

The involvement of the nAChRs in nicotine addiction is an obvious role for these
acetylcholine receptors, however the presence in brain systems unrelated to
addiction, coupled with the variety of subunits and subsequent combinations
purports to additional roles for the nAChRs. The pathological implications of
nicotinic receptors have been elucidated from studies of genetics. Observed
phenotypes in humans and in mouse models have been studied using the
‘forward’ genetics techniques.
1.3.2.1 Forward Genetics
Forward genetics techniques employ the method of identifying a definite
phenotype in a population, followed by genetic screening to determine genotypes
causing the observed phenotype. This technique will recognize insertion,
deletion, duplication and translocation events that are then localised to specific
loci. Gene maps enable identification of genes that contain the mutations, and
other genes downstream that may be affected. This approach has highlighted the
involvement of acetylcholine receptor subunits in myasthenic syndromes as
outlined in a review by Changeux and Edelstein, 2001.
Neuronal nicotinic acetylcholine receptors have been linked with schizophrenia,
although several genes and environmental factors are likely to contribute to this
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complex disease. The a l homomeric nAChR has been implicated for an
inherited schizophrenic trait in which a dinucleotide repeat polymorphism
(D15S1360) is located in proximity to the a l nAChR gene on chromosome 15q14
(Freedman et al., 1997). This is strengthened by the observed decrease in a l
expression in hippocampus compared with controls (Freedman et al., 1995). The
phenotype involved was a deficiency in auditory filtering and gating in paired tone
testing (Adler et al., 1998). Schizophrenics are known to be heavy smokers with
>80% of schizophrenics using tobacco products compared with ~ 25% of the
general populous (Goff et al., 1992), this may be in an attempt to rectify the
impairment in auditory gating (Adler et al., 1992;Adler et al., 1993).
1.3.2.1.1 Human Epilepsies linked to nAChRs

Specific forms of human epilepsy have also been linked to nAChR subunits.
Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) is a rare partial
form of epilepsy that has been linked to the chromosome region 20q13.2 (Phillips
et al., 1995). A candidate gene was determined to be the a4 nAChR subunit
located on Chromosome 20q13.2-13.3 (Steinlein et al., 1994), this region was
also associated with two other types of epilepsy, benign familial neonatal
convulsions (BFNC) (Beck et al., 1994;Leppert and Singh, 1999) and low-voltage
EEG (LVEEG) (Steinlein et al., 1992) although no mutations have been directly
identified in nAChR genes. The determination of the exon-intron structure of the
human a4 nAChR subunit has enabled mutation screening for ADNFLE
phenotypes (Steinlein, 1996). A mis-sense mutation found in an Australian family
with ADNFLE, substituted phenylalanine for serine (S248F) (Steinlein et al.,
1995), which resides in the TM2 region of the a4 subunit, this is known to be the
pore-lining region of the subunit as previously discussed. A second mutation in
the a4 nAChR gene was detected in an ADNFLE afflicted Norwegian family
(Steinlein et al., 1997b), an insertion of an additional leucine between amino
acids 259 and 260 also located in the TM2 region. These independent mutations
in the same gene leading to the same diseased state implicate the a4 nAChR
subunit in this pathology.
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Studies of the mutated receptors have revealed a reduction in calcium
permeability in both mutants, and a rapid desensitisation and increased recovery
time in the S248F a l subunit (Bertrand et al., 1998;Kuryatov et al.,
1997;Steinlein etal., 1997b).
There has also been a second locus associated with ADNFLE, chromosome
15q24, which is near to the gene cluster of a3, a5 and (34 nAChR subunits
(Phillips et al., 1998). In a similar story to the a l nAChR link to schizophrenia, no
mutations have been identified in the genes, however not all of the coding
regions or the 5’ untranslated regions have been analysed (Weiland et al., 2000).
Separate cases of ADNFLE have also been identified that do not have mutations
at either of these loci (Phillips et al., 1998); this suggests the involvement of other
genes, though does not exclude the participation of other nAChR subunit genes
on other chromosomes (Weiland et al., 2000). Indeed a missense mutation in the
(32 nAChR subunit gene, relating to V287L in the TM2 region, leads to a
‘hyperactive’ phenotype due to slower desensitisation has been implicated in
ADNFLE (Fusco et al., 2000).
There is also some evidence for linkage of another type of epilepsy, juvenile
myoclonic epilepsy, and the a l nAChR subunit gene at chromosome region
15q14 (Elmslie et al., 1997) in addition to suggested links with the a4 nAChR
gene locus (Steinlein et al., 1997a). These observations suggest that a4*
nAChRs are involved in normal brain function, and that mutations can lead to
pathological states.
1.3.2.1.2 Genetic studies in mice

Much of the genetic understanding of the roles that nAChRs play in the central
nervous system has come from studies of mouse models. The ‘forward’ genetic
approach has been employed to study the underlying mechanisms to the seizure
inducing effects of nicotine. Strains of inbred mice know as long sleep (LS) and
short sleep (SS) were shown to differ in their sensitivity to nicotine-induced
seizure (de Fiebre et al., 1987). The difference between strains was localised to
the a4 nAChR subunit gene by study of restriction fragment length
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polymorphisms (RFLP) in recombinant inbred crosses (LSXSS) (Stitzel et al.,
2000a).
Similarly crosses of the inbred mouse strains C3H and DBA demonstrated that
the RFLPs in each strain altered the sensitivity to nicotine with respect to induced
seizures (Stitzel et al., 2000b). These results imply the involvement of both the
a4 and a l nAChR subunits in the modulation of seizures caused by nicotine.
The strains containing the a4 nAChR subunit gene RFLP were originally bred for
their differences in ethanol-induced loss of sleep time and righting response
(Sanders et al., 1978). When investigated using the recombinant inbred crosses,
the LS-like a4 nAChR subunit RFLP was found to be associated with greater
ethanol induced locomotor activity than in the SS-like animals (Tritto et al., 2001).
In addition the SS-like mice showed a significant increase in ethanol
consumption compared to their LS-like counterparts, suggesting that the a4
nAChR subunit may play an important role in this particular substance abuse
(Tritto etal., 2001).
The study of RFLPs enables phenotypes to be localised to a focused group of
genes yet does not confirm the involvement of a particular gene without further
mapping experiments. In the case of the a4 nAChR subunit attributed RFLP, a
point mutation has been identified at position 529, where threonine has been
replace by alanine (Tritto et al., 2002). An RFLP has also been identified in the
a6 nAChR subunit gene, in conjunction with the a4 nAChR subunit RFLP this
appears to contribute to startle responses (Tritto et al., 2002).
The system of studying known phenotypes and identifying the genetic mutations
underlying them is useful for attributing potential roles for proteins, however this
approach is severely limited. Only gross phenotypes are studied, subtle
differences may be overlooked, and studies are limited by the availability of
natural mutants. A more proactive approach is known as ‘Reverse’ genetics, this
involves the production of artificial modifications in target genes followed by
analysis of the influence of the adapted protein.
1.3.2.2 Reverse Genetics
The most commonly used form of reverse genetics has been site directed
mutagenesis. This approach entails the construction of cDNAs with selectively
replaced nucleotides that can be cloned into mammalian cell lines or Xenopus
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replaced nucleotides that can be cloned into mammalian cell lines or Xenopus
oocytes. This method of creating point mutations can be used to screen areas of
interest to identify key residues conferring particular properties.
1.3.2.2.1 Site directed mutagenesis
Site directed mutagenesis has been used to determine the particular residues
involved in various properties of nAChR receptors; it has been used to determine
residues involved in channel conductance (Akabas et al., 1994;lmoto et al.,
1988;lmoto et al., 1991;Labarca etal., 1995;Villarroel etal., 1991), ion selectivity
(Galzi et al., 1992;Konno et al., 1991) and properties of the gating region (Wilson
and Karlin, 1998;Wilson and Karlin, 2001). The incorporation of a ‘reporter’
mutation has given an insight into the stoichiometry of functional nAChRs
containing the p3 subunit (Groot-Kormelink et al., 1998). The presence of the WT
p3 nAChR subunit in a functional nAChR does not appear to confer any changes
in pharmacological profile of receptors. The inclusion of a V273T mutation
converts a hydrophobic residue in the middle of the pore-lining domain of (33 to a
hydrophilic residue; this was shown to increase the sensitivity of the receptor to
agonist in a manner proportional to the number of mutant p3 subunits
incorporated (Groot-Kormelink et al., 1998).
The drawback of mutagenesis studies is the requirement for a cell-based
expression system, although several stably transfected cell lines have been
produced for various nAChRs, (Gopalakrishnan etal., 1995;Gopalakrishnan et
al., 1996;Lewis et al., 1997;Lukas, 1993) the expression levels and properties
appear to differ between cell types (Cooper and Millar, 1998;Lewis et al., 1997),
although this variation also differs between nicotinic receptor subtypes (Shafaee
et al., 1999). Mutations have also been included to produce changes in
glycosylation sites that confer a resistance to a toxin (Keller et al., 1995).
1.3.2.2.2 nAChR subunit chimeras
A chimera that enables transient expression of N terminal regions of the a7
nAChR in Xenopus oocytes and HEK293 cells, a7-V201-5HT3 (Eisele et al.,
1993), utilizes portions of the chick a7 nAChR subunit and the 5HT3 receptor to
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produce a receptor that preserves the a l nAChR binding site and
pharmacological properties of the wild type receptor with high efficiency of
expression. Mutation studies of this chimera demonstrated that transfer of a4
nAChR amino-acid sequence for short regions, 151 -155 and 183-191, with
particular importance at the residues at 152 and 183, could alter the a7
homomeric receptor to mimic a4p2* receptors (Corringer et al., 1998). This
production of functional chimeras, using the C-terminal portion of the 5HT3
receptor spliced to N terminal portions of nAChR subunits, has also been used to
improve surface expression of a4 and p2 nAChR subunits (Cooper et al., 1999).
These chimeras have been utilized to study the changes in subunit conformation
influenced by co-assembling subunits, and how these alterations in conformation
affect subcellular distribution of subunits (Harkness and Millar, 2002).
1.3.2.2.3 Gain of function mutations
Mice that possess mutations that lead to a gain of function are termed ‘knock in’
mice. An important mutation has been determined in the chick a l nAChR subunit
in which leucine at the 247 position is mutated to threonine. This mutation has
multiple effects; firstly it causes a decreased rate of desensitization, secondly it
increases the apparent affinity for acetylcholine, thirdly it abolishes current
rectification and finally an additional conducting state at low acetylcholine
concentrations (Revah et al., 1991). When this mutation is expressed in mouse
a l nAChR at the corresponding L250 site it is lethal within one day of birth in
homozygotic animals (Orr-Urtreger et al., 2000). The homozygotic animals show
a marked reduction in a l nAChR protein expression and extensive apoptosis
throughout the somatosensory cortex. Mice heterozygous for the L250T mutation
and lacking a WT a l nAChR gene show normal cortical development and are
viable animals yet exhibit the same phenotype as homozygotic mutants (Broide
et al., 2001), demonstrating an increased sensitivity to nicotine induced seizure
and high mortality rate (Gil et al., 2002).
Mutation of the corresponding lysine residue in the a4 nAChR subunit to a serine
residue also generates a gain of function. This mutantation in mice caused
neonatal fatality, consistent with the findings with the ot7nAChR L250T mutant,
and showed a severe deficit in dopaminergic neurons in the substantia nigra
56

(Labarca et al., 2001). A strain with low expression of the mutated receptor is
viable; these mice show increased anxiety and alterations in motor behaviour.
The mutant receptor is hypersensitive and is continuously activated by
acetylcholine at tonic concentrations. A reduction in nigrostriatal dopaminergic
function with age was also observed, akin to that seen with Parkinson’s disease
suggesting a role for this mutant as a possible Parkinson’s disease model.
In contrast to the ‘knock in’ mice where a gain of function was created, the effect
of the a4 nAChR subunit was suppressed by the production of a ‘knock down’
mouse (Bitner et al., 2000). This was achieved by the introduction of an
antisense oligonucletide to the a4 nAChR subunit, this was delivered by bolus
injection or i.c.v. infusion. Immunohistochemical analysis determined a 50% loss
of a4 nAChR subunit expression and reduced nicotine mediated antinociception.
This suggests a role for the a4 nAChR subunit in the mechanism of nicotineinduced analgesia, consistent with the findings in knockout mice (Marubio et al.,
1999).
1.3.2.3 Knock-out mice
The most influential of all reverse genetics technologies has been the production
of nAChR null mutant or ‘knock-out’ mice. This technique has been applied to
most of the nAChR subunits found in the CNS and has provided a basis for
analysis of the contribution of each nAChR subunit to normal behaviour and
pharmacology (Tablel .1).
Typically the knock-out mice are produced by the construction of a cDNA probe
containing a traceable cassette that is recombined with the native DNA coding for
a section of the nAChR subunit. The disruption or removal of a selected exon
appears to be sufficient to prevent translation of the truncated mRNA into a
functional protein. By leaving regions of the gene intact non-functional, mRNA is
still produced, this can be traced using in situ hybridisation to illustrate which
cells would be expressing the protein in wild type counterparts (Ross et al.,
2000). Interestingly many of the nAChR subunit knock-out animals show weak
phenotypes, with normal reproduction and viability, normal gross anatomy and
minimal changes in behaviour (Table 1.1). This may suggest that nAChRs are
non-essential proteins for normal function, however in the case of the a3 nAChR
subunit knock-out a severe, and ultimately fatal, disruption of the autonomic
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nervous system implies a fundamental requirement for the a3 nAChR subunit for
normal development, with a key role in autonomic transmission.
It is also possible, given the wide variety of subunits available, that there may be
compensatory activity of remaining nAChR subunits. This is highlighted in the
case of the p2 nAChR subunit knock-out animals, the animals display a decrease
in sensitivity to addictive substances (cocaine, nicotine) and an increase in
neurodegeneration, these animal appear otherwise normal. The exclusion of a
second nAChR subunit, p4, produced a fatal phenotype with extreme disruption
in the autonomic system (Xu et al., 1999b). Individually the p2 and p4 nAChR
subunits can be lost without significantly compromising viability, together they
appear to have a more than additive affect, this could be interpreted as a
capacity of these subunits to be, to an extent, interchangeable, alternatively they
may be producing an additive deleterious effect.
An interesting finding demonstrated by the production of knock-out animals has
been the significance of the genetic background into which the mutations are
introduced. This was highlighted by the disparity in phenotype observed in the
two strains of a4 nAChR subunit knock-out animals. The ‘Australian’ strain (Ross
et al., 2000) was founded from a BALB/C chimera with subsequent matings with
CF1 and C57/BL6 mice; the ‘French’ strain (Marubio et al., 1999) was derived
from a 129-c57/BL6 cross. The differences arose when the effect of nicotine on
locomotor activity was considered, the French strain showed no differences
compared with WT counterparts following injections of 1 and 2 mg/kg nicotine,
however the Australian strain demonstrated reduced sensitivity to the depressant
effect of nicotine on locomotor activity following injection of 0.9 and 2.7 mg/kg
nicotine.
Since the knock-out mice were constructed using an identical method, the only
difference appears to be the background genotype of the founding animals.
Previous studies of inbred mouse strains have determined that genetic factors
influence responses to nicotine, C57/BL strains being more sensitive to the
depressant effects of nicotine compared to BALB strains that are not uniformly
more or less sensitive to the effects of nicotine (Marks et al., 1983). The nicotine
binding patterns and IC50 values for each strain show minimal variation, this
suggests that there is no simple explanation for the differences in the effects of
nicotine on individual strains.
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Subunit Deleted

Phenotype

a3

Similar to megacystis-microcolon-intestinal

Nicotine -induced behaviour

Survival

References

ND

1-7 days post
natal lethal

(Xu et al., 1999a)
(Bansal et al., 2000)
(Whiteaker et al., 2002)

Loss of high affinity nicotine binding and induced

Reduced antinociception and

Adult

striatal dopamine release;induced seizures by
GABA antagonism;

increased exploratory behaviour, loss

a5

Increased sensitivity to cytisine, epibatidine and
hexamethonium in autonomic system

Reduced sensitivity to nicotine induced
behaviour

Adult

(Marubio et al., 1999)
(Ross et al.. 2000)
(Ryan et al., 2001)
(Wong et al., 2002)
(Marubio et al., 2003)
(McColl et al., 2003)
(Wang et al., 2002)
(Salas et al., 2003)

a6

Loss o f high affinity Ctx Mil binding

ND

Adult

(Champtiaux et al., 2002)

a7

Lack of aBgtx binding sites, Lack of rapidly

Normal baseline responses,no effect
on nicotine-induced seziures

Adult

(Orr-Urtreger et al., 1997)
(Franceschini et al., 2000)
(Franceschini et al., 2002)

hypoperistalsis syndrome, loss of aCtx Mil
binding in habenolointerpeduncular tract, altered
ON-OFF circuitry refinement in retina, dilated
ocular pupils

a4

desensitising nicotine-elicited currents in
hippocampal neurons; altered baroreflex

o f nicotine induced neuroprotection

a9

Abnormal innervation of hair cells in the cochlea

Suppressed cochlear responses

Adult

(Vetter etal., 1999)

p2

Loss of high affinity nicotine binding, loss of
nicotine mediated dopamine release, increased
neurodegeneration during aging, altered ON-

Attenuated nicotine self administration,

Adult

OFF circuitry refinement in retina, decreased

throughout the brain;loss of nicotine

sensitivity to cocaine

induced glutamate release

Loss of aCtx M il binding on striatal

Adult

synaptosomes

Increased locomotor activity,
decreased acoustic startle

(Zoliet al., 1999)
(Bansal et al., 2000)
(Picciotto et al., 1995)
(Picciotto et al., 1998)
(Marks et al., 2000)
(Grady etal., 2001)
(Grady et al., 2002)
(Zachariou et al., 2001)
(Shoaib et al., 2002)
(Lambe et al., 2003)
(Booker et al., 1999)

Reduced nicotine-elicited current in SCG,

ND

Adult

(Xu etal., 1999b)
(Wang et al., 2003)

ND

1-3 weeks post
natal lethal

(Xu et al., 1999b)

(33
P4

abnormal passive avoidance learning,
profound reduction o f 86RB* efflux

autonomic cardiac and intestinal dysfunction

P2 +P4

Autonomic nervous system defects, enlarged
bladder and dilated pupils

T a b le 1.1 Effects of n A C h R subunit knockout on behaviour and the pharm acology o f nicotine (Adapted from Cordero-Erausquin et al.,
2000) Abbreviations: aBgtx, a-bungarotoxin; aCtx Mil, a-Conotoxin Mil; ND, not determined: SCG, superior cervical ganglion
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Given that there are differences in response to nicotine between different strains
of the same species, comparisons between species should be dealt with
cautiously.
When the results of the knock-out studies are taken into account with the gain of
function mutations, and the evidence for spontaneously occurring mutations in
the human populous, nAChRs are revealed to play significant roles in normal
function and development in mammals.
1.3.3 Localisation techniques for studying nAChRs

The techniques described so far have revealed some of the properties of
nAChRs and which subunits, indeed even individual domains of subunits, are
responsible for these attributes. This research has also highlighted the
importance of receptor distribution, both the selective expression of particular
nAChR subtypes in specific brain regions, and the cellular distribution of
nAChRs, somato-dendritic or presynaptic. The presence of nAChRs in particular
locations has been implied by pharmacological and electrophysiological data, but
in order to corroborate this it is necessary to undertake localisation studies.
1.3.3.1 nAChR ligand binding
The majority of ligand binding studies have utilised radiolabelled nicotinic ligands
with subsequent autoradiography and has been well documented for nAChRs in
the central nervous system. Typically [3H]ACh, [3H]nicotine and [3H]cytisine have
been used to label a4p2* receptors, due to the high affinity of this subtype for
these ligands (Clarke etal., 1985b;Pabreza et al., 1991). For labelling of the a 7
nAChR [3H]MLA and [125l]a bungarotoxin have been used (Clarke et al.,
1985b;Whiteaker et al., 1999) but, due to a lack of selective ligands, the labelling
of other subtypes becomes more complex.
[3H]epibatidine binding sites are heterogenous and can be resolved into the large
cytosine-sensitive population, corresponding to a4p2* receptors, and the smaller
cytosine-resistant population (Whiteaker et al., 2000;Zoli et al., 1998). Within the
cytosine-resistant population a proportion is blocked by a conotoxin Mil, which as
previously mentioned binds to a3/a6p2* receptors (Section 1.3.1.1), these sites
can be revealed directly by [125l]a conotoxin Mil binding (Whiteaker et al., 2000).
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Studies using (33 nAChR null mutant mice discovered that [125l]a conotoxin Mil
binding was abolished, suggesting that the (33 subunit is a constituent of the
nAChR labelled by this toxin (Cordero-Erausquin et al., 2000). The distribution of
a conotoxin Mil binding sites is limited to few brain regions, this includes the

striatum, which correlates to the nAChRs present on dopaminergic terminals
(Kaiser et al., 1998;Kulak et al., 1997;Whiteaker et al., 2000).
By comparing the distribution of radioligand binding in wild type and p2 nAChR
null mutant mice at least four distinct classes of nAChR have been identified in
the rodent brain (Zoli et al., 1998). This demonstrates how ligand-binding
experiments were exploited to confirm the presence of a particular subtype of
nAChR. Another approach used was the selective lesioning of particular cell
types, catecholaminergic or serotonergic, by infusion of 6-hydroxydopamine or 6hydroxytryptamine, respectively. Intraventricular administration of the lesioning
agents caused a decrease in [3H]ACh binding in striatum and hypothalamus,
consistent with presynaptic a4p2* nAChRs (Schwartz et al., 1984). More specific
lesioning of the nigrostriatal and mesolimbic pathways with local infusion of 6hydroxydopamine produced a significant decrease in [3H] nicotine labelling in the
striatum and nucleus accumbens as well as at the cell body level in the
substantia nigra and the VTA (Clarke and Pert, 1985). These experiments
provide more support for the argument that a4p2* nAChRs are present on both
perikarya and axon terminals of dopaminergic neurons. Similarly, lesioning
glutamatergic inputs into the VTA with ibotenic acid noticeably reduced levels of
[125l]a bungarotoxin (Schilstrom et al., 2000b), consonant with the presynaptic

location of a7 nAChRs on glutamate terminals suggested by superfusion and
microdialysis data previously discussed (Sections 1.3.1.1 & 1.3.1.3).
In addition to the studies with radiolabelled ligands, an alternative method has
been to use ligands conjugated to horseradish peroxidase (HRP), biotin or a
fluorescent marker. Labelling with HRP-a bungarotoxin enabled visualisation of
binding sites in rat brain tissue slices and synaptosomes at the electron
microscope level. Labelling was seen at a small proportion of synapses, the
vesicular morphology within the terminals suggested that these did not contain
biogenic amines (Lentz and Chester, 1977). The use of FITC conjugated a
bungarotoxin demonstrated the markedly lower concentration of a7 nAChR-like
binding in the striatum in comparison to the hippocampus (Amenta et al., 1979).
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This sensitivity of this method was amplified by using the avidin biotin approach,
described in section 3.2.2, for biotinylated a bungarotoxin and avidin-FITC in
chick cilliary ganglia (Shoop et al., 1999). The use of biotinylated a bungarotoxin
also enabled the application of avidin-gold, to replace the avidin-FITC, for
ultrastructural analysis of a7 nAChR labelling on somatic spines at the electron
microscope level (Shoop et al., 1999).
In general the radioligand / autoradiography approach has been more favoured
for revealing ligand binding, yet this is limited to determining regional localisation
of nAChRs. Another limitation imposed on this method is the inadequate range of
subtype specific ligands, restricting the array of subunit combinations that may be
recognised. For a closer look at cellular distribution the application of higher
resolution approaches, such as immunocytochemistry, is necessary.
1.3.3.2 In situ hybridisation and expression studies
In situ hybridisation (ISH) has been used for mapping the distribution of particular
nAChR subunit expression. The technique using [35S] or alkaline phosphatase
labelled oligonucleotide probes, has localised various nAChR subunit mRNA in
the rat CNS, a2 / 3 / 4 / 5 / 6 / 7 and p2 / 3 / 4 (Le Novere et al., 1996;Sheffield et
al., 2000;Wada et al., 1989;Wada et al., 1990). A similar study has been carried
out in primate brain where ISH of nAChRs in macaca mulatta brain (Han et al.,
2000), and the a4 nAChR subunit in human fetal brain (Agulhon et al.,
1998),both demonstrated very similar distribution patterns to the rodent studies.
The a4 and (32 mRNA signals were widely distributed in the brain, with stronger
signals in the thalamus and in the dopaminergic cells of the mesencephalon. a6
and p3 mRNA signals were selectively concentrated in the substantia nigra and
the medial habenula. The strongest signals for a3 or p4 mRNAs were found in
the medial habenula and pineal gland, but no specific a3 or p4 signals were seen
in mesencephalic dopaminergic nuclei. a5 and a7 mRNA signals were found in
several brain areas, including cerebral cortex, thalamus and substantia nigra.
The distribution of a3 / 4 / 5 / 6 / 7,and p2 / 3 and 4 subunit mRNAs in the
monkey is substantially similar to that observed in rodent brain, with the
exceptions of a2, which was highly expressed, and a3 that was absent from
nigral dopaminergic cells in primate brain. The dopaminergic neurons in the SN
appear to be of heterogeneous population; almost all express a2, a4, a5, a6, p2,
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and p3 nAChR mRNAs, with more than half also expressing a3 and a 7 but less
than 10% expressing p4 mRNAs (Azam et al., 2002). a 7 and p2 nAChR mRNA
has been identified in cholinergic neurons in the rat brain, suggesting
autoreceptor function (Azam et al., 2003). The a4 nAChR subunit mRNA was
also identified in a small proportion of striatal cholinergic neurons, but was also
found in non-cholinergic neurons (Azam et al., 2003). The levels of nAChR
expression appear to decrease with age according to several studies in mRNA
expression, (Charpantier et al., 1999;Ferrari et al., 1999;Rogers et al.,
1998;Tohgi et al., 1998a;Tohgi et al., 1998b;Utsugisawa et al., 1999). These
changes in mRNA expression are also reflected in ligand binding and
immunoreactivity of nAChRs (Perry et al., 2001;Rogers et al., 1998). The
interpretation of these results is based on visualisation of brain regions yet does
not pinpoint the cell types that the signal originates from. To investigate this the
technique has been effectively combined with reverse transcription polymerase
chain reaction (RT-PCR) and selective neuronal lesioning or knock-out
technology.
Studies of 6-hydroxydopamine lesioned rat brain have located the a3, a4, a6, p2
and p4 subunit mRNA in dopaminergic neurons within the SNc (Charpantier et
al., 1998). An elegant study was performed combining patch-clamp and single
cell RT-PCR in brain slices of wild type and p2-/-, a4 -/-, and a 7-1- mice (Klink et
al., 2001). The regions studied, the SN and VTA, demonstrated 4 different types
of nAChR profile produced by combinations of the eight nAChR subunits, a3 -7
and p2-4, expressed. The two classes found in dopaminergic neurons were
proposed to be of a4a6a5(p2)2 and (a4)2a5(p2)2 composition. GABA neurons in
this region expressed a third subtype thought to be of (a4)2(p2)3 composition.
The final class was suggested to be the a7-homomeric nAChR, which was only
found in a small proportion of neurons (Klink et al., 2001).
The limitation of RT-PCR and ISH is that detection is limited to mRNA; the
strength of signal may not reflect levels protein expression, and indeed does not
appear to be consistent for the a4 and p2 nAChR subunits (Liu etal., 1996). The
study of mRNA will only reveal the presence or absence of expression a
particular subunit not cellular location. The information gleaned by expression
studies highlights candidate subunits for potential receptor composition, these
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subunits may then be studied for cellular and subcellular distribution using
immunolabelling techniques.
1.3.3.3 Immunocvtochemistrv
Immunocytochemistry exploits the high affinity interaction of an antibody with a
specific epitope on target proteins. This enables visualisation of the protein for
localisation studies by means of a tagged secondary (or in some cases primary
or tertiary) antibody. There are two classes of antibodies used for
immunocytochemistry, monoclonal and polyclonal antibodies.
Monoclonal antibodies are immunoglobulins with high specificity, since all the
antibodies present are of a single type, the drawback of these antibodies lies in
this specificity, only one epitope is recognised therefore preservation and
accessibility of that epitope is essential. Loss of labelling under various fixation
conditions is more likely to occur with monoclonal than polyclonal antibodies.
Polyclonal antibodies are purified from immunised serum and comprise of
various Ig classes that recognise a number of epitopes on the target protein,
dependent on the size and nature of the immunising peptide / protein. This
multiple target approach generally increases the probability of labelling under
fixation conditions yet can also lead to a higher chance of cross reactivity with
non-target proteins due to the wider range of epitopes recognised.
Another important consideration is the fact that monoclonal antibodies are
produced in a manner that enables constant production of identical antibodies.
Polyclonal antibodies, conversely, are produced from a finite stock of serum,
which may be replaced but never replicated exactly.
1.3.3.3.1 Light microscopy of nAChRs
Light level immunocytochemistry is relatively straightforward, typically carried out
on aldehyde-fixed tissue, or occasionally unfixed tissue, cryostat, vibrating
microtome or wax embedded sections. Early immunocytochemical studies used
antibodies that recognise several nicotinic subunits labelled with [125l] to map
receptors in rat and chick brains (Swanson et al., 1987). More commonly the
secondary antibodies used for light microscopy are conjugated to an enzyme
(typically HRP), or biotin (for the ABC method described in sections 2.2.11.1 and
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3.2.2), the subsequent addition of a substrate (typically diamino benzidine, DAB)
produces a coloured reaction product (as described in section 3.1.3) to produce a
permanent record of labelling. This technique has been used to map the |32 (Hill
et al., 1993;Sorenson et al., 1998), a4, (Arroyo-Jimenez MM et al.,
1999;Nakayama etal., 1995;Nakayama etal., 1997;Sorenson etal., 1998), a6,
(Goldner et al., 1997) and a l (Dominguez et al., 1994;Lubin et al., 1999) nAChR
subunits in rat brain, as well as the a3,4,5, 7 nAChR subunits in autonomic
ganglia (Skok et al., 1999). The loss of a4 mRNA seen in aged rats was also
observed at the protein level using DAB labelling, attenuation of this loss was
achieved by long term nicotine treatment (Rogers et al., 1998).
With this technique, mild fixation and tractable penetration conditions allow many
antibodies to work successfully, and serial sections are easy to collect. However,
the resolution level is low, only very strong signals are detected in axons, and
labelling of more than one protein is difficult. Two approaches have been
employed to tackle this problem; the first was the use of peroxidaseantiperoxidase-benzidine dihydrochloride (BDHC) method in conjunction with
ABC-DAB labelling. The BDHC labelling produces blue crystals and the DAB
labelling a red/brown granular product, this was used to localise the a4 nAChR
subunit in perikarya and dendrites of TH-positive cells of the SNc (Sorenson et
al., 1998). This method is not commonly used due to the extremely high toxicity
of BDHC and consequent licensing limitations.
The second method relies on comparative morphological analysis in serial
sections, consecutive sections are labelled for the different proteins of interest
and distribution patterns are then compared. Careful analysis will determine the
presence of the same structures in adjacent sections and co-localisation of the
proteins may be determined. This method has been used to demonstrate the co
localisation of a4 and p2 nAChR subunits in the soma of cells in the SNc
(Sorenson et al., 1998).
1.3.3.3.2 Confocal microscopy of nAChRs
An easier way to study the co-localisation of proteins is by the application of
fluorescent probes for fluorescence or confocal microscopy. The availability of
antibodies and other proteins labelled with a variety of different fluorophores
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enables multiple labelling studies. In double labelling experiments at light level it
can be difficult to discriminate between some of the commonly used substrates,
DAB and BDHC, particularly in areas of co-localisation. In contrast double and
triple labelling with fluorophores is relatively simple, where areas of co
localisation can be observed as an additive combination of the fluorophore
signals to give a different colour i.e. red and green co-localised appears yellow.
Channel output can also be artificially coloured to increase contrast, for example
between two red fluorophores with different wavelengths. The advantages of
confocal microscopy over traditional light microscopy includes the increase in
sensitivity, the fluorescent markers/antibodies are excited by one wavelength of
light they then emit light at a different wavelength that is detected. This means
that the strength of signal can also be affected by the intensity of the excitation
the detection can be improved by increasing the gain factor,the amount by which
the signal is amplified. The resolution of a confocal microscope is also greater
than that seen in light microscopes converted to detect fluorescence. The
confocal microscope differs from the fluorescence microscope by having two
appertures, one focuses the light beam onto the sample and a second focuses
the resulting emitted light that enters the detector (fig. 2.6).
This acts to filter out the noise caused by light beams diffracted at different points
through the sample colliding with each other, giving a sharper image that can be
focused at various depths through the tissue allowing for a more three
dimensional representation to be gained. The laser source and detector are
scanned across the area of sample being studied to make an image line by line;
a small field is sampled at any one time to improve resolution. The caveats of
confocal microscopy will be discussed in the later section on double labelling
(sections 3.2.3 -3.2.4).
Confocal microscopy has been used to co-localise the a4, a6 and (32 nAChR
subunits in TH positive neurons in the rat SNc (Arroyo-Jimenez MM et al.,
1999;Goldner et al., 1997;Jones et al., 2001;Sorenson et al., 1998). This labelling
was seen in cell bodies and dendrites but labelling was not observed in the
terminals of these neurons located in the striatum. The published results from the
studies of the a4 nAChR subunit distribution are in agreement with the results
described in this thesis (section 3.2).
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A disadvantage of immunofluorescence when compared with conventional
immunocytochemistry is the lack of permanent record due to the bleaching effect
upon the fluorophores seen after periods of exposure to light. The second
drawback, comparable to light microscopy, is the limited resolution.
Light source

Light source

Sample

Sample

Detector

Detector

Fluorescence

Confocal

Figure 1.10 Diagram to highlight difference between fluorescence and confocal
microscopes
In both microscopes light of the required excitatory wavelength is generated at the light
source (black arrows) and is focused onto the sample through an adjustable aperture
(black rectangles). This light reaches the fluorophore labels (green circles), which are
excited to emit light of a different wavelength (green arrows). In the fluorescence
microscope all emitted light reaches the detector causing interference, the confocal
microscope contains a second aperture that reduces the peripheral fluorescence (dark
green arrows) that reaches the detector to give sharper images.

The presence of presynaptic nAChRs on dopaminergic terminals has been
indicated by pharmacological evidence and ligand binding studies, yet the
presence of these receptors / subunits has not been clearly detected using light /
confocal microscopy techniques. There has been suggestion of axonal transport
of the p2 nAChR subunit from the nigral cell bodies in studies by Swanson et al.,
1987 and Hill et al., 1993, where a weak diffuse labelling was reported in the
striatum. Yet concrete evidence of presynaptic labelling of dopaminergic
terminals has not been achieved in tissue sections. Encouragingly presynaptic
a7 nAChRs have been demonstrated using double immunofluorescent labelling
in hippocampal cell cultures (Zarei et al., 1999). This labelling was observed in a
monolayer of cells, not tissue sections, which contributed to the capacity to
observe presynaptic labelling.
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Recently direct evidence for presynaptic nAChRs in the striatum was provided by
confocal studies of immunolabelled striatal synaptosomes where 5HT3 receptors
co-localised with the a4 but not a3 or a5 nAChR subunits (Nayak et al., 2000).
During the course of the research described in this thesis, a4 nAChR subunits
have been reported to co-localise with P2X ionotropic nucletide receptors on
cholinergic synaptosomes (Diaz-Hernandez et al. 2002), and the (32 nAChR
subunit has been localised in dopaminergic striatal synaptosomes (Jones et al.,
2001). Quantitative analysis of the synaptosome preparations is not practicable
due to the aggregation of individual synaptosomes to form clumps. For better
resolution of the labelling of nAChRs it is necessary to use electron microscopy
techniques that enable analysis at the subcellular level.
1.3.3.3.3 Electron microscopy of nAChRs
Electron microscopy enables higher resolution than light microscopy, resolution
being defined as the minimal distance between two points that still allow them to
be distinguished as separate entities. In a light microscope when light passes
through the lenses and apertures within the microscope diffraction occurs, the
parallel light traveling through now becomes a series of cones that are seen as
circles. Since this occurs for every point of light transmitted from the specimen it
is this effect that governs the separation distance at which two separate points
can be resolved, the resolution.
The resolution can be improved by increasing the aperture or the refractive index
of the medium between the sample and the objective lens, i.e. immersion oil
instead of air, or by decreasing the wavelength of light, with green being a
minimum visible wavelength at ~ 400 nm. This all contributes to the absolute
resolution of the light microscope, using green light, of 150nm.
Generally electron microscopy is still very similar to light microscopy yet there are
two important differences between the properties of electrons and those of light
(Williams and Carter, 1997). Although often thought of as particles, electrons can
also be considered as waves with a wavelength of between - 0.001 and 0.01 nm,
this short wavelength means that electrons are easily absorbed. This requires
that the interior of the microscope must be held under vacuum to enable the
electron beam to penetrate the sample; the benefits of the short wavelength are
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as described above. In addition, the lenses are electromagnetic fields so the
refractive index becomes redundant and the deflection of electrons in
comparison to light waves is very small so the requirement for large apertures is
reduced.
The structure of a transmission electron microscope (TEM) in principle is very
similar to that of an optical microscope, the main difference being that it is
inverted with the beam source at the top and the viewing area at the bottom of
the microscope (Fig. 1.11). Typically the microscope will have an electron gun at
the top capable of producing beams of electrons accelerated to between 20kV
and 125kV, typical voltage used for biological specimens is 80kV, as was used
for preparations in this study. Below the electron gun are the condenser lenses,
which control the diameter of the beam that interacts with the specimen; this
diameter will change with magnification requirements. The specimen is inserted
in a holder below the condenser lenses. The specimen chamber is designed with
an airlock to enable changing of specimens without losing the vacuum necessary
for the generation of the electron beam. The objective lens lies immediately
below the specimen, this lens has an aperture holder with varying size
interchangeable apertures between ~ 20pm and 100p.m.
Figure 1.11 Schematic diagram
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These apertures are responsible for both the sharpness of image, as in optical
microscopes, and also the contrast seen. The images are visualized on a
fluorescent screen, dark area show up where the sample is particularly electron
dense. The images are recorded by exposing photographic film plates to the
transmitted electron beam in place of the fluorescent screen.
Stronger fixation conditions are required for preservation of tissue morphology at
the subcellular level. Consequently antibodies that work for light level microscopy
do not always continue to label effectively for electron microscopy, where a
higher degree of cross linkage occurs, obscuring more epitopes. Despite this
limitation, electron microscopy has been successfully performed to locate nAChR
subunits in rat brain.
The most commonly used electron microscopy technique is 'pre-embedding’ in
which the immunoreactions take place prior to the resin embedding and
sectioning of tissue (fig. 1.12). Pre-embedding immunoperoxidase DAB is
performed most often and has been used for the localisation of several neuronal
receptors including metabotropic glutamate receptors (mGluR) 1,4 &5 (Lujan et
al., 1996;Negyessy et al., 1997), and muscarinic acetylcholine receptors m1-4
(Bernard et al., 1999;Hersch and Levey, 1995). The DAB reaction product is
diffusible and has a tendency to stick to membranes, these factors in conjunction
with light staining being difficult to discern against background counterstains can
make interpretation of labelling difficult. Nevertheless DAB labelling has been
used to determine the ultrastructural localisation of the nAChR a4subunit in the
soma of layers II, IV, V, and VI of the cerebral cortex (Nakayama et al., 1995);
cell bodies, dendrites and axon terminals in the cerebellar cortex (Nakayama et
al., 1998); cell bodies and plasma membranes of axon terminals in the
hypothalamus (Okuda et al., 1993); and post synaptic densities in cell bodies of
the SNc (Arroyo-Jimenez MM et al., 1999). A double labelling approach using
BDHC and DAB co-localised the a4 labelling in the SNc to TH-positive cells
(Sorenson etal., 1998).
The p2 nAChR subunit has also be localised to perikarya and plasma
membranes in the hippocampus, hypothalamus, cerebellum and basal ganglia
including labelling of terminals in the striatum (Hill etal., 1993;Jones et al., 2001).
The interpretation of the localisation of the labelling in these studies must allow
for the likelihood that membrane labelling may be partially due to the nature of
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DAB, and that labelling near synapses may be contributed to by diffusion of the
reaction product as previously mentioned.
Pre-embedding immunogold is an alternative technique that overcomes the
problems of diffusion and interpretation seen with DAB, although penetration is
less complete (fig. 1.12). The technique employs a secondary antibody
conjugated to an ultra-small gold particle, typically 1-1.5 nm diameter, with a
subsequent silver enhancement step carried out after labelling, as described in
Chan et al. 1990. The pre-embedding gold technique has been used to localise
receptors in a semi-quantitative manner and with more refined localisation than
seen with DAB. This has been successfully applied to GABAa receptors (Nusser
etal., 1995), mGluRs 1,2,4 &5 (Lujan etal., 1996;Lujan etal., 1997;Negyessy et
al., 1997), AMPA receptors (Bernard et al., 1997) and GABAb receptors (Li et al.,
2001;Smith et al., 2000). Labelling with this technique determined the
perisynaptic location and selective distribution of particular subunits of the
aforementioned receptors. This approach has also been use to refine the
distribution of the p2 nAChR subunit in rat brain (Hill et al., 1993).
A second advantage of the pre-embedding immunogold technique is the ability to
label a second protein using the immunoperoxidase DAB technique for co
localisation studies. This method has been performed to localise the GABAb R1
receptor with respect to glutamic acid decarboxylase (GAD), synthetic enzyme of
GABA, in the rat mesencephalic trigeminal nucleus (Li etal., 2001).
This double labelling technique was applied to the p2 nAChR subunit and TH to
demonstrate co-localisation in perikarya and dendrites in the SNc and axons and
boutons in the dorsal striatum (Jones et al., 2001), and the a7 nAChR subunit at
symmetric synapses in GABAergic and glutamatergic neurons (Lubin et al.,
1999). Both of these techniques have been applied to the a4 nAChR subunit
within this study (section 4.2). It has also been possible to label striatal
synaptosomes for the nAChR p2 subunit using small gold particles (Wonnacott et
al., 2000), this technique is dependent on the availability of specific antibodies
directed to extracellular epitopes since the synaptosome membrane integrity
must be retained. Although these techniques give a greater understanding of
ultrastructural distribution of the nAChR subunits, a more quantitative approach,
that also provides greater spatial distribution accuracy, is available in the form of
post-embedding immunogold labelling (fig. 1.12).
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In this technique, described in more detail in section 4.3.1, the immunoreactions
take place after the tissue sample has been embedded in resin, the type of resin
and the embedding technique used differ greatly from that used for pre
embedding microscopy (section 4.3.1).
The post-embedding technique applies the antibodies to ultrathin sections of
resin embedded tissue, in contrast to the pre-embedding immunogold technique
the antibodies do not need to penetrate the tissue; instead they bind to the
epitopes on the surface of the section. This enables the use of secondary
antibodies with larger gold particles attached eliminating the need for silver
enhancement. This method offers quantitative labelling of target protein,
however, disadvantages are the relatively poor morphology when compared with
pre-embedding techniques, and poor tissue antigenicity due to the processing
and embedding of the tissue prior to immunoreaction. This approach has been
used to localise receptor distribution within cells for GABAa (Nusser et al., 1995);
demonstrate perisynaptic localisation for mGluRs 1,4, & 5 in dendritic spines
(Nusser et al., 1995); and show AMPA receptor concentration at postsynaptic
membranes of asymmetric synapses (Bernard et al., 1997).
By altering the size of the gold particle attached to the secondary antibody it is
possible to perform labelling studies for multiple target proteins. An elegant study
by Fujiyama et al., 2000 demonstrated the advantages of this technique with a
triple labelling study, co-localising a1, p2/3, and y2 GABAa receptor subunits at
symmetric synapses on spines, dendrites and perikarya in rat striatal neurons.
To date post-embedding immunogold labelling has been performed on the a4,
a7 and p2 nAChR subunits (Arroyo-Jimenez MM et al., 1999;Fabian-Fine et al.,
2001;Jones et al., 2001). Labelling of postsynaptic densities in the perikarya and
dendrites of neurons in the SNc was demonstrated for the a4 nAChR subunit
(Arroyo-Jimenez MM et al., 1999).
The a l nAChR subunit was localised at both GABAergic and glutamatergic
synapses in rat hippocampus, at both presynaptic and postsynaptic sites, at
levels similar to that of glutamate receptors (Fabian-Fine et al., 2001). The
sensitivity of this technique demonstrates that postsynaptically the a7 nAChR is
located in a perisynaptic annulus and at spine apparatus within dendritic spines
where they may play a role in synaptic plasticity.
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The p2 nAChR subunit was demonstrated to be present in TH-positive cell
bodies in the SNc with mainly cytoplasmic distribution but some localisation at
somatodendritic membranes, similar to the a4 subunit distribution reported by
Arroyo-Jimenez MM et al., 1999 (Jones et al., 2001). The (32 nAChR subunit was
also reported to be present in 86% of TH-positive axonal boutons in the dorsal
striatum; with a second TH-negative population making up 45% of the total p2
nAChR subunit labelling observed (Jones et al., 2001). The p2 nAChR subunit
labelling was extra-synaptic, giving weight to the theory that the source of
acetylcholine is through paracrine release (Descarries et al., 1997).
1.4 Summary

The nAChR is a pentameric ligand gated ion channel with diverse subunits
contributing to multiple receptor combinations. These combinations have specific
pharmacological and electrophysiological profiles and are discriminately
distributed within the CNS. From pharmacological and ligand binding evidence, it
is apparent that the most abundant nAChR subtype is the a4p2* class of
receptor. This subtype has a high affinity for nicotine and acetylcholine and
appears to contribute to presynaptic modulation of dopamine release in the
striatum. The nicotine mediated striatal dopamine release comprises of at least
two components, cytisine-sensitive (a4p2*), and cytisine resistant, containing an
a conotoxin Mil sensitive population (a3/a6p2*). Localisation studies have

determined that dopaminergic neurons in the SNc express mRNA for the a2, 3,
4, 5, 6 and 7 and (32, 3 and 4 to varying degrees, proposed nAChR combinations

are: a4a6a5(p2)2; (a4)2a5(p2)2; and a l. Immunolabelling has determined that
the a4 nAChR subunit is found in TH-positive (dopaminergic) cell bodies and
dendrites in the SNc associated with some postsynaptic membranes. The p2
nAChR subunit has also been localised to dopaminergic cell bodies in the SNc
and to the axon terminals of these neurons in the dorsal striatum. The p2 nAChR
subunit shows a presynaptic distribution in TH-positive and TH negative boutons
in the striatum but is rarely associated with synapses.
These data, when taken together, suggest a role for nAChRs acting
presynaptically at striatal dopaminergic terminals to modulate release when
stimulated by acetylcholine, released by remote cholinergic interneurons.
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1.5 Aims
1.5.1 Initial Aims and Objectives

Given the pharmacological evidence for the presence of presynaptic a4p2*
nAChRs that modulate striatal dopamine release, the aims of this study were to
investigate the ultrastructural localisation of the a4 nAChR subunit in rat
nigrostriatal neurons, with particular respect to axonal and terminal distribution.
The study objectives were to:
Determine the suitability of the available anti a4 nAChR antibodies (Table
1.2) for immunocytochemistry at light, confocal and electron microscope
levels.
Optimise antibody concentrations (Table 1.2), and labelling protocols for
light, confocal and electron microscopy.
-

Analyse the precise cellular and subcellular distribution of the a4 nAChR
subunit.
Use double labelling techniques to compare a4 nAChR distribution to
tyrosine hydroxylase (dopaminergic marker) and other nAChR subunits.

1.5.2 Modified Aims and Objectives

Due to the inability of any of the a4 nAChR antibodies tested to label tissue fixed
for electron microscopy using standard techniques, a new objective was set:
-

To determine alternative fixation regimes that provided an acceptable
level of morphological preservation yet retained high antigenicity.

After comparison of the distribution of labelling by the different a4 nAChR subunit
antibodies, a disparity in congruence of labelling patterns was observed.
Consequently it was deemed necessary to investigate the specificity of the a4
nAChR antibodies. The new aim was to ascertain specificity of the antibodies for
the a4 nAChR subunit, thus new objectives were to:
Evaluate performance at recognising correct molecular weight protein in
western blotting and immunoprecipitation techniques.
Identify immunoreactivity that corresponds to the a4 nAChR protein using
a4 nAChR subunit + and - cell lines, and a4 -/- null mutant mouse tissue.
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Antibody

Target

Source

Species

Ab type

Epitope /region

Specificity

Working conc. / dilution
(Determined in this study)

Guinea
Pig

Polyclonal

TRAVEGVQYIA
DHLKAEDTDF
Cytoplasmic loop

Rat, Human,
Mouse

Blot:
1:5000
Microscopy: 1:1000 - 2000

Goat

Polyclonal

RAVEGVQYIA
DHLKAEDTDF
Cytoplasmic loop

Rat, Human,
Mouse

a4 nAChR

Chemicon

SC1772

a4 nAChR

Santa
Cruz

S1721

a4 nAChR

J. Patrick

Sheep

Polyclonal

N - terminal

Rat, Human,
Mouse

Blot:
0.2pg /ml
Microscopy: 0.2pg /ml - 0.15|ig
(1:1000- 1:1500)
Blot:
0.1 pg /ml
Microscopy: 1 - 10pg /ml

mAb 299

a4 nAChR

J.
Lindstrom
/ Covance

Rat

Monoclonal

Unknown

Rat, Human,
Mouse

Blot:
1:1000 (0.0ipg /ml)
Microscopy: 1:500 (0.1ng /ml)

NARA4NCL

a4 nAChR

Novacastra

Mouse

Monoclonal

Unknown

S1724

P2 nAChR

J. Patrick

Sheep

Polyclonal

N terminal

SC1771

a3 nAChR

Santa
Cruz

Goat

Polyclonal

TM3-TM4 loop

Mouse

Monoclonal

N/A

Rabbit

Polyclonal

N/A

Human, (other
species not tested)
Rat, Human,
Mouse
Rat, Human,
Mouse
Rat, Human,
Mouse
Rat, Human,
Mouse

Mouse

Ascites

Blot:
Microscopy:
Blot:
Microscopy:
Blot:
Microscopy:
Blot:
Microscopy:
Blot:
Microscopy:
Blot:
Microscopy:

AB5590

mAb 318
TZ1010
101001

Tyrosine
Hydroxylase
Tyrosine
Hydroxylase
Synaptophysin

Chemicon
Eugene
Tech
Synaptic
Systems

C term inal

Table 1.2 Antibodies used in this study.
Abbreviations: Ab, antibody; conc., concentration; N/A, not applicable; TM, transmembrane.
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All mammalian

N/A
1:1000
N/A
10pg/ml
1pg /ml
5pg /ml
N/A
1:500
N/A
1:1000
N/A
1:100

2

Materials and
Methods
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2.1 Materials

2.1.1 Animals

Male Sprague-Dawley (SD) rats, (250 - 350g, University of Bath breeding
colony) were used. a4 nAChR subunit knock - out mouse tissue (Ross et al.
2000), was kindly donated by John Drago, Monash University Department of
Medicine, Australia. Wild type littermates and -/- mouse brains were perfused
with aldehyde fixatives or snap frozen in liquid nitrogen, then sent on dry ice.
Upon receipt these were subsequently stored at -70°C or at 4°C in 4%
paraformaldehyde.
2.1.2 Chemicals and Labware

All chemicals were from BDH/Merck or Sigma Aldrich and of analytical grade
unless otherwise stated. Sera and serum albumin used in blocking buffers were
purchased from Sigma Aldrich, blocking solution with donkey serum supplied by
Aurion. [3H]Nicotine was supplied by Amersham Life Sciences. Cell culture
plasticware was supplied by Beckton Dickinson or Sterilin.
2.1.3 Antibodies

All antibodies were aliquoted and stored at -20°C unless otherwise instructed by
manufacturer’s recommendations. Under these circumstances antibodies were
stored at 4°C.
2.1.3.1 Primary Antibodies
Tyrosine hydroxylase antibodies:
TZ1010 (Eugene Tech), mAb318 (Chemicon), and mouse or rabbit -anti TH
(Cambridge Biosciences).
Synaptophysin antibody:
101001 (Synaptic Systems).
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p2 nAChR subunit antibodies:
p2 nAChR subunit antiserum for affinity purification, S1724, was kindly donated
by Jim Patrick
a4 nAChR subunit antibodies:
mAb 299 (lyophilized aliquots kindly donated by Jon Lindstrom (university of
Pennsylvania)and subsequently purchased from Covance), S1721 antiserum, for
affinity purification see methods (kindly donated by Jim Patrick, Baylor College of
Medicine, Houston), SC1772 (Santa Cruz), AB5590 (Chemicon) and NCLNARA4 (Novacastra) for further details see table.
2.1.3.2 Secondary Antibodies
Gold conjugated antibodies:
1nm, 10nm and 20nm (Aurion, British Biocell).
Biotinylated antibodies:
All species (Vector Laboratories).
HRP conjugated antibodies:
Anti-rat HRP (Abeam), anti-goat HRP and anti- guinea pig HRP (Chemicon),
anti-mouse and anti-sheep HRP (Santa Cruz).
Fluorophore conjugated antibodies:
Texas Red and FITC for all species (Vector Laboratories)
AlexaFluor® 488, 546, and 633 for all species (Molecular Probes)

2.1.4 Cell lines

L929-a3p4 and L929-a4p2 stably transfected cell lines were kindly donated by
Neil Millar UCL. The cell lines, a mouse fibroblast line L929 transfected with rat
a3 and p4 nAChR subunits (Lewis et al., 1997), or transfected with a4 and p2
nAChR subunits (Cooper et al., 1999), with vectors that contained a
cytomegalovirus promoter. The cells were cultured at 30°C and nAChR
expression was induced by inclusion of [1|im] dexamethasone in culture medium
(Cooper et al., 1999;Lewis et al., 1997).
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2.2 Methods

2.2.1 Buffers
Routinely used buffers were; 0.2M phosphate buffer (PO buffer) made from 0.2M
NaH2P04added to 0.2M Na2HP04 until pH 7.4 was reached, this solution was
stored at 4°C for up to 14 days. Phosphate buffered saline (PBS), phosphate
buffer diluted to 10mM with 150mM NaCland 3mM KCI pH 7.4. Tris buffered
saline (TBS) 50mM Tris 0.9% saline and Tris buffered saline Triton (TBST) TBS
with 0.01% Triton pH 7.4.
2.2.2 Cell Culture
2.2.2.1 L929-a3/?4 and L929-a4fl2 Cells
Cells were incubated at 30°C in a humid atmosphere containing 5% C02 in
25cm2 flasks containing DMEM culture medium with 10% fetal calf serum, 1 % L
glutamine and 2% penicillin / streptomycin. A cell stock was preserved and cells
were split when confluence was achieved. Cells were induced to express
receptors by replacing normal culture media with fresh media containing 1pM
dexamethasone for 48 h (Cooper et al., 1999;Lewis et al., 1997).
2.2.2.2 Cell splitting
Cells were detached from flasks by incubation in 5ml 1X trypsin EDTA (sigma)
37°C for 2 min after removal of medium and subsequent wash with sterile PBS.
Cells were decanted into universal tubes and centrifuged at 500g for 3 minutes.
Supernatant was discarded and cells were resuspended and triturated in fresh
medium before splitting into new flasks or coverslips.

2.2.3 Antibody purification by affinity chromatography (Neff et al., 1995)
Thiopropyl-Sepharose 6B (Amersham Pharmacia) was rehydrated in excess
distilled H20 at room temperature, this was then filtered through a 0.22pm glass
scintered filter for 15 min at room temperature. The Sepharose was resuspended
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in 0.1 M Tris pH 7.5 with 0.5M NaCI (binding buffer), this was decanted into
columns to give a packed bed volume of approximately 2ml, the columns were
allowed to settle under gravity. BSA or specific peptide were weighed out at
10mg/ml of column, and diluted in 2ml of binding buffer. Excess buffer was
drained from columns before introduction of BSA or peptide; this was topped up
with binding buffer to reduce the air gap when columns were sealed. Columns
were incubated on a rotator at room temperature 1 hour for BSA column and 2
hours for peptide columns to allow coupling through terminal cysteine residue.
Columns were allowed to settle before purging with approximately 3 bed volumes
of binding buffer. Sera (6ml of each type) were preabsorbed on a BSA
Sepharose column for 1 hour at room temperature on a rotator. Pre-absorbed
serum was collected with additional 2 ml binding buffer flow through, this was
subsequently added to the peptide-linked column that was sealed and rotated
overnight at 4°C. Unbound proteins were removed using a series of buffers with
varying ion concentration and pH, 20 ml of buffers A-D.
A

50mM Tris, 150mM NaCI, 0.1% Tween 20, 0.005% thimerozal pH 7.4

B

25mM sodium borate, 1M NaCI, 0.1% Tween 20 pH 8.3

C

50mM sodium acetate, 1M NaCI, 0.1% Tween 20 pH 5.5

D

10mM Tris, 200mM NaCI pH 7.4

Bound antibodies were eluted with 3.5M MgCI2 pH 6.5, eluent was dialysed
against PBS containing 0.02% sodium azide overnight at 4°C, then dialysed
against 50mM Tris 0.02% sodium azide pH 7.4 overnight at 4°C to remove
precipitate. Dialysate was collected and concentrated using Centricon filters.
Optical density at 280 nm was measured using a 1ml sample of serum in quartz
cuvettes to approximate antibody concentration, given that 1 Optical Density unit
« 0.75 mg / ml IgG. Samples were aliquoted and stored with 1% BSA and 0.01%
sodium azide at 4°C.
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2.2.4 Western blotting
2.2.4.1 Cell preparation
Cells were detached from flasks by incubation with 1X trypsin - EDTA (Sigma) at
35°C for 3 minutes followed by agitation of the flask, cell suspension was then
centrifuged at 500g for 3 minutes. The pellet was resuspended in 5mls PBS and
thoroughly triturated before spinning down as before. The pellet was
resuspended in 2ml PBS, 0.5ml of this suspension was aliquoted into an
Eppendorf tube and cells were pelleted by pulsing at 7000 rpm in a microfuge.
Supernatant was removed and pellet was resuspended in 0.5ml of ice-cold lysis
buffer:
0.5% v/v NP-40, 65 mM NaCI, 10 mM Tris pH 7.4, 5 mM NaF, 5 mM
iodoacetamide, 1 mM phenylmethylsulfonylfluoride (PMSF), 1 ^g/ml leupeptin, 1
ng/ml pepstatin, 1 pg/ml small trypsin inhibitors andl pg/ml Na orthovanadate
The resuspended pellet was then incubated on ice for a minimum of 15 minutes.
The tubes were then spun for 15 minutes at 14000rpm at 4°C in a microfuge to
remove the membranes. The supernatant was transferred to a clean Eppendorf
tube to which 0.7 ml of ice-cold acetone was added for a further 15-minute
incubation on ice. After 15 minutes the precipitated proteins were spun down at
14000rpm for 15 minutes, the supernatant containing RNA and DNA was then
removed and the pellet was allowed to dry before resuspension in 30-100pl of
Laemmli buffer (Section 2.2.4.2.1). Samples were boiled in a hotblock for 5-10
minutes before being stored at -20°C.
2.2.4.2 Tissue preparation
2.2.4.2.1 Lysis Buffer method
Brain regions of adult male Sprague Dawley rats, killed by cervical dislocation
according to Home Office guidelines, were dissected and snap frozen in liquid
nitrogen before being stored at -20 °C. Lysis buffer stock 1.25X was made as
follows: 20 mM Tris pH 8.0, 137 mM NaCI, 1 mM EDTA, 1 mM MgCI2.6 H20, 10
% glycerol (v/v) 1% NP-40 (detergent) (v/v), this was stored at4°C until use.
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A 20ml aliquot of the 1.25X lysis buffer stock was prepared with 1 ml of protease
inhibitor cocktail consisting of 0.25 ml of each of: 0.1 M sodium orthovanodate,
0.1 M dithiothreitol and 0.1 M phenylmethylsulfonylfluoride (in ethanol) made up to
a final volume of 25 ml. Whole brain or brain regions were added to 1ml of ice
cold PBS for homogenisation, the homogenate was centrifuged at 4°C in a
microcentrifuge at 13000rpm for 1 minute. The supernatant was removed, and
then 0.5 ml of prepared lysis buffer was added to resuspend the pellet, which
was then mixed for 1 hour at 4°C. The mixture was then centrifuged again for 10
minutes under the above conditions. This supernatant was then collected as the
tissue lysate. In preparation for western blotting, 100 pi of this lysate was added
to 100 pi of Laemmli buffer (2X), 25% 0.5M Tris HCI, 20% glycerol, 4% SDS,
10% (3-mercaptoethanol and 0.0025% bromophenol blue w/v, and boiled for 5
minutes for storage at -20°C.
2.2.4.2.2 Boiling SDS method (Arroyo-Jimenez etal., 1999)
Brain regions or whole brains were dissected and snap frozen in liquid nitrogen.
These were homogenised in 10X w/v 1% SDS 10mM Tris pH 7.4 kept as close to
100°C as possible in a boiling water bath. This was centrifuged at 600g for 10
minutes, supernatant was then removed and stored at -20°C in 1ml aliquots.
2.2.4.3 SDS PAGE and Western blotting (Strickland and Puett, 1982;Towbin et
al., 1979)
Recipes for the SDS gels used were as follows:
SDS Gel 12%

Stacking gel

3.5 ml distilled H20

3.05 ml distilled H20

2.5 ml 1.5M Tris pH 8.8

1.25 ml 0.5M Tris pH

100 pi 10% SDS

50 pi 10% SDS

4.0 ml Acrylamide / Bisacrylamide

0.65 ml Acrylamide / Bisacrylamide

6.8

(Acrylamide/Bisacrylamide 30% stock ‘Protogel’; National Diagnostics)
50 pi Ammonium persulphate

25 pi Ammonium persulphate

10 pi TEMED

5 pi TEMED
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Gels were cast in the Bio-Rad mini-Protean II SDS gel system between clean
glass plates and 1mm spacers using approximately 5 ml of SDS 12% gel. Once
this had set, stacking gel was applied with a 10 sample well comb and allowed to
set.
Tissue preparations already treated with Laemmli buffer were thawed and 1020pl were then loaded onto a 12% gel along with 5pl Rainbow protein standards
(Bio-Rad). This was run for 10 minutes at 80V and 200V for 45 minutes in a BioRad mini-protean II system with 80ml of 5X electrode buffer, 0.12M Tris, 1.2M
glycine 0.5% SDS, diluted in distilled H20 to give 400ml. The gel was then blotted
using Sigma semi-dry blotting transfer equipment onto nitrocellulose (Schleicher
and Schuell, Dassel, Germany) previously soaked in transfer buffer, 0.05M Tris,
0.05M glycine, 0.0375% SDS, 20% methanol, at 200 mA for 45 minutes. The
methanol prevents the gel swelling and keeps proteins adsorbed to the
nitrocellulose membrane.

Cathode

^
Protein
Movement

Blotting paper

SDS-PAGE Gel

Nitrocellulose
Blotting paper
Anode

Figure 2.1 Diagram of semi-dry blotting apparatus
Blotting paper soaked in transfer buffer sandwiches the nitrocellulose membrane and the
SDS gel containing the elecrophoretically separated proteins. A current is applied through
the electrodes causing the proteins to migrate out of the gel matrix onto the nitrocellulose
membrane.
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After blotting, the membranes were blocked in 4% non-fat milk powder (Bio-Rad
Laboratories Inc) / PBS for 1 hour on a shaker at room temperature. The
membranes were probed with primary antibodies diluted in 1% Marvel / PBS +
0.05% Tween 20 on a shaker at 4°C overnight. Initially primary antibodies were
tested at a range of concentrations to determine optimal dilutions. The blots were
washed 3 times for 5 minutes with PBS then incubated on a shaker at room
temperature for 1 hour with HRP conjugated secondary antibodies diluted to
manufacturers’ recommended concentration. Secondary antibodies were
removed and blots were washed a further 3 times with PBS. Electrochemiluminescence (ECL) reagent (Amersham Pharmacia Biotech AB, Uppsala
Sweden) was prepared according to instructions, (1:1 solution 1 and 2, to give 7
ml/blot), and applied to blots for 1 minute. Excess ECL reagent was removed and
the membranes were then wrapped in plastic film and secured in a film holder,
blots were then exposed to photographic film to visualise, typically exposure
times ranged from 30 seconds to 6 minutes.
2.2.5 Lowry protein estimation assay

The Lowry protein estimation according to Lowry et al., 1951 (revised (Peterson,
1983)) was employed to determine the protein concentration of homogenates
prepared by the boiling SDS method. The alkaline reagent (A) 0.5% sodium
tartrate, 0.5 sodium dodecylsulphate (SDS), 2% (w/v) sodium carbonate in 0.1 M
sodium hydroxide, was used to make fresh assay mix, 50ml of this was mixed
with 0.5ml of 1% copper sulphate solution. Homogenate samples were diluted
1:10 and BSA standards, at 10, 25, 50 and 100fig, were made up to 1ml with
distilled H20 and blanks consisted of 1ml of dH20. To each tube 5 ml of assay
mix was added and tubes were vortexed thoroughly before being left to stand at
room temperature for 10 minutes. Folin-Ciocalteu reagent was diluted 1:1 with
dH20 and 0.5ml of this was then added to each tube and was immediately
vortexed. The tubes were incubated at room temperature for 30 min then
samples were vortexed and absorbance was determined at 660nm on a Unicam
Helios spectrophotometer. Data obtained for the protein standards were fitted to
a curve; the linear portion of the curve was used to determine homogenate
protein concentrations.
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2.2.6 Immunoprecipitation
Samples prepared in the boiling SDS method were diluted 10 fold in 2% BSA
PBS and incubated on ice for 10 minutes to absorb excess SDS, these were
centrifuged in a bench top Heraeus microfuge at 13,000 rpm for 10 minutes and
the pellet was discarded. Samples prepared in lysis buffer were used without
further dilution.
Anti-a4 nAChR subunit antibodies were added at concentrations previously
optimised for light microscopy to 1ml of tissue preparation in Eppendorf tubes.
These were rotated at 4°C for 1 hour. Protein A/G agarose beads were aliquoted
(1OOjliI per sample) and washed three times for 5 minutes on a rotator with PBS,
spinning the beads down at 13,000rpm between washes. Lysate/antibody
mixtures were added to beads for a further incubation on the rotator at 4°C for 1
hour. Samples were spun at 13,000rpm in the microfuge for 1 minute to pellet
beads that were resuspended in 1 ml PBS. This was repeated 3 times with the
final resuspension being in 100p.l llaemmli buffer then samples were boiled in a
hot block for 5 minutes and stored at -20°C.
2.2.7 Svnaptosomes

2.2.7.1 Svnaptosome preparation (Thorne et al., 1991)
Filtered Percoll mixtures were prepared as 25 ml of 3,10,15, and 23 % in 0.32M
sucrose pH 7.4. Percoll gradients were layered at 2 ml per layer starting with
23% in 15 ml Sorvall tubes. The perfusion pump was set at 1ml/minute using an
orange 25 gauge needle on tubing. Striata were dissected from 4 male S.D. rats
of approximately 250g, these were homogenised with 12 strokes in 10% w/v in
ice-cold 0.32M sucrose 5mM Hepes buffer pH 7.4. This homegenate was
divided between two Sorvall centrifuge tubes and were centrifuged for 10 minutes
at 1,000 g. The pellet was discarded and the supernatant was made up to 10 mis
in 0.32M sucrose. This was then layered onto the Percoll gradients using the
perfusion pump and 19 gauge white needles on the tubing at 2ml per gradient.
This was then centrifuged in a JA 25.15 fixed angle rotor in a Beckman Coulter J
25 centrifuge at 12,000 g for 20 minutes not including acceleration or
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deceleration times. The synaptosome fractions F3 and F4, the interfaces
between 10% and 15%, and 15% and 23% respectively, were carefully harvested
with a Pasteur pipette. The synaptosomes from two gradients were combined in
a clean Sorvall tube and made up to 10ml with ice-cold Kreb’s buffer, 118mM
NaCI, 2.4mM KCI, 2.4mM CaCI2.H20, 1.2mM MgS04, 1.2mM KHP04, 25mM
NaHC03, 10mM glucose pH7.4. These were centrifuged at 12,000 g for 10
minutes, the pellet was collected and again made up to 10 ml using Kreb’s buffer
for a second spin at 12,000 g for 10 minutes. Finally the pellet was resuspended
in 0.5 -1 m l Kreb’s buffer, dependant on pellet size.
2.21.2 Synaptosome immunofluorescence (Diaz-Hernandez et al., 2002)
The synaptosomes prepared by the above method were carefully layered onto
Polysine® slides, poly-L-Lysine coated slides (BDH), in a level humidified
chamber. These slides were incubated at room temperature for 45 minutes to
allow the synaptosomes to settle and adhere to the slides. The slides were then
rinsed carefully with fresh Kreb’s buffer and the sides and reverse of the slide
were dried carefully with tissue paper before placing them into a coplin jar
containing 4% parafomaldehyde in PBS for 10 minutes. The slides were then
washed 3 times by immersion into fresh coplin jars containing PBS before
carefully drying the sides and rear of the slide with tissue paper and replacing
them in the humidified chamber. The slides were swiftly coated with a blocking
solution containing 5% normal serum of secondary antibody species, 0.1%
saponin in PBS, for 30 minutes. The slides were briefly rinsed with PBS before
drying and replacing in the humidified chamber. The primary antibodies were
diluted to required concentrations using blocking solution, and applied evenly to
slides for 1 h or overnight. Slides were washed as before in 3 coplin jars of PBS
before being dried and returned to the humidified chamber. Secondary antibodies
conjugated to fluorochromes, either FITC, rhodamine and texas red or the
AlexaFluor® range 488, 546, 633. These were diluted in blocking solution and
applied to the slides in the dark humidified chamber; the slides were incubated
for 1 hour at room temperature. The slides were washed in PBS as before in the
dark, the slides were then mounted with the anti-fadant Vectorshield® and sealed
with acrylic nail varnish. The slides were viewed on a Zeiss LSM 510 laser
scanning (confocal) microscope. .
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2.2.8 Perfusion fixation
Wild type adult male S.D. rats were transcardially perfused under chloral hydrate
(350 mg / kg) anaesthesia via intraperitoneal injection conforming to UK Home
Office Regulations and performed under project licence number 30/1551. The
heart was exposed and a cannula was placed into the left ventricle and the right
atrium cut open. 50ml of heparin (20 iu / ml) in 0.1 M phosphate buffer (PB) was
perfused as a vascular rinse through the cannula using a peristaltic pump at 1015 ml / min. This was followed by 150 ml aldehyde fixative, as discussed in
results section, and finally 50 ml 0.1 M PB to remove excess fixative. The brain
was removed and stored in 0.1 M PB or PFA at 4°C until use.

2.2.9 Preparation of vibratome sections

Fixative perfused brains were cut coronaliy using a brain matrix and single edged
razor blades to remove the cerebellum and to isolate regions containing the
striatum (frontal cortex) and substantia nigra (mid-brain). The brain regions were
mounted onto the vibratome platform with superglue. A vibrating microtome
(Vibratome®) was used to create thin sections, speed was set to 1 and amplitude
set to 10. From each region 70 pm sections were collected for pre-embedding
immunocytochemistry, 50 pm sections for light microscopy and 500 pm sections
for post-embedding microscopy. Sections were stored in PBS at 4°C until use.
2.2.10 Immunocytochemistry

All antibody reactions for pre-embedding electron microscopy and light
microscopy were carried out in 15ml glass vials containing 1 - 1 .5ml of antibody
or blocking solution. During all incubations and washing steps, the vials were
continuously agitated on a bench-top shaker. All washes were carried out in 5mls
PBS and incubations were carried out at room temperature unless otherwise
stated.

2.2.11 Light microscopy
2.2.11.1 Immunoperoxidase
Fixed brain sections (50 urn) were rinsed in PBS then transferred to PBS + 0.2%
Triton X-100 (PBST) with 0.5% serum of the species in which the secondary
antibody was raised to reduce non-specific binding. Incubations were either
overnight at 4°C or for 1 hour at room temperature. The blocking solution was
replaced with either serial dilutions of primary antibody or block for negative
controls, and incubated at 4°C overnight. The sections were washed three times
for 10 minutes. Biotinylated secondary antibodies were applied at 1:200 dilution
for 2 hours. The sections were again washed three times for 10 minutes and
avidin-biotin-horseradish peroxidase complex (ABC reagent, Vector
Laboratories), made up in PBS according to instructions supplied, 2 drops
solution A / 10ml PBS mixed by inversion then 2 drops solution B added and
mixed again and allowed to stand for 30 minutes, was applied for 1 hour. After
three 10 minute PBS washes, the sections were washed for a further 10 minutes
in 50mM Tris pH 7.4 (TB). The peroxidase reaction was revealed by incubating
sections in 2.5ml diaminobenzidine (DAB, 625 pg / ml in TB) for 5 minutes to
ensure penetration into the sections, followed by addition of 0.005% H20 2. The
reaction was allowed to proceed until coloured product was visible, 1 - 5
minutes, and was stopped by quenching with excess TB, this was followed by
several TB washes. The sections were then carefully transferred to a small
volume of dH20 and painted flat onto clean slides with a fine paintbrush. After
drying overnight the sections were cleared in xylene and mounted in DPX. The
slides were left in a ducted fume hood overnight until the xylene evaporated,
sections were subsequently viewed using a conventional compound microscope.
2.2.11.2 Immunofluorescence
Fixed brain sections (50 pm) were rinsed in PBS then transferred to 4% BSA in
PBST for 1 hour to block. This was then replaced with primary antibody /
antibody solutions diluted in blocking solution, or blocking solution alone for
negative controls, and sections were incubated overnight at 4°C. Sections were
washed three times for 10 minutes and transferred to secondary biotinylated
antibody / antibodies at 1: 200 dilution in blocking solution for 2 hours.
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Alternatively, antibodies directly labelled with fluorescent groups were used in
place of the biotinylated / avidin-biotin-FITC complex approach. The sections
were washed three times for 10 minutes then incubated in avidin-biotin- FITC
complex (FITC-avidinD, Vector Laboratories) prepared to manufacturers
instructions, 1/500 dilution in PBS, for 1 hour in the dark. The subsequent 3
washes for 10 minutes were carried out in the dark. Sections were painted onto
slides and mounted using Vectashield (Vector Laboratories) anti-fadant,
coverslipped and sealed with acrylic nailvarnish. The sections were viewed on a
Zeiss Axiovert 100M laser-scanning (confocal) microscope, using Zeiss LSM 5
image browser software.
2.2.12 Electron Microscopy

2.2.12.1 Freeze-thawing of sections
Brain sections intended for electron microscopy were permeablised by a freezethawing technique in preference to detergent solublization of membranes to
preserve better tissue ultrastructure. Sections (70 pm) were placed in
cryoprotectant, made of 25% sucrose and 10% glycerol in 50mM PO buffer pH
7.4, and agitated until they sank (approximately 1 hour). The sections were then
painted flat into mesh baskets, excess cryoprotectant was blotted off and baskets
were then lowered into iso-pentane, cooled over liquid nitrogen, until sections
turned white. The baskets were then transferred to liquid nitrogen for 10 - 15
seconds before being allowed to thaw to room temperature. Freezing and
thawing steps were repeated three times. After final thawing to room temperature
sections were collected in phosphate buffer and kept at 4°C.
2.2.12.2 Pre-embedding immunoperoxidase (Bernard et al. 1997)
Freeze thaw permeabalised sections were washed thoroughly in PBS then
blocked for 1 hour with PBS containing 2% normal serum from the species in
which the secondary antibody was raised. The sections were then transferred to
primary antibodies solutions diluted in the blocking solution and incubated
overnight at 4°C. Three washes of 10 minutes were followed by a 2-hour
incubation in biotinylated secondary antibody at 1: 200 dilutions in blocking
solution. The sections were again washed 3 times for 10 minutes and transferred
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to ABC reagent (Vector Laboratories) prepared according to manufacturers
instructions, for 1 hour. The sections were washed 3 times for 10 minutes then
transferred to 50mM Tris pH 7.4 (TB) for 10 minutes. The peroxidase reaction
was revealed by incubating the sections in 2.5 ml diaminobenzidine (DAB, 625
pg / ml in TB) for 5 minutes to ensure penetration into the sections then addition
of 0.005% H20 2. The reaction was allowed to proceed until coloured product was
visible, 1 - 5 minutes, and was stopped by quenching with excess TB, this was
followed by several TB washes. Sections were then transferred to 0.1 M
phosphate buffer ready for resin embedding (Section 2.2.12.4).
2.2.12.3 Pre-embedding immunogold (Bernard et al. 1999)
Brain sections (70 nm) were washed thoroughly in 0.1 M phosphate buffer then
incubated in 1 % sodium borohydride for 5 minutes to aid antibody penetration
and reduce free aldehyde groups. The sections were washed thoroughly in 0.1 M
phosphate buffer pH 7.4 to remove all traces of sodium borohydride. The
sections were then permeablized by freeze-thawing. After several washes in
PBS, the sections were blocked using a solution of 0.5 % serum of secondary
antibody species in PBS for 1 hour. The sections were incubated overnight at
4°C in primary antibody made up in blocking solution. After washing twice in PBS
for 5 minutes the sections were then washed in a solution of 0.5 % BSA, 0.1 %
gelatin in PBS (BSA-PBS) for 5 minutes. The 1 nm gold conjugated secondary
antibody (British Biocell, Aurion) was made up at 1: 200 in BSA-PBS and applied
for 2 hours. After 3 washes for 5 minutes in BSA-PBS the sections were washed
3 times for 5 minutes in PBS and fixed in 1 % gluteraldehyde PBS for 10 minutes
followed by 2 washes in PBS for 5 minutes. The gold labelling was enhanced by
incubation in a silver enhancement solution (British Biocell) prepared to the
manufacturers instructions for 10 minutes. Following enhancement the sections
were washed thoroughly 3 times for 10 minutes in 0.1 M phosphate buffer for
embedding in epoxy resin.
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2.2.12.4 Epoxy resin embedding of sections
Sections were equilibrated in 0.1 M phosphate buffer pH 7.4, sections before
being poured into labelled petri dishes The buffer was carefully removed using a
pipette, ensuring that the sections remained flat using a fine paintbrush. The
buffer was swiftly replaced by 1% osmium tetroxide in 0.1 M phosphate buffer
carefully pippetted over sections and incubated in a ducted fume hood, osmium
tetroxide was handled and disposed of with extreme care due to the harmful
nature of the substance. Incubation times were 30 minutes for pre-embedding
DAB and only 5 minutes for pre-embedding immunogold, to prevent removal of
silver enhancement. The osmium was removed and 3 washes of phosphate
buffer for 15 minutes were followed by a graded dehydration series of ethanol in
water (large volumes of 50%, 70%, 95% and 2 x 100%) the 50% wash was in
extreme excess to ensure removal of all phosphate buffer. All incubations were
for 10 minutes each except the 70%, which contained 1% uranyl acetate and was
incubated for 30 minutes. After the ethanol series, sections were incubated twice
in propylene oxide for 10 minutes to remove all alcohol. The now brittle sections
were carefully transferred using cocktail sticks to labelled boats containing epoxy
resin (Durcupan), where the components A, B, C and D (fully described in section
4.2.1) were mixed in the weight ratio 10:10: 0.3: 0.2, and left overnight. The
sections were transferred to lightly greased microscope slides using cocktail
sticks and sandwiched with greased coverslips, excess resin was removed and
the slides were cured at 60°C for 48 hours. Once cooled, the areas of interest
were dissected and re-embedded in fresh Durcupan resin or mounted on to
blocks of resin with superglue for alternative orientation.
2.2.12.5 Pioloform coating of grids
Pioloform solution, 1% w/v in chloroform (100 ml), was placed in a slide coating
apparatus (Electron Microscopy Supplies). Cleaned microscope slides were
placed in the apparatus and were coated with a thin layer of pioloform. The slides
were then removed and scored with a razor blade to form a rectangle. The thin
plastic film was then floated onto distilled H20. Films of the required thickness,
approximately 70nm, appearing silver in colour under an oblique light source,
were selected. Several 2mm nickel slot grids were then placed matt side down
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onto the film, the film was subsequently collected on parafilm and allowed 24
hours to dry before grids were used.
2.2.12.6 Preparation of ultramicrotome sections
Cured resin blocks were placed into a chuck from a Reichert Jung Ultracut E
microtome with the tissue sample uppermost; this was then tightened and
secured in the microtome platform. The excess resin was carefully trimmed away
manually using a razor blade until the level of the sample was reached. At this
point the block was trimmed with the microtome using a glass knife, made at a
25° angle, to give a planar surface. A section of the sample within the DAB
penetration zone of the tissue was selected and trimmed into a regular
trapezium. The glass knife was replaced with a diamond knife set at 4°. The
trimmed block was aligned parallel to the diamond knife so that the reflection of
the knife was regular along the whole face of the block. The boat of the knife was
filled with distilled H20 and the ultracut was then set to cut 70nm ultrathin
sections. Ribbons of silver coloured (70nm) sections were cut and these were
collected on pioloform coated slot grids. Sections were then counterstained with
Reynolds lead citrate (Section 2.2.12.10) and viewed in the Jeol 1200 EX
transmission electron microscope (TEM).
2.2.12.7 Transmission electron microscope set up
The electron beam on the TEM was aligned with the condenser and the beam
was focused before samples were examined. The beam current was set at 80 kV
and the photographic film used (AGFA or Kodak) dictated the film sensitivity of 15
or 11 respectively. Sample grids were examined using the objective lens that
gave maximum contrast of tissue membranes. Magnifications routinely used
were X 10-40K.
2.2.12.8 Lowicrvl resin embedding
Sections of striatum and substantia nigra, (500 pm), were washed 3 times in
0.1 M PO buffer for 3 hours before leaving in fresh phosphate buffer overnight at
4°C. Small sections of each area of interest were dissected and placed in 0.5M
sucrose solution until they sank. This was then repeated with 1.0M, 1.5M and
2.0M sucrose. Sections were freeze-slammed onto polished copper blocks
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cooled in liquid nitrogen (using Reichert MM80E; from Leica). Sections were
placed onto sample holding plates, on the sponge covered side, and orientated
with the required plane uppermost. The sample plates were then transferred to
the magnetic plunger on the MM80E released onto the liquid nitrogen cooled
polished copper block with the settings at force 3, thickness 4 and speed 1. The
sample was held by the plunger for 3 minutes then carefully transferred to Analar
grade methanol at -90°C before being moved to 0.5% uranyl acetate in methanol
overnight at -40°C. All subsequent steps were carried out at -40°C. The sections
were put through a series of 3 methanol washes of 2 hours before placing into a
1: 1 mixture of Lowicryl (K4M or HM20) and methanol for 1 hour. This was
replaced with a 2:1 mixture for 1 hour then undiluted Lowicryl for 1 hour. The
sections were then incubated overnight in fresh Lowicryl. The sections were
transferred to gelatin capsules containing Lowicryl and were polymerised at 40°C under ultra violet light for 48 - 72 hours. The temperature was gradually
raised to room temperature before samples were removed. Ultrathin sections
(70nm) were taken on an Ultracut E ultramicrotome as for epoxy resin sections,
except that the water level in the knife boat was set higher.
Several additional Lowicryl blocks used in this study were kindly provided by
Professor J. P Bolam, University of Oxford.
2.2.12.9 Post-embedding immunogold (Baude et al., 1993;Fujiyama et al., 2000)
Washes and blocking steps were performed by placing the grid, section side
down, onto a drop of solution on parafilm in a humidified chamber. The grids
containing 70 nm sections were etched in sodium ethanolate saturated solution
for 2-3 seconds before dipping 10 times in 3 vials of filtered dH20 then washed
twice for 5 minutes in Tris buffered saline (TBS) before being blocked in a
solution of 2 % human serum albumin (HSA) in TBS + 0.01 % Triton X-100
(TBST) for 30 minutes. The grids were transferred to primary antibody made up
in blocking solution, or blocking solution as negative control, overnight in a 96
well staining plate. Wells not containing antibody or blocking solution were filled
with dH20 to maintain humidity, care was also taken to ensure that no antibody
solution came into contact with the reverse side of the grid. Following 3 washes
in TBS for 10 minutes the grids were washed in blocking solution. The grids were
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then incubated in gold conjugated secondary antibody at 1: 20 (British Biocell 10
or 20 nm gold particles) diluted in blocking solution containing 0.05 %
polyethyleneglycol for 2 hours. The grids were then washed 3 times in TBS and
once in 0.1 M phosphate buffer for 10 minutes each. The grids were fixed with a
solution 2 % gluteraldehyde in 0.1 M phosphate buffer for 2 minutes then rinsed
in several changes of distilled water and dried using warm air.
2.2.12.10 Counterstaininq grids (Lewis and Knight, 1977)
2.2.12.10.1 Uranyl acetate
A solution of 1% uranyl acetate in distilled H20 was made in advance and stored
in the dark at 4°C. Grids were placed section side down on a drop of uranyl
acetate solution, filtered through a syringe filter, in a humidified chamber. The
grids were incubated in the dark for 35 minutes. Grids were washed by dipping
into three large vials of filtered distilled H20 , 10 times in each, then placing onto a
drop of dH20 before drying with filter paper and hot air.
2.2.12.10.2 Reynolds lead citrate
Lead nitrate, 0.27g, was weighed into a glass vial, 9.6 ml of distilled H2o was then
added and the vial was capped and shaken until the lead nitrate was dissolved.
Trisodium citrate, 0.35g, was then added and the vial was again capped and
shaken until the solution became cloudy. To clear the solution 0.4ml of 4M NaOH
was added. The lead citrate solution was stored for up to 2 weeks at 4°C and the
solution was filtered through a syringe filter before use. Grids were placed section
side down on a drop of lead citrate solution in a chamber containing NaOH
pellets for 3 minutes. Grids were washed by dipping into three large vials of
dH20 , 10 times in each. Grids were then dried with filter paper and hot air.
2.2.13 Brain Tissue from +/+ and -/- a4 nAChR Subunit Mice

Whole brain homogenates were prepared for western blotting in the boiling SDS
and lysis buffer methods as previously described (sections 2.2.4.2.1 and
2.2.4.2.2).
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2.2.13.1 Membrane preparation (Davies et al., 1999)
Frozen brains were thawed and homogenised in 10% w/v of ice-cold
homogenising buffer: 0.32M sucrose, 1mM EDTA, 0.01% NaN3pH 7.4. The
homogenate was divided between centrifuge tubes and centrifuged at 4°C at
1000g for 10 minutes, the supernatant was collected and the pellet discarded.
The supernatant was subsequently centrifuged at 12,000g for 30 minutes. The
pellet was collected and resuspended in ice cold Phosphate buffer (50mM),
40mM K2HP04, 10mM KH2P04, then centrifuged at 12,000g for 30 minutes, this
washing step was repeated and the pellet (P2) was resuspended in 2.5ml/g ice
cold phosphate buffer containing 1mM EDTA, ImMPMSF and 0.1% NaN3,
membranes were stored in aliquots at -20°C.
2.2.13.2 Ligand binding (Sharpies et al., 2000)
Buffer used for binding was cold Krebs Ringer Tris-HEPES buffer (KRTH),
composed of 118mM NaCI, 4.8mM KCI, 2.5mM CaCI2, 20mM HEPES, 20mM
Tris, 0.01% NaN3 adjusted to pH 7.4 before addition of 0.1 mM PMSF stored at 20°C. a4p2* nAChR were assessed using [3H]nicotine (total activity 9250 KBQ,
250pCi, lot number 3467-455/1). For total binding assay volumes were, KRTH
175 \x\, 200nM [3H]nicotine 25|il, membrane preparation 50^il. For non-specific
binding assay volumes were, KRTH 150jil, 200nM [3H]nicotine 25jil, 10mM
nicotine 25pl, membrane preparation 50|il. These conditions were performed in
quadruplicate and were incubated at room temperature for 30 minutes before
transfer to 4°C for 1 hour. Membranes were then harvested onto double
thickness filter paper (Gelman A/E) soaked overnight in PBS containing 0.3% PEI
using a Brandel harvester. The membranes were collected onto the filters and
briefly rinsed twice with PBS. Filters were then recovered and placed into vials
with 5ml of Optiphase Safe scintillation cocktail. These were counted for 5
minutes in a Packard 1600 Tricarb scintillation counter (efficiency of counting 4550%) to give cpm for total and non-specific binding. The cpm/pmol of [H3]
nicotine was calculated based on specific radiactivity of the [3H]nicotine batch
and by counting 25pl of the 200nM stock. These data alongside protein assay
data were used to calculate binding in terms of fmol bound/mg protein.
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2.2.13.3 Markwell A protein estimation assay (Markwell et al., 1978)
BSA protein standard of 1mg/ml was made in distilled H20 this was diluted in
Markwell A to give a volume of 200pl and 10,20,40,60,80 and 100|ig stocks.
Membrane preparation was diluted 1 in 10 and samples of 10,20 and 50 pi were
made up to 200pl volume with Markwell A all samples and standards were made
in triplicate. To each sample 1ml of Markwell A 0.04% CuS04 was added and
mixed then allowed to incubate at room temperature for 10 minutes. Folins
reagent (100pl) was diluted 1:1 with distilled H20 and was added and allowed to
stand for 45 minutes before samples were transferred to a 96 well plate for
reading absorbance at 690nm in a plate reader (Anthos 2020 version 1.5 up,
Jencons, Anthos labtec instruments. Ges.m.b.H, Lagerhaurstra Be507, A-5071
Wals/salzburg, Austria.). Standards were plotted and protein concentration for
the membrane preparation was determined from the curve.
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3.1 Tyrosine Hydroxylase

3.1.1 Introduction
Tyrosine Hydroxylase EC 1.14.16.2, is a member of the aromatic amino acid
hydroxylases along with tryptophan hydroxylase and phenylalanine hydroxylase.
Tryptophan hydroxylase and phenylalanine hydroxylase are responsible for the
production of 5-hydroxytryptophan, the rate-limiting step in the production of 5hydroxytryptamine (5-HT), and conversion of phenylalanine to tyrosine
respectively (Hufton et al., 1995). Tyrosine hydroxylase (TH) catalyses the
hydroxylation of tyrosine to 3,4-dihydroxyphenylalanine (L-DOPA) (Fig 3.1) the
rate limiting step in the biosynthesis of the neurotransmitter dopamine and other
catecholamines (Zigmond et al., 1989). The hydroxylation reaction is carried out
in the presence of a pterin cofactor (BH4), molecular oxygen and iron (Dix et al.,
1987;Haavik and Flatmark, 1987) (Fig. 3.1).
Tyrosine
Hydroxylase ■
COO
HO

NHZ

nh2

TYROSINE

L-DOPA

Figure 3.1 Conversion of tyrosine to L-DOPA by tyrosine hydroxylase
In the presence of a pterin cofactor, molecular oxygen and iron, tyrosine is hydroxylated
at the 3 position by Tyrosine Hydroxylase to give 3,4-dihydroxyphenylalanine (L-DOPA).

The enzyme is found in cytoplasmic and membrane forms (Kuczenski and
Mandell, 1972) in the adrenal medulla and catecholaminergic neurons of the
central and peripheral nervous system (Haycock, 2002;Rothman et al., 1980). TH
is known to have up to four isoforms in humans although only one occurs in rats
and many other species (Haycock, 2002). These exist functionally as a
homotetramer (Hufton et al., 1995). TH activity is regulated acutely by
phosphorylation at a number of sites, controlled by a variety of factors
(Masserano and Weiner, 1983). Rat TH contains four putative phosphorylation
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sites, Serine 8,19, 31 and 40, of these in vivo only three are actually targeted,
the Serine at position 8 is not phosphorylated (Campbell et al., 1986;Haycock
and Haycock, 1991).
TH is under the control of both 1st and 2nd messenger systems although individual
phosphorylation sites are selectively targeted; Ser 19 by CAM PKII, Ser 31 by
ERKIand ERK2 and Ser 40 by PKA (Haycock, 1993). The cyclic AMP dependent
phosphorylation of Ser 40 has been shown to reduce the binding affinity for
catecholamines thus reducing the inhibitory effect of dopamine, noradrenaline
and adrenaline (Almas et al., 1992). TH synthesis is also increased during
nicotinic receptor stimulation via increased gene transcription (Craviso et al.,
1992;Craviso et al., 1995;Fernandez and Craviso, 1999).
3.1.2 Tyrosine hydroxylase in dopamine neurons
Tyrosine hydroxlase is present in all catecholaminergic neurons, those containing
adrenaline, noradrenaline or dopamine, and as such is a useful marker for these
neurons. The reasons for labelling this enzyme are manifold: The TH protein
itself, being a cytoplasmic enzyme in high abundance, is an amenable target for
labelling. TH is a good subject since the available antibodies have been well
characterized and shown to be very specific and highly efficient (Hanley and
Bolam, 1997;Jones et al., 2001). TH is specifically limited to catecholaminergic
neurons within the brain, so systems know to contain a catecholamine can be
positively identified using TH as a marker protein. There are three main
dopaminergic systems, in general terms; the nigrostriatal pathway from the cell
bodies in the substania nigra pars compacta (SNc) to the dorsal striatum, the
mesolimbic system from the cell bodies in the ventral tegmental area to the
ventral striatum, and the mesocortical pathway from the cell bodies in the ventral
tegmental area to the frontal cortex (Moore and Bloom, 1978). Of these systems
the nigrostriatal pathway has been highly studied due to its involvement in
Parkinson’s Disease (Section 1.1.3). In these studies TH has been extensively
used as a marker for immunolocalising dopaminergic neurons (Bouyer et al.,
1984b;Bouyer et al., 1984a;Freund et al., 1984;Hanley and Bolam, 1997;Jones et
al., 2001 ;Pickel et al., 1981).
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TH immuno-labelling has been shown to be specific for dopaminergic neurons in
6-hydroxydopamine lesioning studies, in which the degradation of dopaminergic
nigrostriatal neurons led to a reduction of 50-90% of TH positive labelling
dependent on degree of lesioning severity (Pickel and Chan, 1995). In addition
TH immuno-labelling has been compared to anterograde labelling with
biotinylated dextran amine of nigrostriatal neurons via injections into the SNc,
and it was found that the majority of terminals were indistinguishable between
labelling techniques (Hanley and Bolam, 1997). Immuno-labelling studies of this
kind have determined that approximately 21% of the total number of terminals in
the striatum are TH positive (Pickel et al., 1981). TH has been employed
effectively as a marker for immuno-labelling ultrastructural studies investigating
synaptology and neurotransmitter roles at both light and electron microscopy
levels (Section 1.3.3.3). TH was therefore used to identify dopaminergic cell
bodies, dendrites and axonal fields in these experiments.
3.1.3 Light microscopy methods
The first experiments carried out were to optimize the conditions for the use of
two anti-TH antibodies for light microscopy. The two antibodies used were
TZ1010, a polyclonal rabbit antibody (Affiniti research products) and mAb318 a
monoclonal mouse antibody (Chemicon). The first experiment was labelling of
nigral and striatal tissue sections fixed with paraformaldehyde (Sections 2.28 2.2.11). Horseradish peroxidase conjugated secondary antibodies and 3’3’diaminobenzidine tetrahydrochloride (S A S ^’-tetraaminobiphenylhydrochloride),
or DAB, peroxide reaction as introduced by Graham and Karnovsky (1966), was
used to reveal labelling. The sections were mounted with DPX and then
visualized on an Olympus BX51 light microscope and Olympus DP 50 digital
camera.
3.1.3.1 DAB reaction
The choice of DAB over other substrates for demonstrating peroxidase activity
was based upon its suitability for both light and ultrastructural EM studies.
Technical advantages include the relative stability of aqueous solutions under
normal incubation conditions. The reason DAB also makes a suitable compound
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for electron microscopy lies in the chemical reactions that form the polymerized,
insoluble, coloured product (Fig 3.2). The polymer is thought to be formed
through oxidation by peroxidase activity that links adjacent molecules though
nitrogen atoms. The resulting polymer retains several free amino groups able to
react with osmium tetroxide for fixation and contrast purposes in samples
prepared for electron microscopy. In comparison to other phenolic compounds
used for demonstrating oxidase activity DAB shows few diffusion or auto
oxidation artefacts (Seligman et al., 1973). The DAB reaction occurs in the
vicinity of the horseradish peroxidase conjugated secondary antibody and
remains in the locale, though the product has a tendency to stick to membranes.

3,4,3’,4’-tetraaminobiphenyl hydrochloride

(DAB)

v

Osmiophilic polymer

Figure 3.2 Schematic of probable reactions in the oxidation of DAB to form an
insoluble polymer (Lewis and Knight, 1977)
The DAB molecules are joined through nitrogen atoms leaving a significant proportion of
amino groups to react with osmium tetroxide to form an electron dense stain.

3.1.4 Tyrosine hydroxylase light microscopy results
The reaction of both anti-TH antibodies gave identical staining patterns
consistent with previous studies of TH distribution (Bouyer et al., 1984b;Jones et
al., 2001;Smith and Bolam, 1990). Dilution ranges of both antibodies, based on
literature values and previous experiments in our laboratory, were studied and
optimal dilutions were determined, 1:500 and 1:1000 for mAb318 and TZ1010
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respectively. More concentrated solutions gave rise to indiscriminate labelling of
all cell bodies present. The negative controls were performed by omission of
primary antibody. These showed no endogenous peroxidase activity (Fig 3.3),
consequently it was decided that no peroxidase quenching step prior to antibody
application was required to prevent false positive results. Due to the parallel
staining of both antibodies (Fig 3.4), subsequent images of mAb318 staining only
will be shown.
Figure 3.3 DAB staining o f TFi immunoreactivity
Images of slides with sections of rat brain containing

R

substantia nigra (SN) and striatum (CP). The sections on
SN J r ^

the left are negative control sections, and the sections on
the right show the characteristic staining pattern for TH with
mAb318 1:500. The DAB stain is shown clearly as a redbrown product in the regions known to contain the cell

K cp ^

bodies of the nigra throughout the axonal field of these cells
in the striatum. Images actual size.

The characteristic red-brown insoluble DAB reaction product was clearly limited
to discrete populations of cell bodies in the ventral tegmental area (VTA) and the
substantia nigra pars compacta (SNc) (Fig 3.5). The extensive dendritic fields of
the SNc cell bodies project into the substantia nigra pars reticulata (SNr) (Fig 3.5)
there is also a small population of stained cell bodies in this region (red
arrowheads), these are displaced SNc neurons (Prensa and Parent, 2001).
Figure 3.4 Comparison o f staining patterns o f two anti-TH antibodies
Images A and C show staining of SNc
and CP respectively with TZ1010
1:1000 and anti rabbit biotinylated
secondary antibody 1:200. B and D
show staining of SNc and CP
respectively with mAb318 1:500 and
anti-mouse biotinylated secondary
antibody 1:200. Both show the same
pattern of staining; variation of A and
B are due to different depths of SNc.
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Figure 3.5 Images o f DAB labelled substantia nigra sections at 10X magnification
Image A the negative control in which primary antibody was omitted, shows lack of
deposition of coloured DAB substrate in cell bodies of the substantia nigra pars compacta
(SNc) (red arrow) and the dendritic field in the pars reticulata (SNr) below. Image B clearly
displays the swathe of SNc cell bodies densely packed with the dark DAB stain. The SNr
is also heavily labelled in dendrites and the occasional cell body (red arrowhead)
displaced from the SNc.

Figure 3.6 High magnification images o f cell body staining in SNc
Image A shows a 50X magnification of cell bodies demonstrating the characteristic shape
of dopaminergic cells, ovoid or polygonal, with a high degree of arbourisation of
dendrites projecting to the SNr (Prensa and Parent, 2001). In the 100X magnification
image, B, it is possible to discern areas of lighter staining (arrowheads) in cell bodies.
These areas of the cell contain the nucleus, demonstrating that the enzyme is
cytoplasmic and not expressed in the nucleus.
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Higher magnification of these sections at light level makes it possible to discern
staining of individual cell bodies (Fig 3.6). At this level of magnification it is
possible to appreciate the discrete staining of these cells, leaving surrounding
regions unstained that represent different populations of neurons. The distribution
pattern of the DAB product within the cells confirms the cytoplasmic nature of
tyrosine hydroxylase, areas of the cell bodies appear to be a light grey colour in
(Fig 3.6B), this is where a thin layer of cytoplasm overlaps the nuclear envelope
which is itself unlabelled. This staining pattern is easier to distinguish in the
confocal images (Section 3.1.6) where planar images are taken through the cell.
In contrast to the SNc, the labelling in the striatum (CP) is not of a small
population of cell bodies (Fig. 3.7). The CP is the target area for the axonal
projections of the dopaminergic SNc neurons, where there are no dopamine cell
bodies. The labelling in the CP is widespread; this is due to the vast number of
axonal outputs and high degree of arbourization from an individual SNc
dopaminergic cell (Prensa and Parent, 2001). The ability of one cell to synapse
with numerous target cells enables the output of the SNc to achieve a modulatory
effect upon the target systems (Hanley and Bolam, 1997). The labelling for both
TH antibodies showed the same characteristic ‘swiss cheese’ nature of the
striatal tissue, where holes are due to capillaries and bunches of myelinated
axons. The tissue is subdivided into discrete regions known as patch (striosome),
distinguished by the enrichment of p-opioid receptors (Herkenham and Pert,
1981;Wang etal., 1996), and matrix distinguished by enrichment of
Somatostatin, Parvalbumin and Calbindin-D28K (Bennett and Bolam,
1994b;Graybiel, 1990a). The nigrostriatal terminals project into both patch and
matrix structures and have been shown to demonstrate similar attributes (Hanley
and Bolam, 1997).
At the light microscope level, even at 100X magnification (not shown), the
resolution was not good enough to determine the individual structures labelled in
the CP. For this reason, and to improve clarity on the cellular distribution of
labelling, laser scanning confocal microscopy, with secondary antibodies
conjugated to fluorophores in place of peroxidase reaction with coloured
substrates, was performed.
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Figure 3.7 Light micrographs of DAB labelled striatum (CP) at 10X magnification
The distinctive appearance of striatal tissue with what appears to be holes that are
actually made up of capillaries and groups of myelinated axons. Image A shows the
negative control in which primary antibody was omitted. The small dark specks are due to
blood cells stuck to the walls of capillaries, however generally the tissue shows no DAB
staining. Image B labelled with 1:500 mAb318 in contrast to the negative control shows
an abundance of DAB reaction product but unlike the SNc sections, labelling is absent
from cell bodies.

3.1.5 Tyrosine hydroxylase confocal microscopy methods
Striatal and nigral tissue sections, prepared as for light microscopy, were
incubated with the anti-TH antibodies under the same conditions as for light
microscopy. Sections were subsequently labelled with FITC conjugated
secondary antibodies specific for the species of the primary anti -TH antibodies.
These samples were mounted using Vectorshield® and viewed in the Zeiss
Axiovert 100M laser scanning microscope. The optimum wavelength of light that
FITC becomes excited at is 495nm and it emits at 515nm. The confocal
microscope was set up to use the Argon lamp with filters to excite the fluorophore
and filters were selected for the detector accordingly. Images were generated
using the Axiovert 100M confocal microscope with Carl Zeiss Laser Scanning
System LSM 510 and viewed with LSM image browser. Images were generated
by averaging 4 recordings of line scans taken through each locus.
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Figure 3.8 Confocal Images of TH labelled nigral tissue sections
Image A shows a section stained with TZ1010 1:1000 and goat anti-rabbit FITC 1:150
clearly showing heavy labelling of cell body cytoplasm and surrounding dendrites.
Staining is less uniform in appearance than at light level, only thin layers of cytoplasm are
labelled over the nuclei (arrowheads). The dendritic field is more fragmented than at the
light level given that many of the branches are out of the plane of view. Image B shows a
section stained with mAb318 at 1:500 and horse anti-mouse FITC 1:150, the distribution
pattern mirrors that of TZ1010, the nuclei are clearly unstained (arrowheads). Size bar
represents 20pm.

3.1.6 Tyrosine hydroxylase confocal results
The SNc images (Fig. 3.8) show the same overall staining pattern as the light
level micrographs, cell bodies are densely labelled with extensive dendritic
labelling for both antibodies in agreement with Jones et al. 2000. The staining is
more granular in appearance than the DAB stain since the fluorophore label is
directly linked to the TH enzyme which will occupy discrete areas of the cell
cytoplasm unlike the DAB reaction product. The planar quality of the confocal
images also makes it easier to see the dark unstained nuclei. In the absence of
primary antibodies there was no fluorescence observed (not shown), discounting
non-specific binding of the secondary antibodies. The labelling of the striatum
showed a marked difference between the light level and confocal images.
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Figure 3.9 Confocal images o f TH labelled striatal tissue sections
Image A shows a section of CP labelled with TZ1010 1:1000 and goat anti-rabbit FITC
1:150. Punctate spots and larger elongated areas are labelled with the fluorochrome
probably representing cross sections and oblique sections through TH positive axons as
seen in Jones et al. 2000. Image B shows a section labelled with mAb318 1:500 and
horse anti-mouse FITC 1:150, demonstrating the same staining pattern as TZ1010. Size
bar represents 20pm.

The light level micrographs showed a diffuse staining of tissue with some
unstained regions; at the confocal level it is possible to visualize the individual
axons, both cross sectional and at oblique angles (Fig. 3.9).
The confocal images for both antibodies have the same pattern of staining, with
large unstained patches due to myelinated axon bundles and capillaries. The
negative controls (not shown), minus primary antibody, showed no fluorescence
as for the SNc sections. Negative controls are shown for double labelling
experiments for CP sections in Figure 3.16.
The confocal images allow clearer visualization of the individual cells and some
of the unstained regions around or within the cells than light microscopy.
However the resolution threshold of the confocal microscope limits visualization
to structures in the pm range. To determine the structures within cells that are
associated with labelling it is necessary to use electron microscopy techniques,
which are not limited by the wavelengths of light, for resolution at higher
magnifications (Section 4).
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Having established the methodologies for reliably immunolabelling dopaminergic
cells with anti-TH antibodies, these approaches could be exploited to investigate
the distribution of the a4 nAChR subunit in dopaminergic nigrostriatal neurons.
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3.2 a4 nAChR subunit

3.2.1 a4 nAChR subunit light microscopy
Aftter optimizing the conditions for TH immunolabelling, all the available nAChR
a4 antibodies were tested for the ability to label paraformaldehyde fixed tissue
from rat substantia nigra and striatum. Initially the antibodies at our disposal were
the commercially available SC1772 polyclonal goat antibody from Santa Cruz,
NCL-NARA4 monoclonal mouse antibody from Nova Castra, and the gifts of
mAb299 monoclonal rat antibody from John Lindstrom (University of
Pennsylvania), and S1721 sheep antisera from Jim Patrick (Baylor College of
Medicine, Houston).
The raw antiserum donated by Jim Patrick was affinity purified against the
immunizing peptide as described in methods section (2.2.3). Centricon filtration
was performed to concentrate the resulting antibodies. Due to the small volume
recovered (approximately 1ml), the IgG concentration was estimated
spectrophotometrically to reduce wastage of the purified antibody. The
absorbance at 280nm gave an estimated value of 88.5 pg/ml.
These antibodies were tested at three concentrations / dilutions, based on the
recommended range in the manufacturer’s literature supplied, using the same
method that was applied to the TH antibodies (see Table 3.1). The negative
controls were performed by omitting the primary antibodies, the secondary
antibodies had been previously optimised by Dr Ian Jones within our laboratory to
give no staining in negative controls. The optimum concentration or dilution was
determined by examination of the brain sections under a light microscope. The
criterion for selecting a concentration range was that cell body staining was seen
to be selectively distributed in areas indicated to express the a4 nAChR subunit
by in situ hybridisation studies (Wada et al., 1989), for example within the
substantia nigra (Fig 3.9).
Eighteen months into this study a fifth antibody became available, AB5590 a
polyclonal guinea pig antibody produced by Chemicon. This was also tested at a
range of concentrations on a separate brain specimen (see Table 3.1) from which
an optimum dilution range was obtained.
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Antibody

Concentrations / dilutions

Optimum conc. / dil.

based on manufacturer's

(highest concentration

recommendations

without non-specific
labelling)

SC 1772

2, 0.2, 0.02 pg/ml

0 .1 5 - 0 . 2 pg/ml

NCL-NARA4

1:10, 1:100, 1:1000

1:1000

mAb 299

10, 1, 0.1 fig/ml

N/A

S1721

10, 1,0.1 fig/ml

1 pg/ml

AB5590

1:100, 1:1000, 1:10000

1 :1 0 0 0 -1 :2 0 0 0

Table 3.1 Range of concentrations / dilutions tested for each anti-a4 nAChR
subunit antibody. Key: conc., concentration; dil., dilution; N/A, not applicable

The DAB staining seen for all of the nAChR a4 antibodies tested (Fig 3.10) was
markedly lower in intensity than that seen with the TH antibodies (Fig 3.2). This is
likely to be a reflection of the relative abundance of the proteins; nAChR subunits
are expressed at a comparably low level to other ionotropic neuronal receptors
and proteins in the brain. To the naked eye the development of the distinctive
red-brown DAB precipitate occurs more diffusely throughout the brain sections to
areas unlabelled by the TH antibodies, such as the cortex (Fig 3.9). This
illustrates that the distribution of nicotinic a4 subunit receptor antibody labelling is
not limited to TH positive cell types. This is in agreement with studies on mRNA
distribution (Wada et al., 1989), it has also been demonstrated in previous
microscopy studies (Nakayama et al., 1995;Nakayama et al., 1997;Nakayama et
al., 1998).
All of the antibodies tested stained the substantia nigra and the striatum, four of
the five tested showed the same distribution pattern (Fig 3.10) but mAb299 had a
more widespread labelling pattern. This anomaly is likely to be due to a cross
reactivity of the secondary antibody due mAb299, a rat monoclonal antibody,
being used on rat tissue. No additional blocking step was carried out to
selectively block the native rat IgG present in the tissue so that this was free to
bind the anti-rat secondary antibodies giving a false positive; high levels of
staining in the negative controls for mAb299 demonstrated this. The other four
antibodies, NCL-NARA4, SC1772, S1721 and AB5590, gave a pale labelling of
the cell bodies in the substantia nigra pars compacta (Fig 3.10).
Ill
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Figure 3.9 Images of brain sections stained with 3 concentrations of SC1772 antia4 nAChR subunit antibody
A & B: labelled with SC1772 2pg/ml

C & D: labelled with SC1772 0.2 pg /ml

E & F: labelled with SC1772 0.02 pg /ml
Biotinylated anti-goat secondary antibody was applied at 1:200 for all conditions, followed
by ABC reagent and DAB reaction according to manufacturers’ instructions. Images A
and B show the effect of primary antibody at too high concentrations, all the cell bodies
present appear to be labelled in both the SNc and striatum. C and D are indicative of
optimum primary antibody concentration, cell bodies are discriminately labelled in the
SNc and none appear to be labelled in the striatum. E and F show the effect of primary
antibody at too low concentrations, tissue appears completely unlabelled.
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Figure 3.10 DAB staining of SNc sections labelled with 5 a4 nAChR subunit
antibodies and a negative control.
A: labelled with SC1772, 0.2/ug /ml and anti-goat biotinylated secondary antibody
B: labelled with AB5590, 1:1000 and anti-guinea pig biotinylated secondary antibody
C: labelled with mAb 299, 1/jg/ml and anti-rat biotinylated secondary antibody
D: labelled with NCL-NARA4, 1:1000 and anti-mouse biotinylated secondary antibody
E: labelled with S1721, 1pg/ml and anti-sheep biotinylated secondary antibody
F negative control
All secondary antibodies were used at 1:200 and subsequent ABC reagent and DAB
reaction were applied according to manufacturers’ instructions.
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Size bars = 60pm

The labelling in the SNc was low in contrast to the surrounding tissue, partially
due to the low concentration of the DAB deposit within the cell bodies, but also
due to the higher labelling of surrounding tissue than that seen for TH labelling
since more than one cell type is thought to contain the a4 nAChR subunit (Wada
et al., 1989). The labelling of perikarya and dendrites and the absence of staining
in the nuclei is in agreement with the studies by (Sorenson et al., 1998), and
(Arroyo-Jimenez MM et al., 1999), where mAb299 and SC1772, respectively,
were used for labelling the a4 nAChR subunit in SNc in adult male SD rats. The
brain samples used by Sorenson et al. 1998, were fixed in 2% PFA and 0.1%
glutaraldehyde and were treated with sodium borahydride to partially reverse the
aldehyde fixation in contrast to the method used in this study. These two previous
studies used the DAB method for revealing a4-like-immunoreactivity in the SNc
cell bodies with comparable results to this study. The Arroyo-Jimenez
methodology, (Arroyo-Jimenez MM et al., 1999), was identical to that used in this
study, with the exception that an added step to block endogenous peroxidase
was included. Due to low background levels of peroxidase activity, determined
from negative controls, this blocking step was deemed to be unnecessary for this
study. The anti-a4 nAChR subunit antibody used by Arroyo-Jimenez MM et al.,
1999, SC 1772, was used at a 0.2 jig/ml concentration, which was also found to
be the optimal concentration for this study.
The terminal field of the SNc neurons, the striatum, was not commented on in the
study by (Sorenson et al., 1998), whereas (Arroyo-Jimenez MM et al., 1999)
found some labelled cell bodies in the striatum and no evidence for axon
terminals in the caudate putamen or nucleus accumbens. In the present study
the labelling of the striatum (Fig 3.11) with the anti-a4 antibodies appears to be
darker than that of the negative controls to the naked eye, the mAb 299 also
appears to label numerous cell bodies, unlike the other antibodies. The axons
and terminals are not discernable at this level of magnification and the staining is
markedly lower than the staining for TH (Fig 3.5). Due to the low level of staining
it is not possible to determine the presence of any a4 nAChR subunit in the
terminal field of the dopaminergic neurons projecting from the SNc using this
detection method. To look at the staining patterns at a higher resolution and
greater contrast, confocal microscopy was performed with all of the alpha 4
antibodies.
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Figure 3.11 Striatal sections labelled with mAb299 1pg/ ml and NCL-NARA4
1:1000 and corresponding negative controls.
A: labelled with mAb 299 at 1pg /ml

B: labelled with NCL-NARA4 at 1:1000

C: negative control for mAb 299

D: negative control for NCL-NARA4

Both A and C were labelled with anti-rat biotinylated secondary antibody at 1:200 and B
and D were labelled with anti mouse biotinylated secondary antibody at 1:200.
Subsequent ABC reagent and DAB reaction were applied according to manufacturers’
instructions.
There is a marked difference between the two sets of antibody labelling, mAb 299
labelling reveals all the cell bodies present in the striatum in a non-specific manner (A),
in contrast no cell body labelling is seen with NCL-NARA 4 (B). A second point to note is
the high level of labelling seen with the anti-rat secondary antibody alone (C) when
compared to the anti-mouse secondary antibody (D) and indeed the positive labelling
with NCL-NARA4 (B). Both primary and secondary antibodies used for mAb 299 labelling
appear to contribute to the non-specific labelling seen.
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3.2.2 ot4 nAChR subunit confocal microscopy

Confocal microscopy was performed as described in methods section 2.2.11.2,
as with the TH antibodies at the concentrations determined as optimal for the
light microscopy. Initial studies with secondary antibodies directly conjugated to
fluorophores had limited success; this was due to low levels of specific
fluorescence reflecting the low level of alpha 4 protein present / labelled. To
overcome this, the method was developed to include biotinylated secondary
antibodies followed by incubation with FITC / Texas Red labelled Avidin D. This
enables multiple fluorophore labels to become attached to a single primary
antibody site (Fig 3.12). Under these conditions it was possible to detect
fluorescence at a level comparable to that seen for TH labelling. This is the same
protocol used by (Arroyo-Jimenez MM et al., 1999), and (Sorenson et al., 1998),
for labelling of the nAChR a4 subunit for confocal microscopy.
The initial study with the fluorescence labelling method confirmed the optimum
antibody concentration for labelling SNc and CP coronally cut brain sections with
the a4 nAChR antibodies (Figs 3.13 and 3.14).

Fluorochrome
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Figure 3.12 Illustration o f avid in-biotin fluorescence technique
Standard fluorescent immunolabelling of a protein employs the binding of a primary
antibody followed by a secondary antibody conjugated to a fluorochrome (Top). The ABC
reagent technique uses the same primary antibody and a secondary antibody conjugated
to biotin. This biotin complexes with fluorochrome conjugated avidin to produce an
enhanced signal (Bottom).
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Figure 3.13 Confocal images o f SNc sections labelled with AB5590, and S1721.
Image A demonstrates the staining pattern seen with AB5590 1:2000, biotinylated anti
guinea pig secondary antibody and Avidin - Texas Red in the SNc region. The perikarya
show staining throughout the cytoplasm leaving the nuclei free of any fluorescence
(arrows). Staining appears to be granular and diffusely distributed throughout the cell
body and surrounding dendrites with some concentrated near the cell membrane
(asterisk). Image B demonstrates the staining pattern seen with S1721 1pg/ml,
biotinylated anti-sheep secondary antibody and Avidin FITC in the SNc region. This
image illustrates that the staining pattern for S1721 is very similar to that of AB5590 (A);
the contrast of the FITC is greater than that seen with Texas Red. The nuclei are
unstained at the center (arrow), while the cytoplasm and dendrites contain granular
staining. Image C is the negative control for AB5590 with omission of the primary
antibody, this appears to have no visible fluorescence, this image was taken is at the
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same magnification as A. Image D shows the negative control for S1721, where the
primary antibody has been omitted. All size bars 20 pm.

C

I

D

I

Figure 3.14 Labelling o f striatal sections with anti-a4 nAChR antibodies
Sections were labelled with NCL-NARA4 1:1000 (A) with horse anti-mouse biotinylated
secondary antibody 1:200 and Avidin FITC, and S1721 1pg/ml (B) with rabbit anti-sheep
biotinylated secondary antibody 1:200And Avidin FITC. Negative controls were
performed with the omission of primary antibodies (C and D respectively). The
fluorescence seen in A and B is punctate and at a low level for both antibodies with no
apparent cell body labelling. Negative controls show a very low-level background
fluorescence rendering interpretation of the marginal labelling in the antibody positive
groups debatable. All size bars represent 20pm.
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The antibodies tested all showed the same pattern of staining; this followed the
pattern seen at light level with the DAB staining. Early attempts with mAb299
resulted in a high level of background staining as was seen at light level.
Because of this, experiments with this antibody were not continued. The labelling
was easier to discern than in the light level images, as with the TH staining (Fig
2.7), due to higher contrast of the specific labelling to background.
3.2.2.1 Substantia nigra
The Texas Red labelling appears to be weaker than the FITC labelling (Fig 3.13);
this was consistent throughout the experiments, the red labelling had lower
contrast so appeared less substantial than the green. The a4 nAChR subunit
immunolabelling in Figure 3.13 image A shows a granular diffuse staining in the
perikarya leaving the nucleus clear. There also appears to be some stronger
staining in regions close to the cell membrane (asterisks) although interpretation
at this level of magnification is not possible, these bright spots may also be
artefactual since there appear to be several bright spots that are difficult to
ascribe to a cell body. Images A and C, the corresponding negative control, were
taken with the confocal microscope set up with a small pinhole, this focuses the
sampled area into a thin slice allowing for sharper focus, this also reduces the
amount of fluorescence detected (as described in section 1.3.3.3.2). Images B
and D were taken with the confocal microscope set with a large pinhole due to
low fluorescence in the sample. The larger pinhole captures images from a
thicker slice of sample allowing for more fluorescence to enter, it also reduces
focus leading to a more grainy appearance. In image B the magnification is
slightly greater than the other images to emphasize the fluorescence staining
within the cell bodies. The fluorescence is still widespread, as in figure A, yet it is
also possible to discern patches of stronger signal within the cytoplasm, this may
correspond to intracellular structures such as the endoplasmic reticulum however
without the use of specific markers it not possible to hypothesize what these
regions are. Figure 3.13 illustrates how the set up of the confocal and choice of
fluorescent probes can influence the resulting images, caution should be used to
ensure that negative controls are viewed under the same conditions to remove
any bias from the setting of the apparatus. For direct comparison of images the
same pinhole, gain and amplitude settings should be kept constant. For this
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study it was decided that the confocal settings would be optimised for a smaller
pinhole to give sharper images and to remove unwanted background
fluorescence from negative controls, as seen with the larger pinhole setting in
Image D. The previous studies on the localisation of a4 within nigrostriatal cell
bodies, (Arroyo-Jimenez et al., 1999;Sorenson et al., 1998), also used confocal
microscopy and these results are in accord with their findings.
3.2.2.2 Striatum
The fluorescent labelling of the striatum (Fig 3.14) told a similar story to the light
level staining (Fig 3.11). The sections incubated with anti-a4 nAChR subunit
antibodies did not appear to be appreciably more labelled than the negative
controls. However, upon closer inspection it was possible to detect a low level of
fluorescence, small punctate regions were perceptible though difficult to analyse
due to the diminutive size and weakness of the labelling. The labelling pattern is
very different to that of TH, the a4 nAChR protein is only likely to be concentrated
at synaptic boutons and varicosities in contrast to the cytoplasmic and membrane
associated distribution of TH throughout the cell. The boutons of TH positive
nigrostriatal cells vary in size, 0.09 - 0.809 pm diameter for those targeted to
patch regions of striatum, 0.684-0.9 pm diameter for those targeted to matrix
regions of striatum, with an overall average diameter of ~ 0.3 pm (Hanley and
Bolam, 1997). Since the a4 nAChR subunit is not expected to be highly
expressed within terminals, the regions likely to contain the a4 nAChR protein
would represent a fraction of the total bouton size, suggesting that it would be on
the threshold of detection for the confocal microscope. As the pharmacological
evidence indicating the presence of the a4 nAChR subunit on the terminals of
nigrostriatal dopaminergic cells was derived using striatal synaptosome
preparations (Sharpies et al., 2000), further immunolocalisation studies with
isolated striatal terminals were carried out at the confocal level (Section 3.3).
3.2.3 Double labelling
One of the greatest advantages of the confocal microscopy technique is the
ability to label multiple targets with different coloured fluorophores. The resulting
images can be split to show the contributions of each fluorophore or merged to
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Figure 3.15 Double labelling of SNc for a4 nAChR (red) and TH (green)
Nigral sections were labelled for a4 nAChR with AB5590 1:2000, and goat anti-guinea
pig biotinylated secondary antibody 1:200 with Avidin Texas Red 1.500(A). TH was
labelled with mAb 318 1:500 and horse anti-mouse FITC 1:150 (B).
C shows a composite image of A and B to highlight co-localisation (yellow regions). The
distribution patterns of labelling for both TH and a4 nAChR are almost identical with the
exception of some dendritic regions positive for a4 nAChR only (arrowheads). Labelling
of cytoplasm of soma appears slightly granular leaving the nuclei unstained (asterisk).
The intensity of a4 nAChR labelling varies between cell bodies paralleling TH labelling.
The dendritic field also appears to be intensely labelled.
D is low magnification image of SNc showing 100% co-localisation of TH positive and a4
nAChR positive cell bodies. Size bars represent 20pm in A-C and 50 pm in D.

121

give an additive image. This approach has enabled the multiple labelling of TH
and the a4 nAChR protein (Figs 3.15 & 3.16) to give evidence of colocalisation.The antibodies chosen for double labelling have to be considered
carefully to avoid cross-reactivity between primary and secondary antibodies.
The labelling appears to follow the same distribution for the individual proteins in
the single labelling studies. The resulting images for all possible combinations of
a4 and TH antibodies gave the same pattern, similar to the individual single
labelling studies.
The antibodies used in Figure 3.15 were for a4 nAChR AB5590 (guinea pig),
goat anti guinea pig biotinylated secondary with subsequent addition of Avidin
Texas Red, and forTH mAb 318 (mouse), and horse anti-mouse FITC. As all of
these antibodies were raised in different species, the likelihood of any undesired
cross reactivity between antibodies is low. However the use of an Avidin
fluorophore increases the chance of non-specific background, compared to that
of directly conjugated fluorophore antibodies. This is due to the tendency of
avidin to stick to native biotin in tissue; the blocking step greatly reduced this but
could not completely remove all chance of non-specific binding.
Figure 3.15 shows an extremely high degree of co-localisation between the a4
nAChR protein and TH in the cell bodies and dendrites of the SNc, this is in
agreement with the findings of (Arroyo-Jimenez et al., 1999), and (Sorenson et
al., 1998), who found 92% and 82%, respectively, of labelled SNc neurons were
positive for both a4 nAChR and TH. The co-localisation seen in Figure 3.15 is
100% for the cell bodies, which is slightly high, though the degree of labelling is
not uniform between the cells; some appear to have a stronger red signal than
others. There are some dendritic / non-perikarya regions that are labelled for a4
but not TH (arrowheads) as seen in previous studies. It should be noted that in
order to gain an image where the red and green signals appear similar, the
confocal settings required a larger pinhole and greater gain for the red channel.
Double labelling was also performed on striatal tissue sections (Fig 3.16); in this
instance the results appeared to differ from those of the individual single labelling
experiments. The a4 nAChR protein labelling signal (red) is markedly stronger
than that seen for single labelling (Fig 3.14), this labelling also appears to have a
high level of coincidence with the TH labelling (Fig 3.16 C).
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Fig 3.16 Double labelling of SC1772 (red) and TH mab318 (green) plus negative
control.
Striatal sections were labelled for a4 nAChR with SC1772 2/jg/m! and rabbit anti-goat
biotinylated secondary antibody 1:200 with Avidin Texas Red 1:500 (A). TH was labelled
with mAb 318 1:500 with horse anti-mouse FITC 1:150 (B).
C shows a composite image of A and B to highlight co-localisation. For both TH and a4
nAChR labelling there is no cell body staining, fluorescence is restricted to small spots or
larger elongated shapes likely to represent cross sections and oblique angles through
axons. Staining patterns for both antibodies appear identical with the exception of some
a4 nAChR positive regions (arrowheads).
Image D is a negative control performed with the omission of both primary antibodies.
There is no green fluorescence present however some spots of red fluorescence are
detected suggesting the a4 nAChR positive TH negative regions in C (arrowheads) may
be due to non-specific labelling.
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Although co-localisation of the a4 nAChR protein and TH was expected, the
increase in signal coupled with almost identical duplication of distribution pattern,
intimates that this result may be artefactual. There are two explanations for the
likely false positive being observed: there has been some cross reactivity with the
a4 nAChR secondary antibody or avidin with the primary antibody for TH, or in

capturing the image on the confocal microscope some of the signal for TH has
been picked up on the channel scanning for a4 nAChR, this phenomenon is
known as ‘bleed through’ as described in (Spector et al., 1998). Although
fluorophores were chosen to limit overlapping emission ranges (FITC excitation
max. 495, emission max. 515, and Texas Red excitation max. 595, emission
max. 615) the higher sensitivity used for the red channel using a large pinhole
may contribute to detecting the weak, long wavelength fluorescence of FITC.
These technical considerations also cast doubt over the validity of the co
localisation of TH and a4 nAChR in the cell bodies seen in the SNc, for this
reason methodological adaptations were introduced.
3.2.4 Confocal adaptations
The first step taken to exclude false positives was to replace the secondary
antibodies with the AlexaFluor® range of fluorochromatic antibodies (Molecular
Probes). There were several advantages of this range including the specificity of
antibodies provided: they were preadsorbed against many species, thus
diminishing the likelihood of cross reactivity for those particular species. Secondly
the efficiency of the fluorophores was appreciably superior to that of the FITC
and Texas Red labels, giving greatly increased signals. Finally the range of
fluorochrome wavelengths available for each species allowed for more flexibility
in double and even triple labelling combinations.
The second step taken was to alter the way in which the images were collected
by the confocal microscope. The previous double labelling experiments were
carried out with a single tracking setting on the microscope, this meant that both
channels were excited and observed simultaneously (Fig 3.17). By this method it
was possible for extraneous fluorescence to be detected ‘bleeding through’
between the channels. To counteract this problem the confocal microscope
software was reprogrammed with new macros enabling a multi-tracking system
to be adopted (Fig 3.17). This method enabled a single locus to be scanned
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through each channel consecutively throughout the scanning procedure, thus
only one channel would be actively excited and observed at any one time. This
method prevents bleed through by removing the incidence of multiple channel
fluorescence impinging upon a single channel profile.
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and Red Filters

Light source
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/ \
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Detector with
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Figure 3.17 Illustration of differences between single and multi-tracking methods
of confocal microscopy.
The single tracking system excites both red and green fluorophores (circles)
simultaneously; the emitted light (arrows) is then detected in both the red and green
ranges. The emitted light is a range of wavelengths; these may overlap between
fluorophores (dotted red arrow) to give a false signal in a different channel.
The multi-tracking system excites with only one wavelength at a time and only the
corresponding emission wavelength is detected. The result of this is that superfluous long
wavelength emission is not detected on the wrong channel.
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3.2.5 AlexaFluor® labelling
From the range of fluorochromes available the 488 (green), and 546 (red)
wavelengths were used routinely for double labelling and the addition of 633
(blue) was included for any triple labelling studies. To improve the penetration of
the antibodies into the tissue, the sections were soaked in sodium borohydride
(NaBH) 1mg/ml in PBS for 10 minutes before rinsing with PBS. The NaBH
solution made up freshly reduces unreacted aldehyde groups and can revert
some of the aldehyde interactions. The blocking solution was also altered to
contain 1% glycine to quench free aldehyde groups during incubations since the
aldehyde reaction is reversible when the fixative is removed from the incubation
solution. It is important to ensure that the aldehyde groups are quenched
because free aldehyde groups can auto-fluoresce at wavelengths that can
interfere with fluorescent labels. They would also be free to interact with other
free amino groups, which may contribute to a reduction in the penetration of
antibodies.
By implementing this new regime it was possible to produce double labelling
confocal images that could be considered to be accurately representative with
more confidence. The labelling seen in the SNc (Fig 3.18) shows a markedly
different staining pattern for the a4 nAChR protein than was previously seen
using the original technique (Fig 3.15). The a4 nAChR distribution pattern in
Figure 3.15 mimics the TH distribution, demonstrating soma and dendrites filled
with immunolabelling, whereas in figure 3.18 the immunolabelling is reduced to a
small number of bright spots associated with soma and dendrites. In contrast to
the a4 nAChR labelling the TH labelling pattern is predominantly the same for
both methods, with the exception of the unstained areas seen in proximal
dendrites in Figure 3.18 (arrowheads), some of which are likely to correspond to
organelles.
From what is known of the comparative levels of protein expression for TH and
a4 nAChR (Haycock, 1989;Wada et al., 1989), the images produced with this

second technique appear to be more representative of the actual distribution than
those generated by the previous technique. The results for double labelling of
striatal sections (not shown) gave no detectable signal for a4 nAChR labelling,
corresponding to the single labelling results (Fig. 3.14). This inability to detect the
a4 nAChR protein at the confocal level in striatal sections led to a different
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approach, the preparation of isolated axon terminals, synaptosomes, from striatal
tissue for immunofluorescence labelling.

Figure 3.18 Double labelling of SNc for TH and a4 nAChR using AlexaFluor®
secondary antibodies.
The a4 nAChR antibody AB5590 was used at 1:2000 with goat anti-guinea pig 488
secondary antibody at 1:1000 (A). The TH antibody TZ1010 was used at 1:1000 with
goat anti-rabbit 546 secondary antibody at 1:1000(B). (C) Composite image of A and B
with enlarged inset. The TH labelling of soma and dendrites appears to be limited to
cytoplasmic / membrane regions leaving unlabelled nuclei (*) and vacuolar zones
(arrowheads). The a.4 nAChR labelling is punctate and predominantly overlays the TH
positive cell bodies and proximal dendrites; there are also exceptions in which a TH
positive structure is not present (<). The negative control (D) shows no a4-nAChR signal
and a weak non-specific background fluorescence in the red channel that can be
discounted from contributing to specific labelling seen in B and C.
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3.3 Svnaptosomes
3.3.1 Introduction
Gray and Whittaker described the isolation of a fraction prepared from brain
homogenate that retains neurotransmitters in 1962. This fraction was produced
by differential and density gradient centrifugation in which the P2 fraction was
separated into three sub-fractions, myelin, synaptosomes and mitochondria.
Electron microscopy studies showed this synaptosome fraction was comprised of
particles derived from pinched or torn off nerve endings that contained vesicles
and mitochondria. As well as these synaptosomes there were seen some dense
black bodies described as condensed nerve endings caused by the high speed of
centrifugation. Many of the synaptosomes were also seen to have a portion of
post-synaptic membrane attached to them.
This method of preparation of isolated nerve terminals has been adapted over
the years and the introduction of Percoll gradients (Dunkley et al., 1986) with low
viscosity and isotonic character has enabled quicker preparation, sucrose
differential and density gradient centrifugation took 5 hours, and greater yields of
functional synaptosomes. The Percoll gradients use lower spin speeds retaining
the integrity of more of the fragile synaptosomes. Percoll gradients are isotonic,
in contrast to the hypertonic sucrose gradients, so the synaptosomes produced
are not swollen like the crude sucrose preparations.
These gradients have been applied to both P2 and S1 initial fractions (Dunkley et
al., 1986;Dunkley et al., 1988). The four-step Percoll gradient gives rise to five
fractions that separate out at the interfaces, all of these contain synaptosomes
but each layer has synaptosomes of different size and morphology, some of
which are without mitochondria hence functionally inactive.
Viable synaptosomes made from rat striatal tissue were found to be isolated in
the fractions termed 3 and 4 (Dunkley et al., 1988;Robinson and Lovenberg,
1986). The fractions were both found to contain dopamine, noradrenaline and 5HT, though distribution was enriched for different neurotransmitters in each
fraction. Dopamine was found to be enriched in fraction 4 (Robinson and
Lovenberg, 1986), although significant levels were also found to be present in
fraction 3 (Dunkley et al., 1988).
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There is evidence that the dopaminergic synaptosomes remain functional for
release studies, and that stimulation of release can be achieved with nicotine and
nicotinic agonists (Clarke and Reuben, 1996;Reuben et al., 2000). This indicates
the presence of nicotinic receptors in a presynaptic role at terminals and not just
in the classical post-synaptic position on target cells. Studies with selective
nicotinic antagonists have elicited the presence of multiple subtypes of receptor
including oc3/oc6/?2* and aAp2* subtypes (Grady et al., 1992;Kaiser et al.,
1998;Klink et al., 2001;Kulak et al., 1997;Sharples et al., 2000) (see Section
1.3.3.1).
In addition to these functional studies, there have been some immunolabelling
studies of nAChR subunits at terminals using synaptosome preparations.
Immunolabelling of synaptosomes using gold particle conjugated secondary
antibodies, revealed the presence of the /32 nAChR subunit on striatal
synaptosomes when viewed using electron microscopy (Wonnacott et al., 2000).
Confocal studies have also been performed to co-localise nicotinic receptor
subunits with 5HT receptors (Nayak et al., 2000), and ionotropic nucleotide
receptors (P2X) (Diaz-Hernandez et al., 2002)
The methodology used by Diaz-Hernandez et al., (2002) was adapted for this
study, enabling the immobilization of synaptosomes on poly-L-lysine coated
microscope slides for immunolabelling. For maximum yield of dopaminergic
synaptosomes, fractions 3 and 4 were pooled for these experiments.
3.3.2 Results
The initial attempts at labelling the synaptosomes were carried out with the
synaptosomes in suspension in blocking and antibody solutions. The
synaptosomes were pelleted and washed repeatedly before being mounted with
vectorshield. There were two problems with this method, a large percentage of
the synaptosomes were lost during the washing steps, and secondly the
synaptosomes were mounted in suspension, they were not immobilized and had
a tendency to drift around in the mounting medium so were difficult to retain in
the focal plane.
Implementation of the method used by Diaz-Hernandez et al., (2002) retained a
markedly higher percentage of synaptosomes than the previous method,
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although the number of synaptosomes present within fields of view at the
confocal level was still low in some cases. The permeabalisation step used for
tissue sections (a solution of 0.2% Triton X100 5% normal serum in PBS)
resulted in a low number of synaptosomes after immunolabelling steps. Reducing
the percentage of detergent failed to improve the yield of synaptosomes, so the
final permeabalisation step for these experiments was changed to use saponin, a
plant derived glycoside, in place of Triton X100, 0.1% w/v saponin was included
in all buffers.
Synaptosomes were identified by labelling with an anti-synaptophysin antibody,
synaptophysin being a major synaptic vesicle marker (Wiedenmann and Franke,
1985). Images are representative of a selection of fields of view captured for
each condition; low yields, 3-4 slides from 3 striata, limited the number of
conditions tested. Triple labelling for TH, a4 nAChR subunit and synaptophysin
was performed. This enabled visualization of synaptosomes via labelling for
synaptophysin. Dopaminergic terminals were identified by labelling for TH, and
the a4 nAChR subunit was also labelled (Fig 3. 19). Of the visible synaptosomes
the majority were positively labelled for a4 nAChR (A), with a percentage also
positive for TH (white arrows). The low number of a4 positive synaptosomes that
were also positive for TH may reflect low detection of blue signal, which is difficult
to visualize and hence optimise during image capture on the confocal
microscope. Another reason may be disruption of the integrity of synaptosomes
during processing. Shear forces during washing steps may have removed most
of the synaptosome leaving behind a ‘footprint’ of membrane that may still be
labelled for synaptophysin and a4 nAChR, yet loss of cytoplasm would mean no
TH signal would be present. It has been estimated that approximately 21% of
terminals in the striatum are positive for TH (Pickel et al., 1981) suggesting that
the degree of labelling seen for TH was below expected values. The a4 nAChR
labelling is seen to vary in strength of signal suggesting either differing degrees
of a4 expression at different terminals, or the number of a4 positive terminals in a
cluster of terminals.
Having identified an a4 nAChR signal in TH positive synaptosomes, triple
labelling was performed to determine the degree of co-localisation with the p2
nAChR subunit (Fig 3.20).
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Figure 3.19 Triple labelling of striatal synaptosomes for nAChR a4 subunit,
synaptophysin and TH.
The nAChR a4 was labelled with AB5590 1:2000 and goat anti-guinea pig 1:1000
AlexaFluor 488 (A). The synaptophysin was labelled with 101001 (Synaptic Systems)
1:100 and goat anti-mouse 1:1000 AlexaFluor 546 (B). TH was labelled with TZ1010
1:1000 and goat anti-rabbit 1:1000 AlexaFluor 633 (C). Image D shows a composite
image of the triple labelling with enlarged inset.
The majority of a4 nAChR labelling was found to be co-localised with TH (blue arrow),
synaptophysin (orange arrow) or both (white arrow), with occasional single labelling
(green arrow). A large proportion of synaptosomes were TH negative (orange and red
arrows), with the occasional synaptosome negative for a4 nAChR (pink arrow) or nonsynaptosomal structures (blue and green arrows). There were also TH positive structures
that were both synaptophysin and a4 nAChR negative (lilac arrows).
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Figure 3.20 Triple labelling of striatal synaptosomes for, nAChR subunits a4 and
P2 andTH.
a4 nAChR was labelled with AB5590 1:1000 and goat anti-guinea pig AlexaFluor 488 (A).
(32 nAChR was labelled with S1724 10fjg/ml and donkey anti-sheep AlexaFluor 546 (B).

TH was labelled with TZ1010, 1:1000 and goat anti-rabbit 1:1000 AlexaFluor 633 (C).
Image D is a composite image of triple labelling. Structures were found to be triple
labelled for TH,a4and (32 nAChR subunits (white arrow). Other TH positive structures
were found to be a4 negative and (32 positive (blue arrow). In addition there were TH or
(32 single labelled structures (lilac arrow and red arrow respectively). There were no

observed structures labelled for the a4 nAChR subunit alone.
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Figure 3.21 Double labelling of striatal synaptosomes with two anti-a4 nAChR
subunit antibodies: AB5590 and NCL-NARA 4.
AB5590 was used at 1:2000 with goat anti-guinea pig AlexaFluor 488 1:1000 and NCLNARA4 was used at 1:1000 with donkey anti-mouse AlexaFluor 546 1:1000. There are a
small number of structures labelled with both antibodies (yellow arrow). A small
proportion of structures were positively labelled with NCL-NARA4 alone (red arrow). The
majority of structures were positively labelled with AB5590 alone (green arrows).

Due to low initial yields and losses during processing there was a very small field
of synaptosomes available to study. Within this field there was strong labelling for
the p2 nAChR subunit, most of these labelled synaptosomes were also TH
positive (blue and white arrows).
Of the TH positive terminals some were also positive for the a4 nAChR subunit
(white arrow) and others were not labelled for either nAChR subunit. There was
no a4 positive p2 negative labelling seen. This is in agreement with the predicted
subunit combinations determined by DA release studies, a4p2* and non-a4
(a3/a6)p2* (Kaiser et al., 1998;Kulak et al., 1997). Recent studies using 6hydroxydopamine-lesioned rats and immunoprecipitation techniques (Zoli et al.,
2002) have identified 5 subtypes of nAChR in the striatum. Dopaminergic
terminals were positive for a4(32, a4a5p2, a4a6p2(p3) and a6p2(p3) subtypes
and non-dopaminergic structures were positive for a4p2 and a2a4p2. These
subunit combinations indicate the presence of p2 in all receptors containing the
a4 subunit, this agrees with the results seen for the co-localisation study in which
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there was no a4 positive 02 negative labelling (Fig 3.20). Statistical analysis was
not performed on the synaptosome labelling due to the inability to identify single
synaptosomes; many of the labelled structures are likely to represent clumps of
synaptosomes.
To corroborate the labelling seen for the AB5590 antibody in the triple labelling
experiments, a second anti-a4 nAChR subunit antibody was used to co-localise
with the first anti-a4 nAChR subunit antibody {Fig. 3.21). The labelling pattern of
the two antibodies was not comparable; there was a small degree of co
localisation (orange arrow) however the majority of labelling did not overlap (red
and green arrows). This raises some questions about the specificity of the antia4 nAChR subunit antibodies. One or both of the antibodies used may be
labelling a non-a4 nAChR component in the synaptosome preparation. It is
unlikely that the labelling was completely non-specific, for either antibody, since
this would predict all of the structures to be labelled. Another possibility is that
since one of the antibodies (NCL-NARA4) was monoclonal, with no indication of
the binding region on the a4 nAChR protein, the antibodies may be competing for
the same binding site. This would preclude labelling of the same protein by both
antibodies suggesting that the antibody with the highest efficiency would label the
majority of available nAChR subunit. Co-localisation with other pair-wise
combinations of anti-a4 nAChR subunit antibodies was prevented by the
incompatibility of secondary antibody species; there were no combinations that
would not lead to cross-reaction.

3.4 Summary

The labelling at the light microscope level of the rat striatum and substantia nigra
was in agreement with previously published work (Arroyo-Jimenez et al.,
1999;Sorenson et al., 1998). Tyrosine hydroxylase antibodies selectively labelled
cell bodies in the substantia nigra pars compacta and the related axonal
projections in the striatum. All of the a4 nAChR subunit antibodies, with the
exception of mAb 299, labelled the cell bodies in the SNc with the same pattern
seen for TH. With the improved method of confocal labelling there also appeared
to be some non-TH labelled a4 nAChR subunit-positive structures. The labelling
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of the a4 nAChR subunit was considerably weaker than that seen for TH. There
was no detectable signal in the striatum for a4 nAChR subunit labelling at the
light level so confocal immuno-fluorescence microscopy was performed to
increase detection sensitivity.
The confocal microscopy experiments failed to detect an a4 nAChR subunit
signal in striatal tissue sections. However some labelling was observed when
isolated nerve terminals, synaptosomes, were prepared from striatal tissue.
Some of the a4 nAChR subunit labelling of synaptosomes co-localised with TH, a
TH negative population was also seen. Similarly a percentage the a4 nAChR
subunit labelling co-localised with the p2 nAChR subunit. Of the labelling
observed the a4 nAChR subunit was always seen with either the p2 nAChR
subunit, TH, and in the case of triple labelling, both. Attempts were made to colocalise two a4 nAChR subunit antibodies with the result that there was little co
localisation. As the only compatible antibody combination, the a4 nAChR subunit
antibodies selected contained a monoclonal antibody for which the target epitope
was not known, and a polyclonal antibody targeted to the TM3 -TM4 cytoplasmic
loop region. The lack of knowledge about the target binding region of the
monoclonal antibodies encompasses the possibility that steric hindrance may
have prevented the two anti-a4 nAChR subunit antibodies both binding to the
same protein. Steric hindrance does not fully explain the lack of co-localisation
since multiple a4 nAChR subunits are expected to be expressed on a single
terminal producing multiple binding sites on a single synaptosome.
The labelling seen using light level and confocal microscopy techniques
corroborated previous findings in the SNc but raised more questions about
distribution of the a4 nAChR subunit within the terminals of nigrostriatal neurons
in the striatum. Further characterisation of the a4-like immunoreactivity was only
possible by studying it at higher magnification to identify subcellular distribution;
this was undertaken by electron microscopy.
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4.1 Electron Microscopy Introduction
Transmission electron microscopy (EM) has been employed for high
magnificaton analysis of biological tissues since 1945, when Porter, Claude and
Fullam produced a micrograph of a cultured chick fibroblast. Specimens have to
be processed through a series of steps involving stabilization of the biological
tissue by chemical fixatives, removal of water by dehydration in an organic
solvent and then addition of an organic resin. For immunolabelling of tissue
sections there are two possible approaches, labelling before embedding in resin
(pre-embedding) or after embedding (post-embedding). Both of these
approaches have been used to identify TH (Hanley and Bolam, 1997;Pickel et al.,
1981;Smith and Bolam, 1990;Sorenson et al., 1998), and nicotinic receptor
subunits (Arroyo-Jimenez et al., 1999;Fabian-Fine et al., 2001 ;Sorenson et al.,
1998). For each experiment carried out, tissue samples from a minimum of 2
animals were used, so that each experimental condition was performed at least
twice. For any experiments where these two results were not in agreement a third
sample was tested.
4.2 Transmission EM methods: Pre-embedding techniques

4.2.1 Pre-embedding immunoperoxidase staining
The general method used for tissue preparation is described in sections (2.2.8,
2.2.9 & 2.2.12) and was performed as described in (Bernard et al., 1997).
Sections were immunolabelled with TH antibodies using the same concentrations
optimized for the light level DAB experiments (Section 3.1.4). The main
difference to this technique was the method of tissue permeabilization; inclusion
of detergent in buffers was replaced by a round of freeze-thawing. Once immunoreactions had taken place, the tissue was fixed with 1% osmium tetroxide. This
gives high contrast to lipids and also reacts with DAB reaction product to give
high contrast under the EM. The tissue was dehydrated with a graded ethanol
series before final replacement step with propylene oxide. This organic solvent is
used due to its property of being miscible in all proportions with alcohol and
quickly replaces it in tissue sections. In addition, it is soluble in epoxy resins, it
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rapidly diffuses out of tissue to be replaced by epoxy. The propylene oxide reacts
directly with the resin hardener so that small amounts remaining in the tissue are
not detrimental. The resin used for embedding samples was an epoxy-based
resin marketed as Durcupan (Fluka) with 4 components that can produce blocks
of varying hardness. The resin has low viscosity and there is minimal tissue
shrinkage, so it is ideal for use with biological tissues. The four components are;
(A) Durcupan ACM resin - a diglycidyl ether of bisphenl-A, (B) dodecylsuccinic
anhydride (DDSA) - a hardener that cross-links the epoxide groups of the resin,
(C) 2,4,6-tris (dimethylaminomethyl) phenol (DMP-30) accelerator - a tertiary
amine that enables the reaction between resin and hardener to occur at lower
temperatures (60°C), and (D) dibutyl pthalate (DBP) - a plasticiser that softens
the blocks to enable sectioning (Glauert, 1991).Changing the ratios of
components can alter the properties of the blocks produced; to embed brain
tissue a relatively hard resin is required. The high percentage of lipid in brain
tissue becomes hard due to impregnation with osmium; to enable blocks to be
sectioned cleanly it is necessary for the resin to show similar properties, to
prevent shear forces and different rates of compression during sectioning.
Accordingly the ratios A:B:C:D used for the resin mixture were 10:10:0.3:0.2,
based on the manufacturers’ instruction and recommendation of Dr I. W. Jones.
4.2.2 Pre-embedding immunoqold labelling
This method follows the same steps as for immunoperoxidase staining to the
point of application of secondary antibodies (Section 4.2.1). The secondary
antibodies used had ultra-small (1 nm) spherical gold particles complexed with
them. The secondary antibodies can penetrate the tissue, gold particles larger
that 1nm reduce this, and will label only a border region of the tissue. The
labelling is then enhanced with silver to enlarge the gold particle to a size easily
detectable in the EM. The advantages of this technique are; the application of
immunolabels before resin embedding increases the likelihood of antigen
preservation, silver-enhanced gold particles are easy to unambiguously detect in
the EM, the ability to combine with DAB labelling for double labelling technique.
In addition to enzymes and transporters, pre-embedding immunogold technique
has been used successfully to localise GABA and glutamate receptors in the rat
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CNS (metabotropic glutamate receptors; Lujan et al 1996,1997, Negyessy et al.
1997, Smith et al. 2000, ionotropic glutamate receptors; (Bernard et al., 1997)
Chatha et al. 2000, Kieval et al. 2001, GABAb receptors; Smith et al. 2000). The
methodology used for the pre-gold labelling was adapted from that of the
standard technique in Bernard et al., (1999).
The second fixation step, after application of secondary antibody, with
glutaraldehyde is included to prevent the removal of antibodies during the
dehydration stages. The osmium treatment is carried out for a shorter period of
time; this is due to the oxidation effect that it has, which starts to remove the
silver enhancement. To retain the enhancement, osmium tetroxide can be
applied for no longer than 15 minutes (British Biocell data sheet). Subsequent
embedding was identical to that used for immunoperoxidase labelled tissue.
During analysis on the EM only tissue regions along the tissue/resin border were
observed due to the low penetration ability of the secondary antibody.
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4.2.3 Pre-embedding immunoperoxidase results

4.2.3.1 Tyrosine hydroxylase
As previously discussed in the light microscopy section (3.1.4) both of the TH
antibodies used for immuno-labelling gave the same distribution pattern and can
be considered interchangeable. The tissue sections were perfused with 4%
paraformaldehyde (PFA) with 0.1% glutaraldehyde, this fixative was chosen due
to the improvement in preservation of ultrastructure compared to PFA alone. PFA
has only one reactive group to form Schiffs bases where glutaraldehyde has two
enabling more cross linking than PFA alone. Low concentrations of
glutaraldehyde (below 0.2%) retain greater immunogenicity than higher levels
(Hobot and Newman 1991) and previous studies with antibodies raised against
nicotinic receptor subunits (Jones et al., 2001) had determined that 0.1%
glutaraldehyde was the maximum percentage permissible to enable labelling.
DAB labelling of tyrosine hydroxylase seen at magnifications of 20,000 times and
greater reveals the discrete labelling of axons in the striatum (Fig 4.1). The light
level analysis of TH DAB staining could only reveal a general staining pattern
from which no structures could be identified (Fig 3.5). The transmission electron
micrographs show that labelled structures, appearing black and denoted by a
white asterisk, are packed with vesicles.
The labelled structures are small and as previously mentioned contain vesicles
presumably containing neurotransmitter; these structures are also involved in
creating symmetric synapses, black arrowhead. Symmetric synapses are
characterized by a slight thickening of membranes on both presynaptic and
postsynaptic cells; this is characteristic of the most common type of synapse
formed by dopaminergic axons (Hanley and Bolam, 1997;Pickel et al., 1981).
Micrograph A shows a small structure receiving input from both asymmetric and
symmetric synapses, the symmetric input is positive for TH labelling. This is
characteristic of the dopaminergic input onto spines of GABAergic medium sized
densely spiny neurons (Freund et al., 1984). It is suggested that the asymmetric
input is from glutamatergic cortical neurons; these characteristically form
asymmetric synapses and have been shown to target the same dendrites and
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Figure 4.1 Pre-embedding immunoperoxidase DAB labelling of TH in striatum
Micrograph A shows labelling of striatal slice with mAB318 1:500 and horse biotinylated
anti-mouse secondary antibody 1:200 and ABC reagent. Labelled structures (white
asterisks) are filled with DAB reaction product that appears black and granular. The
labelled structures are also densely packed with vesicles and morphologically resemble
axons. In the center of the field a labelled axon appears to be forming a symmetric
synapse (black arrowhead) onto a structure also receiving an asymmetric synaptic input
(grey arrowhead).
Micrograph B shows labelling of striatal slice with TZ1010 1:1000 and goat anti-rabbit
biotinylated secondary antibody 1:200 and ABC reagent. Labelled structures (white
asterisks) appear axonal in morphology. There are two large dendrites in the image (Den)
the lower of the two has a dendritic spine (Sp) receiving a symmetric synapse (grey
arrowhead). Several mitochondria can be observed (m), those found in dendrites are
particularly large. Size bars = 200nm.

dendritic spines as dopaminergic nigro-striatal neurons (Bouyer et al.,
1984b;Freund et al., 1984;Smith et al., 1994), Smith, Bennet and Bolam 1994).
Micrograph B demonstrates an example of the medium sized densely spiny
neurons that make up the majority of striatal neurons (Bolam and Bennet 1995).
Dendrites can be recognized by their size (much larger than axons), shape, the
presence of spines, the input of synapses, and their content, large mitochondria
and dendritic filament (Fiala and Harris, 1999). The lower dendrite (Den) clearly
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shows large mitochondria (m) and a spiny projection (Sp), as well as several
necks of spines that disappear out of the plane of the section. This dendrite
appears to be receiving asymmetric synaptic input onto the neck of a spine,
common with cortical synapses, and symmetric input at a synapse onto the main
body of the dendrite from a TH labelled axon. In addition to this dendrite, a
second dendrite is present in the field, and this also appears to be receiving
synaptic input from the same TH positive axon. Both anti-TH antibodies
demonstrate the same staining pattern that is in agreement with previous studies
of TH distribution in nigrostriatal neurons ((Bouyer et al., 1984b;Freund etal.,
1984;Hanley and Bolam, 1997;Pickel et al., 1981).
4.2.3.2 a4 nAChR subunit
The immunoperoxidase technique was adapted from the light level technique for
the a4 nAChR labelling in the same way as was used for TH. All of the antibodies
tested at the light level were also employed for the electron microscopy study. Of
these antibodies tested, the only one that appeared to show any labelling in the
striatum was S1721, the affinity purified sheep antiserum. The labelling seen (Fig
4.2) was mainly found in unidentifiable structures (A - C). The structures were
difficult to distinguish, partially due to the fact that the structures were small
without recognizable features.
Figure 4.2 Pre-embedding immuno-peroxidase DAB labelling of a4 nAChR
subunit in striatum
Tissue was fixed with 4% paraformaldehyde and 0.1% glutaraldehyde. All micrographs
labelled with S1721 at 1jj.g/ml and rabbit anti-sheep biotinylated secondary antibody
1:200 and ABC reagent. Micrograph A shows DAB labelling in a small structure that may
contain vesicles (white asterisk). Micrograph B shows labelling of a structure that
contains vesicles and may be forming a synaptic bouton (white asterisk), it is not possible
to discern a synapse. Micrograph C shows a small region of DAB stain (white asterisk) in
a space-filling distribution within an indefinable structure. It is noticeable that staining is
restricted to regions of poor morphology. Mitochondria (m), Vesicles (v).
Size bars = 200nm.
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Figure 4.2 Pre-embedding immunoperoxidase DAB labelling of a4 nAChR
subunit in striatum
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The other reason was the poor ultrastructural preservation, many of the
membranes were disrupted or totally absent, those still present appeared
irregular. This suggests that the penetration of fixative during the perfusion
process was incomplete.
Since the only regions labelled for the a4 nAChR subunit showed poor
ultrastructural preservation, it suggests that the addition of 0.1% glutaraldehyde
to the fixative has blocked the antigenic sites present in the 4% PFA alone fixed
tissue. Another possible explanation could be that the labelling is so slight that
recognizing the DAB labelling above the background counterstaining is
impossible. There are two approaches that may be employed to counteract this
problem; omission of counterstains, however this prevents fine structure
recognition, the second alternative is to use another reporter method with the
secondary antibody.
4.2.4 Pre-embedding immunoqold labelling results
An alternative to DAB labelling, pre-embeddding immunogold labelling gives an
unambiguous signal; the presence of silver-enhanced gold particles stands out
clearly against the tissue ultrastructure. This approach was used in an attempt to
see a signal using a4 nAChR subunit antibodies using the fixation regime for
which DAB signal was not discernable.
Due to the limited penetration of the gold-conjugated secondary antibody only the
tissue-resin border region was assessed, this can be observed in Micrograph B
(Fig 4.3). Of all the antibodies tested only two were found to label the tissue,
S1721 in agreement with the DAB labelling, and NCL-NARA4. The labelling can
be seen clearly, indicated by arrowheads, as circular or bar shapes where silver
enhancement has melded several particles together (Fig 4.3). Both antibodies
showed similar labelling patterns, associated with membranes, and at low
density. Of the labelling observed many of the particles appear to be associated
with structures containing vesicles but synapses could not be identified. This may
mean that the labelling is peripheral to the synaptic transmission zone that may
reside out of the plane of the section. Alternatively the labelling may represent a
non-synaptic position of the receptor protein, or indeed labelling may be non
specific.
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Figure 4.3 Pre-embedding immunogold labelling of a4 nAChR subunit in
glutaraldehyde-fixed striatal tissue
Micrograph A shows labelling with 31721 at 1pg/ml and rabbit anti-sheep 1nm gold
conjugated secondary antibody with subsequent silver enhancement. Micrographs B and
C show labelling with NCL-NARA4 1:1000 and horse anti-mouse 1nm gold conjugated
secondary antibody with subsequent silver enhancement. Micrograph D shows negative
control for NARA4 in which primary antibody was omitted.
Labelling for both antibodies (arrowheads) appears to be associated with membranes
however labelling does not appear to be present at synapses.
Size bars = 200nm.
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The labelling seen in the positively labelled sections was sparse and the negative
controls appeared to contain no gold particle labelling (Fig 4.3). Since the signal
was at a low density the distribution of labelling is difficult to establish and its
significance remains unclear.
This approach was considered inconclusive; consequently further investigation
using different conditions was deemed practical. The almost complete lack of
visible labelling for all a4 nAChR subunit antibodies necessitated a modification
of fixation regime. Traditionally all tissue prepared for electron microscopy
employed glutaraldehyde in the fixatives. To avoid glutaraldehyde, PFA alone as
a fixative was studied for its suitability at the EM level.
4.2.5 Electron microscopy of paraformaldehvde-fixed tissue
Tissue was prepared as for light microscopy, with the omission of detergents and
inclusion of freeze-thawing steps. At light level (not shown) the pre-embedding
immunoperoxidase DAB staining appeared marginally weaker than that seen for
the light microscopy immunoperoxidase DAB labelling. This indicated poorer
penetration of antibodies with the freeze thawing technique, compared to
detergent permeabilization. The exclusion of detergents from permeabalization
steps was necessary to preserve ultrastructural elements formed by lipids that
are disrupted in the presence of detergent. Although the staining appeared
weaker than that seen with the light level protocol, labelling appeared stronger
than that seen using the PFA and 0.1 % glutaraldehyde fixative.
4.2.5.1 Tyrosine hydroxylase
Tyrosine hydroxylase labelling in the substantia nigra showed extensive staining
in both cell bodies, not shown, and dendrites (Fig 4.4). Dendrites were identified
on the basis of size, shape, and organelle content (Fiala and Harris, 1999).
These are densely labelled, DAB reaction product filling the majority of the
dendrites (Den). There are other structures that are presumed to be dendrites,
although this cannot be confirmed from morphology, the reaction product
obscures the presence of any dendritic filament.
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Figure 4.4 Immunoperoxidase labelling of TH in paraformaldehyde-fixed
substantia nigra tissue sections
Immunoperoxidase DAB labelling of TH in 4%paraformaldehyde fixed nigral tissue. Th
labelling with mAb318 1:500 and horse anti-mouse biotinylated secondary 1:200and ABC
reagent. The DAB labelling can be seen in discrete structures, appearing dark and
granular. Many of the labelled structures show morphological characteristics of dendrirtes
(Den). In addition to labelled structures there is also an unlabelled dendrite (asterisk) and
several myelinated axons (m). Size bar = 500nm.
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The labelling is not indiscriminate, in addition to labelled dendrites there are
several structures including dendrites (asterisk) that are unlabelled.
The tyrosine hydroxylase labelling in striatal tissue (Fig 4.5) appears to be
restricted to axons, identified by size and presence of vesicles, there were no
positively labelled cell bodies or dendrites. In addition to the synaptic contact with
dendrites and spines, TH positive axons are also seen to synapse onto cell
bodies albeit less frequently (Fig 4.5 B). This is in agreement with a previous
study (Freund et al., 1984)in which only 6% of TH positive synapses were
targeted to perikarya.
It is noticeable at high magnifications that there appears to be a loss of
membrane integrity, particularly in the regions labelled by DAB (Fig 4.5 A black
arrows); this hinders interpreting the presence or absence of synapses since
synaptic densities can no longer be identified.
Despite some loss of ultrastructure, it was still possible to identify labelled
structures. Modification of the PFA fixation regime known as pH shift, in which
tissue is fixed with PFA at low pH followed by high pH, was considered since it is
known to form more cross linking than normal PFA fixation (Nagelhus et al.,
1998). This method was discounted due to studies on the 02 nAChR (Personal
Communication I.W. Jones) in which pH shift fixed tissue gave anomalous
distribution patterns compared to all other light, confocal and EM techniques. The
PFA fixative was tested to see if a4 nAChR subunit immunoreactivity was
retained with a corresponding acceptable degree of ultrastructural integrity.
4.2.5.2 oc4 nAChR subunit

All of the a4 nAChR subunit antibodies were tested on paraformaldehyde fixed
tissue and showed similar properties to the light level DAB staining. Labelling
was marginally weaker due to lack of detergent, as seen for TH. Thus it was
hoped that this fixation regime would allow detailed analysis of the distribution
and localisation of the a4 nAChR subunit.
All of the antibodies that gave a positive signal at light level were found to label
cell bodies and dendrites in the substantia nigra. Of those tested, two antibodies
were found to give reproducible labelling with low levels of apparent
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Figure 4.5 Immunoperoxidase labelling of TH in paraformaldehyde-fixed striatal
tissue sections
Striatal tissue was labelled with mAb318 1:500 and horse anti-mouse biotinylated
secondary antibody 1:200 and ABC reagent.
Micrograph A shows a labelled structure (astehsk) containing vesicles and mitochondria
(m). There are no apparent synapses present on the labelled structure. Membranes of
the labelled structure a difficult to discern in some regions (black arrows).
Micrograph B illustrates DAB labelled boutons (black arrowheads) impinging upon an
unlabelled cell body (CB) identified by the presence of a nucleus (Nu).
Size bars = 200nm

non-specific labelling, SC1772 and AB5590, both antibodies being raised to the
same epitope (see Table 3.1).The density of labelling was markedly lower than
for TH. Dendrites show a4 nAChR subunit labelling along membranes and in
distinct zones (Fig 4.6) in contrast to the TH labelling that appears to fill dendrites
(Fig 4.4). This irregular staining is in agreement with (Arroyo-Jimenez et al.,
1999), who found a patchy distribution of DAB labelling in cell bodies and an
association with microtubules in dendrites, along with postsynaptic densities in
both perikarya and dendrites.
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Figure 4.6 Immunoperoxidase DAB labelling o f a4 nAChR subunit in
paraformaldehyde-fixed substantia nigra tissue section
a4 nAChR subunit was labelled with SC1772 1:1000 and horse anti-mouse biotinylated
secondary antibody 1:200 and ABC reagent. DAB reaction product is seen in large
dendrites (asterisks) and smaller structures (arrowheads). The DAB labelling appears to
be mainly associated with membranes, structures are not filled with DAB, often restricted
to zones within structures.
Size bar = 500nm
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It was difficult to determine cell body labelling as distinguishing weak DAB
labelling from ribosomes and rough endoplasmic reticulum was impossible.
Sorenson et al., (1998) observed the majority of a4 nAChR labelling in dendrites
and Arroyo-Jimenez et al., (1999) found that large deposits of DAB were not
seen in a4 nAChR subunit labelled tissue, only weaker signals. Many of the
smaller structures labelled in the SNc are difficult to identify; they are too small to
contain distinguishing features.
Labelling in the striatum (not shown) was difficult to detect, tissue that was not
counterstained with lead citrate or uranyl acetate showed DAB stain more clearly.
In non-counterstained tissue membranes showed too little contrast making it
difficult to determine structures. To improve the contrast of nAChR subunit
labelling over the tissue, and to determine the distribution with respect to
dopaminergic cells, double pre-embedding labelling was performed using silverenhanced gold particles to label the a4 nAChR subunit and DAB to label TH.
4.2.5.3 Double pre-embedding labelling of TH and a4 nAChR subunit
The tissue was fixed with paraformaldehyde and permeabalized by freezethawing as for the single labelling experiments before treatment with antibodies.
The combination used was SC1772 for the a4 nAChR subunit and mAb318 for
TH, both antibodies were applied concurrently in the same blocking solution.
The immunoreactivities were revealed with DAB for TH and gold enhanced with
silver for the a4 nAChR subunit (Figs 4.7 & 4.8). In the substantia nigra the a4
nAChR subunit immunoreactivity was found in TH positive cell bodies (Fig 4.7 A)
and dendrites (Fig 4.7 B). This is in agreement with the confocal studies and with
the distribution studies carried out by (Sorenson et al., 1998), and (ArroyoJimenez et al., 1999). The low level of labelling was also demonstrated with
immunogold post-embedding by (Arroyo-Jimenez et al., 1999), in which only 63
synapses from a sample group of 60,000 were found to be positively labelled and
of these, only 31 met the criteria for labelling within 30nm of an active synapse.
Labelling was also observed in a small proportion of TH negative dendrites (Fig
4.7 B) consonant with previous studies (Arroyo-Jimenez et al., 1999;Sorenson et
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al., 1998). There was also a large population of TH positive, a4 nAChR subunit
negative dendrites (not shown). Exact analysis is hampered by the different
penetration properties of the immunoperoxidase and immunogold secondary
antibodies.
The labelling seen in the striatum (Fig 4.8) showed the same pattern for TH as
the single labelling DAB experiment: no cell bodies or dendrites were positively
labelled. A subpopulation of TH positive axons and boutons was also positive for
a4 nAChR subunit labelling (A-E). The gold particle clusters, enhanced with

silver, are found in proximity to membranes although because of the degree of
enhancement it is not possible to pinpoint the site of labelling. Where labelling
appeared to be membrane associated, it was not at active sites of synaptic
transmission, defined by the presence of synaptic membrane specializations.
Generally no synaptic densities were sited in the labelled regions, in some
instances possible synapses were identified, yet the presence of DAB reaction
product and the lack of membrane clarity made interpretation uncertain (Fig 4.8
B). Consistent labelling was found in serial sections taken through the same
structures, (Fig 4.8 C & D). As previously mentioned (Section 4.2. 5.1), a common
feature was loss of membrane integrity in regions strongly labelled with DAB
reaction product (Fig 4.8 E), this may be due to the brittle nature of the osmium
enhanced polymer, creating mechanical damage during the sectioning and
processing of the tissue. Negative controls, in which both primary antibodies
were omitted, were devoid of DAB labelling for TH with only occasional silverenhanced gold particles associated with mitochondria (Fig 4.8 F arrowhead). This
type of background labelling is discussed in the section on post-embedding (5).
Any labelling over mitochondrion was disregarded when considering a4 nAChR
labelling. Overall the level of background labelling was 3.94 gold/silver particles
per section, which was considered to be sufficiently low for negative controls.
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Figure 4.7 Double pre-embedding labelling of TH and a4 nAChR subunit in
paraformaldehyde-fixed substantia nigra
Tissue sections were labelled for TH with mAb318 1:500 and horse anti-mouse
biotinylated secondary antibody and ABC reagent; and for a4 nAChR subunit with
SC1772 1:1000 and rabbit anti-goat 1nm gold conjugated secondary antibody with silver
enhancement.
A shows a TH positive cell body filled with DAB reaction product containing several silverenhanced gold particles (black dots) including labelling of a proximal dendrite (black
arrowhead).
B shows a dendrite (Den) positively labelled for TH with DAB product, silver-enhanced
gold particles (black dots) are also found in the dendrite. A small cluster of silverenhanced gold particles is also seen in a TH negative dendrite (black arrow), close to a
mitochondrion (m). Size bars = 1pm

Figure 4.8 Double pre-embedding labelling of TH and a4 nAChR subunit in
paraformaldehyde fixed striatum
Tissue sections were labelled under the same condition as for figure 4.7.
A shows low magnification of TH positive axons in the striatum two of which are also
positive for a4 nAChR subunit labelling (arrowheads). B shows a4 nAChR subunit
labelling at a TH positive bouton possibly forming a symmetric synapse (arrow). C and D
show serial sections of a TH positive axon labelled for a4 nAChR subunit. E shows a TH
labelled structure, possibly a bouton, also positive for a4 nAChR subunit, membrane
degeneration makes identification of synaptic zones impossible. F shows a negative
control in which both primary antibodies have been omitted with one gold cluster over a
mitochondhon (arrowhead). Size bars = 200nm
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Figure 4.8 Double pre-embedding labelling of TH and a4 nAChR subunit in
paraformaldehyde-fixed striatum
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Figure 4.9 Double pre-embedding labelling of TH and a4 nAChR subunit in
paraformaldehyde-fixed striatum
Tissue sections were labelled for TH with mAb318 1:500 and horse anti-mouse
biotinylated secondary antibody and ABC reagent; and for a4 nAChR subunit with
SC1772 1:1000 and rabbit anti-goat 1nm gold conjugated secondary antibody with silver
enhancement.
There are several TH positive axons filled with DAB reaction product (asterisks), these
are all negative for a4 nAChR subunit labelling. a4 nAChR subunit labelling (arrows) is
associated with membranes of unidentified structures, and in one instance with a putative
dendrite (arrowhead). Size bar = 200nm

In the striatum, a4 nAChR subunit labelling was also found in a small population
of TH negative structures (Fig 4.9). These structures are difficult to identify, slight
degradation of membranes makes distinguishing the boundaries between
structures problematical. Occasionally it appeared that there was labelling of a
dendrite in the striatum, which is in agreement with the observations of (Arroyo-
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Jimenez et al., 1999) who reported a4 nAChR subunit immunoreactivity in cell
bodies in the striatum.
Analysis of the labelling was performed to measure the ratio of gold/silver
labelling found in TH positve structures to that associated with TH negative
structures since a direct count of gold particles is not possible. Structures that
have an incomplete membrane along the tissue resin border were excluded from
the analysis, as they may be non-specific.
There appeared to be some variance between the blocks studied, this may reflect
variation in different experiments or the region of the striatum sampled, some
may contain more or fewer myelinated axons for example. The percentage of a4
nAChR subunit labelling found overTH positive structures ranged from 1 - 1 8 %.
Overall, of 398 a4 nAChR subunit positive structures, 5% were also positive for
TH. This is a low percentage but it is not dissimilar with the range seen for double
pre-embedding of the p2 nAChR subunit, between 7 and 22 % of silverenhanced gold particles were associated with TH positive structures (Jones et
al., 2001). Given that the TH positive structures made up approximately 2.6 % of
the total area studied, there appears to be an almost 2 fold enrichment of
labelling over TH positive structures compared to general tissue labelling.
Although the labelling appears to be consistent with previous studies, it is difficult
to determine the identity of labelled structures due to the poor preservation of
tissue arising from the removal of glutaraldehyde from the fixative. In an attempt
to combat this it was decided that other fixatives would be considered, aiming to
maintain the level of antigenicity achieved with the paraformaldehyde fixative yet
conserving better morphology of ultrastructural elements.
Of the available fixatives used for tissue preparation, acrolein was discounted
due to its toxic, caustic, and flammable nature and classification as a potential
carcinogen. The picric acid based Bouin’s fixative, first described in 1897, made
from picric acid, saturated solution of aqueous formaldehyde and glacial acetic
acid in 3:1:0.2 v/v ratios, was tested. Analysis at the light level, (not shown),
established that the level of DAB labelling for a4 nAChR subunit antibodies was
markedly lower than that seen in PFA fixed tissue and for this reason was
discounted for further study. Finally a paraformaldehyde based fixative that was
designed to improve ultrastructure, periodate-Lysine-paraformaldehde (PLP),
was tested.
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4.2.6 Periodate-Lvsine-Paraformaldehvde-fixed tissue
McLean and Nakane first described the fixative in 1974 (McLean and Nakane,
1974) as a new fixative that stabilizes carbohydrate moieties for immunoelectron
microscopy. The premise of the PLP fixative is that the periodate oxidizes
carbohydrates, converting sugars present on glycoproteins to aldehyde groups,
these groups are subsequently cross-linked by the lysine via the divalent amine
moieties. The parformaldehyde is present to stabilize proteins and lipids. More
recently it has been suggested that the mechanism of fixation may also be in part
due to the formation of double formaldehyde groups through linkage with lysine
(Luther and Bloch, 1989). This leads to a general consensus that the lysine
reacts with aldehyde groups, either from PFA, or converted sugars, to form a
matrix that stabilizes tissue for immunolabelling studies, whilst preserving
antigenicity. The inclusion of 0.1% glutaraldehyde in the PLP fixative did not
appear to reduce antigenicity and was included for all subsequent tissue
preparation.
4.2.6.1 a4 nAChR subunit labelling of PLP-fixed tissue results
The PLP fixative appears to successfully cross-link tissue to an extent that
enables excellent preservation of morphology (Figs 4.10 - 4.12), comparable to
that of the glutaraldehyde fixed tissue (Fig 4.1). Of the anti-a4 nAChR subunit
antibodies tested the only antibodies to show apparent specific labelling were
AB5590 (Fig 4.10) and SC1772 (Fig 4.12). The labelling seen for AB5590 (Fig
4.10) was noticeably stronger than that seen in the glutaraldehyde PFA fixed
tissue, although still at a very low level. This level of labelling concurs with that
found by Arroyo-Jimenez et al. 2000 in which an unspecified aldehyde fixative
was used.
4.2.6.1.1 Substantia Nigra
The labelling in the substantia nigra (Fig 4.10A-C) showed low deposits of DAB
in cell bodies and dendrites. Labelling was patchy and appeared associated with
endoplasmic reticulum but not Golgi apparatus.
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Figure 4.10 Labelling of PLP-fixed tissue with AB5590 anti-a4 nAChR subunit
antibody
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Figure 4.10 Labelling of PLP-fixed tissue with AB5590 anti-a4 nAChR subunit
antibody
Sections were labelled with AB5590 1:1000 and goat anti-guinea pig biotinylated
secondary antibody 1:200 and ABC reagent Micrographs show a high degree of tissue
morphology preservation. Micrographs A-C show nigral sections, D-F show striatal
sections.
Micrograph A shows a cell body in the substantia nigra pars compacta. The cell may
contain DAB reaction product attached the membranes of internal structures,
endoplasmic reticulum (black arrows), this is difficult to discriminate from ribosomes.
There are internal membranes that do not appear to be labelled (grey arrow), displaying
characteristics of Golgi apparatus.
Micrographs B and C show cross-sections of dendrites, in the substantia nigra,
containing DAB reaction product in a polarized distribution (asterisks). Small patches of
labelling are seen at the periphery of the dendrite associated with external membranes
and internal structures.
.Micrograph D shows the cross section of a probable dendritic spine receiving input from
an asymmetric synapse (black arrow) and a symmetric synapse (arrowhead) from a DAB
labelled structure (asterisk). The image contains other labelled structures (asterisks) that
appear to contain vesicles yet do not exhibit any obvious synapses.
Micrographs E and F show serial sections of striatum containing a DAB-positive structure
(grey arrow). The images contain an example of the dendrites of medium sized densely
spiny neurons that populate the striatum. The dendrite (Den) with projecting spine (Sp)
that receives asymmetric synaptic input (black arrow). The labelled structure is in close
proximity to the dendritic spine yet does not make any synaptic contact and is too small
to be identifiable.
Size bars = 200nm

This interpretation in cell bodies is impeded by the low concentration of DAB
accretion, therefore determining DAB labelling above the background of
ribosomes is inexact. The ribosomes contained in cell bodies, causing a
speckled appearance, may be contributing to the granular appearance of DAB
stain.
However there appears to be a population of nigral cell bodies in which the
staining is darker than in controls (fig 4.11 B). In addition the staining does not
appear to be homogenous throughout the cytoplasm, rather, a patchy distribution
is exhibited as has been previously observed (Arroyo-Jimenez et al., 1999).
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4.2.6.1.2 Striatum
The labelling in the striatum was restricted to small structures; there were no
dendrites or cell bodies observed labelled with AB5590. Labelling was found near
dendrites and spines of the medium sized densely spiny neurons (Fig 4.10 D-F).
Labelled structures were often found to contain vesicles and were sometimes
seen to form symmetric synapses with dendrites or spines (D). This labelling is
consistent with the type of structures labelled for tyrosine hydroxylase in previous
sections. One major concern is that some of the labelling could be contributed by
glial cells, many of the small structures observed to be positive for DAB labelling
do not contain synapses, are small and fill gaps between axons and dendrites
(Fig 4.10 E & F). The negative control, in which AB5590 was omitted, showed no
labelling throughout the striatum or nigra (Fig 4.11).
The labelling with SC1772 (Fig 4.12) shows a slightly different distribution
pattern to that seen with AB5590. The labelling in the SNc, (not shown), was
difficult to discern, as seen with AB5590, any labelling observed followed the
pattern seen by (Arroyo-Jimenez et al., 1999). The main difference that occurred
in staining was seen in the striatum. Some of the staining was observed in small
structures in proximity to structures receiving asymmetric synaptic input, (Fig
4.12 A, C, & E). The staining did not appear to be associated with any synapses
although the structures may contain large vesicles. Unlike the AB5590 labelling
there were several incidences of dendritic labelling (Fig 4.12 B, D & E), this was
also seen with the double pre-embedding gold technique (see Section 4.2.5.2).
In the previous study by (Arroyo-Jimenez et al., 1999), a small population of
somata were found to be positively labelled, at the light level, using the SC1772
anti-a4 nAChR subunit antibody. Although we observed no labelled perikarya this
may be due to low concentrations of DAB, similar to that seen in the SNc. The
presence of labelled dendrites in the striatum raises questions about the origin
and identity of these cells. The diminutive size of the population may indicate that
these cells are interneurons, neurons that reside completely within a single brain
region, in small numbers. Cholinergic interneurons can be discounted as a
candidate based on their vast size.
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Figure 4.11 Negative control PLP-fixed tissue for AB5590 anti-a4 nAChR subunit
antibody
Sections were incubated with blocking solution in place of primary antibody then
subsequently with goat anti-guinea pig biotinylated secondary antibody 1:200 and ABC
reagent. Micrograph A shows a dendrite (Den) receiving a symmetric synaptic input
(arrowhead) from an unlabelled structure containing large vesicles, consistent with a
dopaminergic input. In the image there is also an asymmetric synapse (arrow).
Micrograph B shows cytoplasm of a cell body in the substantia nigra pars compacta
without any DAB labelling. Size bars =200nm
Figure 4.12 Labelling of PLP fixed tissue with SC1772 anti-a4 nAChR subunit
antibody
Sections were labelled with SC1772 1:1000 and rabbit anti-goat biotinylated secondary
antibody 1:200 and ABC reagent. Micrographs are all of striatal tissue sections.
Micrographs A, C and E show serial sections though a labelled structure (grey arrow).
The labelled structure is proximal to an asymmetric synapse (black arrow), labelling
appears to be membrane associated although identification of the structure is not
possible. The labelled structure may contain vesicles but the DAB reaction product
obscures too much to be certain; there does not appear to be any synaptic contact.
Micrographs B, D and F show labelling of dendrites in the striatum. B shows a proximal
dendrite (Den), containing endoplasmic reticulum (grey arrow), with DAB reaction product
located on internal membrane structures (asterisk). D shows a longitudinal section
through a dendrite (Den) similarly containing DAB labelling of internal membrane
structures. F shows a dendrite containing DAB deposits (asterisk) proximal to a capillary
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(Cap). The DAB reaction product appears to be dispersed in patches throughout the
dendrite (grey arrows). No synaptic contact can be observed. Size bars = 200nm

Figure 4.12 Labelling of PLP-fixed tissue with SC1772 anti-a4 nAChR subunit
antibody
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There has been a suggestion that a population of fast-spiking GABA interneurons
in the striatum possess non-alpha 7 nicotinic acetylcholine receptors (Koos and
Tepper, 2002), therefore it is possible that this staining is revealing this
population of cells. This raises a question about the specificity of the antibodies
used since only the SC1772 appears to reveal this population of striatal cells.
This could reflect a greater sensitivity of the SC1772 compared to the other
antibodies. However from the similarity of the immunizing peptides we would
expect AB5590 to show the same staining pattern. All of the anti-a4 nAChR
subunit antibodies were investigated further to determine specificity, using
western blotting techniques (Section 5.2).
The studies with pre-embedding electron microscopy techniques have proven
inconclusive, labelling with the a4 nAChR subunit antibodies has been difficult to
characterize due to problems with tissue fixation. Modification of fixatives has
enabled some labelling with the antibodies, yet this is sparse and weak. The
problems encountered were poor penetration / labelling levels with pre
embedding immunogold technique, and weak DAB signals confounding the
attempts to visualize labelling on counterstained tissue. In summary labelling was
clearly observed for TH in a manner consistent with previous studies, but the
labelling of the a4 nAChR subunit was more ambiguous.
In an attempt to refine the location of the a4 nAChR subunit, post-embedding
techniques were employed. This enables labelling of multiple targets using the
same technique, allowing differentiation between labelled subjects via different
size gold particles.
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4.3 Transmission EM methods: Post-embedding techniques
4.3.1 Post-embedding immunoaold labelling
The post-embedding technique is useful for quantitative analysis of labelling
since the individual gold particles can be counted. This is not true for the pre
embedding immunogold labelling due to the silver enhancement often
amalgamating several gold particles making it impossible to determine the
number of individual labels present, thus the technique is only semi-quantitative.
The tissue blocks are prepared using a freeze slamming step to increase the
preservation of ultrastructure and are subsequently embedded via a freezesubstitution method with a low temperature hydrophobic methacrylate resin
Lowicryl HM20 according to the methods of Baude et al., (1993) and Fujiyama et
al., (2000). This method does not use organic solvents, unlike the pre-embedding
methods; consequently those proteins that are denatured in water-miscible fluids
are retained. This preserves a higher degree of antigenicity than epoxy resin,
enabling the labelling of proteins after embedding. The grids are etched with
ethanolic sodium hydroxide to reverse the polymerization of some of the resin on
the surface of the sections, allowing the presentation of antigenic sites.
A technical consideration for post-embedding immunogold labelling is the
involvement of charged groups in attracting the gold particles. Hence background
staining is often seen over nuclei due to the charged histones, and mitochondria
due to elements of the electron transport chain. The inclusion of polyethylene
glycol (PEG) in the solutions containing gold conjugated antibodies reduces the
electrostatic interactions between the particles and other charged groups but
does not completely eliminate them. Since neither of the proteins being labelled
in the present study, tyrosine hydroxylase and the a4 nicotinic receptor subunit,
were nuclear or mitochondrial, labelling of these regions could be deemed non
specific.
This technique has been used to label TH (Jones et al., 2001) and
neurotransmitter receptors (Fujiyama et al., 2000) including nicotinic receptor
subunits a7 (Fabian-Fine et al., 2001), and p2 (Jones et al., 2001).
Where performed, analysis of the immunogold labelling was carried out
according to the guidelines recommended in Ingham, (1992). Multiple (a
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minimum of 10 for each condition), random images were captured at a 20K
magnification for each labelling condition. The images were then sampled by
means of a frame dropped 10 times from a consistent height over the
micrographs. The area within the frame was then scored for gold particle
distribution. This technique was repeated over capillary lumens and resin areas
to determine the general background labelling. The area of the image within the
frame can be determined and a score of gold particles I pm2can then be
calculated. This methodology aims to remove subjective analysis of labelling to
give an accurate representation of labelling seen.
The limitations of this technique are the inferior morphology when compared to
pre-embedding tissue preservation, and the limited antigenic surface area.
4.3.2 Post-embedding immunogold labelling results
The tissue blocks prepared for Lowicryl embedding were perfused with 4%
paraformaldehyde plus 0.1% glutaraldehyde. These blocks were used initially
because they were provided as a gift from Professor J.P. Bolam at Oxford
University and had been shown to retain good morphology. Sections from these
blocks were also used to study the distribution of the (32 nAChR subunit (Jones et
al., 2001). Subsequent blocks were processed using the pH shift technique
described earlier (Section 4.2.5.1) and PLP fixative. The PLP tissue blocks were
not used as a result of poor morphology, due to difficulties during the dehydration
and resin replacement steps. The pH shift tissue blocks were excluded from
further experimentation when p2 and a3 nAChR subunit labelling was shown to
be conspicuously different to that seen in confocal studies and DAB labelling
(Personal communication Dr I.W. Jones). The only reported post-embedding
attempted with anti-a4 nAChR subunit antibodies (SC1772) was performed on
pH shift fixed tissue (Arroyo-Jimenez et al., 1999).
Although labelling of glutaraldehyde fixed tissue in pre-embedding studies was
not very successful with the anti-a4 nAChR subunit antibodies, the conditions
used for the post-embedding technique are substantially different so it was
decided that this method would be attempted. Initially all studies were performed
on SNc tissue where labelling was expected to be at a higher density, within the
cell bodies and dendrites.
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The Lowicryl embedding technique does not give rise to tissue preservation
comparable with that of epoxy resin embedding, due to the formation of ice
crystals during the freeze substitution stage of Lowicryl embedding, so it is
immediately noticeable that the morphology is appreciably poorer (Figs 4.13 4.16).
4.3.2.1 oc4 nAChR subunit labelling
Initial labelling using AB5590 at 1:100 dilution appeared promising; in the
substantia nigra the gold particle distribution over tissue was found to be mainly
restricted to cell bodies (45%), however there was an additional 26.7% found
over nuclei and 16% over mitochondria (Fig 4.13). The high labelling of these
regions could be explained by the presence of charged groups, unfortunately
there was also a high background level of staining over capillary lumens,
endothelial cells (Fig 4.14) and resin. The low level of staining seen in the
negative controls, in which primary antibody was omitted, indicates that the non
specific labelling is due to the primary antibody. The occurrence of lead
carbonate deposits, formed in the presence of carbon dioxide during lead citrate
counterstaining, over the sections (Figs 4.13 & 4.14 asterisk) makes
distinguishing the gold particles difficult at lower magnifications. More dilute
solutions of AB5590 failed to give an appreciable level of labelling. Using
SC1772, at 0.2 pg/ml, we were unable to repeat the results found by (ArroyoJimenez et al., 1999). The techniques used were identical those published, with
the exception of fixative and the omission of a sodium borohydride step to
quench free aldehydes. The labelling (not shown) was at a very low level in both
nigra and striatum, there were few structures containing more than one gold
particle and levels over the tissue were the same as over capillary lumens
suggesting that only non-specific labelling was present. This result was repeated
for experiments using NCL-NARA4 (not shown).
The anti-a4 nAChR subunit antibody that appeared to give the most promising
labelling was S1721, this may reflect the terminal location of the target epitope of
this antibody in contrast to the other antibodies. Terminal regions with few
residues tend to have little or no secondary structure elements; this means that
the environment has less effect on these epitopes than those within loop regions.
The staining levels of S1721 at 1pg/ml were determined to be 0.8 gold particles /
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pm2 over tissue and 0.4 gold particles / pm2over capillary lumens and resin. This
was calculated by total gold particles / total area, from samples taken from 20
random micrographs at 20K magnification using the quadrat sampling method.

Figure 4.13 Post-embedding labelling of SNc section with AB5590
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Figure 4.13 Post-embedding labelling of SNc section with AB5590
Grids containing Lowicryl embedded SNc sections were etched with sodium ethanolate
and labelled with AB5590 1:100 followed by goat anti-guinea pig 10nm gold conjugated
secondary antibody at 1:50.
Micrograph A shows the distribution of gold particles in the SNc. The myelinated axon
(mAx) contains one gold particle over a mitochondrion and one at the myelin sheath
(black arrows). At this magnification the gold particles are difficult to identify and have not
been labelled. Lead carbonate deposits can be seen over the myelinated axon (asterisk).
Micrograph B shows a magnified section of image A with gold particles (black arrows) in
a cell body, several of the particles are associated with the nucleus (Nuc) or at
membranes of internal structures.
Size bars = 500nm
In the guidelines set out by Ingham, (1992), the background labelling should be
at a density of 1 particle / pm2 or less. This labelling appears to satisfy this
criterion, though it must be noted that the tissue labelling is also below the
criterion for background level staining, which calls into question the validity of the
labelling.
The concentration 1pg/ml was deemed to be optimal for labelling with S1721,
levels of nuclear and mitochondrial labelling were relatively low, 4.7% and 11.3%
respectively, higher concentrations gave more background labelling and at lower
concentrations labelling was marginal.
Figure 4.14 Post-embedding labelling of SNc section with AB5590
Grids containing Lowicryl embedded SNc sections were etched with sodium ethanolate
and labelled with AB5590 1:100 followed by goat anti-guinea pig 10nm gold conjugated
secondary antibody at 1:50.
Micrograph shows labelling over capillary lumen (Lum) several gold particles are
distributed over both the tissue and the capillary lumen (black arrows). Several gold
particles are concentrated over the nucleus (Nuc) and over elements of the endothelial
cell (EC). The identification of gold particles is hindered by lead carbonate deposits
(asterisk). The majority of gold particles are indicated with a black arrow, however not all
are labelled.
Size bar = 500nm
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Figure 4.14 Post-embedding labelling of SNc section with AB5590

Labelling in the CP (Fig. 4.15) was difficult to classify, the morphology being
difficult to discern at high magnifications with Lowicryl tissue. The small
structures demonstrated indistinct morphology. Figure 4.15 C shows a possible
dendritic spine (sp) receiving input from a labelled structure via a symmetric
synapse. The labelling is extra-synaptic, being more than 3 times the width of the
particle (over 60nm) away from the synapse. The identification of synapses is
speculative since the morphology is too poor to confirm the presence of synaptic
vesicles in the presynaptic terminals. It was not possible to determine the nature
of the labelled structures in the striatum without performing dual labelling studies.
The S1721 labelling in the SNc was found predominantly in cell bodies (Fig. 4.16)
with some labelling associated with mitochondria (Fig 4.16 A grey arrow). The
labelling was not seen in all cell bodies (Fig 4.16 D), and was mainly associated
with intracellular structures. The organelles that were labelled bore resemblance
to rough endoplasmic reticulum, where labelling was mainly associated with the
exterior of the membrane. This is the correct orientation for the N terminal of the
receptor in the membrane, for vesicular transport and exocytosis at the plasma
membrane. There was a small amount of labelling over myelinated axons, this
appears to be relatively common, with the gold particles being attracted to and
trapped in the myelin sheath (Fig 4.16 C asterisks).
Figure 4.15 Post embedding labelling of striatal section with S1721 at 1fig / ml
Sections were labelled with S1721 1fig/ml followed by donkey anti-sheep 20nm gold
conjugated secondary antibody at 1:50.
Micrograph A shows labelling of small tructures in a striatal section (arrows). Micrograph
B shows a section of the resin from the same, labelled grid, demonstrating the absence
of gold particles.
Micrograph C is an enlarged section of micrograph A containing a strcutcure that
resembles a dendritic spine (sp). The spine appears to be receiving input via an
asymmetric (grey arrowhead) and a symmetric synapse (black arrowhead). The structure
froming the putative symmetric synapse is labelled with a single gold particle.
Size bars = 500nm
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Figure 4.15 Post embedding labelling of striatum section with S1721 at 1^.g / ml
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Figure 4.16 Post-embedding labelling of SNc section with S1721 at 1pg / ml
Sections were labelled with S1721 1jug/ml followed by donkey anti-sheep 20nm gold
conjugated secondary antibody at 1:50.
Micrographs A and B show an images of labelling within the cytoplasm of SNc perikarya,
some labelling appears to be associated with the external surface ofstructures
resembling rough endoplasmic reticulum (black arrows). Mitochondria are also labelled
(grey arrow)
Micrograph C shows an image with a single gold particle in a longitudinal section of
dendrite (Den) recognisable by the presence of dentritic filament.
Micrograph D shows the perikarya of an unlabelled cell in the SNc, nucleus (Nuc).
Size bars = 200nm
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4.3.2.2 a4 nAChR subunit and TH double labelling
The S1721 antibody, at 1pg/ml, was subsequently employed in combination with
TZ1010, at 1:1000, to investigate the distribution of a4 nAChR subunit labelling
with respect to TH positive cells.
The primary antibodies were applied simultaneously for the double labelling
experiment; control groups were also performed in which only one of the primary
antibodies was included. For all conditions, including the negative control, in
which both primary antibodies were omitted, the secondary antibodies were
applied simultaneously.
From a total count of 20 random squares as previously described (Section
4.3.2.1), the labelling seen for the a4 nAChR subunit when only S1721 was
applied as a primary antibody was low, a total of 38 gold particles (Fig 4.17 A).
Under these conditions there was also some labelling for TH, 20 gold particles,
although this level meets the criteria for background, 1 particle / fim2. This
substantiates the low level of labelling seen for single labelling post-embedding
with S1721.
The double labelling with both TZ1010 and S1721 as primary antibodies (Figs
4.17 B & 4.18) showed high labelling for TH, (1082) 10nm gold particles, and a
perceptibly higher level of labelling for the a4 nAChR subunit than was seen for
labelling with S1721 alone, (110) 20nm gold particles. The labelling with S1721
appeared highly co-localised with the TZ1010 labelling, maintaining the same
pattern seen for single labelling, approximately 60% was seen in the cell bodies
and ~15% in dendrites. The TH labelling was selectively enhanced in cell bodies
and dendrites (Figs 4.17 B & 4.18)] this was in agreement with previous post
embedding studies of TH distribution (Jones et al., 2001). The increased level of
labelling with S1721 in the presence of TZ1010 suggests that there may be a
problem with cross-reactivity. This was confirmed when the TZ1010 single
labelling was analysed (Fig 4.19), there were (666) 10nm gold particles and (94)
20nm gold particles. This level is similar to that seen for the double labelling
experiment, suggesting that the labelling seen for S1721 was artefactual. To
confirm whether this anomalous labelling was a result of non-specific binding of
the secondary, gold conjugated, antibody the negative controls were studied (not
shown).
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Figure 4.17 Post-embedding double labelling of SNc section with TZ1010 and
S1721
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Figure 4.17 Post-embedding double labelling of SNc section with TZ1010 and
S1721
Micrograph A shows an image from a grid containing Lowicryl embedded SNc sections
labelled with S1721 1pg/ml followed by donkey anti-sheep 20nm gold conjugated
secondary antibody at 1:50. There is one gold particle present (black arrow) within
cytoplasm of cell body.
Micrograph B shows an image from a grid containing Lowicryl embedded SNc sections
etched with sodium ethanolate and labelled with TZ1010 1:100 followed by goat anti
rabbit 10nm gold conjugated secondary antibody at 1:50, and S1721 1/jg/ml followed by
donkey anti-sheep 20nm gold conjugated secondary antibody at 1:50
Size bars = 200nm

Figure 4.18 Post-embedding double labelling of SNc section with TZ1010 and
S1721
Grids containing Lowicryl embedded SNc sections labelled with TZ1010 1:100 followed
by goat anti-rabbit 10nm gold conjugated secondary antibody at 1:50, and S1721 1pg/ml
followed by donkey anti-sheep 20nm gold conjugated secondary antibody at 1:50.
Micrograph A shows a cross section of a dendrite (Den) labelled with both 10nm and
20nm gold particles representing TH and a4 nAChR subunit respectively. The gold
particle labelling is heavily enriched over this region of the tissue section.
Micrograph B shows a copy of micrograph A in which the dendrite (Den) is artificially
coloured (orange) to emphasize the enrichment of labelling within this region compared
to surrounding tissue.
Size bars = 200nm
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Figure 4.18 Post-embedding double labelling of SNc section with TZ1010 and
S1721
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Figure 4.19 Post-embedding double labelling of SNc section with TZ1010
Grids labelled with TZ1010 1:100 followed by goat anti-rabbit pig 10nm gold conjugated
secondary antibody at 1:50.
The micrograph shows a cell body in the substantia nigra with the nucleus in the bottom
left comer (Nuc) and a proximal dendrite (Den). The cell body is heavily labelled for TH
with 10nm gold particles there are also several large (20nm) gold particles present. Due
to the absence of the S1721 primary antibody this labelling is clearly non-specific. Size
bar=200nm
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The level of labelling for both large and small gold particles was low, 11 for the
20nm gold particles and 19 for the 10nm particles, below the required threshold
for background.
The explanation for the labelling seen is likely to be a cross reactivity between
the 20nm gold donkey anti-sheep secondary antibody and the goat anti-rabbit
10nm gold secondary antibody. Although goat and sheep are different species it
appears that the Fc fragments of the antibodies share enough homology to both
be recognized by the anti-sheep antibody. To overcome this problem a different
anti-TH antibody could be used, mAb 318 as a mouse monoclonal would be
expected to have appreciably lower homology with sheep antibodies.
Alternatively the secondary antibodies could be applied consecutively, applying
the anti-sheep secondary first followed by a glutaraldehyde step before applying
the goat anti-rabbit secondary would remove the opportunity for cross-species
reactions.
Although the most promising of the a4 nAchR subunit antibodies, S1721 did not
appear to robustly label tissue in the striatum, the level of labelling, although
specific to areas containing tissue, was relatively homogenous over the whole
section. It was rare to find more than a single gold particle labelling a striatal
structure, a criterion for positively identifying a labelled structure (Ingham, 1992).
Additionally, affinity purification of S1721 from sera produced batches of varying
concentration and labelling abiltity, making experimental comparison difficult.
The post-embedding approach was not pursued further due to the low levels of
labelling seen with all of the anti-a4 nAChR antibodies, it was decided that this
technique was not suitable for the a4 nAChR antibodies.

4.4 Summary

Out of all of the a4 nAChR subunit antibodies tested none of them appeared to
label tissue fixed with PFA plus 0.1 % glutaraldehyde. This was determined to be
due to a loss of antigenicity of the tissue when compared to tissue fixed with PFA
alone. Studies using the PFA fixed tissue were limited by the poor quality of
morphological preservation within the tissue. An alternative fixative, PLP plus 0.1
% glutaraldehyde, was investigated and enabled a compromise between
antigenicity and morphology preservation.
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The immunoperoxidase DAB labelling of the PLP fixed tissue was noticeably
fainter for the a4 nAChR subunit antibodies than the labelling for TH, as would be
expected from their relative prevalence in brain tissue. There was also some
discrepancy between the labelling patterns between some of the a4 nAChR
subunit antibodies, unexpectedly a population of dendrites in the striatum were
positively labelled with one antibody, SC1772 (Fig. 4.10 and 4.12). The labelling
in the striatum was sparse and identification of labelled structures proved
problematic.
All of the a4 nAChR subunit antibodies were also tested using the post
embedding method and none of them successfully produced any labelling that
was significant. This may reflect the fact that although freeze substitution Lowicryl
embedding preserves the native state of proteins better than pre-embedding EM
techniques, the access to antigenic sites is severely hampered by the presence
of the resin prior to immunocytochemistry.
Under the conditions used, there appeared to be no consistency between preand post-embedding effectiveness of the available antibodies. To investigate the
questions raised about the performance of these ‘specific’ antibodies, western
blotting, and in particular the use of a4 nAChR subunit null mouse tissue, was
performed. It was deemed important to examine all of the anti-a4 nAChR subunit
antibodies, commercial and non-commercial, including those that have been
previously published in immunolabelling studies, to scrutinize what has been
interpreted as a4 nAChR subunit labelling.
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5.1 Antibody characterisation bv Western blotting
As a result of the incongruities of the various ot4 nAChR subunit antibody
labelling patterns it was deemed necessary to further characterize all of the
available a4 antibodies. The first step towards investigating the specificity of
these antibodies was to perform western blotting on rat and mouse tissue, and
a4 nAChR positive cell line lysates.

5.2 Western blotting of a4 nAChR subunit

The western blotting technique involves SDS-PAGE electrophoresis, which is
used for separation of proteins by apparent molecular weight using an electric
current. This separation is followed by electrophoretic transfer onto a suitable
membrane, where the proteins are immobilized. This enables the membranes to
be probed with specific antibodies, and subsequent secondary antibodies, to
reveal the presence of individual proteins.
This technique was employed to originally identify nAChR proteins from brain
homogenates using specific antibodies (Abood et al., 1987;Whiting and
Lindstrom, 1987). Early antibodies were produced by immunization with whole
chick nAChR subunits leading to the production of monoclonal antibodies,
mAb270, mAb286 (Whiting et al., 1987) these were used to identify proteins on
western blots.
A nicotine binding protein of 79KDa apparent molecular weight was isolated from
rat brain using a mAb 286 (Whiting and Lindstrom, 1987). This was subsequently
identified by cDNA studies to be the a4 nAChR subunit (Goldman et al., 1987).
The homologous protein has been found in chick brain at 75KDa (Whiting et al.,
1987), and in bovine brain at 74.4KDa (Whiting and Lindstrom, 1988). Studies on
human nicotinic receptors have been hampered by degeneration of the proteins
before post-mortem brain homogenate preparation, however several bands were
identified by specific antibodies using western blotting, the largest band was
found to be 79KDa, homologous to the rat a4 nAChR subunit (Whiting and
Lindstrom, 1988).
Subsequent studies, using both monoclonal and polyclonal antibodies raised
against the a4 nAChR subunit, have found a large variation in the size of proteins
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labelled using the western blotting technique. Studies of tissue homogenate from
rat striata reported a protein band at 69 KDa using mAb 299 (Nayak et al., 2000),
and ~70KDa for whole brain homogenate (Arroyo-Jimenez et al., 1999). The
corresponding a4 nAChR subunit in mouse brain was found at 83 KDa (Marubio
et al., 1999), and in human tissue, also hampered by degradation, was
determined to be 68 KDa (although the degredation product was ~ 51kDa)
(Martin-Ruiz et al., 2000) both using SC1772. There have also been studies
using cell lines stably expressing the a4 nAChR subunit, HEK 293 cells
expressing rat or human a4 nAChR subunits express at -70 KDa protein
(Arroyo-Jimenez et al., 1999) using SC1772, and the human subunit was 85 KDa
using a sheep anti-rat polyclonal antibody (Chavez-Noriega et al., 2000).
Overall there appears to be a high degree of variability, both between and within
species, and a general lack of agreement between antibodies over the size the
a4 nAChR subunit on western blots. The protein appears to be highly conserved
across species so the variation in predicted sizes (68 - 85 kDa) is unexpected
(Appendix 1). These differences may be partially explained by the slight
differences between SDS-PAGE gels. The mini-gel systems are run over a short
distance, producing a small amount of separation between proteins, in addition
some molecular weight markers, particularly pre-stained markers, are inaccurate
when used in small gels. This means that these gels are useful for estimation of
protein size but are not absolutely accurate. Preparation of the samples may also
affect the running of the proteins into the gel; incomplete denaturation of protein
will lead to the retention of some secondary structure elements, causing the
protein to run more slowly into the gel giving an apparently higher molecular
weight. Subunits expressed in cell lines may also appear slightly different, posttranslational modification in different cell types may contribute to differences
between these subunits and natively expressed subunits.
5.2.1 Western blotting of a4 nAChR subunit results
Homogenates were produced from whole brains from Sprague Dawley rat or
MF1 and CB57 mice, according to the method described in section (2.2.4.2). The
preferred method of tissue preparation was the boiling SDS method, due to high
yield of protein and simplicity of the method.
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Figure 5.1 Western Blot of whole mouse and rat brain homogenates run in
duplicate lanes probed with anti-a4 nAChR subunit antibodies
Figure A shows labelling of blots with AB5590 1:5000 with goat anti-guinea pig HRP
1:10000 revealed by ECL Several bands are revealed on blots of both the mouse and rat
homogenates with prominent bands appearing at -85 KDa and <32 KDa (arrows).
Figure B shows labelling of blots with SC1772 2pg/ml with rabbit anti-goat HRP 1:5000
revealed by ECL Two prominent bands were revealed on both rat and mouse brain
homogenates at -85 KDa and -30-35 KDa, several fainter bands were also present.
Molecular weight markers were also run alongside and are indicated in KDa.
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Figure 5.2 Western blots of L-a3(34 and a4(32 TSA201 cell lysates, probed with
anti-a4 nAChR subunit antibodies
Cell lysates were prepared from flasks of stably transfected cell lines expressing the
a3(}4 or a4(32 nAChRs. Blots were probed with SC1772 2pg/ml with rabbit anti-goat HRP
1:5000 and revealed by ECL (left) or AB5590 1:5000 with goat anti-guinea pig HRP
1:10000 and (right). Several faint bands appeared with both antibodies, more prominent
bands were seen at -38 KDa and -27KDa for SC1772 and -200 KDa and -65 KDa for
AB5590. Molecular weight markers were also run alongside and are indicated in KDa
The brain homogenates were loaded onto 12% SDS-PAGE gels at 20pl per well
where they were run into the gel at 200V for 45 minutes. The proteins were
blotted onto pre-soaked nitrocellulose membrane cut to size using the semi-dry
blotting method. The blots were blocked with a milk powder solution to prevent
non-specific binding before being probed with anti-a4 nAChR subunit antibodies.
Protease, kinase and phosphotase inhibitors were not included in the preparation
owing to the denaturing effect of the SDS on all protein in the homogenate.
Of the antibodies tested, S1721 did not label any bands. Due to the small volume
of affinity purified antibody available it was necessary to dilute it to 1:1000, less
than 0.01pg/ml, to enable coverage of the blot, this is likely to be too dilute,
however time constraints prevented the purification and characterisation of more
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antibody from sera. There was also a problem with mAb299; the background
labelling was high with the anti-rat secondary antibody reacting with the whole
blot, probably due to species cross-reactivity with the rat IgG in the tissue lysate.
Changing the concentration of mAb299 did not affect the labelling pattern and
diluting the secondary only reduced the intensity of labelling but not the pattern.
NCL-NARA4 was not tested for western blotting since the literature provided with
the antibody stated that it would only recognize native protein. Blots of rat and
mouse brain homogenates were probed with AB5590 at 1:5000 and SC1772 at
2|ig/ml, and subsequently with goat anti-guinea pig HRP conjugated secondary
antibody 1:10000, and rabbit anti-goat HRP conjugated secondary antibody
1:5000 respectively (Fig 5.1). Elecro-chemilumiescence (using ECL reagent
Amersham) revealed two prominent bands for both antibodies in the two
homogenates. The top band had an apparent molecular weight of ~85KDa for
both antibodies in both homogenates suggesting the same protein was being
recognized in rat and mouse tissue by the antibodies. The lower band was also
found at a similar molecular weight for all conditions at approximately 32 kDa.
The band revealed at 85 kDa is similar to those bands ascribed to the nAChR
subunit in previous studies, (Chavez-Noriega et al., 2000;Whiting and Lindstrom,
1987). The lower band does not correspond to any whole nAChR subunit but
may represent a cleavage product of the 85 KDa protein. In addition to the two
strong bands there were several faint bands, the presence of these multiple weak
bands and the band at 32 KDa prompted further clarification of the specificity of
the antibodies.
Dr Neil Millar and his group from University College London generously provided
stably transfected cell lines containing a4p2 and a3p4 nAChRs. The cell lines, a
mouse fibroblast line L929 transfected with rat a3 and p4 nAChR subunits (Lewis
et al., 1997), or transfected with a4 and p2 nAChR subunits (Cooper et al.,
1999), were cultured and nAChR expression was induced by inclusion of
dexamethasone in culture medium (2.2.2). Cell lysates were prepared and
protein was concentrated by acetone extraction method (methods), 15pl of the
protein Laemmli mixture was loaded per well of SDS-PAGE gel and was blotted
as described (methods).
The blots were then probed with AB5590 at 1:5000 and SC1772 at 2pg/ml, and
subsequently with goat anti-guinea pig HRP conjugated secondary antibody
185

1:10000 and rabbit anti-goat HRP conjugated secondary antibody 1:5000
respectively (Fig 5.2). The exposed blots revealed several very faint bands with
both antibodies, again there appeared to be two more prominent bands (black
arrows). The cell preparation would have contained considerably lower protein
levels than the whole brain homogenates, which would explain the faintness of
the perceived bands. The apparent molecular weights of the bands differed
considerably from those found in the homogenates, and between antibodies. The
bands revealed by AB5590 were -200 kDa and -65 kDa in size, the 65 kDa band
could be interpreted as the a4 nAChR subunit however this does not explain the
presence of this band in the a4 nAChR subunit negative cell line. The bands
revealed by SC1772 were -38 kDa and -27 kDa in size, neither of these bands
approximates the a4 nAChR subunit and both bands are present in both lysates.
The significant factor noticed in these blots is the complimentary staining pattern
witnessed for both cell lines with each antibody. There is no apparent difference
between the a3p4 and the a4p2 nAChR containing cell lines.
The inability of these antibodies to distinguish between the a4 nAChR subunit
positive and negative cell lines was a cause for concern, the labelling seen in
these blots indicated that there was some non-a4 nAChR subunit specific
immunoreactivity. Although the labelling of the cell lysates did not appear to be
specific for the a4 nAChR subunit, it is possible that the expression system itself
may have contributed to the lack of a specific band. The cell lines were non
neuronal so many of the proteins present would not be expected to be found in
brain homogenates, and the level of a4 nAChR subunit expression was not
measured before blotting. Although these blots were an indicator of the reactivity
of the specific anti-a4 nAChR subunit antibodies, the real litmus test was the
performance of the antibodies on a4 nAChR subunit null mutant mouse tissue.
5.3 a4 nAChR subunit knock-out mice - Introduction
Knock-out mice have become useful tools in the study of nAChRs in recent years
(Cordero-Erausquin et al., 2000). Aberrations from the normal phenotype for
nAChR subunit knockout mice implicate essential roles for the receptors and
particularly individual subunits; these studies have been discussed in section
(1.3.2.3).
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Figure 5.3 Construction of targeting vector to disrupt a4 nAChR subunit exon 5
(Ross et al. 2000)
The targeting vector was constructed containing portions of exon 5 (red) and flanking
regions (yellow) with a neomycin phosphotransferase resistance cassette (Neo) and a
thymidine kinase gene (TK). Recombination events between identical flanking regions of
the targeting vector and native DNA produce the homologous recombinant in which exon
5 (Ex5) is disrupted. Restriction sites for the enzymes Bam H1 and Hind III incorporated
in the construct were used to confirm recombination events. The fragment lengths
produced by digests with the enzymes, represented by the green lines (Hind III) and
black lines (Bam HI), are considerably shorter for the recombinant than in the native
DNA, due to the incorporation of new restriction sites flanking the neomycin cassette.
Brain tissue from a4 nAChR subunit knock-out mice was generously donated by
Dr John Drago and his group at Monash University (Ross et al., 2000).
The mutant mice were constructed using a similar method to that of the a4
nAChR subunit null mouse published by Marubio et al., 1999. Briefly, the cDNA
coding for the putative second transmembrane domain of the a4 nAChR subunit,
exon 5 (Steinlein, 1995), was cloned from embryonic stem cell DNA along with
flanking regions. A 750 base pair region was excised from the center of exon 5
and was replaced by a neomycin phosphotransferase resistance cassette, and a
thymidine kinase gene was spliced to the 3’ terminus (Fig 5.3).
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Figure 5.4 Breeding crosses to produce a4 nAChR subunit knock-out and wild
type mice
The Heterozygote founder produced from the chimera CF1 cross was mated with
C57/BL6 mice and heterozygote progeny were produced after two backcrosses. The
heterozygote progeny were crossed to produce wild type, heterozygous and homozygous
mutants (knock-outs) in mendelian proportions. Mating pairs were established for the wild
type and knock-out genotypes.
The targeting vector was electroporated in embryonic stem cells, clones of the
cells were cultured and southern blots of the genomic DNA from the clones were
probed for the Hind III and Bam HI fragments and the neomycin
phosphotransferase resistance cassette. An identified recombinant was injected
into BALB/C blastocysts and chimeras were produced. Chimeras were mated
with CF1 mice until a heterozygote was generated. This heterozygote founder
was used to generate the entire colony by the mating crosses described in Figure
5.4. The homozygous knock-out mice (KO) were bom in mendelian proportion
and had normal birthweight and reproductive ability. There were no gross
anatomical abnormalities or changes in brain histology (Ross et al., 2000). In situ
hybridization of both mutant and wild type (WT) tissue was performed using four
probes; two directed to the deleted region of exon 5 and the other two were
directed to regions upstream of the deleted sequence. The upstream sequence
probes were used to identify regions in the KO brain tissue that would normally
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be expressing the whole a4 nAChR subunit transcript, the distribution pattern
was the same in KO and WT mice. The probes targeted to the deleted segment
of exon 5 detected no signal in the KO tissue and normal distribution in WT mice.
Autoradiography with [3H] nicotine also confirmed the loss of high affinity binding
sites, consistent with the absence of a4p2 containing nicotinic receptors.
Fresh tissue was snap frozen in liquid nitrogen as either whole brains or brain
regions, this was shipped on dry-ice and subsequently stored at -80°C. Whole
brains perfused with 4% PFA fixative were also provided; these were stored at
4°C in PFA for up to 6 months upon receipt.
5.3.1 a4 nAChR subunit knock-out mice - blotting results
Homogenates were prepared for both WT and KO tissue from 6 crudely
dissected brain regions; striatum, frontal cortex, hippocampus at the level of the
thalamus, hippocampus at the level of the substantia nigra, the thalamus, and the
substantia nigra, using the boiling SDS method (Section 2.2.4.2.2). A Lowry
protein assay was performed to ensure that the protein loading of each brain
region homogenate on SDS-PAGE gels was equal for WT and KO tissues. It was
important to ensure that the protein levels loaded are equal in order to get an
accurate comparison of antibody reactivity. Extremely high levels of protein can
lead to non-specific binding of antibodies leading to false positives. The protein
concentration of each of the 12 preparations was determined by taking an
average of the assays, carried out in triplicate.
The homogenates were loaded at 20pg of protein per well onto SDS-PAGE gels
for blotting, the blots of each of the brain regions were probed with AB5590
1:5000 (Fig 6.5). The substantia nigra homogenates for both WT and KO were
highly viscous and did not run into the gel very well, confirmed by coomassie
stain (not shown) and no bands were revealed for either on blots (not shown).
For the other five brain regions a strong band was detected at -90 kDa in both
WT and KO tissue preparations. Fainter bands were also detected at -45 kDa
and -32 kDa, the lower band is similar in size to that found in the blots of mouse
and rat tissue probed with AB5590 and SC1772 (Fig 6.1).
This evidence suggests that the strong band seen at -90 kDa may be have been
attributed to the a4 nAChR subunit (Chavez-Noriega et al., 2000;Marubio et al.,
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1999). The presence of this band in the knock-out tissue preparations indicates
that this is not likely to be the a4 nAChR subunit. It appears that there are no
specific bands labelled in the WT that are absent in the KO homogenates. The
absence of any specific bands may reflect an inability to detect low levels of
protein. The level of a4 nAChR subunit protein expression is expected to be low,
but is expressed throughout most brain regions (Perry et al., 2002), for this
reason whole brain homogenates were prepared for use in immunoprecipitation
experiments.
5.3.2 Immunoprecipitation of a4 nAChR subunit from WT and KO tissue
The immunoprecipitation technique utilizes specific antibodies to recognize the
target protein in a homogenate preparation whereupon a binding equilibrium is
reached and the antibodies, still attached to target proteins, can be precipitated
out of the milieu. Typically protein A purified from Staphylococcus aureus
covalently attached to Sepharose is used to precipitate IgG, however protein A
does not have particularly high affinity for rat, goat or sheep antibody species
(Richman et al., 1982). For this reason a protein A/G mixture Sepharose was
selected for optimum affinity for all species of the anti-a4 nAChR subunit
antibodies employed (Akerstrom et al., 1985). Brain tissue homogenates were
prepared with the boiling SDS method before BSA was added to absorb the
SDS; this was necessary because in the presence of SDS the antibodies would
become denatured.
Four of the five anti-a4 nAChR subunit antibodies were incubated with samples
of wild type, knock-out, and C57 mouse brain homogenates and the precipitated
proteins were blotted in duplicate. For each condition the blots were probed with
two a4 nAChR subunit antibodies and subsequent secondary antibodies before
revealing with ECL (Fig 5.6).
Figure 5.5 Western blots of WT /K O mouse brain regions, probed with AB5590
Blots were labelled with AB5590 1:5000 with goat anti-guinea pig HRP 1:10000 revealed
by ECL A single strong band appeared at ~90 KDa in WT and KO for all of the regions
tested. Some faint bands were also present in both WT and KO preparations of the
striatal and cortical regions. A band at ~45 kDa was present in both striatum and cortex
with an additional band at ~32kDa (arrows).Molecular weight shown in KDa
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Figure 5.5 Western blots of WT / KO mouse brain regions, probed with AB5590
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A prominent band was identified in all of the immunoprecipitation conditions at
approximately 50-60 kDa, this corresponds to the heavy chain of the primary
antibody used to precipitate the protein. This phenomenon is commonplace and
can pose problems when looking at subunits in the 50-60 kDa range (Chazot et
al., 1998). The expected range for the a4 nAChR subunit is > 70kDa so is unlikey
to be affected by the IgG band.
The IgG band was the only band detected when blots were probed with SC1772,
the antibody did not detect any other protein bands known to be present in the
precipitate, this may reflect a drop in activity of the antibody due to storage.
These precipitates revealed more bands when probed with mAb 299, several
bands appeared below the IgG band, these bands may possibly represent
degradation products of the IgG heavy chain. There were no bands present
above the IgG band and there was no protein detected in the a4 nAChR subunit
molecular weight range.
The only combination of antibodies to reveal protein bands other than the IgG
band, and probable degradation products, was AB5590 used for precipitation and
blotting. This suggests that AB5590 is recognizing an epitope not detected by the
other 3 antibodies. The extra protein bands were revealed at ~200, 90 and 30
kDa, the 30 kDa band was similar in strength to the IgG band.
Several protein bands were detected in the immunoprecipitation experiments yet
none of the bands were absent in the knock-out mouse tissue, this suggests that
the antibodies are not detecting the a4 nAChR subunit, alternatively it is possible,
although unlikely, that the ‘knock-out’ mouse tissue still contained the a4 nAChR
subunit.
The western blotting and immunoprecipitation approaches to characterizing
antibodies involves tissue in a different state to perfusion fixed tissue; this means
that antibodies may have different immunoreactivities in the immunolabelling
experiments compared to blotting. For this reason confocal microscopy was
carried out on the PFA fixed knock-out and wild type mouse tissue to compare to
previous confocal microscopy results.
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Figure 5.6 Immunoprecipitation and blotting of homogenates of KO / WT / C57
mouse tissue with anti-a4 nAChR subunit antibodies
Whole brain homogenates were prepared in boiling SDS from wild type (WT), Knock-Out
(KO) and 057 mice. 1ml aliquots of each homogenate were incubated with AB5590
1:2000, SC1772 2/j.g/mi, NCL-NARA4 1:1000, and mAb299 1:1000. The precipitated
proteins were resuspended in 100pi laemlli buffer and 20pJ of sample was loaded per
well on SDS-PAGE gel.
Blots A and B were probed with SC1772 2pg/ml and with rabbit anti-goat HRP secondary
antibody 1:5000. Blot C was probed with AB5590 1:5000 and with goat anti-guinea pig
HRP secondary antibody 1:10000. Blot D was probed with mAb299 1:1000 and with
1:2000 goat anti-rat HRP secondary antibody. All of the blots contained a prominent band
at ~50-60 kDa in all of the homogenates.
Blots A and B contained no additional bands in any of the conditions tested.
Blot C contained several additional bands in the AB5590 precipitated proteins, the most
prominent of these were found at: ~200,90,42,39,34 and 30 kDa in all homogenate
preparations. Several bands were also seen for mAb299 precipitation at: ~42,39 and 34
kDa in all homogenate proteins.
Blot D contained proteins precipitated by SC1772 and NCL-NARA4 and all of the
homogenates contained bands at ~42,39 and 34 kDa in all homogenate proteins.

5.3.3 Confocal microscopy of KO mouse brain tissue
Confocal microscopy was initially performed on mouse tissue from the local
breeding colony to compare differences in labelling between species (not
shown). The a4 nAChR labelling pattern was very similar for mouse tissue and
rat tissue, with only slight anatomical differences noted in the shape of the
substantia nigra pars compacta in agreement with brain maps, (L.W. Swanson
1999, Paxinos and Franklin 1999). The confocal microscopy of tissue labelling
with the anti-a4 nAChR antibodies corroborated the results of the western
blotting experiments.
Labelling of nigral and striatal sections using the same method that was applied
to rat tissue (Section 3.2.5) revealed the same staining pattern with AB5590 (Fig
5.7).
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Figure 5.7 Confocal microscopy of WT and KO mouse tissue with AB5590
Sections were labelled with AB5590 1:2000 and goat anti-guinea pig Alexafluor 488
conjugated secondary antibody 1:1000.
Images A (wild type) and B (knock-out) show similar staining patterns in the substantia
nigra, the cytoplasm of cell bodies and dendrites in both images were labelled giving a
granular appearance around unstained nuclei. Punctate spots of brighter labelling were
also seen in some cell bodies and dendrites (arrows).
Images C (wild type) and D (knock-out) show similar staining patterns in the striatum,
staining was at a very low level with occasional small bright spots and no labelled cell
bodies. Size bars represent 100/urn
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Figure 5.8 Confocal microscopy of WT and KO mouse tissue with mAb299 and
SC1772
Images A and B show substantia nigra sections labelled with mAb299 1:500 and goat
anti-rat Alexafluor 488 secondary antibody 1:1000. Images C and D show substantia
nigra sections labelled with SC1772 2pg/ml and rabbit anti-goat Alexafluor 488 secondary
antibody 1:000.
Images A and B both contain brightly labelled cell bodies and dendrites, nuclei were
unlabelled.
Images C and D show punctate labelling of perinuclear regions in nigral cell bodies
containing unlabelled nuclei, consistent with autofluorescence caused by aldehyde
fixatives. Size bars represent 100pm.
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Cell bodies and dendrites were labelled in the substantia nigra pars compacta
with bright spots seen in the cytoplasm and unstained nuclei. The striatal tissue
sections had a marginal level of labelling, this is in agreement with previous
findings in rat tissue (Sections 3.2.2-3.2.5). The labelling with AB5590 seen in the
WT tissue was also seen in the KO tissue, there was no loss of either intensity or
extent of distribution in the null mutant tissue (Fig 5.7).
This analogous labelling of wild type and knock-out tissue was observed with all
of the anti-a4 nAChR subunit antibodies, either a insignificant level of labelling
was seen in both tissues, S1721 and NCL-NARA4 (not shown) or the same
pattern of staining was seen for both tissues, SC1772 and mAb 299 (Fig 5.8).
The distribution of the labelling was not uniform; the staining was restricted to cell
bodies in regions such as the substantia nigra and cortex, leaving perikarya in
other brain regions, such as the striatum, unlabelled. This suggests that the
labelling is not what is generally described as non-specific; rather the antibodies
have a definite labelling pattern that does not appear to be specific for the a4
nAChR subunit.
A second, more unlikely, explanation for the inability of the antibodies to
discriminate between wild type and mutant tissue was that the tissue presumed
to be from an a4 nAChR subunit knock-out animal was still expressing the a4
nAChR subunit protein. This eventuality could occur through mis-genotyping of
animals, heterozygous or wild type animals were also produced in the breeding
colony. Alternatively mis-labelling of brain tissue before shipping would also lead
to non-a4 nAChR subunit knock-out tissue being ascribed to null mutant status.
The possibility of mis-genotyping is minimized by the fact that the a4 nAChR
subunit knock-out mice are produced from breeding pairs of null mutants, rather
than from heterozygote parents, this should ensure that all offspring are purebred
null mutants.
To ensure that the tissue presumed to be from null mutant mice was indeed
lacking the a4 nAChR subunit, ligand binding studies were carried out to confirm
the loss of a4 nAChR subunit containing receptors.
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5.3.4 r3H1nicotine binding of W T and KO mouse brain membranes

Whole brain membranes were prepared according to the method described in
Davies et al., 1999 (Section 2.2.13.1). Markwell A protein estimation assay and
binding experiments, using 20nm [3H]nicotine, was performed using methods
described in Sharpies et al., 2000 (Sections 2.2.13.2 & 2.2.13.3).
The protein concentrations of the membrane preparations were determined from
the BSA standard curve. The protein concentrations were determined to be 7.74
mg/ml for the wild type and 6.76 mg/ml for the knock-out membranes. Specific
and non-specific binding was calculated as cpm/mg for both membrane
preparations (Fig 5.9).
Binding of [3H]nicotine to KO and WT
membranes
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Figure 5.9 Binding of fHJnicotine to KO and WT membranes
Total fHJnicotine binding was determined to be 5161 cpm/mg for the KO membranes
and 6708 cpm/mg for the WT membranes. Of these the specific to non-specific binding
ratios were for the KO 1119 (sem ±407): 4042 (sem ±913) and the WT 3411 (sem ±
731): 3297 (sem ±217.6), respectively. (n=4)
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Specific [3H]nicotine binding to KOand WT membranes

Figure 5.10 Specific binding of fHJnicotine to KO and WT membranes
Calculated from the specific activity of f HJnicotine and protein concentration of
membrane preparations, the specific binding was determined to be 12.8 ± 15.2 fmol/ mg
for KO and 39.1± 10.9 fmol / mg WT. When taking into account the margin of error the
results suggest an almost complete loss of f HJnicotine binding in the KO sample when
compared to the WT. (n=2)
The specific binding was determined at membranes 12.8 ± 15.2 fmol / mg for KO
membranes and 39.1 ± 10.9 fmol / mg for WT (Fig 5.10). This experiment was
repeated with membrane preparations from 2 more WT and KO animals and the
resulting specific binding followed the same pattern as the initial pair, with
considerably lower binding in the KO animals. It must be noted that due to the
limited amount of tissue available, the experiments were only carried out twice
giving rise to a large degree of error. However the limitations of experimental
reproducibility were not enough alone to explain the large reduction in binding
observed in the KO tissue.
The residual level of nicotine binding in the knock-out tissue also agrees with the
results for ligand autoradiography of [3H]nicotine on a4 nAChR subunit KnockOut tissue in which binding was retained in the medial habenula, superior
colliculus, fasciculus retroflexus and the interpeduncular nucleus (Ross et al.,
2000 ).
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Figure 5.11 Immunoprecipitation of WT /K O membrane preparations, probed
with anti-a4 nAChR subunit antibodies
Aliquots of membrane preparations of WT and KO tissue used for [3HJnicotine
binding study were immunoprecipitated with all five anti-a4 nAChR subunit
antibodies. The precipitations were carried out with; AB5590 1:2000, SC 1772
2pg/ml, S1721 0.9pg/ml, NCL-NARA4 1:1000 and mAb299 1:500. Blot A was
probed with mAb299 1:5000 and blot B was probed with SC1772 at 2pg/ml.
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Overall there was a distinct reduction in [3H]nicotine binding in the a4 nAChR
subunit knock-out tissue, corresponding to the predicted loss of high affinity
nicotine binding receptors (a4p2*).
Since the membrane preparations for individual WT and KO animals
demonstrated distinct differences in the expression of the high affinity nicotine
binding sites, consonant with a4p2* nAChR, it was deemed likely that the a4
subunit was indeed absent from the KO tissue. Aliquots of these preparations
were subsequently used for immunoprecipitation with all of the anti-a4 nAChR
subunit antibodies.
The immunoprecipitation was carried out with the same conditions and antibody
concentrations as in the previous section (5.3.2), in addition S1721 was used at
-0.9 pg/ml. Previous experiments (not shown) confirmed that lysates prepared
with the boiling SDS method were equivalent to those prepared with lysis buffer
methods, enabling comparison of blots from both preparation methods. The
results of the immunoprecipitation showed a ladder of bands spanning from -55
kDa to -30 kDa and, significantly, all of these bands were found to be present in
both the WT and KO membrane preparations (Fig 5.11). The range, number and
position of the bands mirror those found in the previous immunoprecipitation
experiments using the KO tissue (Fig 5.6).
5.4 Summary

Western blotting and immunoprecipitation of whole brain homogenates, both rat
and mouse, revealed a major band at - 85 KDa, a second band was also seen
under some circumstances at - 32 KDa. In these investigations the size of bands
observed in rat and mouse tissue preparations was comparable, this is in
agreement with the high degree of sequence identity, (Appendix 1). Previous
studies have suggested differing values for the molecular weight of the a4
nAChR subunit in various species (Section 5.2) ranging from 68 to 85 KDa, these
differences may be attributed to subtle differences in the methodologies
employed.
Initially the larger of these bands was attributed to the a4 nAChR subunit, the
estimated molecular weight being 70 KDa, not accounting for glycosylation, and
taking into consideration the inaccuracy of pre-stained molecular weight markers
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on small gels. The availability of a4 nAChR subunit null mutant mice enabled
experiments using specific antibodies to be carried out with the ultimate negative
control. The results from the binding study revealed that the KO mice brain tissue
appeared to express considerably lower amounts of high affinity phenotype
nAChR, which implies a likely loss of expression of the a4 nAChR subunit.
Taking this into account, it was expected that any a4 nAChR subunit signal in
both confocal microscopy and western blotting techniques would be absent.
Using the a4 nAChR subunit antibodies, under the conditions described, we were
unable to detect a difference between wild type and knock-out brain tissue in
western blots {Figs. 5.5, 5.6 & 5.11) and confocal microscopy {Figs. 5.7 & 5.8).
There was a degree of autofluorescence observed in the tissue prepared for
confocal microscopy, this may be attributed to the storage of the tissue in PFA at
4°C for up to 6 months prior to the experimentation, since aldehyde fixatives may
contribute to autofluorescence.
The outcome of these experiments raise questions about the specificity of the
anti-a4 nAChR subunit antibodies currently available. The fact that under the
given conditions they all failed to detect any appreciable difference between the
WT and KO tissue in blotting, immuno-precipitation and confocal microscopy
techniques suggests that any labelling seen is unlikely to be the a4 nAChR
subunit. The only other explanation is that the a4 nAChR subunit is still present
in the knock-out mice, which appears unlikely from the reduced nicotine binding.
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6

Discussion
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6.1 Premise of the study
The initial aim of this study was to elucidate the ultrastructural localisation of the
a4 nAChR subunit in rat nigrostriatal neurons. As discussed in the introduction,

there is a wealth of evidence for presynaptic nAChRs, of multiple subtypes, and
their involvement in dopamine release in the striatum. The results of
pharmacological experiments imply the presence of nAChRs yet do not provide
unequivocal verification of the subtypes present, or the absolute location of these
receptors. The studies with subtype selective ligands propose the a4p2* subtype
in addition to another p2 subtype containing either a3 or a6 subunits at
dopaminergic terminals (Kaiser et al., 1998;Kulak et al., 1997;Sharples et al.,
2000).

Previous studies have determined at least 4 subtypes of nAChR present in the
striatum, and RT-PCR of mRNA provided the range of available subunits
expressed by dopaminergic nigrostriatal neurons (Klink et al., 2001). The a4
subunit is not only expressed by these cells but has been proposed to feature in
all non-a7 nAChR subtypes identified in the substantia nigra (Klink et al., 2001).
This classification of the nAChR subtypes in dopaminergic neurons has been
superseded by a joint immunoprecipitation and ligand binding study, resulting in
the identification of 3 classes of nAChR a4a5p2, a4a6p2(p3) and a6p2(p3)(Zoli
et al., 2002). Both studies implicate the a4 nAChR subunit in the majority of
receptor subunit combinations, stressing the importance of this subunit.
The aim of this study was to use specific antibodies to immunolabel the a4
nAChR subunit and to employ microscopy techniques, including electron
microscopy, to determine the distribution of the subunit. This distribution pattern
would then be compared with the published pharmacological, binding, RT-PCR
and electrophysiological data to build a clearer model of the mode of action of
nAChRs. The putative classes of nAChR expressed by the dopaminergic
nigrostriatal neurons suggest that the a4 nAChR subunit is one of the
predominantly expressed subunits, and that it co-localises completely with the p2
nAChR subunit (Klink et al., 2001 ;Zoli et al., 2002). Immunolabelling would
enable visualisation of an a4 nAChR subunit signal such that its distribution may
then be compared to other subunits or neuronal markers.
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Immunolocalisation of the a4 nAChR subunit has already been performed on the
perikarya and dendrites of the dopaminergic cells in the SNc (Arroyo-Jimenez et
al., 1999;Sorenson et al., 1998), however there has been very little in the way of
information about the presence and distribution of nAChRs at the axon terminals
in the striatum. To date, light and confocal level microscopy of a4 nAChR subunit
immunolabelling has reported an absence of labelling in the striatum (ArroyoJimenez et al., 1999;Sorenson et al., 1998), which opposes the pharmacological
and immunoprecipitation data (Sharpies et al., 2000;Zoli et al., 2002).
The study of the p2 nAChR subunit localisation, (Hill et al., 1993), demonstrated
that light and confocal microscopy might not be sensitive enough to determine
terminal labelling, yet confirms cell body labelling and is a useful step towards
optimisation of immunoreactions for electron microscopy.
At the level of the light microscope the p2 nAChR subunit was localised to cell
bodies in the SNc and axon terminals in the striatum (Hill et al., 1993). Terminal
labelling in the striatum was implied by the diffuse staining pattern at the light
level, no cell bodies were positively labelled for the p2 nAChR subunit in the
striatum. Further to this, ultrastructural analysis using electron microscopy
revealed the presence of p2 labelling in a predominantly extrasynaptic role at
striatal dopaminergic terminals (Jones et al., 2001). This study established the
feasibility of this approach to address the questions of subcellular distribution of
nAChRs, particularly for labelling of axonal / terminal locations.This has been the
only ultrastructural study of nAChR distribution in the striatum to date, and
corroborates with the theory of p2* nAChRs involvement in dopamine release.
Taken together with the expression studies and the pharmacological evidence, a
study of the distribution of the a4 nAChR subunit would answer some questions
about nAChR composition, such as: does the a4 nAChR co-localise with the p2
nAChR subunit, and if so are there a4 negative p2 positive nAChR populations?
Is the a4 nAChR subunit selectively expressed on dopaminergic terminals, or
does it reside in other non-dopaminergic structures, like the p2 subunit (Jones et
al., 2001)? And finally at what ultrastructural locations is the a4 nAChR subunit
expressed in cells positive for a4 nAChR mRNA, does the protein remain in the
cell bodies or is it transported to the terminals in the striatum? Are a4* nAChRs
present at synaptic or extrasynaptic sites? An ultrastructural,
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immunocytochemical study of the a4 nAChR subunit would address these
questions.
6.2 Approach taken to the problem

To determine the localisation of the a4 nAChR subunit in nigrostriatal neurons,
an immunocytochemical approach based on the rational of the study of the p2
nAChR subunit distribution by Jones et al., 2001 was adopted. This entailed
analysis of antibody labelling at the light and confocal microscope level before
examination at the ultrastructural level using pre- and post-embedding electron
microscopy techniques.
This approach enabled an assessment of the available specific antibodies for
their ability to label the tissue under the fixation conditions applied. This also
facilitated the assessment of the specificity of the labelling observed, and
determination, via multiple labelling experiments, of the degree of co-localisation
observed for the a4 nAChR subunit labelling with other subunits and neuronal
markers.
The immunocytochemical approach in conjunction with electron microscopy has
been successfully employed for the investigation of the distribution of various
neuronal receptors or receptor subunits as discussed in the introduction (Section
1.3.3.3.3). Visualisation of the location of receptors enables the interpretation of
pharmacological data in terms of physiological actions, for example this approach
has indicated that GABAa receptors are selectively enriched at post synaptic
membranes, not uniformly expressed over the cell surface, on cerebellar granule
cells, suggesting that compartmentalisation within the plasma membrane is
employed for GABAergic synaptic transmission (Nusser et al., 1995).
6.3 Light and confocal microscopy

6.3.1 Light microscopy
Immunoperoxidase DAB labelling was carried out usingthe five available a4
nAChR subunit antibodies (Table 1.2) and TH antibodies. The TH labelling was
highly specific and clearly labelled cell bodied in the SNc and the corresponding
axonal field in the striatum (Fig 3.3), in agreement with previously published
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studies (Jones et al., 2001 ;Pickel et al., 1981;Smith and Bolam, 1990). The a4
nAChR subunit antibodies showed similar staining patterns, except for mAb 299
which appeared to non-specifically label all regions. The labelling observed was
noticeably weaker than that seen for TH but was restricted to cell bodies in the
same region, the SNc. This distribution pattern is in agreement with that reported
by Sorenson et al., 1998, and Arroyo-Jimenez et al., 1999.
The labelling with mAb 299 seen in this study was not only localised to cell
bodies in the SNc but was widespread through almost all brain nuclei and as
such was deemed to be non-specific (Fig 3.11). The study by Sorenson et al.,
1998, used mAb 299 to localise the a4 nAChR subunit, the tissue sections
studied were 30 pm and were cut on a cryostat. This differs from the techniques
used in this study where 70 pm sections were taken on a vibrating microtome.
The differences between the labelling of mAb299 observed in this study and that
of Sorenson et al., 1998 might be related to the changes in tissue preparation.
However, there were no low magnification images of the mAb 299 labelling
observed by Sorenson et al., 1998, so it is impossible to compare labelling
patterns outside of the SNc. Extra blocking steps against the anti-rat secondary
antibodies used with mAb 299 could have been carried out, as described by
(Dourado and Sargent, 2002), but since there were several alternative anti-a4
nAChR subunit antibodies available, further optimisation of mAb 299 labelling
was not explored.
Another of the antibodies used in this study, SC1772, was investigated by
Arroyo-Jimenez et al., 1999. Determination of the optimal concentration for
immunolabelling with this antibody was problematical. Using the same
concentration described by Arroyo-Jimenez et al. 1999, 0.2pg / ml, cell body
labelling in the SNc was observed but ther was also some labelling of soma and
dendrites in surrounding cells that were not expected to express the oA nAChR
subunit (Fig 4.12). A twofold reduction in the concentration virtually abolished all
labelling and was therefore unsuitable. Therefore 0.2pg / ml was the
concentration used for this study, using 0.15pg / ml gave a slight reduction in the
extraneous labelling but also reduced labelling in the SNc.
The labelling observed in this study with SC1772 was in good agreement with
that reported by Arroyo-Jimenez et al. 1999, where areas reported to express a4
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nAChR subunit mRNA were positively labelled. Labelling of cell bodies in regions
that have not been reported to express the a4 nAChR subunit, such as the
striatum, was also observed in both studies.
Initially this was a cause for concern over the specificity of SC1772 but it has
since been reported that there may be a population of GABA interneurons that
express non-a7 nAChRs (Koos and Tepper, 2002). These electrophysiological
data and the immunolabelling observed with SC1772 appears to be contrary to
the mRNA expression levels reported for the striatum (Azam et al., 2003;Wada et
al., 1989). However it must be considered that the in situ hybridisation technique
produces qualitative not quantitative data, therefore areas determined to be
‘negative’ for a particular mRNA may express low levels that were determined to
be insignificant. A comparative study of mRNA expression for the a4 and p2
nAChR subunits reported a vast difference in the levels of the mRNA transcripts
beween the subunits when compared to protein levels determined by [3H]nicotine
binding (Liu et al., 1996), suggesting that mRNA cannot be used as an empirical
measure of nAChR protein expression.
Of all of the anti-a4 nAChR subunit antibodies tested, SC1772 was the only
antibody to label cell bodies in the striatum at a concentration deemed to give
specific labelling.
The other three a4 nAChR subunit antibodies, AB5590, NCL-NARA4 and S1721,
shared the same labelling pattern, cell bodies were weakly labelled in the SNc
but not in the striatum (Figs 3.10 & 3.11).
6.3.2 Confocal microscopy
Because the immunoperoxidase DAB signal was relatively weak when using the
a4 nAChR subunit antibodies, particularly when compared to the TH labelling,
confocal microscopy was employed to improve the signal to noise ratio. The
fluorescent probe signals were easier to identify than the DAB reaction product,
and the confocal microscope enabled visualisation of planar sections throughout
the labelled brain tissue.
The labelling with all of the antibodies followed the same pattern that was seen
using the immunoperoxidase method. Using the confocal microscope, the a4
nAChR subunit immunolabelling was identified as non-nuclear and mainly
cytoplasmic. There appeared to be labelling of intracellular compartments,
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possibly the rough endoplasmic reticulum and golgi network, however it was not
possible to confirm the identity of these organelles from their appearance alone.
It would have been feasible to identify the labelled structures by performing
double labelling experiments with endoplasmic reticulum or golgi network
markers, such as glucose regulated protein 94 and golgi marker 58K protein,
respectively. This was not carried out for two reasons; electron microscopy was
subsequently performed allowing ultrastructural identification of organelles,
superseding the need for labelling at the confocal level; and previous studies
have already investigated the distribution of the a4 nAChR subunit within these
cell bodies (Arroyo-Jimenez et al., 1999;Sorenson et al., 1998), therefore it would
not have been a novel investigation.
Instead the facility for double labelling was employed to study the neurochemical
environment of structures immunolabelled for the a4 nAChR subunit. Double
labelling enabled localisation of the a4 nAChR subunit signal to TH positive cell
bodies in the SNc (Fig 3.15). Initially in this study, TH was labelled using a
secondary antibody directly conjugated to a fluorophore, while the a4 nAChR
subunit was labelled using a biotinylated secondary antibody and avidin D
conjugated to a fluorophore. The avidin biotin system (Fig 3.12) was necessary
to enhance the signal for the nAChR labelling, which was considerably weaker
than the TH signal. This approach has been employed for all published studies of
nAChR subunit labelling for confocal microscopy (Arroyo-Jimenez et al.,
1999;Goldner et al., 1997;Jones et al., 2001;Sorenson etal., 1998).
There was a high degree of co-localisation between the a4 nAChR subunit and
TH, labelling for a4 nAChR subunit was of variable intensity between cell bodies
but in the fields of view studied there were no cell bodies labelled singly for either
TH or the a4 nAChR subunit. This degree of co-localisation is in accord with the
findings of Sorenson et al. 1998, and Arroyo-Jimenez et al. 1999 where, in a
more extensive study, only a very small percentage of cells were not double
labelled. Single cell RT-PCR data (Klink et al., 2001) also suggest that all TH
cells expressed a4 nAChR mRNA, though to different extents, which is in
agreement with the variability of a4 nAChR subunit signal intensity observed.
However the study by Klink et al., 2001 also identified non-dopaminergic cells in
the SNr that expressed nAChR subunits including the a4 subunit. This is
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corroborated by the immunoprecipitation and electrophysiology data collected by
Zoli et al., (2002). However, in the double labelling experiments performed, using
the ABC system for a4 nAChRs and directly labelled fluorescent secondary
antibodies forTH labelling, reveals an absence of a4 positive, TH negative cell
bodies in the SN (Fig 3.15). This inconsistency is not unique to the a4 nAChR
subunit immunolabelling in the current study. The study of the (32 subunit (Jones
et al., 2001), also reported to be found in non-dopaminergic nigral cells (Zoli et
al., 2002), did not identify any TH negative cells labelled by the (32 nAChR
subunit antibodies. The absence of labelling in the SNr may be explained by poor
antibody labelling; alternatively the level of immunolabelling in these cells may
have been below the threshold of detection. It is also possible that the labelling
seen for the a4 nAChR subunit in the SNc is suspect, which will be further
discussed later.
In the striatum TH labelling was restricted to axons, identified by size and shape,
not cell bodies or dendrites. There was faint labelling of the a4 nAChR subunit,
the signal almost completely overlaid the TH signal in a composite image.
Surprisingly, given the relative sensitivity of the techniques, fewer cell bodies
were labelled with SC1772 in the confocal images than in the light level
experiments. Given that the primary and secondary antibody concentrations were
identical to those used in the immunoperoxidase technique, any differences
observed must be due to the reporter system.
Although a high degree of co-localisation was expected between the a4 nAChR
subunit and TH, particularly in the cell bodies of the substantia nigra, the
distribution pattern within the cells was not predicted to be identical. TH is a
mainly cytoplasmic enzyme that is highly expressed in dopaminergic neurons
whereas the nAChR is expressed at a considerably lower level and is a
transmembrane protein. That is not to say that all of the nAChR proteins are
expected to be located on the plasma membrane, however localisation would be
restricted to intracellular structures and not endogenously expressed in the
cytoplasm of soma. This type of distribution pattern was seen to some extent in
the single labelling experiments, yet double labelling with TH reveals a much
more diffuse labelling throughout the cell body, resembling the TH labelling. This
raised the question, how believable is the a4 nAChR subunit labelling?
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The use of the avidin-biotin enhancement creates a stronger signal, but cannot
be considered as a truly accurate representation of subcellular distribution, since
the signal is no longer strictly localised. Another caveat of this technique is the
increased potential of high background signals due to labelled avidin adhering to
tissue as well as the specific biotinylated antibodies. To reduce this non-specific
binding to endogenous biotin BSA was included in blocking buffer and all
antibody solutions, however this can only reduce, but not eradicte, the problem.
The high degree of co-localisation observed could be due to cross reactivity of
the secondary antibodies. To account for this possibility control groups were
included for each experiment, where only one of the primary antibodies was
included and both secondary antibodies were applied. This confirmed that there
was no cross reactivity of secondary antibodies occurring.
It was then determined that the manner in which the confocal microscope was
sampling images could lead to an artificially high signal due to the effect known
as bleed through, where fluorescence from one wavelength interferes with a
second wavelength spectra, appearing in both channels. The confocal
microscope set up is not mentioned in previous publications (Arroyo-Jimenez et
al., 1999;Sorenson et al., 1998), therefore it is unknown if sequential or
simultaneous excitation of fluorophores was used to produce images.
The replacement of the avidin -biotin system with AlexaFluor® directly
conjugated secondary antibodies (Section 3.2.5) overcame some of these
problems, together with a multi-tracking mode on the confocal microscope
(Section 3.2.4). Sampling the individual wavelengths separately, instead of
simultaneously, eliminated any chance of bleed-through.
The a4 nAChR labelling observed using the modified technique is very different
to the previous labelling (Fig 3.1.5). The labelling was no longer observed
throughout the soma, instead punctate labelling occurred in the cytoplasm of the
cell body and dendrites of TH positive cells (Fig 3.18). The labelling with the
AlexaFluor® antibodies enabled sharper images to be produced, the high
fluorescence allowed for a small pinhole, giving greater clarity. The TH labelling
was comparable to that seen with the FITC conjugated antibodies but more
intracellular structure was now visible. The a4 nAChR labelling is likely to be
more representative of the level of protein expression compared to the avidinbiotin labelling method. Using this method it was also possible to discern a
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population of a4 nAChR subunit labelled TH negative structures. Klink et al.,
2001 and Zoli et al., 2002 describe a4* nAChRs expressed in GABA neurons in
the substantia nigra providing a candidate for the labelled TH negative neurons.
This could be investigated by double labelling experiments using anti-GABA and
anti calcium-binding protein (ie. parvalbumin & calbindin-D 28k) antibodies
(Bennett and Bolam, 1994b;Pow, 1993;Pow and Crook, 1993) with the a4
nAChR subunit antibodies to determine co-localisation, confirming or eliminating
the presence of a4 nAChRs on GABAergic neurons in the SN.
The a4 nAChR subunit labelling previously seen in the striatum using the avidinbiotin technique was absent using the AlexaFluor® antibodies. Given the low
signal detected in the cell bodies of labelled neurons this was not completely
unexpected. It appears that the sensitivity of the confocal microscope was not
great enough to detect labelling of terminals in tissue sections. This result is in
agreement with that reported for the (32 subunit (Jones et al., 2001), where
subsequent synaptosome preparations and transmission electron microscopy
revealed immunolabelling not observed in tissue the confocal microscope level.
6.3.3 Synaptosome labelling
Previously the only experiments to demonstrate confocal labelling of presynaptic
receptors has been performed on cell culture but not in tissue sections (Zarei et
al., 1999).To increase the accessibility of antibodies to potential nAChR epitopes,
in the absence of reliable dopaminergic cell lines, it was decided that
synaptosome preparations would be made from striatal tissue. These
preparations have been successfully employed in superfusion studies (Section
1.3.1.1), where they represent the axon terminal population with, in some
instances, post-synaptic membranes also attached. Initial attempts to
immunolabel isolated nerve terminals were carried out on suspended
preparations, an approach used to label synaptosomes for the (32 nAChR subunit
(Jones et al., 2001). Extremely low yields due to high losses during washing and
centrifugation steps made this approach impractical. A technique in which the
synaptosome preparation is mounted onto microscope slides was reported by
Nayak et al., (2000), who produced striatal synaptosomes which they
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immunolabelled for the a3, <x4, and a5 nAChR subunits and the 5HT3 receptor to
determine co-localisation at the confocal microscope level.
Based on this study, and a similar technique used by Diaz-Hemandez et al.,
(2002), striatal synaptosome preparations were produced, mounted and
immunolabelled. Using this approach fluorescent labelling was detectable for TH,
synaptophysin and the a4 and p2 nAChR subunits.
In a triple labelling experiment, the majority of the a4 nAChR subunit labelling
was co-localised with the synaptic marker synaptophysin. Within this population
there were TH positive and TH negative groups.
Due to the difficulties in finding suitable antibody combinations that would not
cross-react, it was not possible to investigate most of the available a4 nAChR
subunit antibodies with respect to the synaptic marker and TH. Considering the
number of predicted dopaminergic terminals ~21% (Pickel et al., 1981), the
signal for TH was weak.This could be due to poor harvesting of dopaminergic
synaptosomes from the gradients, although this is unlikely since both fractions 3
and 4, which are reported to contain the dopaminergic terminals (Dunkley et al.,
1988;Robinson and Lovenberg, 1986), were collected and pooled. Alternatively,
this may reflect a loss of labelling efficiency, compared to the tissue preparations,
by either the primary or secondary antibodies used, or it could be due to the loss
of cytoplasm from some of the synaptosomes. Since synaptosomes are delicate
structures it is possible that during the washing processes a proportion of the
synaptosomes may become ruptured, this would retain any membraneassociated labelling, i.e. the nAChR subunits and synaptophysin, yet cytoplasmic
proteins would be lost. Of these possible explanations it is more likely that the
efficiency of the signal is compromised by the choice of wavelength for the
secondary antibody, compared to the other fluorophores the 633 wavelength
AlexaFluor® produced a weaker signal for any given protein.
Quantitative analysis of the labelling of the synaptosome preparations is not
appropriate since many of the images represent clumps of synaptosomes rather
than individual terminals. The majority of TH positive terminals are suggested to
be between 0.09 and 0.9 pm in diameter (Hanley and Bolam, 1997). The smaller
of these terminals would not produce viable synaptosomes due to the exclusion
of mitochondria in synaptosomes < 0.34 pm in diameter, hence the majority of
viable synaptosomes would be collected in fractions 3 and 4 where larger
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synaptosomes (<0.63 pm) are found. This indicates that the majority of visible
signals are unlikely to originate from a single synaptosome, given that the visible
fluorescence is typically between 1.2 and 2.0 pm in diameter.
Triple labelling with TH, a4 and (32 nAChR subunit antibodies revealed co
localisation of both of the nicotinic subunits with each other and TH. Separate
populations of (32 nAChR subunit positive structures that were a4 nAChR subunit
negative, or a4 nAChR subunit and TH negative, were also observed in
agreement with the findings of Jones et al. 2001. The observation that the a4
nAChR subunit labelling is not seen without p2 nAChR subunit labelling in the
dopaminergic synaptosome population supports the subunit combinations
proposed by Zoli et al., 2002. The presence of the (32 nAChR subunit on a4
nAChR subunit negative, TH positive synaptosomes is also consistent with the
existence of a6p2(p3) nAChRs on dopaminergic terminals (Zoli et al., 2002).
Confirmation of the existence of two, or more, discrete populations of
dopaminergic nigrostriatal cells expressing different nAChR subtypes would
represent a significant discovery in understanding the functional role of nAChRs.
The differing properties of individual nAChR subtypes could contribute to the
response of dopaminergic terminals to the local neurochemical environment,
thereby producing a range of sensitivities / responses dependent on the nAChR
subtype being expressed.
This a4 nAChR subunit labelling appeared to be promising evidence for the
presence of the a4 nAChR subunit at dopaminergic striatal terminals. However,
an attempt to co-localise two anti-a4 nAChR subunit antibodies resulted in a very
low correlation. As for previous multiple labelling experiments the combinations
of antibodies that could be tested was limited, preventing a range of pairwise
combinations. The lack of co-localisation between the two anti-a4 nAChR
subunit antibodies could be explained by steric hindrance at the epitopes
recognised by the antibodies, resulting in competition. The differences between
the labelling of these antibodies caused uncertainty over which was truly
representative. Electron microscopy was employed to identify the differences in
labelling, which could determine obvious non-specific or unusual staining
patterns.
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6.4 Electron microscopy
Due to the inconclusive nature of the immunolabelling results gained at the light
and confocal microscopy level, further investigation to assess the subcellular
distribution of the a4 nAChR subunit in the basal ganglia was carried out.
Electron microscopy was employed in an attempt to discover indications of the
functional significance of the a4 nAChR subunit hinted at by the pharmacological
evidence (1.1.4.1 & 1.3.1).
6.4.1 Pre-embedding TEM
The first electron microscopy experiments were based on the DAB labelling
performed for light microscopy. There were slight changes to the fixative, firstly
addition of 0.1% glutaraldehyde, and secondly detergent was replaced with a
freeze-thawing method to make membranes permeable but all other aspects
were identical to the light level method. Both of these adaptations were employed
to retain better morphology of ultrastructural components.
Although only minor changes were made to the conditions, compared with the
light level method (Sections 2.2.11.1 & 2.2.12.2), the presence of 0.1%
glutaraldehyde was sufficient to abolish all specific immunolabelling. The fact that
all of the a4 nAChR subunit antibodies were similarly affected implies that the
antigenicity of the a4 nAChR subunit was compromised. Any labelling observed
with the antibodies was found at sites where the fixative penetration was poor,
resulting in inferior morphological preservation. The high susceptibility of the a4
nAChR subunit immunolabelling to abolition in glutaraldehyde containing fixatives
may be in part related to the large cytoplasmic loop, to which the majority of
antibodies are targeted, which is noticeably larger than any of the other nAChR
subunits (Le Novere and Changeux, 2001).
Under the same conditions both of the TH antibodies used labelled the tissue
without difficulty, reinforcing the suggestion that the problem lies with the
susceptibility of the nAChR protein and not the technique. The percentage of
glutaraldehyde used was relatively low; ideally glutaraldehyde is used at 1-5% for
TEM preparations, although lower concentrations are used for immunolabelling
protocols; for pre-embedding immunolabelling of AMPA-type glutamate
receptors 3% paraformaldehyde plus 0.2% glutaraldehyde has been successfully
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employed (Bernard et al., 1997), and for GABA labelling 2.5% glutaraldehyde
and 1% paraformaldehyde was effective (Smith et al., 1990). It has previously
been demonstrated that this strong fixation is not tolerated by nAChR subunit
antibodies (Jones et al. 2001).
The TH labelling was easily detected and followed the same staining pattern
described by Jones et al., 2001 {Fig 4.1), as a cytoplasmic protein in high
abundance TH has proven to be highly amenable to immunolabelling, even
under harsh fixation conditions.
In the study performed by Arroyo-Jimenez et al., (1999), the fixative used for pre
embedding TEM was not categorically stated, they merely mention that the
addition of 0.1% glutaraldehyde did not alter the pattern of immunolocalisation. It
has been presumed therefore that this referred to a 4% PFA plus 0.1 %
glutaraldehyde fixative being used for the preparation of tissue for TEM. Under
the conditions described by Arroyo-Jimenez et al. 1999, excluding the
endogenous peroxidase quenching step, SC1772 did not produce noticeable
labelling in either the SNc or striatum (Section 4.2.3.2), inconsistent with the
observations reported by Arroyo-Jimenez et al., (1999). The fixation regime
utilised by Sorenson et al., (1998) was based on the pH shift technique, which,
as previously discussed (Section 4.2.5.1), was not considered suitable due to
questions raised about the alteration in the distribution pattern of nAChR subunit
labelling compared to normal PFA fixed tissue. For this reason and the difficulties
determining specific labelling with mAb 299, the experiments reported by
Sorenson et al., (1998) could not be replicated exactly in this study.
Utilisation of the pre-embedding gold technique overcame the difficulties of
discerning immunoperoxidase DAB reaction product against the background
counterstain. The limitation of this method was the restricted penetration of the
secondary, 1nm gold particle-conjugated antibody. The bulk of the gold
conjugate limits the penetration to a small strip along the tissue edge so that only
a small percentage of the tissue was available for analysis of labelling. Of the
anti-a4 nAChR antibodies tested only two, NCL-NARA4 and S1721,
demonstrated any immunoreactivity. The labelling patterns of these antibodies
were not consistent, labelling was sparse and several of the structures
associated with the particles were unidentifiable. Due to this low density of
labelling, meaningful analysis was not realistically possible.
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After several failed attempts to reproduce the findings previously reported by
Arroyo-Jimenez et ah, (1999), alternative fixation regimes were investigated.
Initially the fixative was adapted to omit the glutaraldehyde, meaning that the
technique was almost identical to that used for light level microscopy, with the
exception of a different permeation technique. All immunolabelling experiments
performed on other neuronal receptor classes have been performed on tissue
that has been preserved with a glutaraldehyde fixative (Section 1.3.3.3.3),
emphasising the difficult nature of the nAChRs when immunolabelling. Under the
glutaraldehyde-free fixation conditions the antibodies that worked well for light
microscopy, AB5590 and SC1772, exhibited the same ability to label the tissue.
The intensity of the staining was slightly lower, due to the less effective
permeation technique, but the distribution of labelling was very similar when
inspected under a light microscope. At the ultrastructural level the preservation of
morphological features was generally better than was expected. Delineation
between cells was possible although in some cases plasma membranes were
not well defined. There was acceptable preservation of myelinated axons
although, in other structures, vesicles and mitochondrial cristae were less distinct
{Figs 4.4 - 4.6). Overall the morphology was of a reasonable standard but had a
slightly nebulous appearance, where the membranes were not preserved with
great clarity.
This fixative permitted both single and double pre-embedding experiments to be
performed using the a4 nAChR subunit and TH antibodies. The double pre
embedding technique, utilising DAB and immunogold labelling, has been
investigated and optimised for the labelling of TH and leucine-enkephalin (Chan
et al., 1990), and has since been used to localise dopamine D2 receptor and
GABAb receptors in neurons also labelled for TH and glutamic acid
decarboxylase (GAD), respectively (Li et al., 2001;Sesack et al., 1994). This
approach enables the labelling of a receptor / subunit and neuronal marker
proteins that identify particular neurotransmitters to better understand the
distribution pattern of the receptors. Immunoperoxidase DAB labelling with
SC1772 and AB5590 was located in the cell bodies and dendrites of neurons in
the substantia nigra pars compacta. Labelling was not uniform throughout the
cell; DAB reaction product was concentrated in regions of dendrites and somatic
cytoplasm, this patchy distribution was also reported by Arroyo-Jimenez et al.,
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(1999). There was some association with membranes, although determination of
synaptic regions was hindered by the poor fidelity of membranes. DAB reaction
product was also associated with the outer membranes of some mitochondria in
regions where labelling was observed. This is likely to be due to the tendency of
DAB to stick to membranes since this phenomenon only occurred at
mitochondria in labelled areas. If the antibodies were specifically labelling a
mitochondrial protein we would expect all of the mitochondria to demonstrate
some labelling.
This highlights one of the caveats of DAB labelling when membrane proteins are
the target, membrane associated labelling cannot be confirmed as specific due to
the propensity of the DAB reaction product to stick to membranes
indiscriminately. A second problem in the determination of the labelling at
membranes is the physical properties of the reaction product. When 0 s 0 4 is
applied to DAB stained tissue it complexes with the reaction product to give and
electron dense stain that is very brittle. This appears to affect membranes in
close proximity; areas that are heavily DAB labelled show membrane disruption.
Double labelling of the PFA fixed tissue localised the a4 nAChR subunit labelling
to TH positive cell bodies and dendrites in the SNc (Fig 4.7). Labelling was
predominantly cytoplasmic, identification of any intracellular structures that might
be associated with labelling was impeded by the heavy DAB labelling of TH. The
presence of the a4 nAChR in dopaminergic cell bodies and dendrites is in
agreement with a post-synaptic role for nAChRs in dopamine release. The
presence of high affinity, a4p2* nAChRs on dopaminergic cell bodies in the SNc
has been implied by [3H]nicotine autoradiography (Clarke et al., 1985b;Clarke
and Pert, 1985), and the stimulating effect of nicotine application in the SNc on
dopamine release in the striatum. There is cholinergic innervation from the
pedunculopontine nucleus, supported by neuroanatomical and
electrophysiological evidence, contributing to the modulation of striatal dopamine
release (Blaha and Winn, 1993;Clarke et al., 1987).
Some association with mitochondria was also observed using the pre-embedding
gold technique; this is not uncommon when using gold particle conjugated
antibodies. The mitochondria contain several highly charged groups as part of
the electron transport chain; these groups can contribute to an electrostatic
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attraction of the gold particles. This problem is also encountered in the post
embedding immunogold technique.
In the striatum a proportion of axons labelled for TH with DAB also contained the
a4 nAChR subunit gold labelling (Fig 4.8). In addition to the TH positive
population, a TH negative population of a4 nAChR subunit positive structures
was identified (Fig 4.9). This is similar to the labelling seen for the p2 nAChR
subunit (Jones et al., 2001 ).Several of these TH negative structures were difficult
to identify, the morphology being neither categorically axonal, dendritic nor
somatic. With SC1772 labelling there were also incidences of dendritic labelling,
as was seen with DAB labelling at the light level in this study and in that by
Arroyo-Jimenez et al. (1999).
Although the labelling with the a4 nAChR subunit antibodies was easily
discernable, the identification of some of the labelled structures, particularly at
high magnifications, was not possible due to poor membrane preservation. This
led to further exploration of alternative fixatives that would provide a high degree
of antigenicity yet conserve ultrastructure.
The fixative determined to fit these criteria was paraformaldehyde-lysineperiodate, PLP, a fixative first described in 1974 (McLean and Nakane, 1974),
which utilises saccharide groups on glycoproteins for formation of new aldehyde
groups that are cross-linked by lysine (Section 4.2.6). Trials in the laboratory
determined that addition of 0.1 % glutaraldehyde to the PLP solution enhanced
the overall fixation yet did not have the usual detrimental effect on antigenicity.
The two antibodies found to perform best in PFA fixed tissue, AB5590 and
SC1772, also proved to be more efficient under the PLP regime, with no
apparent changes to gross labelling (Figs 4.10 - 4.12). The ultrastructural
morphology of the PLP fixed tissue was greatly improved compared to PFA fixed
samples; membrane demarcation was more precise giving images a sharper
appearance. Under these conditions the boundaries of DAB labelled structures
were easier to identify. This improvement in clarity enabled the discovery that
several of the structures labelled in the striatum did not appear to be axonal,
even though dimensionally they were unlikely to be dendritic. The structures
appeared to be space-filling, more characteristic of glial cells than neuronal. This
result was surprising yet would explain the presence of the small population of a4
nAChR positive cell bodies detected by SC1772. Until recently it was assumed
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that nAChRs expressed in the brain were restricted to neuronal cells, but an RTPCR study of oligodendrocyte precursor cells from rat brain revealed the
expression of a3, a4, a5, a l, p2 and p4 nAChR subunit mRNAs (Rogers et al.
2001). There has been little investigation into the existence of nAChR protein in

these cells however it must be considered a possibility. There is some evidence
for functional a l nAChR on hippocampal astrocytes where they appear to play a
role in triggering release of calcium from intracellular stores (Sharma and
Vijayaraghavan, 2001). An immunohistochemical study in human tissue reported
the presence of the a l but not the a4 nAChR subunit in astrocytes of patients
suffering from Alzheimer’s disease (Teaktong et al., 2003). This appears to be
contradictory to the findings in the present study, however the species being
studied are different and indeed the human tissue represents a diseased state so
may be pathologically altered. To confirm the localisation of the immunolabelling
in this study, glial and neuronal markers, i.e. glial fibrillary acid protein (GFAP)
and the NeuN neuronal marker, respectively, would have to be used, this was not
carried out due to the time constraints of the study.
The labelling pattern of AB5590 differed from SC1772 in initial experiments, the
dendritic and somatic labelling in the striatum observed with SC1772 was absent,
although all other aspects in striatum and SNc remained the same. Conversely,
application of AB5590 from a second batch to that used for the initial studies
reproduced the labelling pattern seen with SC1772. Since both of the antibodies
were raised to almost identical peptides (Table 1.1) it is likely that the second
batch of AB5590 recognised exactly the same protein as SC1772. The first batch
of AB5590, on the other hand, demonstrates labelling of a sub-population of
those targets recognised by SC1772. This highlights the incongruities of
antibodies that are not from a monoclonal source; different populations of
antibodies are raised in response to an immunogen with every immunisation
(Personal Communication Dr D. Harper, Product Development Manager, Abeam
Ltd).

6.4.2 Post-embedding TEM
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In addition to the pre-embedding techniques employed to localise the a4 nAChR
subunit, post-embedding immunogold labelling was carried out. This approach
offers an alternative method of tissue preparation and antigen presentation, with
the added advantage of multiple labelling using the same technique. The main
shortcomings of this technique are the limited number of antibodies that label
post-embedded tissue, and the inferior ultrastructural morphology compared to
pre-embedding methods. In view of the fact that the tissue sample is encased in
a soft resin before immunoreactions take place, it is not surprising that few
antibodies recognise epitopes in post-embedded tissue. However this approach
has been successfully employed to localise metabotropic glutamate receptors
and GABAa receptor subunits (Fujiyama et al., 2000;Lujan et al., 1996), and both
the p2 and a7 nAChR subunits (Fabian-Fine et al., 2001 ;Jones et al., 2001). The
access to antigenic sites in post-embedded tissue is improved by etching with
sodium ethanolate, which removes some of the surface resin. One advantage of
the post-embedding technique is the manner of tissue preparation, which is not
as harsh as for pre-embedding and is more conducive to maintaining the native
conformation of proteins. Secondly, the results are more quantitative than for the
previously applied forms of labelling, i.e. pre-gold or immunoperoxidase.
Labelling with the anti-TH antibodies was consistent with the distribution patterns
observed using the pre-embedding techniques, and the labelling observed by
Jones et al., 2001. All of the available a4 nAChR subunit antibodies were tested
on nigral and striatal tissue using the post embedding technique. For most of the
antibodies tested the concentrations that produced labelling over the tissue
sections also labelled non-tissue regions of resin, including capillary lumen. The
affinity purified S1721 was the only antibody that demonstrated tissue labelling
with a low level of non-specific binding to the surrounding resin, and low
mitochondrial and nuclear staining, at a concentration of 1pg / ml (Fig 4.15).
Labelling over the tissue was at a low level in both nigra and striatum. The
labelling in the SNc was associated predominantly with cell bodies; a small
amount was nuclear, less than 5%, the remaining labelling was mainly
associated with structures with the morphological appearance of endoplasmic
reticulum. Labelling in the striatum was harder to determine due to the diminutive
size (typically 1-25 pm diameter) of the structures labelled. For this reason a
double labelling experiment was performed with TH to investigate the distribution
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of the a4 nAChR subunit in both SNc and CP. Initial indications were that there
was a high degree of co-localisation of TH and a4 nAChR subunit in the SNc,
however closer inspection of control groups, containing both secondary
antibodies yet only one primary antibody, revealed cross reactivity between the
goat and sheep antibodies employed.
Due to time constraints it was not possible to repeat the double labelling
experiments using alternative antibody combinations to avoid cross reactivity.
From the single labelling of S1721 it was difficult to determine significance of the
labelling due to the low level of immunoreactivity. The density of labelling did not
satisfy the accepted criterion for a positively labelled structure of a minimum of 2
gold particles per structure (Ingham, 1992).
This technique has been employed successfully for the (32 nAChR subunit and
TH co-localisation in the SNc and CP (Jones et al. 2001). The a4 nAChR subunit
has been studied with post-embedding immunogold microscopy using the
SC1772 antibody by Arroyo-Jimenez et al. 1999. In that study the tissue was
prepared using pH shift fixation, using aldehyde fixatives of acidic and alkali pH
sequentially. This approach relies on the state of protonation of aldehyde
moieties in the tissue at different pHs to improve fixation, compared to single pH
techniques.
In the present study the pH shift fixation regime was not explored, experiments
with post-embedding immunogold labelling of the a3 and (32 nAChR subunits
revealed distribution patterns that were not consistent with DAB labelling
techniques or ligand binding data (personal communication Dr I. Jones). It
became apparent that the a4 nAChR subunit was particularly recalcitrant with
respect to immunocytochemistry, repeated attempts with a variety of techniques
were unable to provide practical evidence for the distribution of this protein.
Labelling of the a4 nAChR subunit was observed in several instances, yet this
labelling could not be corroborated with the published electrophysiological and
pharmacological data (Section 1.3.1). These data suggested that the location of
the a4 nAChR subunit would be in dopaminergic nigrostriatal terminals, either
synaptic or extrasynaptically distributed. This kind of labelling at symmetric
synapses, of the kind predicted in the model proposed by Kaiser et al., (2000)
(Fig 1.9), was not observed with significant frequency. Indeed there were
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difficulties determining a unified staining pattern between the different antibodies
tested.
Due to the disparity of labelling patterns between the available a4 nAChR subunit
antibodies, the specificity of the antibodies was explored further using
immunoprecipitation and western blotting techniques, and tissue from the newly
available a4 nAChR subunit null mutant mouse (Ross et al., 2000).
6.5 Antibody characterisation

Western blotting has frequently been used as a first step for antibody
characterisation. For many of the a4 nAChR subunit antibodies western blot data
had been previously published, for the commercially available antibodies western
blotting data were quoted in data sheets, with the exception of NCL-NARA4.
NCL-NARA4 is a monoclonal antibody raised against a protein rather than a
peptide immunogen, and as such does not appear to recognise linear epitopes.
This emphasizes one drawback of western blotting using SDS-PAGE, the
proteins are denatured to an approximately linear state, so antibodies that
recognise proteins in a western blot do not always recognise the same protein in
its native conformation, and vice versa. Western blotting is useful to determine
the presence of a specific protein band, and approximate molecular weight. If
multiple bands are detected then the antibody is either recognising multiple
proteins or, if the bands are of a smaller molecular weight than the target protein,
degradation products formed during lysate preparation. The occurrence of
degradation products is a particular problem when using membrane proteins, the
removal of the membrane environment destabilises the protein, which increases
the chance of fragmentation. The inclusion of protease inhibitors reduces
enzymic digestion of proteins.
In the method predominantly used for this study, the boiling SDS method as
described in Arroyo-Jimenez et al. 1999, there is no need for protease inhibitors
to be included. The tissue is homogenised in the boiling SDS directly after being
frozen in liquid nitrogen, this means that all of the proteins present will be
instantaneously rendered inactive, as they are denatured, including proteases.
The boiling SDS method is assumed to produce the same end product as more
orthodox methods; in the more common lysis buffer method proteins are
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introduced to boiling buffer containing SDS (laemmli) before loading onto gels.
For this study both methods were initially appraised and it was found that the
results were virtually the same when using lysis buffer or SDS methods. The only
difference between them was a greater yield of protein, giving stronger bands,
with the boiling SDS method. This result, combined with the simplicity of the
method, made the boiling SDS approach the preferred choice for this study.
The initial results from western blotting and immunoprecipitation experiments
were promising; a band of approximately the right molecular weight (70 kDa plus
glycosylation) was labelled by the a4 nAChR subunit antibodies. The labelling of
a mouse brain homogenate produced a similar staining pattern to that of the rat
brain homogenate, with the high molecular weight band appearing at the same
molecular weight, ~ 85KDa (Fig. 5.1). In addition to the large band several faint
bands were observed at smaller molecular weights, including a band at ~ 30-35
KDa. These smaller bands were initially assumed to represent degradation
products.
In this study the bands observed for the rat and mouse a4 nAChR subunit
labelling demonstrated almost identical profiles, this was contrary to the data
published by one group, who found the rat a4 nAChR subunit to be ~70KDa, and
the mouse a4 nAChR subunit to be 83 KDa (Arroyo-Jimenez et al., 1999;Marubio
et al., 1999). This discrepancy in size is surprising given the similarity in the a4
nAChR subunit sequences for both species (Appendix 1).
The predicted molecular weight of the a4 nAChR subunit from sequence data is
~ 70 KDa, in this study the large molecular weight band appeared to be larger
than this, ~ 85 KDa, similar to that observed for the mouse subunit in Marubio et
al., 1999. It is possible that this size discrepancy may be attributed to the high
degree of glycosylation.
The molecular weights determined from western blots are only approximate; this
is due to the different nature of individual proteins, which affects the way they
separate in the SDS-PAGE gel, and the degree of accuracy in the separation of
molecular weight markers in small gels. The resolution of the apparent molecular
weights could be improved by running larger gels and by increasing the
acrylamide content of the gels.
Under the assumption that the discrepancies in apparent molecular weight of the
a4 nAChR subunit can be explained by the factors mentioned, it would be
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reasonable to accept the bands on the blots as representative of the a4 nAChR
subunit. Alternatively, it must be considered that the bands on the blot may
represent proteins other than the a4 nAChR subunit. This would not be the first
reported incidence of multiple targets being recognised by nAChR antibodies: the
electron microscopy study of the a7 nAChR subunit with the M220 antibody
demonstrated that this antibody recognised a second protein expressed in
mitochondria (Fabian-Fine et al., 2001).
In the current study it is possible that at least some of the antibodies were
recognising a glial protein, although the scope of this study did not allow for any
investigation to determine any candidate proteins. A database search with the
FASTA programme using the immunising peptide sequence for the AB5590 and
SC1772 antibodies, described in table 1.1, only returned sequence matches for
the a4 nAChR subunit of various species. This alone does not exclude the
possibility that other proteins might be recognised by the antibodies since not all
proteins, predicted by the number of genes, have been identified, sequenced and
entered into database. Additionally this search only takes into account linear,
consecutive epitopes, without allowing for presentation of residues in the native
conformation.
With the advent of a4 nAChR subunit knock-out mice (Marubio et al., 1999;Ross
et al., 2000), came the ability to test the specific antibodies on rodent brain tissue
that was a negative control for the a4 nAChR subunit. Fortunately brain tissue
from a4 nAChR subunit knock-out mice constructed by the Australian group,
(Ross et al., 2000), was made available for use in this study. Western blotting of
a4 nAChR knock-out tissue had previously been reported, the SC1772 antibody

had been tested on the a4 nAChR knock-out constructed by the French group
(Marubio et al., 1999). They reported the loss of a specific band at ~83 KDa in
the knock-out tissue compared to the wild type littermate. The tissue preparation
method for producing whole brain lysates, based on the method of ArroyoJimenez et al., 1999, was used for the blotting experiment in Marubio et al. 1999,
and was therefore employed in this study.
The western blotting and immunoprecipitation experiments performed with
homogenates of brain tissue from knock-out mice and their wild type
counterparts revealed an unexpected result. With four of the antibodies used in
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this study there were no appreciable differences between the wild type and
knock-out lysates tested (Figs. 5.5 and 5.6).
This result could be interpreted in two ways; either all of the antibodies tested
under these conditions failed to detect a specific a4 nAChR subunit band,
instead several non-specific bands were recognised, or that the tissue sample
presumed to be a4 nAChR subunit knock-out tissue still contained the a4 nAChR
subunit protein. Tissue sections for the a4 nAChR knock-out mice demonstrated
a lack of high affinity binding to radiolabelled nicotine, cytisine and epibatidine in
autoradiography experiments (Ross et al., 2000). In addition to the in situ
hybridisation experiments using selective oligomers (Ross et al., 2000), it
appeared that the knock-out mice were lacking the a4 nAChR subunit, however
this did not exclude the possibility of mis-genotyping or mislabelling of the tissue.
To investigate whether the knock-out tissue was indeed lacking the a4 nAChR
subunit, radiolabelled ligand binding was performed on membrane preparations
from wild type and knock-out mouse brains. Due to the dearth of a4* subtype
specific ligands, nicotine, specific for the a4p2* subtype (Zoli et al., 1998), was
used for the binding study. Given the abundance of the a4p2* nAChR high
affinity nicotine binding subtype (Clarke et al., 1985b), loss of this receptor
subtype would be apparent from the [3H]nicotine binding experiment.
The binding results from the current study demonstrated a perceptible difference
between the wild type and knock-out tissue binding capacities, consonant with a
loss of the high affinity nAChR subtype. The binding was reduced but not
completely removed in the knock-out tissue, this could mean the animals were
heterozygously expressing the a4 nAChR subunit. It is more likely that the
residual binding can be contributed to low level of non-a4p2* binding that
remains in the medial habenula and interpeduncular nucleus combined with a
high degree of error in the measurement.
Ideally the binding experiments would be repeated to improve on accuracy; this
was not possible due to the limited amount of tissue available from a single brain
for the membrane preparation, protein estimation and western blotI
immunoprecipitation experiments. Tissue from multiple brains could have been
pooled however in this instance, where genotype labelling of individual brains
was in question, this was not appropriate. Another factor that likely contributed to
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the ambiguous results is the fact that the conditions were non-saturating,
suggesting that the specific binding to the WT tissue could be significantly
greater under more saturating conditions. Without the limitations previously
mentioned, it would have been possible to demonstrate this by using a range of
membrane preparations dilutions, and hence protein concentrations, in order to
achieve saturating conditions.
The binding results suggested that the knock-out and wild type animals did
express different nAChR profiles, consistent with loss of the a4 nAChR subunit
(either heterozygous, +/- or null mutant, -/-). Brain tissue homogenate from the
same preparations tested for [3H]nicotine binding was subsequently used for
immunoprecipitation and western blotting with the five a4 nAChR subunit
antibodies. The results from this final western blotting experiment, on brain
lysates that were established to be from wild type and a4 nAChR subunit knock
out animals, using all five anti-a4 nAChR subunit antibodies confirmed the
previous results. The antibodies could not detect any difference between the wild
type and knock-out tissues. From the binding data we would expect at least a
60% reduction in the specific band on a western blot, which should be clearly
detectable by eye, yet the band intensities appear indistinguishable (Fig.5.11)
This result calls into question the data published by Marubio et al., 1999: the
SC1772 labelling was not abolished in western blots of the null mutant mouse
tissue in this study (Fig 5.11), whereas Marubio et al., 1999 reported a complete
elimination of labelling in their a4 nAChR subunit knock-out tissue. The image of
the western blot produced by Marubio et al., 1999, is small with separate images
for wild type and null mutant lanes, yet the ‘specific’ band can be seen clearly in
the wild type blot. There is very little information about any control measures and
conditions for this blot.
The two a4 nAChR subunit knock-out mouse lines were based on different initial
strains crossbred with CB57/BL6 mice, giving a possible explanation for the
inconsistencies between the current study and Marubio et al., 1999. Although
there have been reported differences of sensitivity to nicotine in mice from
different strains (Marks et al., 1983), it is unlikely that this subtle difference would
cause such a disparity of results; however it must be considered a possibility.
Further to the western blotting characterisation of the a4 nAChR subunit
antibodies, immunolabelling and subsequent confocal microscopy was
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performed. A more direct comparison of the performance of the antibodies using
knock-out tissue was possible, by employing the same methodology
(immunolabelling), to compare with the results experiments performed on rat
tissue.
These results were consistent with the outcome of the western blotting
experiments; there were no observable differences between the wild type and
knock-out tissue labelling patterns {Figs. 5.7 and 5.8). A similar problem has
been discovered with several anti-a7 nAChR subunit antibodies, where
immunolabelling did not disappear in a7 nAChR subunit knock-out tissue
(personal communication, Dr I Jones).
Taking into account that there may be differences between rat and mouse
tissue, although unlikely, it cannot be categorically stated that labelling in rat
tissue does not contain at least some specific a4 nAChR subunit signal. Although
the western blotting data from rat and mouse tissue, using the a4 nAChR subunit
antibodies, appears to be similar enough to suggest that the result observed
using knock-out mice is applicable to both rat and mouse; that there is no specific
a4 nAChR subunit signal.
These findings may go some way towards explaining the distinct absence of
publications reporting immunolabelling of a4 nAChR subunit knock-out mouse
tissue. When compared to the more abundant literature produced for various
aspects of the p2 nAChR subunit null mutant mice, the a4 nAChR subunit knock
out mice have received less attention. Considering the relative abundance of the
a4 nAChR subunit in the brain and its role in forming the high affinity nicotine
binding receptor subtype with p2, it would not be unreasonable to expect
distribution studies to have been carried out on the a4 knock-out tissue.
Surprisingly there have been very little published data, using either of the strains
of null mutant mice, with regard to localisation. There have been no published
investigations, at even the light or confocal microscopy level.
The data from this study suggest that the immunolabelling observed, using the
antibodies and conditions described here, is not specific for the a4 nAChR
subunit. Until the advent of null mutant mice it was not possible to determine with
any degree of confidence the absolute specificity of the antibodies marketed as
anti-a4 nAChR subunit antibodies.
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The role of the a4 nAChR subunit appears to be complex, the knock-out mice
constructed by two different groups both demonstrate subtle phenotypes;
reduced antinociception, increased anxiety and, dependant on the strain reduced
ssensitivity to the depressant effect of nicotine on locomotor activity (Marubio et
al., 1999;Ross et al., 2000). It appears that the a4 nAChR subunit does not play
a crucial role in development like the a3 nAChR subunit (due to its role in
autonomic neurons) (Xu et al., 1999a), producing no gross developmental
abnormalities. It should not be assumed that this denotes an obsolete role for the
a4 nAChR subunit however. The alterations in nicotine binding and elicited

striatal dopamine release implies a4* receptor involvement in the actions of
cholinergic agonists on the motor functions of the basal ganglia (Marubio et al.,
2003). Also, from the observations of a4 nAChR subunit mutations in patients

suffering ADNFLE, there appears to be a direct involvement of the a4 nAChR
subunit with respect to the induction of certain seizures (Itier and Bertrand,
2002). This is consistent with a4 nAChR subunit knock-out studies that
demonstrate increased sensitivity to GABA receptor blockers resulting in
seizures(McColl et al., 2003;Wong et al., 2002). The a4* nAChRs may also be
involved in the pain pathways affected by nicotine (Marubio et al., 1999).
The aim of this study was to elucidate the location of a4* nAChRs by studying
the a4 nAChR subunit distribution using specific antibodies and microscopy
techniques. Due to the problems encountered with both the difficult fixation
conditions and an apparent lack of specificity of the antibodies used, it was not
possible to determine specific locations of a4 nAChR subunit expression in this
study.
The evidence for the presence of the a4 nAChR subunit in dopaminergic
nigrostriatal neurons has been produced from pharmacological and ligand
binding studies (Section 1.3). Recently elegant studies employing a4 nAChR null
mutant mice have identified a4* nAChRs in these neurons, which corroborates
the previous findings (Klink et al., 2001). The presence of nAChRs in the terminal
field of these nuclei, the striatum, has also been addressed using a combination
of immunoprecipitation and ligand binding techniques to confirm a4* nAChR
populations (Zoli et al., 2002).
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The amassed evidence indicates not only the presence, but also a specific role
for a4 nAChR subunit containing receptors in the basal ganglia. The
understanding of the specific location, with respect to synapses and cellular
location, of these receptors would contribute to the understanding of the
mechanism by which nicotine exerts its effects. To date the investigation of this
question is limited by the tools available. To avoid the use of specific antibodies
and their associated problems, selective/specific ligands conjugated to visible
markers (i.e. gold particles or fluorophores) may offer the best option for the
study of nAChR distribution.
In addition to the study of knock-out mice, studies of parkinsonian models, ie. 6OHDA lesioning, may also be valuable, to look for the reduction in strial nAChR
labelling in conjunction with the loss of nigro-striatal dopaminergic terminals in an
attempt to answer some of the questions about the a4 nAChR subunit
distribution. Partial nigral lesioning that allows subsequent regeneration of striatal
terminals also provides a unique opportunity for studying the role of nAChRs
(Stanic et al., 2003). It would be interesting to explicate a possible role for
nAChRs in dopaminergic neuronal regeneration, given the evidence for the
neuroprotective role suggested for a7 and a4* nAChRs (Dajas-Bailador et al.,
2000;Ryan et al., 2001).
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6.6 Conclusions
In this study, under the conditions used, it appears that the immunolabelling of
the cc4 nAChR subunit using multiple antibodies was not specific. The labelling at
the ultrastructural level did not follow the pattern predicted by ligand binding,
electrophysiology and pharmacology data.
Light, confocal and electron microscopy was successfully carried out using
antibodies for the dopaminergic marker TH. Achieving a visible level of a4
nAChR subunit labelling in tissue fixed for electron microscopy was particularly
challenging, and upon close inspection labelling appeared to be glial in at least
some instances. It is possible that non-neuronal cells do posses nAChRs, RTPCR suggests that oligodendrocyte precursor cells express a3, a4, a5, a7, (32,
and p4 nAChR subunits (Rogers et al., 2001). Nevertheless, if this were true, it
does not explain the lack of a4 nAChR subunit signal in dopaminergic terminals.
Light level microscopy demonstrated labelling in the cell bodies and dendrites of
the SNc but could not detect labelling in terminals in the striatum. The processing
of the tissue for TEM differs slightly from that prepared for light microscopy,
however the changes are subtle enough that the labelling using a4 nAChR
subunit antibodies should be the same. The labelling seen under the electron
microscope suggests that the anti-a4 nAChR subunit antibodies are recognising
another protein, or proteins, giving rise to a specific labelling pattern, that does
not correspond to the a4 nAChR subunit.
Consistent with this, under the conditions used for this study, immunolabelling by
all of the antibodies tested failed to be abolished in null mutant mice. This does
not prove that all available a4 nAChR subunit antibodies are non-specific, but for
the purposes of the immunolabelling experiments demonstrated here, the a4
nAChR subunit labelling is not specific. Since the advent of nAChR subunit knock
out mice there has been ligand-binding, pharmacological and behavioural data,
yet no publications containing immunolabelling experiments. This lends weight to
the argument that there is a problem with the specific antibodies.
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To conclude, the results from this study suggest that interpretation of
immunocytochemistry data must be cautious, and that accepting antibodies as
specific is not recommended without rigorous investigation.

232

Appendix 1
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NICA4HS
NICA4RN
NICA4GG
NICA4MM

------------------------------ ASSHVETRAHAEERLLKKLFSGYNKWS
MANSGPGAPPPLLLLP— LLLLLGTGLLPASSHIETRAHAEERLLKP.LFSGYNKWS
---------- GFLVSKGNLLLLLCAS j FPAFGHVETRAHAEERLLKKLFSGYNKWS
MEIGGSGAPPPLLLLL--LLLLLGTGLLPASSHIETRAHAEERLLKRLFSGYNKWS

NICA4HS
NICA4RN
NICA4GG
NICA4MM

RPVANISDWLVRFGLSIAQLIDVDEKNQMMTTNVWVKQEWHDYKLRWDPADYENV
RPVGNI SDWLVRFGLS IAQLI DVDEKNQMMTTNVWVKQEWHDYKLRWDPGDYENV
RPVANI SDWLVRFGLS IAQLI DVDEKNQMMTTNVWVKQEWHDYKLRWDPQEYENV
RPVANI SDWLVRFGLS IAQLI DVDEKNQMMTTNVWVKQEWHD YKLRWDPGDYENV

NICA4HS
NICA4RN
NICA4GG
NICA4MM

TSIRIPSELIWRPDIVLYNNADGDFAVTHLTKAHLFHDGRVQWTPPAIYKSSCSID
TSIRIPSELIWRPDIVLYNNADGDFAVTHLTKAHLFYDGRVQWTPPAIYKSSCSID
TSIRIPSELIWRPDIVLYNNADGDFAVTHLTKAHLFYDGRIKWMPPAIYKSSCSID
TSIRIPSELIWRPDIVLYNNADGN FAVTHLTKAHLF YDGRVQWT PPAIYKSSCSID

NICA4HS
NICA4RN
NICA4GG
NICA4MM

VTFFPFDQQNCTMKFGSWTYDKAKIDLVNMHSRVDQLDFWESGEWVIVDAVGTYNT
VTFFPFDQQNCTMKFGSWTYDKAKIDLVSIHSRVDQLDFWESGEWVIVDAVGTYNT
VTFFPFDQQNCKMKFGSWTYDKAKIDLVSMHSWDQLDYWESGEWVIINAVGNYNS
VTFFPFDQQNCTMKFGSWTYDKAKIDLVSMHSRVDQLDFWESGEWVIVDAVGTYNT

NICA4HS
NICA4RN
NICA4GG
NICA4MM

RKYECCAEIYPDITYAFVIRRLPLFYTINLIIPCLLISCLTVLVFYLPSECGEKIT
RKYECCAEIYPDITYAFIIRRLPLFYTINLIIPCLLISCLTVLVFYLPSECGEKVT
KKYECCTEIYPDITYSLYIRRLPLFYTINLIIPCLLISFLTVLVFYLPSECGEKIT
RKYECCAEIYPDITYAFIIRRLPLFYTINLIIPCLLISCLTVLVFYLPSECGEKVT

NICA4HS
NICA4RN
NICA4GG
NICA4MM

LCISVLLSLTVFLLLITE11PSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHH
CASSVLLSLTVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHH
LCISVLLSLTVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHH
LCISVLLSLTVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHH

NICA4HS
NICA4RN
NICA4GG
NICA4MM

RSPRTHTMPTWVRRVFLDIVPRLLLMKRPSWKDNCRRLIESMHKMASAPRFWPEP
RSPRTHTMPAWVRRVFLDIVPRLLFMKRPSWKDNCRRLIESMHKMANAPRFWPEP
RSPRTHTMPDWVRRVFLDIVPRLLFMKRPSTVKDNCKKLIESMHKLTNSPRLWSET
RS PRTHTMP AWVRRVFLDI VP RLL FMKRP SW K D N C RRLIE SMHKMANAPRFWPE P

NICA4HS
NICA4RN
NICA4GG
NICA4MM

EGEPPATSG
TQSLHPPSPS — FCVPLDVPAEPGPSCKSPSDQLPPQQPLEAE
VGEPGILSDIC— NQGLSP-APT— FCNPTDTAVETQPTCRSPPLEVPDLKTSEVE
DMEPNFTTSSSPSPQSNEP-SPTSSFCAHLEEPAK--PMCKSPSGQYSMLHPEPPQ
ESEPGILGDIC— NQGLSP-APT— FCNRMDTAVETQPTCRSPSHKVPDLKTSEVE

NICA4HS
NICA4RN
NICA4GG
NICA4MM

KASPHPSPGPCRPPHGTQ-APGLAKARSLSVQHMSSPGEAVEGGVRCRSRSIQYCV
KASPCPSPGSCPPPKSSSGAPMLIKARSLSVQHVPSSQEAAEDGIRCRSRSIQYCV
VTCSSPKP-SCHPLSDTQ-TTSISKGRSLSVQQMYSPNKTEEGSIRCRSRSIQYCY
KASPCPSPGSCHPPNSSG-APVLIKARSLSVQHVPSSQEAAEGSIRCRSRSIQYCV

NICA4HS
NICA4RN
NICA4GG
NICA4MM

PRDDAAPEADGQAAGALASRNTHSAELPPPDQPSPCKCTCKKEPSSVSPSATVKTR
SQDGAASLADSKPTSSPTSLKARPSQLPVSDQASPCKCTCK-EPSPVSPVTVLKAG
LQEDSS-QTNGHSSASPASQRCHLNEEQPQHKPHQCKCKCRKGEAAGTPTQGSKSH
SQDGAASLTESKPTGSPASLKTRPSQLPVSDQTSPCKCTCK-EPSPVSPITVLKAG

NICA4HS
NICA4RN
NICA4GG
NICA4MM

STKAPPPHLP-LSPALTRAVEGVQYIADHLKAEDTDFSVKEDWKYVAMVIDRIFLW
GTKAPPQHLP-LSPALTRAVEGVQYIADHLKAEDTDFSVKEDWKYVAMVIDRIFLW
SNKG -EHLVLMSPALKLAVEGVHYIADHLRAEDADFSVKEDWKYVAMVIDRIFLW
GTKAPPQHLP-LSPALTRAVEGVQYIADHLKAEDTDFSVKEDWKYVAMVIDRIFLW

NICA4HS
NICA4RN
NICA4GG
NICA4MM

MFIIVCLLGTVGLFLP PWLAGMI
MFIIVCLLGTVGLFLPPWLAA-MFI IVCLLGTVGLFLPPWLAGMI
MFI IVCLLGTVGLFLP PWLAGMI

Key:
Predicted transmembrane regions, highlighted in
yellow: Non-identical amino acids, blue; Gaps,

Multiple sequence alignment for the a4 nAChR (NICA4) subunit from human
(HS), rat (RN), chick (GG) and mouse (MM). (Le Novere N. and Changeux J. P.
(1995 - 7) Ligand gated ion channel database. htto://www. pasteuer. fr/units/neubiomolf)
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