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Jl6stract
'Zfiere is a growing body of evidence that nicotinic acetylcholine receptors (nAChR)
within the central nervous system (CNS) modulate a variety of cellular processes,
including neurotransmitter release and signalling cascades. nAChR are ligand gated
cation channels. The large diversity of nAChR subunits gives rise to functional homoand hetero-pentameric nAChR, and dictates their distinct intrinsic pharmacological
properties. A further degree of complexity is reached by the non-uniform pattern of
distribution of nAChR through the CNS. This research project has focused on several
aspects of the modulatory actions of nAChR in different brain regions.
'The first part of the project examined the ability of nAChR to modulate
[3H]dopamine and [3H]noradrenaline release in striatal and hippocampal rat brain slices
respectively, which preserve some of the existing neuroanatomical connections enabling
the investigation of neurotransmitter crosstalk. In both regions a7 nAChR were inferred
to indirectly modulate catecholamine release via enhancement of glutamate release. In
contrast, a7 nAChR appeared to modulate an additional GABAergic component solely
within the hippocampus.
Mk secondly investigated the impact of a continuous nicotine exposure and its
withdrawal in vivo on these two neurotransmitter interplays assessed in vitro. In both
the dopaminergic and the noradrenergic systems, we found a consistent, selective and
transient functional enhancement of a7 nAChR-evoked [ H]catecholamine release at the
3 days withdrawal period following continuous nicotine exposure. This finding was
further examined using a7 nAChR knock out mice.
(Zfolonged exposure to abused drugs, including nicotine, has been proposed to cause
long-lasting neuroadaptations. We next studied in vivo the effects of various modes
(acute, and intermittent or continuous for 14 days) of nicotine administration on three
key proteins (DARPP-32, Elk-1 and FosB) of the dopaminergic signalling. The route of
nicotine delivery differentially altered the phosphorylation status and/or protein levels.
In addition, sustained changes during nicotine withdrawal were only observed following
continuous drug administration, but not repeated injections.
(Finally, we aimed at understanding in a simpler system the impact on nAChR
function of chronic nicotine with respect to agonist binding and receptor activation. To
reach this goal, we exposed the SH-SY5Y cell line to nicotine or the prototypical
allosteric potentiating ligand, galantamine, and measured the functional outcome of
such treatments. Data indicate dissociation between upregulation of nAChR numbers
and alteration of nAChR function.
(Zhese studies have extended our understanding of the modulatory properties of
nAChR, with emphasis on the differential impacts o f acute and prolonged nicotine
administration on nAChR activation, and the downstream cellular processes they
modulate.
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Chapter I

1

Chapter I

Chapter I

general Introduction
1.1 Harmful effects of tobacco & beneficial effects of nicotine?
(Every seven seconds, somebody in the world dies from a tobacco-related illness
(World Health Organisation, 2006). It has been estimated that by 2020, smoking will be
responsible for 10 millions deaths if current smoking patterns continue. Cigarette smoke
contains at least 4000 chemical constituents, 25 of which are known to be human
carcinogens (Hoffmann and Hoffmann, 1997). Consequently, tobacco consumption
causes, or aggravates, several diseases including cancers, chronic obstructive pulmonary
diseases, peripheral vascular diseases and ischemic stroke (Doll and Hill, 1950;
Hawkins et al., 2002; Bartal et al., 2005). Nicotine, the primary psychoactive
component of tobacco, is highly addictive (this will be discussed further), hence, of the
many people who express a desire to quit smoking only few succeed. The negative
connotation associated with nicotine is somewhat mistaken, as the dramatic impact on
health is now accepted to be caused by other tobacco constituents rather than nicotine
itself. However, adverse effects of nicotine on the gastrointestinal and cardiovascular
systems have been reported (Decker and Americ, 1999). In contrast, there is an
increasing body of evidence that nicotine, acting at nicotinic acetylcholine receptors
(nAChR), has recognizable beneficial clinical effects.
(ZTobably the clearest example of the beneficial properties of nicotine has been
described for patients with Tourette’s syndrome. This neuropsychiatric disorder is
characterised by persistent motor and verbal tics, and commonly related to frequent
hyperactivity, obsessive-compulsive behaviours, phobias and general anxiety (Gotti and
Clementi, 2004). Neuroleptics, such as haloperidol, are usually employed to treat this
disorder, but important side effects are observed. A number of studies have reported that
nicotine delivered orally or transdermally attenuated the severity of the symptoms
(Sanberg et al., 1989; Dursun and Reveley, 1997). These effects are immediate and can
be sustained during chronic nicotine administration. In addition, nicotine potentiated the
effect of haloperidol (Sanberg et al., 1989; Silver and Sanberg, 1993). However, the
mechanisms underlying these effects remain still unclear but may involve dopaminergic
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systems. Further understanding of the nicotinic contribution will surely improve the
treatment of this disorder.
Also, epidemiological investigations found a putative “protective” role for
nicotine in neurodegenerative disorders, such as Parkinson’s (PD) and Alzheimer’s
disease (AD). PD is a multifactorial motor disorder primarily characterised by akinesia
and tremors at rest, and accompanied by a degeneration of the dopaminergic
nigrostriatal neurons (Quik, 2004). Epidemiological studies showed that PD was less
prevalent in smokers (Baron, 1996), and that smoking delayed the onset of PD (Tzourio
et al., 1997). Both in in vitro and in vivo models of PD, nicotine was shown to be
neuroprotective against varied neurotoxic insults, but the underlying mechanisms are
still not fully understood (O’Neill et al., 2002; Cassels et al, 2005). Post-mortem
autoradiographic studies on brain from PD patients and from animal (primates and
rodents) models of PD indicate a selective decrease of non-a7 nicotinic nAChR (Quik et
al., 2001, 2003; Bohr et al., 2005). Nicotine may contribute to the alleviation of PD
symptoms by modulating the release of dopamine within the striatum (this will be
further discussed in Chapter II, Part I), by acting at nAChR located on neurons of the
nigrostriatal pathway, but additional effects are likely to be involved (Quik, 2004). In
addition, epidemiological studies indicate that the risk of developing AD is more
reduced in smokers than non-smokers (Fratiglioni and Wang, 2000), and that tobacco
smoking may delay the onset of the disease (van Duijn and Hofman, 1991). AD is
characterised by a progressive deterioration of higher cognitive functions (including
memory impairments), which is accompanied by the accumulation of senile plaques and
intracellular neurofibrillary tangles (LaFerla and Oddo, 2005). Also, AD is marked by a
pronounced decrease of cholinergic innervation (Coyle et al., 1993), choline
acetyltransferase activity (Reisine et al., 1978) and numbers of nAChR in both the
hippocampus (a region further examined in Chapter II, Part II), and cerebral cortex
(Nordberg, 2001). In cell culture models of AD, nicotine has been shown to be
neuroprotective and in vivo data suggest that nicotinic transmission is important for
memory-related tasks (Newhouse et al., 2004).
Additionally to neurodegenerative disorders, epidemiological studies indicate that
patients with mental illnesses have a higher prevalence of smoking than the general
population (Fig. 1.1; Mandavilli, 2004). Mentally ill people may be “lighting up” in an
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attempt to alleviate their symptoms, probably by compensating a neuronal dysfunction.
For example, in a study on 87 schizophrenics of which approximately 75% were
smokers, Patkar et al. (2002) observed a
100 r

positive correlation

between tobacco

consumption and negative symptoms.
Schizophrenia is thought to result of an
impairment

of

brain

mechanisms

regulating perception of sensory stimuli
as suggested by studies of auditory
sensory gating (Leonard et al , 2001).
The molecular basis of the disease still
remains
receptor

to

be

established.

At

the

Fig. 1.1 There is a greater prevalence of

level,

radioligand

binding

smoking in mentally ill patients. (Modified

studies have reported a decreased in

from Mandavilli. 2004)

numbers of a7 nAChR labelled with 125I-aBungarotoxin in both the hippocampus
(Freedman et al., 1995) and the frontal cortex (Martin-Ruiz et al., 2003). There is also
evidence for the involvement o f the modulation of the hippocampal cholinergic
neurotransmission originating from the medial septal nucleus (Luntz-Leybman et al.,
1992), and in animal models o f schizophrenia nicotine administration substantially
restored the deficient neurotransmission (Bickford and Wear, 1995). However, a recent
report questioned these findings and indicates that further investigations are required to
determine whether nicotine alters symptoms in schizophrenia (Punnoose and
Belgamwar, 2006).
‘Finally, to treat tobacco dependence a number of smoking cessation agents have
been developed, some of which are based on nicotine replacement therapies (NRT)
such as transdermal nicotine patches and nicotine gums. Although NRT are moderately
effective, they clearly demonstrate the medical acceptability of nicotine.
# o w can nicotine exert such diverse influences on brain functions? Nicotine
fulfils a variety of modulatory functions by regulating the activity of a large portfolio of
nAChR within the brain (Dajas-Bailador and Wonnacott, 2004). In this thesis, we aimed
at understanding these modulatory properties on different neuronal systems. For this
purpose, the general introduction will cover several key points, which underpin
nicotine’s central action:
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«<y The structure and biophysical properties of nAChR, through which nicotine
exerts its effects.
The ability of nicotine to induce dependency, and how localisation and
subtypes of nAChR play a crucial role in this modulation.
The paradoxical effect of prolonged nicotine exposure on numbers and function
of nAChR.
The ability of nAChR to modulate various neurotransmitter systems

1.2 Structure & biophysical characteristics of nAChR
The cloning and sequencing of nAChR subunit cDNA and the comparison of
amino acid sequences with those of 5-hydroxytryptamine (5-HT) type 3, y-aminobutyric
acid (GABA) type A and C, and glycine receptors, led to the conclusion that these
receptors all originate from a common ancestor. The nAChR belongs to the superfamily
of Cys-loop ligand-gated ion channels (LGIC; Hogg et al. 2003), which possess a
conserved sequence of 13 amino acids between a disulfide bond formed by two
cysteines located in the N-terminus of the subunit (Fig. 1.2A; Karlin and Akabas, 1995).
nAChR are formed by the assembly of various genetically distinct subunits that can be
identical (homopentameric nAChR) or different (heteropentameric nAChR) and
delineate the ion channel (see 1.2.1.1). To date, 17 subunits (al-alO , pi-p4, y, 8, e) have
been cloned from vertebrates.
nAChR are implicated in signal transduction due to their cation permeability (Na+,
j
K , and Ca to a certain extent depending on the subunit composition, see 1.2.4), which
I

is essential to convert rapid ionic signals into sustained modulatory effects.
Physiologically, nAChR respond to the endogenous transmitter acetylcholine (ACh),
but these receptors also selectively interact with nicotine. nAChR have been identified
at the neuromuscular junction, at synapses in parasympathetic and sympathetic ganglia
and in the CNS. Whereas muscle- and ganglia-types mediate fast synaptic
neurotransmission, a common view describes central nAChR as modulators of brain
functions (see 1.5; Dajas-Bailador and Wonnacott, 2004).
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1.2.1 The nAChR structure
'Early studies to determine the nAChR structure were performed on isolated
receptors from the electric organs of the electric ray (Torpedo califomica) and the
electric eel (Electrophoms electricus), as these tissues express dense nicotinic synapses.
The abundance of nAChR in the electroplax (specialised syncitia of the electric organs)
made reasonably easy the punfication of the receptor. The muscle-type nAChR is a
large glycoprotein of 290kDa formed by the assembly of (a 1 )2 , (31, 5, s subunits (or y
subunit during the embryonic stages) (Fig. 1.2B; Unwin, 1995; Karlin, 2002). It is these
muscle-type nAChR that are homologous to nAChR found in Torpedo electroplax.

b in d in g s i t e

Exlraceiular
CXXXXXX)
M1 M2 M3

cxxxxxxJ
Cytoplasmic

Fig. 1.2 Structure of the nAChR
A. Schematic of a single nAChR subunit depicting the four transmembrane
domains (M l-4), the large phosphorylatable intracellular loop, the short Cterminal domain and the large N-terminal ligand-binding domain containing the
Cys-loop characteristic of Cys-loop LGIC superfamily B. Pseudo-symmetrical
putative arrangement o f 5 subunits forming the quaternary structure o f the muscletype nAChR. (Modified from Karlin, 2002; Laviolette and Van Der Kooy, 2004).

The nAChR share common features (Fig. 1.2):
A large extracellular hydrophilic N-terminal domain containing putative
glycosylation sites.
Four short transmembrane hydrophobic domains named M1-M4.
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A large variable cytosolic loop, located between M3 and M4, and containing
putative phosphorylation sites.
A short extracellular C-terminal domain.
1.2.1.1 The m em brane-spanning pore
The ion pore is formed by the pseudo-symmetrical assembly, around an axis
perpendicular to the cell membrane, of the five helical M2 segments of each subunit
(Fig. 1.3A). The M2 helix tilts radially inward towards its inflection point, near the
amino acid residues Pro265 and Leu251 of the a l subunit. M l, M3 and M4 folds around
M2 and establish minimal contacts, hence creating a water-filled cavity essential for the
gating mechanism when the receptor undergoes conformational changes upon agonist
stimulation (Jensen et al., 2005).
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Fig. 1.3 Membrane spanning domain and ion pore
A. The M2 helical domains of each subunit are arranged pseudo-symmetrically
forming the lumen of the nAChR. B. The residues from two M2 helices of the a l
nAChR form rings that determine the ionic channel selectivity amongst monovalent
and divalent cations, and between cations and anions. The hydrophobic rings act as a
water pore and the lower rings regulating the flow of cations. (Modified from
Changeux and Edelstein, 2001; www.weizmann.ac.il/ home/samson/master.htm).

To identify the residues lining the channel, several complementary approaches
have been employed, including selective single amino acid mutation, labelling with
non-competitive antagonists, and substituted-cysteine accessibility method (SCAM),
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followed by a functional assessment of the receptor. The homomeric neuronal a7
nAChR has been advantageous for these studies because of its subunit homogeneity. In
the chick a7 nAChR, combined substitutions and addition of amino acid within (and
near) the M2 segment switched the ion channel selectivity from cationic to anionic
(Galzi et al., 1992; see Bertrand et al., 1993). Using quinacrine azide, a non-competitive
antagonist, residues in the extracellular end of the M l segment were revealed to
contribute to the receptor cation selectivity (Karlin, 2002). The SCAM technique
requires single amino acid mutation to a cysteine, one at a time; following this, a
positively charged lipophobic chemical will be added and will solely react with the
accessible cysteine-mutated residues facing the lumen, hence altering the receptor
conductance (Akabas et al., 1994; Zhang and Karlin, 1997). Using this technique,
Akabas et al. (1994) identified 10 residues in and around the M2 segment, in the range
of aGlu241 and aGlu262, important for the cation selectivity. The N-terminal third of Ml
segment of the P subunit, like that of the a subunit of the M l segment, were shown to
contribute to the lining of the channel and to undergo structural changes during the
“gating” (Fig. 1.3B; Zhang and Karlin, 1997). With the SCAM data, usually every third
amino acid in the M2 domain is water accessible (i.e. the cysteine mutation is accessible
to the “SCAM chemical”), consistent with a turn of the a helix and in agreement with
electron microscopy data of Unwin and co-workers (Unwin, 1993, 2003; Miyazawa et
al., 1999, 2003). Using these combined approaches, the ion selectivity (i.e. both charge
and size) of the channel was shown to be conferred by rings of charged amino acids of
the M2 domain just outside the bilayer plane, amino acids at the extracellular and
intracellular end of the M2 domain and also extracellular residues of the Ml domain
(Fig. 1.3B; Bertrand et al., 1993; Karlin and Akabas, 1995; Jensen et al., 2005).
In the non-conducting state (i.e. desensitised or resting state; see 1.2.2), the lumen
of the channel is blocked by a molecular barrier, named the gate, preventing the flux of
cations. The gate is located in the mid-region of the M2 domain, where the lumen
narrows and is only 6A wide, making permeation of hydrated cations impossible
(Unwin, 1995; Miyazawa et al., 2003). The gate consists of a leucine ring formed by
interactions between the side chains of five leucines and a valine/isoleucine one helixtum above it (Jensen et al., 2005). The binding of agonist destabilises the hydrophobic
intersubunit interactions allowing the N-terminal domain to rotate by 15° along the axial
rotation in the two al-M 2 helices. As a result, the M2 domain changes orientation, thus

8

Chapter I

causing a widening of the pore of an extra 3A, sufficient for the cations to diffuse
through the receptor (Fig. 1.4; Miyazawa et al., 2003; Unwin, 2003).

Fig. 1.4 Opening of the nAChR
The binding of ACh induces a conformational rearrangement of the a l M2 domain
(top panel), which consequently result in the widening of the lumen (bottom panel)
of the receptor allowing cations to flow through the nAChR. (Modified from
Miyazawa et al., 2003).

1.2.1.2 The ligand-binding domain
initial experiments to characterize the nAChR binding sites involved labelling
with competitive antagonists o f different chemical structures (reviewed in Corringer et
al., 2000), and expression o f pairwise subunits in cells (Blount and Merlie, 1989).
Results indicated that only a l/5 or al/y pairs of the muscle nAChR could provide
minimal structure for ligand binding, with secondary binding on 5 and y subunits, hence
demonstrating the asymmetric nature of the ligand-binding domain. The a l subunit
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(containing the three N-terminal loops A, C and B) forms the principal binding
component complemented by loops of either 8 or y subunits (loops D, E and F) (Fig.
1.5A; Galzi and Changeux, 1995). Further confirmation of the binding site arrangement
arose from two elegant studies, which described the isolation of a small molluscan
homopentameric ACh binding protein (AChBP) from glial cells of the snail Lymnaea
sagna/is (Brejc et al., 2001; Smit et al., 2001). AChBP is produced and stored in glial
cells and released in an ACh-dependent manner, therefore modulating cholinergic
transmission. AChBP lacks the transmembrane and intracellular domains of the nAChR,
but efficiently binds nicotinic agonists and antagonists due to the conserved amino acids
of the nAChR binding site. The crystal structure at 2.7A of the AChBP revealed that the
ligand binding domain is organised around a series of loops from the principal face of
one subunit and |3-sheets from the adjacent subunit (Fig. 1.5B; Brejc et al., 2001).

Ligand-binding site

Primary

Complementary

component

component
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C o192#
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Dy18Q/3182

Fig. 1.5 AChBP and ligand binding site.
A. The primary component for ACh binding is carried by the a subnunit and consists
of three loops (B, C, A) The complementary component of the ACh binding site
consists also of three loops (E, D, F) belonging to the non-a subunit. B. The
pentameric structure of the AChBP, with each protomer depicted in a different color.
The subunits are labelled anti-clockwise with A-B, B-C, C-D, D-E, and E-A forming
the principal and complementary binding sites respectively. (Modified from Brejc et
al., 2001; Changeux and Edelstein, 2001).
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1.2.2 Signal transduction: sequential or concerted?
The nAChR is the prototype of allosteric membrane proteins reviewed in
Changeux (1990). Originally, upon agonist binding, the receptor was thought to open
and close in a manner similar to that of an enzyme, characteristic of a sequential model.
However, Monod, Wyman and Changeux postulated in 1965 that the nAChR could
exist in multiple discrete conformational states, with kinetics extending from ms to
minute timescales. This model was termed the concerted allosteric model (Changeux
and Edelstein, 2001). Based on this model, the nAChR was thought to spontaneously
oscillate between 4 dominant states: the resting state (R), an active state (A), where the
signal is transmitted, a desensitised state (D) and an inactive state (I), which is a longlasting desensitised state of the receptor (Fig. 1.6). The agonist exhibits greater affinity
for the A state compared to the R state, and will therefore shift the equilibrium towards
the opening of the receptor. Several lines of evidence support the nicotinic allosteric
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Fig. 1.6 nAChR allosteric model of transition
The schematic represents the multiple states that the nAChR can adopt. The low
affinity resting state (R) occurs in the absence o f the agonist. The active state (A)
allows the efflux of cation to enter/exit the intracellular compartments. The
desensitised receptor (D) can enter a prolong desensitisation corresponding to the
inactive (I) state. The timescales of receptor transition can vary from ps to ms (R to
A), up to 100 ms (D) or minutes (I). (Modified from Changeux et al., 1998).
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model. Firstly, the receptor can be in an open state in a ligand-independent manner. A
single mutation in the M2 domain o f nAChR can result in prolonged channel openings
in the presence, but also the absence, of a nicotinic agonist, an observation
irreconcilable with the sequential model. Secondly, the crystalline structure established
by Miyazawa et al. (1999, 2003) estimated the distance separating the ACh binding site
and the ion channel to be 20-40A, hence incompatible with a direct contact of the two
entities. The coupling of the receptor is therefore likely to occur by an indirect allosteric
mechanism. Thirdly, distant residue mutations from the agonist binding site can alter
the receptor kinetics, indicating that transitions do occur (Edelstein et al., 1996).

1.2.3 Classification of nAChR
The identification of the Torpedo nAChR amino acid sequence and its counterpart
at the mammalian neuromuscular junction allowed the design of probes to identify
neuronal (i.e. ganglionic and central) nAChR (Sargent et al., 1993; Lukas et al., 1999;
Elgoyhen et al., 1994, 2001). Analysis of the gene sequences and the protein structures
of the 17 nAChR subunits identified from vertebrates led to the consensus that they
belong to 3 evolutionary branches. The muscle-type represents one branch and is
subdivided into foetal (a l, p i, 5, y) and adult (a l, p i, 8, s) subtypes (Fig. 1.7), with the
developmental switch y to 8 altering the channel kinetics. The second branch is
constituted of a2-a6 and p2-p4 subunits, which assemble to form heteromeric receptors
(Fig. 1.7). Finally, the third branch consists of a7, a8 (specific to avians), a9, alO
subunits, which form homomeric receptors with the exception of alO (Fig. 1.7). a7-a8
resemble invertebrate nAChR more closely, and as homomeric are likely to be more
ancestral.

1.2.3.1 nAChR with high affinity for nicotine
TVicotine binds all nAChR, but its affinity for each subtype varies. Romano and
Goldstein (1980) demonstrated that two populations could be identified: a first class
binding [3H]nicotine with high affinity and exhibiting a Kd in the nanomolar range or
less, and a second class exhibiting lower affinity and assumed to correspond to

125

I-aBgt

binding sites. Autoradiographic analysis o f 125I-aBgt, [3H]nicotine and [3H]ACh
revealed that the two latter ligands displayed similar labelling patterns, whereas

125

I-
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aBgt clearly labelled distinct bindings sites (Clarke et al., 1985). |/H]cytisine and
['Hjmethylcarbamycholine were also shown to label the same sites as [’Hjnicotine
(Pabreza et al., 1991; Abood and Grassi, 1986; Anderson and Americ, 1994).
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Fig. 1.7 nAChR diversity
The diagram represents the heteromeric muscle-type nAChR (adult and fetal form),
and the major heteromeric and homomeric neuronal nAChR commonly found in the
CNS

and

ganglia.

(Modified

from

http://www.med.upenn.edu/nscience/

neuro_lindstrom.html).

/mmunoprecipitation studies in combination with protein sequencing revealed the
presence of a4 and 02 subunit in the high affinity [3H]nicotine binding site (Whiting and
Lindstrom, 1986; Whiting et al., 1987, 1991). Further investigations from Kellar and
colleagues demonstrated that co-assembly of only a4 and 02 accounts for more than
90% of high affinity ['Hjnicotine binding sites (Flores et al., 1992). This was consistent
with the loss of high affinity binding sites in 02 knockout (KO) mice (Picciotto et al.,
1995) and a4 KO mice (Marubio et al. 1999). Increased receptor diversity is observed
by the contribution of additional subunits such as a5 (Ramirez-Latorre et al., 1996) and
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P3 (Klink et al., 2001), that lack the agonist binding sites, but can alter the receptor
kinetics (see 1.2.4\ Nelson and Lindstrom, 1999).

1.2.3.2 nAChR with high affinity for aBgt
A s mentioned above, ,25I-aBgt labels nAChR that are also recognised with high
affinity by [3H]methyllycaconitine ([3H]MLA; Davies et al., 1999). 125IaBgt binds
several nAChR subunits including the a7, a8, a9 and alO (Schoepfer et al., 1990;
Elgoyhen et al., 1994, 2001). These receptors form primarily homopentameric
receptors, but heteroreceptors are not excluded. Indeed, in avians a8 is also found to
assemble, albeit to a low percentage, with a7 to form heteropentameric nAChR. Also, in
vitro studies have shown that a7 can co-assemble with (32 when co-transfected (Khiroug
et al., 2002), and in the mammalian CNS Azam et al. (2003) suggested a possible
heteromeric a7p2 nAChR. Immunohistochemical studies o f a7 nAChR distribution in
the brain correlated well with the results obtained from binding experiments
(Dominguez del Toro et al., 1994). Conclusive evidence for l25I-aBgt labelling a7
nAChR arose from the generation o f null mutant mice for this specific subtype and
showed the loss of specific binding (Orr-Urtreger et al., 1997; see 3.2.2.1.1).

1.2.4 Calcium permeability of nAChR
Activation o f nAChR at the neuromuscular junction primarily leads to fluxes of
monovalent cations. This view was initially accepted for neuronal nAChR and the entry
of Ca2+ within neurons was thought to be the result o f activation of voltage-gated Ca2+
channels. However, during the past decade it has become increasingly evident that
nAChR allow direct Ca2+ influx through the receptor itself, with distinct permeability of
the lumen depending on the receptor subunit composition (Bumashev, 1998; Fucile,
2004). Therefore nAChR can modulate several Ca2+-dependent downstream cellular
processes (Dajas-Bailador and Wonnacott, 2004).
The

first

assessments

of

nAChR

Ca2+ permeability

were

based

on

•
•
2"b
*
electrophysiological recordings. The influx was measured as a ratio of Ca entering the
cell versus Na+ permeability (Pca/PNa), which was proportional to the size of the shift in
reversal potential (Fucile, 2004). However, a more accurate approach has been then
developed based on synchronized recordings of membrane potential and fluorescent
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signals gathered using Ca2+-sensitive dye (see 4.1.2\ Tsien, 1992; Fucile, 2004). Ca2+
permeability o f the receptor is presented as “fractional Ca2+ currents”

(P f).

The

P f

value

measured for embryonic muscle-type nAChR expressed in BC3H1 cells was ~2%
(Vemino et al., 1994), whereas the adult muscle-type nAChR exhibited a higher
permeability to Ca2+ (~4%; Ragozzino et al., 1998). Compared to their muscle
counterpart,

P f

values o f neuronal nAChR vary extremely depending on the subtype

involved. Fractional Ca2+ current of 1.5-5% have been reported for aBgt-insensitive
nAChR (Fucile, 2004). In addition, incorporation o f an a5 subunit in a3p2 or a3p4
•

•

nAChR increases their Ca

9+

•

permeability (Gerzamch et al., 1998). In contrast to

heteromeric nAChR, homomeric nAChR exhibit a strikingly higher
—8-12% (Fucile, 2004). Fucile et al. (2003) reported a

P f

P f

value averaging

value for a7 nAChR expressed

in GH4C1 pituitary cells of 11.4%.
.Nevertheless, the duration o f the “open-times” of the nAChR is also an important
parameter that needs to be taken into consideration. Even if a7 nAChR are highly
permeable to Ca2+, the channel open time averages lOOps, whereas those o f a3p4 (with
a smaller

P f),

were estimated to be 1.4 and 6.5ms (Nelson and Lindstrom, 1999).

Interestingly, incorporation of the a5 subunit to the a3p4 nAChR resulted in an
additional open time of 22ms (Nelson and Lindstrom, 1999). The same authors reported
similar observations for the a3p2 nAChR containing an additional a5 subunit. Hence,
the increased Ca2+current described above for a5-containing heteromeric nAChR may
derive from a more prolonged opening of the channel.
JLt present the Ca2+ permeability o f nAChR has been mainly derived from
heterologous expression systems. The determination of this parameter is complicated in
vivo by the different subtypes often expressed by a single neuron. A future challenge
will be to establish whether the

P f

value for a definite subtype in vivo reflects the actual

reported values determined in vitro.

1.2.5 Localisation o f nAChR
1.2.5.1 Cellular localisation
Muscle- and ganglionic-type nAChR are located post-synaptically where they
mediate fast synaptic transmission. Although nAChR may also occur outside the
nervous system, we will focus here on their localisation within the brain. nAChR can
either be localised on cholinergic (i.e. autoreceptors) or on non-cholinergic (i.e.
15
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heteroreceptors) neurons. In addition to this, nAChR are found distributed on several
regions of the cell including, postsynaptic membranes (soma and dendrites), preterminal
(i.e. before the sprouting of the nerve ending) or presynaptic region of the bouton and

N icotin e

Fig. 1.8 Putative cellular localisation of nAChR.

Left panel: ACh released from a cholinergic afferent activates heteromeric (yellow)
or homomeric (red) nAChR, located either on the preterminal (a) or presynaptic (b)
regions. Consequently nicotinic heteroreceptors modulates the release of another
neurotransmitter. Right panel: Postsynaptic (d) or perisynaptic (c) nAChR modulate
the activity of the postsynaptic neurons in response to the release o f ACh. In both
panels nicotine can substitute to the endogenous ligand and activate or desensitise
nAChR. (Modified from Role and Berg, 1996).
extrasynaptically (Fig. 1.8). In the mammalian CNS, there are at present only few
reports of postsynaptic nAChR mediating fast synaptic neurotransmission. In rat
hippocampal intemeurons, spontaneous (Albuquerque et al., 1998) and electricallyelicited (Albuquerque et al., 1998; Frazier et al., 1998) excitatory postsynaptic currents
(EPSC) were found to exhibit a nicotinic component, sensitive to blockade by aBgt or
MLA, indicative of the contribution of the a7 nAChR in the fast synaptic response.
However, a significant proportion of central nAChR are located presynaptically (Fig.
1.8) where they also contribute to the modulation of neurotransmission (Wonnacott et
al., 1997).
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1.2.5.2 Distribution of nAChR
Several complementary approaches have been employed to map the distribution of
nAChR including in situ hybridisation, ligand binding studies and immunolabelling. In
situ hybridisation localises a specific mRNA subunit, however, it does not provide any
information on the abundance of the subunit protein, nor on its cellular localisation or
on the possible receptor formed by assembly with co-localising subunits. Specific
ribonucleic acid probes used in in situ hybridisation experiments revealed a wide
distribution of mRNA encoding nAChR subunits, with specific restricted patterns for
some of them (see below). Wada et al. (1989) reported a wide pattern of distribution of
both a4 and 02 mRNA subunits, in agreement with previous autoradiographic studies
using [3H]nicotine and [3H]acetylcholine (Clarke et al., 1985). Seguela et al. (1993)
described a widespread hybridisation pattern of a l mRNA, with intense signals detected
in the pyramidal cell layer of the CA regions and the granule cell layer of the dendate
gyrus, as well as in the amygdala, the cerebral cortex and olfactory regions. This pattern
correlates well with the distribution of [3H]MLA binding sites (Whiteaker et al., 1999).
Intense signals for a2 subunits were detected in the interpeduncular nucleus, similar to
a3, albeit the expression of the latter was somewhat more widespread (Wada et al.,
1989). Changeux and colleagues found dense levels of a6 mRNA particularly
concentrated in catecholaminergic nuclei, i.e. the locus coeruleus, the ventral tegmental
area (VTA) and the substantia nigra (SN), though not exclusively (Le Novere et al.,
1996). a9 and alO had an extremely constrained pattern of expression as the mRNA
were exclusively detected in the mechanosensory cochlear hair cells (Elgoyhen et al.,
1994, 2001). Finally, the a5 mRNA was found in few sub-regions of the hippocampal
formation, the interpeduncular nucleus, the SN pars compacta and the VTA (Wada et
al., 1990), consistent with single cell RT-PCR in the SN and VTA (Klink et al., 2001).
In addition, immunolabelling studies with subunit-specific antibodies provide a
localisation of the subunit with respect to specific neuron markers in the case of
multiple labelling strategies. However the specificity of nAChR antibodies has been
recently questioned as signals were not often abolished in transgenic KO animals
(Herber et al., 2004; Jones and Wonnacott, 2005). An alternative approach is the use of
specific antagonist coupled to gold particles. Recently our laboratory has developed a
gold conjugate of the a l nAChR antagonist aBgt, which allows a precise localisation of
nAChR using electron microscopy (Jones et al., 2004; Jones and Wonnacott, 2004).
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This new tool allows discriminating between receptors located pre-, post- or extrasynaptically, and like the radioligand binding studies, holds the advantage of detecting
fully assembled nAChR.

1.2.6 Source o f acetylcholine & cholinergic neurotransm ission
1.2.6.1 Cholinergic pathways within the brain
_/?Ch is synthesised in cholinergic neurons from acetyl-coenzymeA (originating
from glucose metabolism) and choline (originating from the phospholipid phosphatidyl
choline, or by transport of exogenous choline), via the choline-acetyl transferase
enzyme. In the mammalian central nervous system, the principal nuclei providing
central cholinergic innervation are depicted in Fig. 1.9. The nucleus basalis o f Meynert
and the medial septum and diagonal band nuclei innervate the entire cortex, the
amygdala, the olfactory regions and the hippocampal formation (Woolf, 1991; Schafer
et al., 1998). The second important central cholinergic complex is constituted by the
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Fig. 1.9 Major cholinergic pathways o f the rat brain

The nuclei from which originates cholinergic efferents are depicted in purple,
excepted for the striatum where small arrows corresponds to local cholinergic
innervation from intemeurons. (Modified from http://homepage.psy.utexas.edu).
laterodorsal and pedunculopontine nuclei, which project to the thalamic nuclei and
midbrain dopaminergic neurons of the VTA and the SN. The source o f striatal
acetylcholine is intrinsic, and cholinergic intemeurons, despite their scarce numbers
(<2% of total cells), produce a dense network (Contant et al., 1996).
18

Chapter I

1.2.6.2 The concept of volume transmission
In the last decade has emerged a new concept of intemeuronal communication
termed “volume transmission” (Zoli and Agnati, 1996; Zoli et al., 1999). Originally,
neurotransmission was thought to primarily occur using a “wiring mode” of
communication implicating two cells: one transmitting a signal (presynaptic terminal)
and another one receiving it (postsynaptic neuron) intimately connected via a synapse.
The prototypes of such connections are the chemical and the electrical synapses.
However, a number of electron microscopy studies of catecholaminergic, serotoninergic
and cholinergic innervations suggest that only a limited number of nerve endings (i.e.
axon terminals, boutons or varicosities) make synaptic contacts (Beaudet and
Descarries, 1978; Daszuta et al., 1991; Umbriaco et al., 1994, 1995; Descarries, 1998).
In the rat brain, a small percentage (-10-20%) of cholinergic projections were found to
form synapses (Descarries, 1998), thus the wiring mode poorly reflected this “nonsynaptic” mode of communication. This attractive concept of volume transmission
entails that one neuron can communicate with many others via neurotransmitter
diffusion. To complement this theory, Descarries et al. (1999) suggested that in dense
region of cholinergic innervations, neurons would be continually exposed to ambient
levels of ACh. Therefore the ACh spillover would be limited by the density and
localisation of the acetylcholinesterase and the abundance and affinity of cholinergic
receptors.
In addition to the regulation by endogenous ACh, nAChR can bind exogenous
ligands like nicotine from tobacco smoke. This non-physiological regulation can
profoundly alter the cholinergic balance in a persistent manner that leads to
neuropathological states such as nicotine dependence.

1.3 The role of nAChR in nicotine dependence
1.3.1 A general view of drug addiction
initially, the ability of a drug to cause dependency was thought to be directly
correlated to the severity of the withdrawal symptoms engendered. Hence, drug intake
reflected the “simple” avoidance of an unpleasant withdrawal syndrome. However,
drugs such as nicotine are clearly highly addictive (US Department of Health and
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Human Services, 1988; Stolerman and Jarvis, 1995), but produce relatively moderate
withdrawal symptoms compared to cocaine or heroin for example. Addiction is a
chronically

relapsing

disorder that persists

despite

serious

negative

adverse

consequences and the motivation to quit. The core components of addiction as defined
by Koob et al. (1998) include:
Compulsive drug-seeking and drug-taking
Loss of control over drug intake despite serious adverse consequences
Emergence of a negative emotional state when access to the drug is prevented
f2he establishment and maintenance of addiction depend on multiple diverse
factors.

These

include

the

individual’s

biological

background

(i.e.

genetic

predisposition, gender, age and health status), environmental factors (stress, social
relations) and previous history of drug use. The likelihood that occasional drug intakes
become persistent requires initially a positive reinforcement. Humans, as well as
laboratory animals, will voluntarily self-administer nicotine or cocaine, which is a key
characteristic of a positive reinforcing drug (Rose and Corrigall, 1997; Corrigall, 1999).
A positive reinforcement can be defined as “an event that increases the probability of a
response on which it is contingent” (Everitt and Robbins, 2005), i.e. the bolus of
nicotine delivered by lever pressing, or a cigarette puff, will augment the probability
that a second bolus will be sought. The persistence of drug use (and abuse) requires
both positive and negative reinforcements, the latter one being “an event that when
omitted, or terminated, increases the probability of the response on which it is
contingent” (Everitt and Robbins, 2005). Thus, withdrawal syndromes that accompany
nicotine cessation will contribute to drug-seeking behaviour to relieve negative
unwanted symptoms. The negative emotional state reported during drug abstinence
reflects a diminished brain-reward function as observed in animals using intracranial
self stimulation (1.3.2.1\ Koob and Le Moal, 1997; Epping-Jordan et al., 1998).
Additionally to compulsive drug seeking, abused drugs can induce tolerance or
sensitisation (or reverse tolerance) (Fig. 1.10; Hyman and Malenka, 2001; Self, 2004).
Tolerance is marked by a decreased drug effect following repeated administrations,
which means that a greater dose will be required to produce an effect of a similar
magnitude that was previously obtained with a smaller dose. In contrast, sensitisation is
marked by increased effects elicited by the repeated use of a constant dose of the drug.

20

Chapter I

A central aspect of drug abuse is the psychological dependence, or “craving”, that is
engendered by repeated drug intake and reflects the desire to experience the effects of a

Fig. 1.10 Compulsive drugtaking leads to the appearance
of

phenomenon

tolerance

or

such

Is

BO —

Self-Administration
Dose/Response
sensitization

as

tolerance

sensitisation.

(Modified from Self, 2004)
25X.5X 1x 2x 4x 0x

Addicted
Nan-Addicted

Injection Dose

previously used drug. Craving is often associated with withdrawal, though not
exclusively (Markou et al., 1993), and is precipitated by re-intake of the drug(s) abused
and/or environmental cues. Environmental (non-pharmacological) stimuli have a major
influence on drug intake in both humans and laboratory animals (Caggiula et al., 2001;
Le Foil and Goldberg, 2005). They are long-lasting factors and are likely to contribute
to the high rates of relapse observed in addicts including smokers (Le Foil and
Goldberg, 2005). In humans, cigarette craving can be triggered by basic stimuli such as
a cup of coffee, the smell of tobacco, or a social situation. In laboratory animals, the
presentation of a light cue, or an auditory stimulus, previously paired with the drug
administration, is sufficient to precipitate drug intake (Arroyo et al., 1998; Caggiula et
al., 2001, 2002; Cohen et al., 2005).
JLlso, the powerfulness of drugs such as nicotine or cocaine to promote addiction
is increasingly accepted to reflect their rapid mode of delivery to the brain. Tobacco
smoking is a cheap and powerful means of nicotine delivery, as nicotine is rapidly
absorbed and reaches the brain within ~7s (see Chapter III, Part I for details on nicotine
pharmacokinetics). The ability of nicotine (Samaha et al., 2005) and cocaine (Samaha et
al., 2004) to induce behavioural sensitisation is observed at a fast rate of drug delivery
(~5s) but not at slower rates (25 and 100s). Similar rate-dependent effects were reported
to influence the ability of nicotine and cocaine to elicit IEG expression (Samaha et al.,
2004, 2005). These rate-correlated neurobehavioural alterations have been poorly
investigated but are proposed to contribute to compulsive and excessive drug use
(Samaha and Robinson, 2005).
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Thus, addiction is a complex phenomenon that results of a succession of positive
and negative events leading to the maintenance of a pathological state (Fig. 1.11).
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Fig. 1.11 The vicious spiral of addiction
Diagram representing the essential steps and adverse consequences that lead from
recreational drug intakes to the development and maintenance of addiction.
(Modified from Koob and Le Moal, 1997).
Jit the neurochemical level, most drugs of abuse (if not all) share the ability, like
natural reinforcers (such as food and water intake or sexual arousal), to promote the
elevation of extracellular (dopamine) DA levels by usurping the natural role of the
mesocorticolimbic pathway (Di Chiara, 2000; see below) a group of neurons implicated
in the mediation of rewards. Thus the mesocorticolimbic tract has been the focus of
many studies to date.

1.3.2

The

mesocorticolimbic

dopaminergic

pathway

and

its

contribution to drug dependency
1.3.2.1 M apping of brain rew ard areas
The intracranial self-stimulation (ICSS) technique enables the application of
electrical stimuli via electrodes to well-defined areas of the brain. A decrease in the
ICSS threshold reflects an increase in reward, whereas an increased threshold reflects an
opposite effect. In 1954, Olds and Milner developed this technique and trained rats to
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self-stimulate to identify brain reward areas (Olds and Milner, 1954). The authors found
that one region in particular, the medial forebrain bundle, sustained high rates of ICSS,
and that rats would self-stimulate to the exclusion of vital behaviours such as drinking
and feeding. This pathway originates within the midbrain dopaminergic region (VTA
and SN) and projects to limbic structures (the amygdala, the nucleus accumbens (NAc),
the olfactory tubercle, the lateral septum and the hippocampus) and neocortical regions
(Fig. 1.12). These projections constitute the mesocorticolimbic pathway and use DA as
a neurotransmitter. Since then, a plethora of studies have examined the contribution of
this pathway in a context of drug dependency.

Neocortex
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Thalamus

C audate nucleus\
and pulamen
Globus
pailidus

Ventral /
tegm ental
area

Anterior
Lateral oltactory
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Mesolimbic and
m esocortical system s
Nigrostriatal system

Fig. 1.12 The nigrostriatal and mesocorticolimbic pathways in the rat brain.
(Modified from http://homepage.psy.utexas.edu)

1.3.2.2 Nicotine and the mesocorticolimbic pathway
1.3.2.2.1 Implication of the mesolimbic pathway in nicotine’s reinforcing
properties.
The development of microdialysis in the 1980’s made it possible to study the
release of neurotransmitters in freely moving animals. In 1986, Di Chiara and
colleagues demonstrated that many drugs of abuse, including nicotine, elicited an
increase in endogenous levels of DA within the nucleus accumbens (NAc) (Di Chiara
and Imperato, 1986; Imperato and Di Chiara, 1986; Imperato et al., 1986), hence
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identifying a common molecular determinant for the effects of several drugs of abuse.
Further support for the involvement of the mesocorticolimbic dopaminergic tract arose
from the findings that administration of DA antagonists (Corrigall and Coen, 1991), as
well as 6-hydroxy dopamine lesions of the NAc (Corrigall et al., 1992) both markedly
attenuated nicotine self-administration. The effects of nicotine were mediated via
central nAChR as injection of the general nAChR antagonist chlorisondamine into the
cerebral ventricles produced a sustained reduction of nicotine self-administration
(Corrigall et al., 1992). Furthermore, systemic nicotine-evoked accumbal DA release
was blocked by microinfusion of the general antagonist mecamylamine into the VTA,
but not the NAc, indicating that nicotine primarily activates nAChR within the midbrain
region (Nisell et al., 1994a). Also, nicotine infusion within the NAc or VTA both led to
increases in accumbal DA release, but only the latter was sustained for approximately
2h whereas the former was transient and only lasted ~20min (Nisell et al., 1994b).
ilibsequent experiments aimed at identifying which nAChR subtype(s) were
involved in the response. Microinfusion of the selective p2* nAChR antagonist dihydrobeta-erythroidine (DHpE) within the VTA, but not the NAc, diminished intravenous
nicotine self-administration (Corrigall et al., 1994). In addition, p2 knockout (KO) mice,
first trained to self-administer cocaine, failed to sustain self-administration when
nicotine was substituted to cocaine, whereas wild type mice succeeded in doing so
(Picciotto et al., 1998; Epping-Jordan et al., 1999). An elegant study, using targeted
retroviral expression of the P2 nAChR subunit within the VTA of p2 nAChR KO mice,
demonstrated

that nicotine-evoked

accumbal

DA

release

and

nicotine

self

administration could be restored in the virally-injected animals, indicative of a key role
of the P2* nAChR within the mesocorticolimbic pathway (Maskos et al., 2005).
1.3.2.2.2 NAc core and shell dichotomy
(From the set of experiments described above, it appeared that nicotine primarily
acted within the midbrain region, and that the transmission occurs from the VTA to the
NAc. The functional outcome of nicotine’s action within the brain has been further
scrutinised using the [14C]2-deoxyglucose technique (Pontieri et al., 1996), which was
originally developed by Sokoloff and colleagues (Sokoloff et al., 1977). This
methodology does not evaluate direct functional neuronal activity, but the latter is
inferred from

the changes of glucose utilisation.

However,

combined with

autoradiography, it can provide a precise anatomical resolution of metabolic activities
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linked to a drug administration. Indeed acute nicotine, as well as cocaine and
amphetamine, were shown to preferentially increase local energy metabolism within the
shell surrounding subdivision of the NAc, compared to the central NAc core (Pontieri et
al., 1995, 1996). Precise placements of the dialysis probe to assess DA levels within the
NAc strengthened these observations (Pontieri et al., 1996; Nisell et al., 1997).
Thus a general consensus emerged that acutely administered drugs of abuse
preferentially increase DA within the NAc shell subdivision (Di Chiara, 2002; Balfour,
2004). On the other hand, repeatedly daily injected rats showed a diminished shell
response, whereas there was a regional sensitisation of the NAc core (Benwell and
Balfour, 1992; Cadoni and Di Chiara, 2000). These regional variations in DA levels are
of importance as the core and shell subdivisions of the NAc are thought to be
complementary, and they differently contribute to Pavlovian conditioning and leamt
behaviours that take place during the establishment and maintenance of addiction (Di
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Fig. 1.13 Contribution o f NAc core and shell to addiction

The NAc core and shell play complementary role in nicotine seeking behaviour. The
increase of DA levels within the NAc shell enhance the positive reinforcement
(hedonia) elicited by nicotine, and also promote the value of associated nonpharmacological cues. The NAc core strengthens the effects of conditioned
reinforcers, which subsequently impinge on nicotine seeking behaviour. In addition
the NAc core projections to the NAc shell emphasize the action of the latter
(Modified from Balfour, 2004).
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Chiara, 2000, 2002). The NAc shell is important for the acquisition of responding for a
drug; hence the ability of psychostimulants to act as reinforcers primarily relies on DA
spillover within the shell (Fig. 1.13; Di Chiara, 2002; Ito et al., 2004). The NAc core
plays a key role in the acquisition of drug-seeking behaviour in relation to conditioned
associated stimuli to the drug (Fig. 1.13; Di Chiara, 2002; Ito et al., 2004). Those
differences are likely to reflect the heterogeneity of the NAc core and shell projections
(Usuda et al., 1998; Voorn et al., 2004).

1.3.2.3 Modulation of midbrain neuronal activity by nAChR
1.3.2.3.1 Localisation of nAChR on midbrain neurons
(From the set of data described above it appeared that nicotine modulates the
activity of midbrain neurons, hence raising the necessity of identifying the different
subtypes of nAChR present in this region. Complementary approaches using single cell
RT-PCR, KO mice for specific nAChR subunit, electrophysiological recordings,
immunolabelling and microdialysis experiments have intensively examined the
composition of midbrain nAChR with respect to dopaminergic, GABAergic and
glutamatergic neurons (Fig. 1.14). Most of the mRNA encoding nAChR subunits (a3-a7
and p2-p4) so far cloned have been detected within the VTA (Klink et al., 2001;
Wonnacott et al., 2005). These subunit diversities give rise to at least four populations
of nAChR comprising homopentameric a7 nAChR and abundant heteropentameric
nAChR: (a4)2(p2)3, a4a6a5/p3(P2)2, (a4)2a5(p2)2 subtypes (Klink et al., 2001;
Champtiaux et al., 2002, 2003). The predominant contribution of a4 and p2 subunit to
nAChR composition is further supported by the absence of high affinity binding sites in
the midbrain region of a4 and p2 KO mice (Picciotto et al., 1995; Marubio et al., 1999).
^ABAergic innervation to the VTA arises from local interneurons, ventral pallidal
neurons and from striatal projecting medium spiny neurons (Kalivas et al., 1993; see
2.1.2). These neurons predominantly express (a4)2(p2)3 nAChR as almost exclusively
a4 and p2 mRNA were found, and less than 25% of GABAergic neurons expressed the
other mRNA (Klink et al., 2001). Mansvelder et al. (2002) showed that DHpE-sensitive
nAChR on GABAergic neurons rapidly desensitised in the presence of low
concentrations of nicotine as found in the blood of smokers. These findings are of
importance as this effect will result in diminished inhibitory inputs to the VTA, hence
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shifting the balance towards increased activity of dopaminergic neurons (Mansvelder
and McGehee, 2000, 2002; Mansvelder et al., 2002).
The origin of the glutamatergic inputs to the VTA is not clearly established but
VTA neurons are thought to receive afferents from the PFC and little innervation from
the tegmental pedunculopontine (TPP) and latero-dorsal tegmental (LDT) nuclei
(Garzon et al., 1999; Carr and Sesack, 2000). Microdialysis experiments in addition to
intracellular recordings from midbrain slices suggested that nicotine acting at a7
nAChR on midbrain glutamatergic terminals enhanced the release of glutamate, which
in turn activated somatodendritic NMDA glutamate receptors on dopaminergic cells
(Schilstrom et al., 1998, 2000; Grillner and Svensson, 2000). The overall effect led to
increased DA levels within the NAc. However the use of MLA to block a l nAChR in
these experiments is compromised as this a l nAChR-antagonist also potently inhibits
a6* nAChR (Mogg et al., 2002), which have been identified in midbrain neurons (Klink
et al., 2001; Champtiaux et al., 2003). However, further evidence for the presence of a l
nAChR modulating glutamate release was demonstrated using electrophysiological
recordings (Mansvelder and McGehee, 2000). Multiple labelling strategies using
fluorescent and gold conjugates of aBgt allowed a direct visual proof of presynaptic a l
nAChR on glutamatergic afferents (Jones and Wonnacott, 2004). This subtype is less
prone to desensitisation in the presence of low concentrations of nicotine, hence it could
contribute to a shift towards excitation of VTA neurons (Mansvelder et al., 2002).
The composition of nAChR on VTA dopaminergic cell bodies is more
heterogeneous and proposed to contain (a4)2a5(p2)2 and a4a6a5(32 with a possible
presence of (33 subunit replacing the a5 subunit (Klink et al., 2001; Champtiaux et al.,
2003; Cui et al., 2003). In addition, both functional and physical evidence point to the
presence of somatodendritic a l nAChR (Pidoplichko et al., 1997; Wooltorton et al.,
2003; Jones and Wonnacott, 2004).
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Fig. 1.14 The mesocorticolimbic system
The schematic represents the interplay between the midbrain dopaminergic neurons
and excitatory and inhibitory inputs and outputs. nAChR are presented as a7 and
non-a7 subtypes for simplification. The TPP and LTD provide the ascending
endogenous source of acetylcholine. Lesions o f these nuclei also reduced nicotine
self-administration (Lan9a et al., 2000; Corrigall et al., 2002), and are proposed to
contribute to the reward effects of nicotine (Laviolette et al., 2002). (Modified from
Wonnacott et al., 2005)

1.3.2.3

2 nAChR and burst firing of dopaminergic neurons

©opaminergic neurons from the VTA are endowed of slow pacemaker currents,
which are subjected to modulation by excitatory and inhibitory synaptic inputs.
Increased neuronal activity is marked by an increase in the single-spike neuronal
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discharge and/or a switch from a tonic firing to a burst firing mode. Early studies
showed that systemic nicotine injection increased the firing rates of midbrain
dopaminergic

neurons

in

a mecamylamine

sensitive

manner,

with

nicotine

predominantly increasing the activity of VTA neurons (3 fold) compared to those of the
SNc (Mereu et al., 1987). Electrophysiological recordings from midbrain slices showed
that the firing rate of GABA cells were unaffected (Yin and French, 2000). In mice
lacking the 02 subunit, nicotine-elicited increases in firing rate were markedly
diminished, though not completely (Picciotto et al., 1998). This is compatible with the
observations of Mansvelder and McGehee (2000) who showed that an acute application
of nicotine induced long term potentiation by modulation of the presynaptic a l nAChR
on the glutamatergic midbrain terminals.
Therefore there is evidence that nAChR modulation can alter the physiological
equilibrium of the dopaminergic, GABAergic and glutamatergic systems. In addition,
further complications occur from the fact that prolonged nicotine exposure, as
experienced by smokers or laboratory animals treated with nicotine, paradoxically
increases the numbers of nAChR, an effect that may contribute to the process of
addiction.

1.4 The paradoxical effect of prolonged nicotine exposure
(Ffolonged nicotine exposure causes neuronal adaptations within the CNS that are
likely to contribute to some extent to the persistence of drug intake, tolerance,
withdrawal symptoms and relapse. It is widely admitted that repeated agonist exposure
of ionotropic or metabotropic receptors result in a downregulation of their numbers to
compensate for excessive receptor stimulation (Creese and Sibley, 1981; Mhatre and
Ticku, 1994). An increased receptor internalisation and degradation, in addition to a
reduction in transcriptional events, are responsible for receptor downregulation. Indeed,
Mhatre and Ticku (1994) demonstrated that chronic GABA exposure of primary
cultured cortical neurons resulted in decreased mRNA and polypeptide levels for both
GABAa receptors a2 and a3 subunits. As shown for mu opioid receptors, the nature of
the ligand can be an important determinant of the extent of opiate receptor endocytosis
(Sternini et al., 1996; Keith et al., 1998). For now more than two decades, it has been
clearly established that nicotine contradicts this dogma. Prolonged nicotine exposure
upregulates nAChR in various homologous and heterologous expression systems, in
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numerous species (e.g. mice, rats, monkeys and humans), using a large variety of
nicotinic agonists, antagonists or compounds that enhance cholinergic transmission such
as AChEI (Wonnacott, 1990; Gentry and Lukas, 2002). Moreover, numbers of
muscarinic AChR labelled with [3H]QNB remained unchanged following chronic
nicotine indicating the specificity of the upregulation (Lapchak et al., 1989; Sanderson
et al., 1993).
however, the mechanisms underlying this paradoxical effect remain unclear.
Several theories have been proposed and during the last few years new hypotheses have
arisen. In this section, we will discuss the possible mechanisms responsible for this
change in nAChR numbers and its impact on receptor functionality.

1.4.1 Established features of nAChR upregulation
(Even if the mechanisms of upregulation are still debated, studies agree on some
basic features of nAChR upregulation:
Chronic nicotine exposure does not alter the nAChR pool of mRNA, indicating
that increased transcription cannot account for increased receptor numbers (Marks et al.,
1992; Peng et al., 1994; Bencherif et al., 1995; Mugnaini et al., 2002).
Upregulation of nAChR occurs in the presence of cycloheximide, a protein
synthesis inhibitor, consistent with the involvement of post-translational mechanisms
(Wang et al., 1998; Darsow et al., 2005).
Upregulation reflects an increase in receptor numbers (Bmax) and not a change
in nAChR affinity (Kd) as observed both in vivo (Schwartz and Kellar, 1985; Sanderson
et al., 1993) and in vitro (Peng et al., 1994; Bencherif et al., 1995; Wang et al., 1998).
«<y Upregulation is an intrinsic feature of nAChR as it occurs in both neuronal and
non-neuronal systems, suggesting that this phenomenom requires basic conserved
cellular processes.
Upregulation is a reversible phenomenon (Schwartz and Kellar, 1985; Breese
et al., 1997; Nguyen et al., 2003, 2004).

1.4.2 Requirement of receptor occupancy
In the quest for understanding mechanisms of upregulation, many studies have
focussed on 02* nAChR as they represent the most abundant high affinity binding sites

30

Chapter I

in the brain and have been implicated in mediating the reinforcing properties of nicotine
(see 1.3.2.1).
ng et al., (1994) showed that exposure of fibroblasts permanently transfected
with a4|32 nAChR (M10 cells) to 5 pM nicotine for 3 days resulted in increased nAChR
numbers, both intracellularly and at the surface (as indicated by binding to
immunoisolates). Incubation of M10 cells with cycloheximide, subsequent to chronic
nicotine treatment, resulted in a lower rate of surface nAChR degradation, leading the
authors to conclude that persistent nicotine exposure decreased the rate of nAChR
degradation by possibly inducing changes in interactions with endocytic and proteolytic
mechanisms (Peng et al., 1994). On the other hand, Bencherif et al. (1995) suggested
that upregulation was due to the ability of nicotine to convert a low affinity finite pool
of pre-existing receptors into a high affinity one; whereas Berg and co-workers
speculated that improved receptor assembly from a large pool of unassembled subunits
(Rothhut et al., 1996). These proposed theories are not mutually exclusive, and each of
them may contribute to a certain extent to the process of upregulation (see below).
Is nAChR activation required to provoke upregulation? Several groups considered
that nAChR desensitisation, resulting from receptor bathing in low nicotine
concentrations (as found in the blood of smokers) could induce upregulation (Marks et
al., 1985; Schwartz and Kellar, 1985). Monitoring surface a4p2 nAChR numbers
expressed in oocytes and functional receptor desensitisation, Fenster et al., (1999) also
suggested that nAChR desensitisation was the trigger for upregulation. However, a
recent study discounted transfected oocytes as a tool to investigate chronic nicotine
effects, as the alkaloid was shown to accumulate in acidic vesicles and be slowly
released, hence causing persistent receptor desensitisation (Jia et al., 2003). Thus, data
from chronic studies need to be interpreted carefully and thorough rinses (see 4.2.2) of
cells need to be considered to avoid any experimental bias. In addition, Rowell and Li
(1997) administered rats with various doses of nicotine, which yielded plasma levels of
nicotine sufficient to desensitise nAChR. However, upregulation was not observed at
these doses, refuting desensitisation as a putative trigger for upregulation. As well,
activation is unlikely to induce upregulation as epibatidine, a full agonist at a4|32
expressed in oocytes (Gerzanich et al., 1995), produced upregulation of a4p2 that was
only half of that produced by nicotine (Whiteaker et al., 1998). Also, both competitive
(DHpE, MLA) and non-competitive (mecamylamine) nAChR antagonists were shown
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to increase nAChR numbers (Peng et al., 1994; Gopalakrishnan et al., 1997; Whiteaker
et al., 1998; Molinari et al., 1998). Therefore those arguments argued against the
hypothesis that nAChR activation triggers upregulation.
(From these sets of experiments it appeared that nAChR occupancy was a
minimum requirement to produce increases in nAChR binding sites. Additionally, the
ability of a cell-impermeant charged ligand, such as carbamylcholine (Whiteaker et al.,
1998; Darsow et al., 2005), indicated that cell-surface receptor binding was sufficient to
induce upregulation.

1.4.3 Intracellular trafficking & nAChR upregulation
1.4.3.1 Nicotine enhances nAChR export
Losing [3H]epibatidine binding and conformationally specific 125I-antibodies,
Wang et al., (1998) showed that human tsA201 cells transfected with a3p2 nAChR and
exposed to nicotine exhibited a rapid increase in receptor assembly without changes (or
slight p2 subunit increase) in the total amount of each subunit, and this was also true in
human neuroblastoma cells. This implies that nicotine could act as a chaperone and
increase receptor assembly. This hypothesis received further support from a recent study
(Kuryatov et al., 2005). Hence the earlier suggestion (1.3.2) that nicotine decreases
receptor turn-over may actually reflect more receptor insertion at the cell surface. An
elegant study from Lester and colleagues, in transfected midbrain neurons, with
individually fluorescent-tagged a4 and P2 subunits, provided direct evidence for such an
effect. Indeed, chronic nicotine (1 pM, 24h) increased fluorescence resonance energy
transfer, indicative of increased nAChR assembly, and export to the cell surface
(primarily cell bodies) as more intense labelling was observed in nicotine-treated cells
(Nashmi et al., 2003).
Is nicotine able to upregulate all nAChR subtypes? Upregulation of nAChR is
highly dependent on the dose employed and also tightly linked to the subunit
composition of the receptor. For example, numbers of a3p2 nAChR rapidly increased
(~5-8h) in response to concentrations of nicotine as low as 0.2 pM, with maximum
upregulation observed within the high micromolar range (Wang et al., 1998); on the
other hand, at the same dose tested, levels of a3p4 nAChR remained unchanged (Wang
et al., 1998). Hence, subunit intrinsic properties (in this case p2) are likely to account
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for this difference. Sallette et al. (2004) explored this possibility by constructing
numerous nicotinic chimeras by transferring partial sequences of the p2 subunit into the
P4 coding sequence, and analysed the ability of these engineered receptors to respond to
chronic nicotine. The authors identified an extracellular microdomain in the P2 subunit,
at the a/p interface and close to the agonist binding site, that conferred a3p4 nAChR an
a3P2 nAChR phenotype (Fig. 1.15). Interestingly, a single amino acid mutation in the
microdomain prevented the upregulation, indicating that a combination of amino acids
confer the “upregulatory properties”. Based on the evidence for a putative contribution

Fig. 1.15 Upregulatory nAChR microdomain.
A. Schematic of the P4 subunit with represented in blue and green two critical p2
segments that confer on [34* nAChR a P2* nAChR phenotype following chronic
nicotine exposure. The graph represents the degree of upregulation of [34* nAChR
when containing specific P2 segments. B Three dimensional representation of the
a3p4 nAChR containing the two P2 critical segments (in blue and green) that are
tighly in contact to form the upregulatory microdomain. Nicotine docking is
represented in red. C. In color, key amino acids whose mutation abolishes nicotineinduced upregulation. (Modified from Corringer et al., 2006).
of nAChR trafficking (Wang et al., 1998; Nashmi et al., 2003; Kuryatov et al., 2005),
Sallette et al. (2004) proposed that binding of nicotine to immature subunits enhanced
receptor assembly and therefore accelerated their maturation contributing to their
upregulation. This hypothesis implies that the different potencies reported for nicotinic
compounds to elicit nAChR upregulation (see Whiteaker et al., 1998) reflect different
potencies to enhance receptor assembly. The ability of a nicotinic compound to trigger
the rearrangement of the microdomain could account for these differences observed.
This possible explanation could benefit from computational analysis of the docking of
the various nicotinic compounds that have been described to produced upregulation.
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1.4.3.2 Contribution of the endoplasmic reticulum (ER) to golgi trafficking
t which level of cellular trafficking is nicotine acting? Using fluorescent
antibodies directed against a4p2 nAChR expressed in HEK293 cells, chronic nicotine
(0.5 pM, 12h) was shown to slightly reduce the rate of receptor internalisation (Darsow
et al., 2005). Complementary experiments, using specific markers for intracellular
compartments demonstrated that postendocytic trafficking and lysosomal degradation
were not affected, suggesting that chronic nicotine does not alter recycling of nAChR
(Darsow et al., 2005). However, pre-incubation of cells with brefeldinA, a fungal
metabolite that disrupts ER-golgi transports, prevented surface upregulation, but
interestingly, total numbers of high affinity nicotine binding sites were still increased
intracellularly. This suggests that nicotine acts at the level of or prior to the ER (Darsow
et al., 2005). Using immunoprecipitation and metabolic labelling, nicotine was shown to
act within the ER as high mannose species were strongly upregulated, but trafficking
from the golgi to the cell surface was not altered (Sallette et al., 2005). The amount of
p2 subunits, detected with conformationally specific antibodies, were increased
following chronic nicotine, indicating that nicotine induced a conformational change of
this specific subunit that may favour/accelerate receptor assembly. This is in agreement
with a previous study which demonstrated using electrophysio logical recordings, that
chronic nicotine shifted the stoichiometry of surface receptors from (a4)3(P2)2 to
(a4)2(P2)3 (Nelson et al., 2003), probably due to increased numbers of correctly folded
p2 subunit. The decreased a/p ratio conferred the receptor a higher affinity for nicotinic
agonist but lower conductance (Nelson et al., 2003).

1.4.4 Conserved amino acid sequences: a key to nAChR export?
The hypothesis of enhanced conformational changes is attractive and would be in
agreement with upregulation also observed in non-neuronal systems. It therefore implies
that each subunit is endowed with intrinsic properties that will determine its ability to be
upregulated. Is that theory valid for other nAChR subtypes? Most of the nAChR
subtypes described so far have been shown to be upregulated by nicotine (Gentry and
Lukas, 2002). However the extent to which nAChR upregulation was observed
markedly varied across subtypes; for example, 5 days exposure to 100 pM nicotine of
a3p2, a4p2, a4p4 or a3p4 resulted approximately in a 60-, 20-, 8- and 2.5-fold increases
in [3H]epibatidine binding respectively (Xiao and Kellar, 2004). Millar and colleagues
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constructed a4 nAChR subunit chimera consisting of the extracellular domain of the a4
subunit and the transmembrane and intracellular domains of the

5

-HT3 receptor

(a4%; Harkness and Millar, 2002). When co-expressed with p2, surface levels of a4^p2
nAChR were greater that those of a4p2 nAChR, thus pointing out that the a4
transmembrane/intracellular domains act as a dominant negative, limiting a4p2
trafficking to the surface and consequently reducing the extent to which they can be
upregulated (Harkness and Millar, 2002). In vivo, using retroviral gene-transfer in chick
ciliari ganglion neurons, chimera of a l nAChR containing the a3 subunit large
intracellular loop {a ly a i) exhibited a different pattern of distribution than native a l
nAChR (Williams et al., 1998); a l j a i were preferentially re-located to the postsynaptic
membrane, whereas a l nAChR were found perisynaptically. The alyaS combination
did not alter the pattern of distribution. In addition, surface expression of these chimeras
was reduced indicating an a3- and/or a5- influence on receptor trafficking.
J?t present little is known about the role of specific subunit regions that regulate
receptor expression. Nevertheless, there is substantial evidence that conserved domains
influence the cell surface expression and distribution of nAChR. Are these domains
recognised by specialised trafficking proteins? Is chronic nicotine capable of altering
their properties, or inducing a post-translational modification of these structures?

1.4.5 Alternative theories to the maturational enhancer hypothesis
Although, there is convincing evidence for a conformational contribution to
upregulation, this hypothesis cannot per se explain several experimental factors such as
impermeant ligands-, KC1- or protein kinase A (PKA) or C (PKC)-induced nAChR
binding site upregulation (Geertsen et al., 1992; Gopalakrishnan et al., 1997; Whiteaker
et al., 1998; Ridley et al., 2001). Ridley et al. (2001) showed that chronic nicotine and
chronic KC1 treatments increased 125I-aBgt binding sites in both hippocampal cultures
and SH-SY5Y cells, but only the KC1 effect was sensitive to inhibition of L-type Ca

2 _j_

channels and CaMKII, suggesting different routes for upregulation. Treatment of
HEK293 cells transfected with human a4p2 nAChR with forskolin (PKA activator) or
PMA (PKC activator) induced a 2-fold increase in [3H]cytisine binding sites
(Gopalakrishnan et al., 1997); chronic treatments combining nicotine (1 pM) and
forskolin or PMA resulted in a synergistic (and not just additive) effect, also suggesting
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activation of distinct pathways for upregulation. Further evidence for a possible role of
phosphoregulation arose from the study of Liu and Berg (1999). These authors showed
that calcineurin (a protein phosphatase) is likely to limit receptor rundown following
repeated challenge with ACh, and that this action opposed that of CaMKII.
Additionally, tyrosine dephosphorylation induced a rapid and transient increase in
numbers o f a7 nAChR at the cell surface on hippocampal intemeurons (Cho et al.,
2005). However, in this latter report, phosphoregulation did not directly target a7
nAChR, which suggests that, at present, unknown kinases/phosphatases regulate a7
nAChR export.
(From the data gathered so far, it is likely that trafficking of nAChR is a key step in
the process of upregulation and that phosphoregulation may also modulate those events.
Trafficking of neuronal nAChR has been poorly studied in comparison to its muscle
counterpart. Data from studies of assembly o f muscle subunits suggest that chaperones
such as immunoglobulin heavy chain binding protein (Bip; Blount and Merlie, 1991;
Gething, 1999) and calnexin (Gelman et al., 1995; Ellgaard and Helenius, 2001) play a
major role in the regulation of subunit assembly. Indeed, Gelman et al. (1995)
demonstrated that muscle a subunit remained associated with calnexin (a highly
abundant ER chaperone) through the process o f subunit conformational maturation, and
assembly only started when subunits were correctly folded. A recent study on neuronal
nAChR demonstrated that mutation of conserved amino acids within the intracellular
loop o f the a4 and (32 nAChR impaired cell surface receptor expression and receptors
failed to be exported to the golgi network (Ren et al., 2005). Those conserved
trafficking motifs are likely to be recognized by ER export signals. In addition,
limitation o f cell surface expression of nAChR has been demonstrated to be dependent
upon ubiquitination sequences (Keller et al., 2001; Ficklin et al., 2005) that can re-target
the assembled receptors towards the proteasome and prevent upregulation. Therefore
proper

subunit

folding

and

receptor

conformation

are

likely

to

mask

retention/degradation signals. This provides an efficient control of the cell to circumvent
expression of improperly assembled receptor that may be cell-deleterious. To date, there
is unfortunately no report of chronic nicotine modulating the activities of such proteins.
Albeit upregulation has been extensively examined by means of a wide panel of
techniques, the mechanisms underlying this phenomenon are not clearly defined, and
still need to be elucidated. Evidence of the role of specialised cytosolic organelles has
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been demonstrated. It would be of interest to know whether nicotine can alter the
function or number of chaperones such as calnexin or BiP. In addition, second
messengers triggered by surface receptor binding still need to be identified, as well as
putative kinases or phosphatases that may contribute to the process of increased nAChR
following chronic nicotine. Also, a major point that needs to be raised is that
upregulation has been primarily investigated in in vitro systems where overexpressed
nAChR often reached several hundreds of fmol/mg of protein, which are far above
physiological levels of native nAChR expression. Therefore in vitro experiments need
to be carefully designed to match in vivo conditions, and also technical improvements
need to be achieved to be able to assess nAChR upregulation in vivo.

1.4.6 Functional status of nAChR following prolonged nicotine
exposure
Cike the difficulty encountered in establishing a model of nAChR upregulation,
the issue on the functional status of the receptor is still controversial (for review see
Gentry and Lukas 2002). Several approaches, including electrophysiology, rubidium
86

-k

3

( Rb ; efflux assays, calcium fluorimetry and [ Hjneurotransmitter release techniques,
have been employed to measure nAChR activity. Several studies have demonstrated
that chronic nicotine exposure resulted in a loss of function of nAChR. For example, 48
h treatment with submicromolar concentrations of nicotine dramatically decreased a7
and a4p2 nAChR responses in transfected oocytes, whereas effects on a3a5p2p3 were
less pronounced (Olale et al., 1997). A similar pattern was obtained in HEK293 cells
transfected with a4p2 nAChR (Eilers et al., 1997). Employing 86Rb+ efflux to assess
nAChR activity, 100 pM nicotine exposure (1, 3 or 5 days) strongly diminished a3p4
nAChR function (Meyer et al., 2001). Using hippocampal neuronal cultures and the SHSY5Y cell line (see 4.3.2), 4 days chronic nicotine (10 pM) induced a 20-25% decrease
in nAChR-elicited Ca2+, increases (Ridley et al., 2001; Chapter IV). Hence, functional
downregulation was observed for different nAChR subtypes both in neuronal or non
neuronal cell types.
On the other hand, several groups have reported a sensitisation of nAChR
responses. Gopalakrishnan and colleagues showed that a4p2 function, as assessed by
86Rb+ efflux, was enhanced following 1 pM nicotine for 24h; interestingly, DHpE
treatment produced a comparable functional increase (Gopalakrishnan et al., 1997).
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Similar findings were obtained using electrophysiological recordings (Buisson and
Bertrand, 2001). Surprisingly, the authors showed that ACh-evoked currents, albeit of
small amplitude, could be recorded when the cells were still bathed with the nicotine
solution. In addition, chronic DHf3E increased by 2-fold the probability of channel
openings o f the high affinity and low conductance a4p2 nAChR, subsequently
demonstrated to correspond to a stoichiometry of (a4)2(p2)3 (Nelson et al., 2003).
Enhanced function was also observed for a7 nAChR in cortical neurons, where peak
current densities were significantly greater than control cells following 1 day or 4 days
chronic nicotine treatment (100 pM; Kawai and Berg, 2001). This latter study mirrored
the findings o f Nashmi et al., (2003), where cultured midbrain neurons in 1 pM nicotine
for 2-6 days exhibited both enhanced a l and a4p2* nAChR responses as measured by
calcium influx. Two recent studies using electrophysiological recordings also reported
an increase in nAChR function in SH-SY5Y cells (Riganti et al., 2005; Sokolova et al.,
2005).
J4s

for the process of nAChR upregulation, the functional outcome is still

debated. The general view that arises from these studies is that the activity of the
nAChR itself is increased following chronic nicotine, whereas downstream processes
modulated by nAChR activation may be downregulated. Upregulated numbers of
nAChR may play a role during nicotine withdrawal when the levels of nicotine
markedly decline. Recovery o f function would enable this increased number o f nAChR
to excessively respond to endogenous levels o f ACh, and produce imbalances in
downstream processes such as release of neurotransmitters.

1.5 Presynaptic nAChR modulation of neurotransmitter
release
Jis discussed in 1.2.5.1, nAChR are commonly found to be located on presynaptic
nerve

terminals

where

they

can

influence,

rather

than

mediate,

synaptic

neurotransmission. In this section, we describe different techniques commonly
employed to measure the release of neurotransmitters, and present several wellcharacterised examples o f the ability o f heterogeneous populations of nAChR to
modulate various neurotransmitters. We also present evidence of coupling of
presynaptic nAChR to VOCC.
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1.5.1 Measurement of neurotransmitter release
Several techniques, with intrinsic advantages and disadvantages, have been
developed to assess the release of neurotransmitter by nAChR both in vitro and in vivo.
The superfusion technique, which consists of the flow o f physiological buffer over
either brain synaptosomes or slices, has been largely employed (Clarke and Reuben,
1996; Grady et al., 2001; Kaiser and Wonnacott, 2000). The brain preparation is either
incubated with the radiolabelled neurotransmitter o f interest (e.g. [3H]dopamine), which
is then taken up via a selective transporter, or with a radiolabelled precursor (e.g.
[3H]choline). In the latter case, [3H]choline is taken up, converted into [3H]ACh and the
newly synthesised tritiated neurotransmitter is believed to be incorporated into the
physiological releasable pool. Then, the application of nicotinic agonists and
antagonists allows determining a pharmacological profile of the population(s) of
receptors present in the entire preparation. Thus, this technique can relatively rapidly
address the question of the presence of a given nAChR subtypes within a determined
brain area. The constant flow of buffer allows determining a profile of response with
fractions of the superfusate collected every 1-2 min. More recently has been developed
a static release system carried out in 96-well filter plates equipped with a support
membrane to separate tissue slices from the bathing medium (containing the released
transmitter) that can be removed by vacuum filtration (see 2.2.3). As it will be further
discussed {2.7.1), in spite o f the static nature of the assay results obtained with this
methodology reliably compares to those obtained with the conventional superfusion
system. A drawback of the superfusion method and o f the 96-well assay is the limited
sensitivity o f the technique to detect neurotransmitter released from individual nerve
terminals. Hence, it cannot be determined whether receptors mediating the release colocalise on the same nerve endings or are segregated.
The

assessment of individual

nerve

terminals

can

be

achieved

using

electrophysiological recordings. The neurotransmitter released is not directly measured
but inferred from the increased frequency (but not amplitude) o f miniature postsynaptic
currents following nAChR stimulation (Gray et al., 1996; Alkondon and Albuquerque,
1993). This electrophysiological approach allows examining the contribution o f nAChR
with a high temporal and spatial resolution. Albuquerque and colleagues identified
various populations of hippocampal nAChR on the basis of differences in the kinetics of
activation and desensitisation of currents resulting o f nAChR stimulation (Albuquerque
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and Alkondon, 1993). However the spatial resolution appears also to be the main
limiting factor due to the time required for individual neuronal examination.
In vivo, the microdialysis technique holds the advantage of monitoring the release
of endogenous neurotransmitter in

conscious, freely moving animals. By employing

stereotaxic surgery, microdialysis

has high anatomical precision and enables to

independently sample neurotransmitters in regions o f close spatial relationship such as
the NAc core and shell. Drugs can also be locally administered, which has been proven
useful for drugs that do not cross the blood brain barrier. However, the concentration of
drugs reaching nAChR can only be estimated. Also, microdialysis offers a poor
temporal resolution and is impractical for dose-response studies as samples are usually
collected in time intervals greater than 5 min to provide sufficient sample for analysis.

1.5.2

The

diversity

of

presynaptic

nAChR

modulating

neurotransmitter release
(By

definition,

presynaptic

receptors directly

modulate the

release

of

neurotransmitters in a tetrodotoxin (TTX)-insensitive manner, i.e. independently of
activation of voltage-gated Na+ channels. However, several studies in synaptosomes
have reported a certain degree of inhibition o f nAChR-evoked release (Soliakov and
Wonnacott, 1996; Marshall et al., 1996). Therefore, the TTX-sensitivity/insensitivity of
the response needs to be considered with care, and it may rather reflect the spatial
relationship between nAChR distribution on the nerve terminal and the exocytotic
machinery.
Although there is ample evidence for the presence o f presynaptic nAChR, the
determination o f their subunits composition is far from complete due to the limited
availability

of selective

agonists/antagonists.

The

following

well-characterised

examples, grouped by neurotransmitter released, put emphasis on the heterogeneity of
both presynaptic nicotinic hetero- and auto-receptors.
1.5.2.1 Glutamate
The initial evidence for the presence o f presynaptic nAChR on terminals of the
major excitatory neurotransmitter was obtained with electrophysiological recordings
and a rapid perfusion system for drug delivery. Both in the hippocampus (Gray et al.,
1996) and in the VTA (Mansvelder and McGehee, 2000), rapidly desensitising currents
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blocked by the a7 nAChR antagonist aBgt were identified. Using neurochemical
approaches in rat hippocampal (Barik and Wonnacott, 2006; Chapter II, Part II) and
striatal (Kaiser and Wonnacott, 2000) slices, a l nAChR were inferred to reside on
glutamatergic afferents and indirectly modulate catecholamine release due to the partial
inhibition observed with a l nAChR antagonists (aBgt and aCnTxIml), and the use of
the a7-selective agonist choline. The presence o f a l nAChR on striatal glutamatergic
terminals received further support from the ability o f nicotine to directly enhance
depolarisation-induced [3H]D-aspartate release, a surrogate for glutamate, in an aBgtsensitive manner (Marchi et al., 2002). In addition, in the PFC, a l nAChR were also
found to elicit [JH]D-aspartate release (Rousseau et al., 2005) or to potentiate
depolarisation-elicited glutamate release, indirectly assessed by measuring changes in
absorbance in NADPH production, resulting o f oxidative deamination o f released
glutamate

(Wang

et

al.,

2006).

Interestingly,

Rousseau

et al.

(2005)

also

pharmacologically identified a p2* component on glutamatergic PFC terminals. Thus,
there is consistent evidence for the association o f presynaptic a l nAChR with
glutamatergic inputs.
1.5.2.2 Dopamine
The nicotinic modulation of the dopaminergic system is by far the most
documented, and studies have extensively focused on the striatum. Multiple
complementary approaches (see 2.1.3.1 for details) led to the identification of at least
four different subtypes of nAChR on dopaminergic terminals: a4p2, a4a5J32, a6p2p3,
a4a6p2p3 (Klink et al. 2001; Zoli et al., 2002; Champtiaux et al., 2002; Marubio et al.,
2003; Cui et al., 2003; Salminen et al., 2004; Gotti et al., 2005). Although several
antagonists are available, their selectivity is somewhat limited when several subunits are
co-expressed within a single nAChR. The generation of specific KO mice has greatly
contributed to the identification of nAChR-mediating [3H]DA release. Nicotine-evoked
[3H]DA release from wildtype and a l nAChR KO mouse striatal synaptosomes were
similar, ruling out the presence of a l nAChR on dopaminergic terminals (Salminen et
al., 2004), and consistent with the lack of effect of aBgt in this preparation (Kaiser and
Wonnacott, 2000).
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Fig. 1.16 Impact of single subunit deletion on nAChR-evoked [H ]D A release
The data represent the ACh-mediated [3H]DA release from striatal synaptosomes of wildtype
(green circles), a5 or (53 heterozygous (open squares), or a5 or (53 KO (red triangles) mice. On
the basis of the sensitivity of the response to aCnTxMII. the nAChR have been divided into
two subpopulations of non-a6(52 nAChR (left panels, i.e. resistant to aCnTxMII blockade) and
a6(52 nAChR (right panels; i.e. sensitive to aCnTxMII inhibition). The results indicate that the
deletion of (53 subunit does not alter the efficacy of the response mediated by non-a6(52*
nAChR population, whereas it dramatically decreases the ACh-evoked [3H]DA release by
a6(52* nAChR. Hence, a6(52 nAChR contain an additional 03 subunit. The results obtained
from a5 KO mouse tissue point to the contribution of the a5 subunit in the composition of
a4(52* nAChR. (Modified from Salminen et al., 2004).
In contrast, in animals lacking a specific non-a7 nAChR, nAChR-evoked release
revealed different pharmacological profile, and an example is given in Fig. 1.16. In
contrast, the modulation of dopaminergic release by presynaptic nAChR in other brain
areas has received little attention. Studies to date indicate that the pharmacological
profile of nAChR-evoked [3H]DA from the hippocampus (Cao et al., 2005b) and the
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PFC (Cao et al., 2005a) resemble that of a3p4* and a4p2* nAChR respectively, but
further work is required to ascertain these findings.
1.5.2.3 GABA
(Both electrophysiological recordings and neurochemical studies pointed to the
presence of presynaptic nAChR on terminals of the major inhibitory neurotransmitter.
Changeux and colleagues demonstrated that preterminal nAChR in the IPN (Lena et al.,
1993) and presynaptic nAChR in the thalamus (Lena and Changeux, 1997) facilitated
the release of GABA in a DHpE-sensitive manner. In intemeurons of the CA1 area,
a4p2 nAChR facilitated an action potential-dependent release of GABA (Alkondon et
al., 1999). Early studies from Wonnacott et al. (1989) also suggested a non-a7 nAChR
modulating the release of [3H]GABA from hippocampal synaptosomes. This was
further confirmed and extended to several other brain regions by a comprehensive report
from Collins and co-workers (Lu et al., 1998).
1.5.2.4 Noradrenaline
The identity of presynaptic nAChR on hippocampal noradrenergic terminals has
not been fully resolved yet. Pharmacological dissection of the response, albeit restricted
by the limited availability of specific compounds, indicated that a3p4* partially
contributed to the release of [3H]NA from rat hippocampal synaptosomes (Clarke and
Reuben, 1996; Luo et al., 1998) and slices (Abin-Carriquiry et al., 2006). However,
based on single cell RT-PCR and electrophysiological recordings in mice, Changeux
and colleagues suggested a more complex subunit composition, a6p3p2(a4) (Lena et
al., 1999). In a recent study, using KO animals in combination with pharmacological
nicotinic tools, McIntosh and colleagues proposed that mice and rats possess different
presynaptic populations of nAChR on noradrenergic terminals: (i) a3p4* and a4p4* in
rats and (ii) a6(a4)P2p3p4 and a6(a4)P2p3 in mice (Oviatt et al., 2005). These would
explain the differences reported in mouse and rat studies, and also emphasise the non
heterogeneity of tissues in different species, making difficult the extrapolation of the
findings to other species (such as human for example).

43

Chapter I

1.5.2.5 Acetylcholine
Wicotinic autoreceptors have been early described to modulate [3H]ACh release
from mouse cortical synaptosomes (Rowell and Winkler, 1984). Subsequent studies
indicated that the modulation of [3H]ACh occurred in other brain areas such as the
hippocampus (Wilkie et al., 1996), the interpeduncular nucleus (IPN; Mulle et al., 1991;
Grady et al., 2001) and the frontal cortex (Ochoa and O ’Shea, 1994). Pharmacological
analysis o f the release led to the agreement o f the absence o f a l nAChR. nAChRevoked [3H]ACh release from the IPN was unaffected in p2 nAChR KO mice, and was
antagonised (-50% ) by aCnTxAuIB suggesting a partial contribution of a3p4 nAChR
(Grady et al., 2001). Although cytisine and nicotine exhibited similar potencies and
efficacies in eliciting [3H]ACh release from hippocampal synaptosomes, and albeit the
'i
profile of the response was comparable to that of nAChR-evoked [ H]NA release
(Clarke and Reuben, 1996), DHpE appeared to be -5 fold more potent in inhibiting
hippocampal [3H]ACh than [3H]NA release (Wilkie et al., 1996). This last observation
suggests that nicotinic autoreceptor on hippocampal cholinergic terminals may include
an additional p2 subunit leading to a “hybrid” a3p4p2 phenotype. This issue will surely
benefit from the studies using transgenic animals.
1.5.2.6 5-Hydroxytryptamine (5-HT)
In contrast to the other neurotransmitters described above, there are only a few
studies addressing the modulation of [3H]5-HT by presynaptic nAChR. Early reports
have indicated that nicotine could modulate the release o f [3H]5-HT from superfused rat
striatal slices (Westfall et al., 1983; Yu and Wecker, 1994). Further functional support
arose from the study of Reuben and Clarke (2000) who showed that nicotine, at
concentrations as low as 0.3 pM, significantly elicited [3H]5-HT release from striatal
synaptosomes. Subsequent analysis of this effect with nAChR compounds resulted in a
unique pharmacological profile. The authors hypothesised that the nAChR response
resembled, albeit not fully, that of a4p2 nAChR possibly containing an additional, at
present not identified, subunit, or an a4p2 bearing posttranslational modifications
different from the one mediating [3H]DA release (Reuben and Clarke, 2000). However
the localisation of nAChR on 5-HT terminals is not supported by autoradiographic
studies (Pradhan et al., 2002).
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‘The nicotinic modulation of hippocampal serotonin release is also still questioned.
Within a wide range of concentrations (0.01-100 pM) nicotine failed to elicit [3H]5-HT
release from hippocampal synaptosomes (Reuben and Clarke, 2000), albeit a slight
increase (<10%) was observed at the highest concentration tested. In contrast, in
hippocampal slices, nicotine was shown to evoke [ H]5-HT release, although “heroic”
concentrations (up to 500 pM) were employed, and mecamylamine poorly (-15%)
antagonised the response mediated by 250 pM nicotine (Kenny et al., 2000).
Nevertheless, more thorough physical and functional investigations are required to
clarity whether nAChR do modulate [3H]5-HT release.
1.5.2.7 Summary
(From the several examples presented in 1.5.2, it is unambiguous that presynaptic
nAChR modulate a number of neurotransmitters in many different regions of the brain.
There is a consistent picture from these CNS studies of a7 presynaptic nAChR
modulating the release of glutamate, and of p2* nAChR associated with GABAergic
terminals. The dopaminergic neurons, exhibiting at least four different populations of
non-a7 nAChR, clearly illustrated the complexity and diversity of multiple subunits
assembly. To date noradrenergic terminals exhibit an a3p4 nAChR, and the identity of
nicotinic autoreceptors remains elusive. Although progress has been made, the
characterisation of presynaptic nAChR is still far from complete.

1.5.3 Presynaptic nAChR & coupling to voltage operated calcium
channels
.(TVeurotransmitter release requires the entry of Ca2+ within the nerve terminal.
Extracellular Ca2+ can enter directly via the nAChR lumen to a certain extent depending
on the subunit composition (see 1.2.4). Indeed, in the hippocampus, using a calcium
sensitive dye coupled to imaging techniques, sufficient Ca2+ entry into the terminal via
presynaptic a l nAChR stimulation triggered glutamate release (Gray et al., 1996). On
the other hand nAChR-mediated membrane depolarisation can lead to voltage operated
Ca2+ channels (VOCC) opening, providing an indirect source of Ca2+. In striatal
synaptosomes, nAChR-evoked [3H]DA release was markedly diminished in the
presence of cadmium, a non-selective VOCC blocker (Soliakov and Wonnacott, 1996;
Kulak et al., 2001). These studies showed an involvement of the N-type VOCC
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(Soliakov and Wonnacott, 1996), likely to be coupled to a6p2* nAChR and another
unidentified non-a6p2* nAChR (Kulak et al., 2001). Also, the presence of P-type
VOCC has been suggested, but these subtypes were activated by K+-induced nerve
depolarisation and not by a nAChR agonist (Soliakov and Wonnacott, 1996). The
involvement of P/Q-type VOCC in the release mediated by nicotine is unclear as
contradictory results have been reported (Soliakov and Wonnacott, 1996; Kulak et al.,
2001), but possible inhibition of nAChR by VOCC blockers may contribute to these
discrepancies (Herrero et al., 1999). In the noradrenergic system, a3p4* nAChR
partially contributed to a direct Ca2+ entry within the noradrenergic terminals (Kulak et
al., 2001), and the composition of VOCC complementing this Ca2+ rise is at present
unknown. In both the lateral spiriform and ventral lateral geniculate nuclei, nAChRevoked GABA release was blocked by cadmium and the N-type channel blocker, but
not the P/Q-type (Tredway et al., 1999).
Therefore,

it appeared that within the brain nAChR modulate various

neurotransmitters release via a substantial coupling to VOCC. Further investigations are
required to determine more precisely if a specific subtype of nAChR is coupled to the
same VOCC. Also, multiple labelling strategies will help define the spatial relationship
between nAChR, VOCC and the exocytotic machinery, which is of importance as Ca2+
entry within the terminal could be rapidly buffered by intracellular organelles.

1.6 Aims of this thesis
J4s presented in this thesis introduction, it has been clearly documented that
nicotine acting at nAChR fulfils a variety of modulatory functions that underlie its
complex actions within the CNS. Although the presynaptic involvement of nAChR in
the modulation of neurotransmitters has received substantial attention (1.5), the subunit
composition of these receptors is not always ascertained. In the first instance, the effects
of acute nAChR stimulation on striatal [3H]DA (Chapter II, Part I) and hippocampal
[3H]NA release (Chapter II, Part II) from rat slices were examined. To reach this goal,
we utilised a high throughput 96-well assay that has been recently developed (Anderson
et al., 2000). We therefore verified the reliability of this novel assay, and employed it to
pharmacologically investigate the contribution of both a l and non-a7 nAChR to
neurotransmitter release in these two brain regions. We also studied the putative role of
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glutamatergic and GABAergic transmission on these two catecholamine systems with
respect to nAChR activation.
(Zfolonged nicotine administration can engender profound alterations within the
CNS that are likely to cause neurotransmitter imbalances, which may contribute to
nicotine addiction (1.3). In Chapter III, Part I, we aimed at understanding the impact of
a prolonged nicotine exposure and its withdrawal in vivo, on the in vitro nicotinic
modulation of striatal and hippocampal neurotransmitter systems. In the light of the
results obtained from the rat trials, we further extended the work using a7 nAChR KO
mice to specifically address these findings.
Alterations in the phosphorylation status or levels of key intracellular molecules
have been proposed to be a molecular support for the persistent changes caused by
repeated drug use (Nestler et al., 2001; Svenningsson et al., 2005). In Chapter III, Part
II, we examined the consequences of various modes of nicotine administration (acute,
repeated/intermittent and chronic) in vivo, on three key signalling molecules (DARPP32, Elk-1, FosB) that have been implicated in the mediation of several drugs of abuse
(Nestler et al., 2001; Svenningsson et al., 2005). To address this issue, we carried out
semi-quantitative immunolabelling analysis of these proteins in the striatum and NAc
from rats treated with nicotine.
(Finally, in Chapter IV, in light of the findings of Chapter III, Part I, we aimed at
understanding in a simpler cell model system the impact of chronic nicotine exposure.
We used ligand binding assays to monitor changes in receptor numbers, and also
assessed the functionality of nAChR via measurement of nAChR-evoked Ca2+ increases
and [3H]NA release.
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2.1 Introduction
ttAChR modulates a variety of neurotransmitters (1.5). In this chapter, we will
pharmacologically examine the ability of nAChR to modulate striatal pH] DA release
(Part I) and hippocampal [3H]NA release (Part II) from rat brain slices. The results
from both studies will be jointly discussed at the end of Part 11.

2.1.1 Cytoarchitecture o f the striatum
The striatum belongs to a group of anatomically discrete structures that are
collectively known as the basal ganglia. The striatum is penetrated by dispersed fiber
bundles giving it an appearance of a furrow, in latin stria, after which it is named. The
rat striatum is commonly divided into a dorso-lateral part, known as the caudateputamen or neostriatum, and a ventro-lateral division corresponding to the nucleus
accumbens core (Fig. 2.1; see 1.3.2.2.2).
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(Different cell populations can be identified with respect to their morphological
appearances and their neurochemical characteristics:
Most of the neurons (>95 %) in the striatum are medium sized spiny neurons
(MSN) because of the large dendritic spines that cover their dendrites. These neurons,
originally thought to be intemeurons, are GABAergic and extensively project to other
brain regions (see 2.1.2.2). Those neurons play a major role in the integration of
dopaminergic signals as they express high levels of DA receptors, and also a key target
intracellular protein of the dopaminergic signalling, DARPP-32 (see Chapter III, Part
II).
The largest, but less abundant (<2%), cells are cholinergic aspiny interneurons
that are tonically active (Bennett and Wilson, 1999). They represent the essential local
source of acetylcholine (Woolf, 1991) as only a minor cholinergic innervation from the
pedunculopontine tegmental nucleus has been identified (Woolf and Butcher, 1986).
The cholinergic intemeurons receive afferents from thalamic and cortical glutamatergic
fibres (Lapper and Bolam, 1992) and also dopaminergic inputs (Kubota et al., 1987a, b)
that can regulate their activity. Dopamine can either stimulate or depress ACh release
via activation of Dj or D 2 dopamine receptors respectively (Ikarashi et al., 1997; Acquas
and Di Chiara, 2001). The role of these cholinergic interneurons is still poorly
understood, but they are likely to modulate the fine tuning of local cholinergic
transmission. Current neuroanatomical data indicate that less than 10% of cholinergic
varicosities are synaptic therefore favouring a volumic mode of transmission (Zoli et al.,
1999; see 1.2.6.2). ACh may also regulate the release of other neurotransmitters
including DA (Fig. 2.2), and this modulation is strongly impaired in the presence of low
concentrations of nicotine as found in blood of smokers (Zhou et al., 2001). However
both in vitro (Araujo et al., 1988) and in vivo (Tani et al., 1998) studies showed that
nAChR stimulation did not induce ACh release.
Three other groups of intemeurons have also been identified:
GABA/parvalbumin-containing

interneurons

(ii)

(i)

somatostatin/NOS-containing

intemeurons and (iii) calrentinin-containing interneurons, but these will not be
described here (see Kawaguchi et al., 1995 for review).
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2.1.2 Striatal inputs & outputs
2.1.2.1 Striatal inputs
'The source of dopaminergic afferents to the striatum is the substantia nigra and
ventral tegmental area, in the midbrain, which respectively project to the dorsal and
ventral part of the striatum, though not exclusively (see 1.3.2.1). These neurons express
a large diversity of somatodendritic (see 1.3.2.3.1) and presynaptic (see 2.1.3.1) nAChR
which are of interest in this section due to their ability to modulate the release of DA.
The main glutamatergic input to the striatum originates from both the cortex and
the thalamus (Dube et al., 1988; Smith et al., 1994; Fig. 2.2). While the excitatory input
from the thalamus arises mainly from the intralaminar nuclei, practically all the regions
of the cortex project to the striatum. The cortical connectivities are not homogenous as
striatonigral neurons receive greater input from the pyramidal tract-type neurons,
whereas striatopallidal neurons receive mainly innervations from intratelencephal-type
neurons (Lei et al., 2004).
In addition, the striatum receives also afferents from the serotoninergic neurons of
the dorsal raphe (Steinbusch, 1981).
2.1.2.2 Striatal outputs
The medium spiny neurons constitute the major striatal output of this structure and
take part into the formation of two distinct non-overlapping pathways. Those
GABAergic neurons can be subdivided into 2 subclasses based on cytochemical
markers. A first class of neurons, enriched in substance P and dynorphin, predominantly
express Di-like DA receptors and send direct projections to the substantia nigra and to
some extent to the internal segment of the globus pallidus (GPi) forming the “so called”
direct pathway (Fig. 2.3). A second class of neurons, enriched in enkephallin and
predominantly expressing D 2 -like DA receptors solely project to the external segment of
the globus pallidus (GPe) and are part of the indirect pathway (Fig. 2.3). GABAergic
neurons from the GPe, in turn, project to the GPi and subthalamic nucleus. The
specificity of the striatal projections is of importance for the integration of dopaminergic
signalling and with relevance to addiction.
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Fig. 2.2 Diagram of a medium spiny neuron
GABA

(MSN) with respect to various afferents:
thalamo- and cortico- glutamatergic (Glu),
local
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dopaminergic (DA) inputs. (Modified from
Hyman and Malenka, 2001).
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Fig. 2.3 Direct and indirect pathways arising from striatal medium spiny GABAergic
neurons. Excitatory connections are represented in blue and inhibitory pathways in
red. (Modified from http://www.unifr.ch). Abbreviations: GPe: globus pallidus pars
externa; GPi globus pallidus pars interna; VLo: nucleus ventralis lateralis oralis;
VTA: ventral tegmental area; SNpr: substantia nigra pars reticulata
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2.1.3 Presynaptic nAChR and control of striatal DA release
2.1.3.1 Presynaptic nAChR dopaminergic terminals
(Because of its implication in several neuropathologies (Gotti and Clementi, 2004;
Quik, 2004) and due to the robust readily quantifiable response to nAChR agonist, the
neurotransmitter DA had received by far the most attention. There has been an extensive
pharmacological dissection of presynaptic nAChR-mediated DA release from both
synaptosomes and slices preparations. Early studies showed that nicotine could
stimulate DA release from rat striatal slices (Westfall, 1974). The use of natural ligands
(Kulak et al., 2001) or synthetic compounds (e.g. UB165, Sharpies et al., 2000)
indicated that at least 2 populations of nAChR fully blocked by DH0E (P2* nAChR
antagonist) were mediating striatal DA release from synaptosomes: (i) a population
sensitive to aCnTxMII, originally described as a3p2* nAChR (Kulak et al., 1997), but
recent work has shown that this toxin had high affinity for an a6p2* interface
(Champtiaux et al., 2002; Dowell et al., 2003) (ii) a population insensitive to
aCnTxMII, mainly constituted of a4p2* nAChR (Marubio et al., 2003). Those
functional evidence were supported by immunolocalisation studies that found P2*
subunits associated with mostly all dopaminergic terminals in the striatum (Jones et al.,
2001). However, the limited availability of highly specific agonist/antagonist restricted
a full characterisation of nAChR in the striatum (e.g. no specific ligand to discriminate
for a5 subunit). The generation of KO animals targeting specific subunit deletion in
combination with 6-hydroxydopamine lesions of dopaminergic afferents, in addition to
single cell RT-PCR and electrophysiological recordings led to the identification of 4
populations: a4p2, a4a5p2, a6p2p3, a4a6p2p3 (Klink et al. 2001; Zoli et al., 2002;
Champtiaux et al., 2002; Marubio et al., 2003; Cui et al., 2003; Salminen et al., 2004;
Gotti et al., 2005).

2.1.3.2 Presynaptic nAChR on glutamatergic terminals
There is a large body of evidence from in vitro and in vivo work for the
involvement of ionotropic glutamate receptors (iGluR) in the regulation of DA release.
Early studies from Glowinski’s group showed that glutamate elicited DA release in a
TTX-insensitive manner, consistent with a presynaptic localisation of iGluR (Giorguieff
et al., 1977). Using more discriminative iGluR agonists, the glutamatergic component

53

Chapter II. Part I

appeared to involve AMPA and kainate subtypes (Desce et al., 1992; Cheramy et al.,
1994; Risso et al., 2004a). An additional NMDA component was confirmed, but
•

•

omitting Mg

2+

from the superfusing buffer was required to relieve the block of NMDA

receptors (Krebs et al., 1991; Risso et al., 2004a). The use of microdialysis generated
supportive data as kainate and NMDA (Hashimoto et al., 2000), AMPA (Sakai et al.,
1997) or nicotine (Toth et al., 1993) application down the dialysis probe stimulated DA
release, the latter agonist being sensitive to the general nAChR antagonist
mecamylamine (Toth et al., 1993). In vivo data was further supported by the use of
voltammetry, which confirmed the involvement of a glutamatergic component in the
modulation of DA release (Borland and Michael, 2004).
studies from our laboratory have provided functional evidence for a model in
which a7 nAChR on glutamatergic terminals promote the release of glutamate that in
turn stimulate heterosynaptic iGluR on dopaminergic terminals and enhance DA release
(Kaiser and Wonnacott, 2000). This model was strengthened by the ability of a l
nAChR to enhance depolarisation-induced [3H]D-aspartate release, a surrogate for
glutamate, from rat striatal synaptosomes (Marchi et al., 2002).

2.1.4 Aims of this chapter
Prom the selected list of publications cited in 2.1.3, it is well-established that
nAChR modulate DA release. Recently a novel high throughput 96-well assay to study
neurotransmitter release has been introduced (Anderson et al., 2000). The authors
demonstrated that, albeit the static nature of the assay contrasts with the constant flow
of buffer using the superfusion apparatus, stimulation of nAChR evoked catecholamine
release with similar potencies and efficacies as previously reported (Anderson et al.,
2000). However, the involvement of an a l nAChR component was not examined. Using
slices, which preserve some of the existing neuroanatomical connections enabling the
investigation of neurotransmitter cross-talk, the aims of this chapter were:
To attempt to reproduce some of the data of Kaiser and Wonnacott (2000)
using this recent technique to determine whether, in our hands, this assay is capable of
generating similar results. This step was essential before examining the effect of chronic
nicotine on acute nAChR-evoked catecholamine release (see Chapter III, Part I).
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To expand the model of DA release by using a specific agonist of the a7
nAChR (choline), and by investigating the contribution of a possible GABAergic
component in this response.

2.2 Materials & Methods
2.2.1 Drugs and reagents
(±)Anatoxin-a

fumarate

(AnTx),

(R)-baclofen,

muscimol,

CGP

54626

hydrochloride, kynurenic acid, GABA, (RS)-AMPA, kainic acid, (-)-bicuculline
methochloride 1(S) 9(R) (bicuculline), 6,7-dinitroquinoxaline-2,3dione (DNQX), GBR
12909 dihydrochloride, nisoxetine hydrochloride and a-conotoxin M il (aCnTxMII)
were obtained from Tocris Cookson (Avonmouth, UK). Dihydro-beta-erythroidine
hydrobromide (DH0E), (+)-5-methyl-10,l l-dihydro-5H-dibenzocyclohepten-5,10-imine
maleate (MK801) maleate, pargyline, N-methyl-D-aspartic acid (NMDA), choline
tartrate, ascorbic acid, L-glutamic acid, methyllycaconitine citrate (MLA), (-)-nicotine
hydrogen tartrate and a-conotoxin Iml (aCnTxIml) were purchased from Sigma
Chemical Co. (Poole, Dorset, UK). [7,8-3H]noradrenaline (35 Ci/mmol), [7,83H]dopamine (40 Ci/mmol), 125I-abungarotoxin (256 Ci/mmol) and [3H]epibatidine (54
Ci/mmol) were obtained from Amersham International (Buckinghamshire, UK).

2.2.2 Animals
3/ale Sprague Dawleys rats (250-320g) were obtained from the University of Bath
Animal House breeding colony. Food and water were provided ad libitum. The
experimental procedures were in accordance with the guidelines of the Home Office
(Scientific Procedures) Act 1986.

2.2.3 [3H]dopamine & [3H]noradrenaline release
As the technique employed to study release of both striatal [3H]dopamine
([3H]DA) {Parti) and hippocampal [3H]noradrenaline ([3H]NA, PartII) is identical, the
methods are presented only once with specification for [3H]NA release below.
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Assessment of hippocampal [3H]NA or striatal [3H]DA release from slices was
performed using a 96-well assay (Anderson et al., 2000; Jacobs et al., 2002; Barik and
Wonnacott, 2006). For each experiment, 2 rats were killed by cervical dislocation.
Brains were rapidly removed and hippocampi and striata dissected and transferred to ice
cold Krebs buffer (KB: NaCl 118 mM, KC1 2.4 mM, CaCl2 2.4 mM, KH2P 0 4 1.2 mM,
M gS04.7H20 1.2 mM, NaHC03 25 mM, D-glucose 10 mM, ascorbic acid 1 mM,
gassed with 95 % O2 and 5 % CO 2 for at least 1 h at 37°C; pH was adjusted to 7.4); for
experiments in Mg2+-free KB, MgCb was omitted from the buffer. Tissue was chopped
3 times (2 rotations at 60°) using a Mcllwain tissue chopper to give prisms of 150 pm.
Following 2 washes with warm KB, hippocampal and striatal slices were incubated for
30 min with 70 nM [3H]NA and 50 nM [3H]DA, respectively,

in 5 ml KB

supplemented with 10 pM pargyline (to prevent [3H]catecholamine degradation) at
37°C. To remove excess tritium, 5 washes were performed over 25 min in KB
containing 10 pM pargyline and 0.5 pM nomifensine (to prevent [3H]catecholamine
reuptake). Slices were then loaded onto a 96-well filter plate (model MABVN1250,
Millipore, Hertfordshire, UK) and incubated for 5 min with buffer in the presence or
absence of antagonist or tetrodotoxin (this pre-incubation was extended to 10 min for
aCnTxIml). Following this, buffer was removed by filtration (basal values) and
collected in a 96-well Packard Optiplate™ (Perkin Elmer, Belgium). Buffer (70 pi)
containing agonists and/or antagonists was then added to each well (in each experiment,
a buffer stimulation was included to determine the fractional release of [3H]NA or
[3H]DA evoked by buffer alone). After a further 5 min at 37°C, buffer was collected by
filtration in an Optiplate™ to determine the fraction of [3H]catecholamine released.
Microscint™ (170 pi per well) was added to optiplates and each well was counted for 1
min using a Microbeta liquid scintillation counter (Wallac 1450 Microbeta Trilux,
Perkin Elmer, Finland), counting efficiency 30%. To determine the amount of tritium
remaining in the slices, each filter of the 96-well filter plate was removed, transferred to
scintillation vials containing 4ml of Optiphase™ and counted for 1 min using a Packard
1600 Tri-carb liquid scintillation counter (counting efficiency 45%). The amount of
[ H]catecholamine released was expressed as a percent of total radioactivity taken up in
the slices prior to stimulation (i.e. amount of tritium released + tritium remaining in the
tissue), giving a fractional release of [3H]catecholamine. Each experiment was
performed in 6 replicates and repeated at least 3 times.
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2.2.4 Data analysis
©ata are presented as mean ± S.E.M from 3 to 10 experiments. Statistical
significance was determined using Student’s unpaired t-test, paired t-test and one way
ANOVA with post hoc Tukey’s or Bonferroni’s test, as stated in the figure legends
(Sigma Stat, Jandel scientific, Ekhrath, Germany). Values of at least p<0.05 were taken
to be statistically significant.
Concentration response curves for agonists (except choline) were fitted to a singleor double-site model as previously described by Kaiser and Wonnacott (2000). The
choline concentration response curve was fitted to a bell-shaped model as described by:
Y = [Ymax/(1+(EC50 /C)n1)] x [1/(1+(IC5 0 /C)n2)],
where, Y is the amount [3 H]catecholamine elicited by a concentration C of choline;
Ymax is the maximum amount of [3 H]catecholamine release; EC 50 and IC 5 0 are values at
the inflection points and nl and n2 are the Hill coefficients (slope parameters).

2.3 Results
2.3.1 Pharmacological characterization of nAChR-mediated [3H]DA
release from rat striatal slices
nAChR respond to a variety of nAChR agonists with different sensitivities
(Sharpies and Wonnacott, 2001). In this chapter, we employed AnTx as this agonist has
been extensively characterised by our group (Soliakov et al., 1995; Soliakov and
Wonnacott, 1996; Kaiser et al., 1998; Barik and Wonnacott, 2006). We first established
a concentration response curve for AnTx-evoked [3H]DA release using the 96-well
assay. In agreement with previous findings (Kaiser and Wonnacott, 2000), AnTxevoked [3H]DA release from rat striatal slices was biphasic with a high and low affinity
component, with respective EC50 values of 138.9 nM and 7.1 pM (Fig. 2.4A). The
concentration response curve for AnTx reached a first plateau at a concentration of 1
pM, and a maximal response observed at 25 pM corresponding to the second plateau
(Fig. 2.4A). Both 1 pM and 25 pM AnTx-evoked DA release were blocked in the
presence of mecamylamine (20 pM; Fig. 2.4A), consistent with selective activation of
nAChR at those concentrations.
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lo further dissect the response, we used selective antagonists of nAChR. Striatal
[■'H]DA release elicited by 1 pM AnTx was partially antagonised by aCnTxMII (200
nM; 60.0 ± 4.6 % of control) and virtually abolished by DH(3E (10 pM; 6.0 ± 5.6 % of
control) (Fig. 2.4B), indicating that AnTx 1 pM selectively activates (32* nAChR; this
result is of importance as this concentration will be utilized in Chapter III Part I to
explore the effect of chronic nicotine exposure on acute ['H]DA release mediated by
(32* nAChR.
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Fig. 2.4 nAChR modulation of [ H]DA release from slices.
Rat striatal slices were loaded with [3H]DA and released transmitter in response to drug
treatment was determined by filtration, as described in 2.2.3. A. Striatal slices were
incubated for 5 min with increasing concentrations of AnTx (n=4, blue circles) or choline
(n=4. dark cyan squares). The concentration response curve for AnTx-evoked | ’H|DA
release was fitted to a two-site Hill equation (EC50 = 138.9 nM and 7.1 pM) and the choline
concentration response curve was fitted to a bell-shaped profile as described in 2.2.4.
Mecamvlamine (mec, 20 pM) was applied 5 min prior to and remained throughout the
stimulation with AnTx (1 and 25 pM. n=3, grey circles) or choline (1 mM, n=3, grey
square). B. aCnTxMII (200 nM, grey bar. 11=6) and DH[3E (10 pM, grey bar, n=4) were
applied 5 min prior to. and remained throughout, the stimulation with 1 pM AnTx (blue bar,
n=8). Transmitter release in (A) is presented as fractional release, whereas in (B) release is
expressed as a percent of the response to 1 pM AnTx alone, which gave a fractional release
of 9.4 ± 1.1 %. * P<0.05 and ** PO.Ol, significantly different from corresponding control,
Student's t-test.
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J4nTx at the peak of the second phase of release (25 pM) was inferred to activate
a7 nAChR (Kaiser and Wonnacott, 2000); to confirm the involvement of a l nAChR in
the release of [3H]DA, we used choline as a specific agonist (Alkondon et al., 1997).
Cholme evoked [ H]DA release with a bell-shaped concentration response curve and a
peak response elicited by 1 mM choline, representing 29% of that evoked by AnTx (25
pM) (Fig. 2.4A). Pre-incubation with mecamylamine (20 pM) fully abolished the
response to choline 1 mM (Fig. 2.4A).

2.3.2 Involvement of ionotropic glutamate receptors in the mediation of
striatal [3H]DA release
The striatum receives abundant thalamic and cortical glutamatergic innervation
and heterosynaptic iGluR regulate DA release. Glutamate evoked [3H]DA release with a
low potency (ECso= 77.1 pM, Fig. 2.5A). The selective agonists kainate and AMPA
evoked [3H]DA release with respective EC50 values of 17.0 pM and 50.1 pM, similar to
previously reported values (Desce et al., 1991; Risso et al., 2004a; Fig. 2.5A).
Glutamate (100 pM), AMPA (100 pM) and kainate (100 pM) responses were virtually
abolished by DNQX, consistent with previous findings of Desce et al. (1991) (Fig.
2.5B). This indicates a dominant involvement of non-NMDA iGluR in the control of
[ H]DA release under our experimental conditions. To further support this observation,
we tested the effect on [3H]DA release of NMDA iGluR agonist. In KB containing
Mg2+, NMDA- (100 pM and 500 pM) evoked [3H]DA release that was not significantly
different from the response of buffer alone (Fig. 2.5A). Thus the NMDA iGluR
component previously described by Krebs et al. (1991) is masked in the presence of
Mg2+ in KB in our experimental conditions.
To investigate the contribution of a7 nAChR to the release of glutamate, we pre
incubated striatal slices with the non-selective iGluR antagonist kynurenic acid prior to
stimulation with choline (1 mM). Choline-evoked [3H]DA release was partially blocked
in the presence of kynurenic acid (27.7 ± 6.2 %; Fig. 2.5C). Similar inhibition was
observed in the presence of the non-NMDA iGluR antagonist, DNQX (200 pM) (Fig.
2.5C). These results imply that part of the a7 nAChR response can be attributed to nonNMDA iGluR.
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Fig. 2.5 Ionotropic glutamate receptors modulation of
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[3H]DA release from rat striatal slices
Rat striatal slices were loaded with [3H]DA and

CD C/5

CO (D 80

released transmitter in response to drug treatment was
determined by filtration, as described in 2.2.3. A.
Slices were challenged for 5 min by various

oo 2

concentrations of glutamate (black squares), kainate
(purple circles), AMPA (green triangles) or NMDA
DNQX

(red diamonds). Concentration response curves were

Choline 1 mM

fitted to a one-site hill equation as described in 2.2.4.
B. DNQX (200 pM, n=3) was applied 5 min prior to stimulation with 100 pM kainate,
glutamate or AMPA. C Kynurenic acid (800 pM. n=4) or DNQX (200 pM, n=4) were applied
5 min prior to stimulation with choline (1 mM). In (A) and (B) results are presented as
fractional release, whereas in (C) they are expressed as a percent of choline responses.
*p<0.05, **p<0.01 statistically different from respective control. Student’s t-test.

2.3.3 Effects of GABA receptor agonists and antagonists on [3H]DA
release from rat striatal slices
To examine a possible involvement of GABA receptors in the modulation of
[3H]DA release, we tested GABA agonists and antagonists on nAChR-evoked [’H]DA
release. GABA (100 pM) failed to induce ['H]DA from striatal slices (0.3 ± 2.4 %; Fig.
2.6) in agreement with previous work of Starr (1978), To test a possible modulation of
a.7 nAChR-evoked [H ]D A release by GABA receptors, striatal slices were pre
incubated with GABA prior to, and throughout, choline stimulation. Choline-evoked
[3H]DA release was similar in the presence or absence o f GABA (7.6 ± 1.5% and 7.2 ±
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0.9 % respectively, Fig. 2.6). As bicuculline, a GABAa receptor antagonist had
prominent effect in the hippocampus (see 2.6.4), we pre-incubated striatal slices with
buffer in the presence or absence of bicuculline. Consistent with the failure o f GABA to
modulate ['H]DA release, choline-evoked release was not significantly decreased in the
presence or absence of bicuculline (6.8 ± 0.9 % and 7.2 ± 0.9 % respectively, Fig. 2.6).
Therefore, under our experimental conditions, nAChR modulation of [H ]D A release is
not influenced by a GABAergic component.

Fig. 2.6 Modulation of [3H]DA release
from rat striatal slices by GABA receptors
Rat striatal slices were loaded with [3H]DA
and released transmitter in response to drug
treatment was determined by filtration, as
described

in 2.2.3.

Slices were

pre-

incubated for 5 min with buffer alone or
GABA (100 pM) or bicuculline (Bic, 100
GABA

Bic

C h o l i n e 1 mM

pM). Following this, slices were stimulated
GABA
( 100 pM)

with choline (1 mM) or GABA (100 pM).
Results are expressed as fractional release
with n = 4 to 6 experiments.

NB: As mentioned in the introduction results from this section will be discussed in Part
II
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(part II: nJiCh^modkCation o f neurotransmitter interplay in the
hippocampus
2.4 Introduction
2.4.1 Cytoarchitecture & neuroanatomy of the hippocampus
The name hippocampus is attributable to its structural resemblance to a sea horse.
It originates from a Greek root where, hippo means “horse” and kampos means “sea
monster”. The hippocampus or hippocampus proper (also known as cornu Ammonis,
CA or Ammon’s horn) is part of the hippocampal formation, which in addition, includes
the dentate gyrus, the subiculum and the entorhinal cortex, structures that belong to the
limbic system (Fig. 2.7A, B). The anatomy o f the hippocampal region has been
extensively studied since the important contribution of Ramon y Cajal (1911):
The dentate gyms (Fig. 2.7C), sharply folded, consists of three layers: (i) a
densely packed granule cell layer, which axons are called mossy fibers (because of the
peculiar appearance of their synaptic terminals) (ii) a largely acellular molecular layer
located above the granule cell layer (iii) a diffuse cellular polymorphic layer (also called
the Hilus).
The subiculum curves laterally and anteriorly around the posterior extension of
the dentate gyms, and can be divided into three cytoarchitectural areas: (i) the
parasubiculum, (ii) the presubiculum and (iii) the subiculum proper.
The entorhinal cortex can be divided in 5-6 different layers and the differences
in appearance and cellular arrangements allow for a subdivision into lateral, intermedial
and medial parts.
The hippocampus proper is formed of three contiguous areas (CA1-CA3) in a
U shape (Fig. 2.7C), and contains tightly packed pyramid-shaped neurons. The CA1
region can be subdivided into diverse neuroanatomical layers. The cell body of the
pyramid-shaped neuron is located in the stratum pyramidale. The single apical dendrite
expands through the stratum radiatum to reach the stratum lacunosum moleculare,
where many secondary and tertiary branches are produced. The abundant basal
dendrites expand from the perikaryon to the stratum oriens and can establish synaptic
contact with the dense populations o f GABAergic intemeurons. The CA1 area of the
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hippocampus has been broadly studied as it plays a crucial role in the modulation of the
hippocampal circuitry.

■Dentate
gyo/*
cortex

Ensorhinai
cortex

Schaffer
collaterals

M essy fibers

Dim ta te g y ru s

Perforant path
(froni entorhinal
cortex)

Fig 2.7 Hippocampal anatomy and network.

A. Diagram of a rat brain depicting the localisation o f the hippocampal formation
with the description of its defining components (B). C. Diagram of a horizontal
section through the hippocampal formation representing the connection of a major
hippocampal pathway, the trisynaptic loop: main inputs arise from the perforant path
(purple lines) and synapse onto the dentate gyrus (DG); granule cells o f the DG
project (mossy fibers, blue lines) to the CA3 region which in turn send branches
(Schaeffer collaterals, orange lines) to the CA1 region, (see 2.4.2). Densely packed
cell layers are represented by the bolded grey lines. (Modified from Johnston and
Amaral, 1998).
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2.4.2 Hippocampal inputs and outputs
CZfie components of the hippocampal formation are highly interconnected and the
laminar organisation of these connections makes the hippocampus an attractive in vitro
and in vivo model for studying synaptic relationships.
‘The major input (perforant path) arises from the entorhinal cortex and passes
through the subiculum to make synapses onto the granule cells o f the dentate gyrus (Fig.
2.7). The latter cells establish connections with the pyramid cells of the CA3 area of the
hippocampus proper via their axonal projections (mossy fibers). The CA3 cells send
excitatory branches, the Schaeffer collateral as well as commissural fibers, to the CA1
region of the hippocampus proper. Finally, the CA1 region projects to the subicular
complex, which sends axons back to the enthorinal cortex. The Perforant pathway, the
Mossy fibers and the Schaeffer collaterals constitute the major pathways called the
trisynaptic loop. The major neurotransmitter utilized in the trisynaptic loop is glutamate.
The noradrenergic input to the hippocampus largely arises from the ascending
dorsal noradrenergic bundle that projects from the locus coeruleus (Ungerstedt, 1971).
The locus coeruleus innervation is well distributed in all the regions o f the hippocampus
with the densest innervation to the hilus of the dentate gyrus (Loy et al., 1980;
Oleskevich et al., 1989). Only a small proportion (-15% ) of the hippocampal
noradrenergic varicosities form synapses (Umbriaco et al.,

1995), hence NA

intemeuronal communication is likely to reflect volume transmission (see 1.2.6.2).
The cholinergic input arises primarily from the medial septum diagonal band
complex of the basal forebrain (McKinney et al., 1983; Woolf, 1991; see 1.2.6.1). This
innervation targets mainly GABAergic intemeurons (Frotscher and Leranth, 1985). Like
the noradrenergic projections, the cholinergic varicosities exhibit sparse synaptic
contacts (-10-20%) indicating also a putative volume transmission mode.
(Except for the dentate gyrus, virtually all regions o f the hippocampal formation
project to several areas of the brain including the nucleus accumbens and associative
neocortical areas (Johnston and Amaral, 1998).
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2.4.3 Memory formation, synaptic plasticity and nAChR
2.4.3.1 Hippocampus and memory
The hippocampus has gained more attention since the landmark paper by Scoville
and Milner (1957). The authors described the case of H.M, a young person who
underwent bilateral ablation of the medial temporal lobe, including the hippocampus,
for the treatment of epilepsy, and who lost the ability to form new memories. This
publication was followed by many others examining the involvement of the
hippocampus in memory formation. In animal models, hippocampal lesion studies also
resulted in impairments in cognitive tasks (Squire, 1992; Levin and Simon, 1998).
^Vicotinic agonists, through activation of neuronal nAChR, improve cognitive
performance in both animals and humans (Levin and Simon, 1998; Newhouse et al.,
2004). Alzheimer’s disease patients exhibit memory deficits characterized by a marked
decline in cholinergic transmission and a decreased number of nAChR binding sites in
the cortex and hippocampus (Gotti and Clementi, 2004), and nicotine can ameliorate the
cognitive deficit in these patients (Newhouse et al., 2004). Thus these data suggest a
role for hippocampal cholinergic nicotinic transmission in memory-related events.
2.4.3.2 Long term potentiation
Changes in the efficiency of synaptic transmission are thought to be a pre-requisite
of memory formations. If nowadays this theory is widely accepted, its birth dates back
to the early 1940’s. Although Ramon y Cajal early proposed that neuronal memory was
stored in the growth of new connections, Hebb (1949) clearly postulated that neuronal
transmission could be modified by coincident activity at a single synapse. Proof for
such a theory was brought in 1965 at an invertebrate synapse (Kandel and Tauc, 1965a,
b), but no evidence at mammalian synapses existed until the work of Bliss, Lomo and
Gardner-Medwin in 1973. The authors examined in rabbits the connections of the
perforant path fibres onto the hippocampal granule cells. Upon high frequency stimuli,
efficiency at a single synapse dramatically increased and was sustained for hours and
days, a phenomenom termed long term potentiation (LTP; Bliss and Lomo, 1973; Bliss
and Gardner-Medwin, 1973). Since then, studies of hippocampal transmission raised
exponentially, and LTP is presently considered to underlie aspects of learning and
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memory as drugs that block LTP formation block some forms of memory (Morris et al.,
1989).
Jit the cellular levels, activation of NMDA iGluR is established to be a critical
component for the induction of LTP. During low frequency activity, synaptic
neurotransmission predominantly

involves AMPA

iGluR, which

are primarily

permeable to Na+/K", whilst the NMDA iGluR are blocked at negative membrane
potential by Mg2" (Fig. 2.8A). During the induction of LTP, the cell membrane is
sufficiently depolarised causing Mg2" to dissociate from the NMDA iGluR, hence
allowing Ca2+ influx, as well as Na , in the dendritic spine (see Malenka and Bear, 2004
for review; Fig. 2.8B). Influx of Ca2 is essential to trigger LTP as loading of EGTA in
the postsynaptic spine prevents the development of LTP (Lynch et al., 1983; Malenka et
al., 1988). In addition, artificial postsynaptic Ca2 rise via caged-Ca2 delivery system
enhanced synaptic transmission (Malenka et al., 1988), hence indicating a pivotal role
for intracellular Ca2
B

Glu

Ca

Resting membrane
potential

During depolarization

Fig. 2.8 Mechanisms of LTP induction
(A) When the postsynaptic neuron is close to its resting state membrane potential,
glutamate release from the presynaptic bouton predominantly activates AMPA
iGluR. (B) When sufficient postsynaptic depolarisation is reached, the Mg2 block of
NMDA receptors is relieved and Na"/Ca2 influx invade the spine triggering LTP.
(Modified from Malenka and Nicoll, 1999).
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how ever rises in intracellular Ca2 are short-lasting in comparison to the duration
of LTP described by Bliss and Lomo (1973), therefore Ca2' must trigger intracellular
mechanisms that can sustain such an effect. Several proteins, such as PKC, PKA,
MAPK, tyrosine kinases (Gustafsson and Wigstrom, 1988; Malenka and Nicoll, 1999)
have been implicated, but whether they are essential actors of LTP or part of the cascade
is not clear. However a-calcium calmodulin dependent protein kinase II (CaMKII)
largely predominates as a principal mediator of LTP (Malenka et al., 1989). CaMKII is
abundant in the postsynaptic density and its activity becomes Ca2+-independent when
auto-phosphorylated on threonine 286 (Braun and Schulman, 1995), hence outlasting
the Ca2+ signals triggered by NMDA iGluR. A putative target for CaMKII is the AMPA
iGluR. Indeed, LTP is accompanied by increased AMPA receptor phosphorylation by
CaMKII (Fig. 2.9; Barria et al., 1997) and AMPA responsiveness (Oliet et al., 1996),
thus allowing sustained enhanced transmission.
AMPAR

Fig. 2.9 LTP and iGluR
Ca2"

entry

though

NMDA

iGluR

activates

CaMKII Auto-phosphorylation of CaMKII allows
sustained kinase activaty which results in increased
numbers of AMPA receptors via phosphorylation

CaM ■♦CaMKII

of the GluRl

subunit.

Increased in

AMPA

trafficking to the cell surface leads to greater
AMPAR

AMPA responsiveness during LTP. (Modified
from Malenka and Nicoll, 1999)

<?bstsynaptic alterations that occur during LTP have been extensively reported, but
are not exclusive of presynaptic modifications as well. So far the retrograde
messenger(s) involve in this process have not been characterised. Several candidates
have been suggested such as nitric oxide, arachidonic acid and platelet-activating factor
but their absolute requirement for LTP has not yet been clearly established (Malenka
and Bear, 2004).
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2.4.3.3 nA ChR and LTP
In vivo, intraperitoneal injection of epibatidine and choline resulted in an additive
and sustained increase in the EPSP amplitude recorded in the mouse dentate gyrus,
indicative of a possible involvement of both a l and non-a7 nAChR in the mediation of
LTP (Matsuyama and Matsumoto, 2003). In vitro, in the CA1 area, a weak tetanic
stimulus subthreshold for LTP was converted into LTP in the presence of a low
concentration o f nicotine (Fujii et al., 1999). The authors further showed that MLA
facilitated LTP, whereas DHpE antagonized the late phase o f nicotine-induced LTP,
suggesting that inhibition o f a l nAChR and activation o f non-a7 nAChR, likely to be
a4p2, were required (Fujii et al., 2000). This is in agreement with the findings o f Mann
and Greenfield (2003), which showed that aBgt facilitated LTP. In contrast, the latter
also found that 1 mM choline produced LTP, which contradicts the results o f aBgt
antagonism. Interestingly, Mann and Greenfield (2003) also observed that aBgt partially
antagonised nicotine-facilitated LTP, hence indicating that both activation and
inactivation of a l nAChR contributed to the LTP process, probably involving a l
nAChR on different neuronal populations. In mossy fibres, puffs of nicotine activated
presynaptic a l nAChR that, through a Ca

sensitive process, increased the frequency,

but not the amplitude, of the mEPSCs (Gray et al., 1996). The authors concluded that a l
nAChR enhanced synaptic transmission via increases in vesicular glutamate release.
Dani and colleagues showed that stimulation o f presynaptic a l nAChR on Schaffer
collaterals, properly timed with post-synaptic depolarisation, converted STP into LTP in
the CA1 area (Ji et al., 2001). Additionally, they also showed that when post-synaptic
nAChR generated sufficient depolarisation paired with an electrical presynaptic
stimulus, LTP was induced. In contrast to nAChR located on excitatory afferents
facilitating synaptic transmission, somatic a l nAChR on GABAergic intemeurons can
abolish the STP stimulus and prevent LTP (Ji et al., 2000). Therefore, in agreement with
Hebb’s postulate, timing and location o f nAChR activation are crucial determinant of
nicotine’s ability to promote LTP. Moreover, Ge and Dani (2005) recently showed that
when applied l-5s before the onset of the electrical stimulation, a puff of ACh boosted
the STP stimulus to LTP. However, in a narrow window < ls, application of ACh led to
long term depression. Hence, hippocampal nAChR, including the a l subtype, influence
synaptic plasticity through facilitation of presynaptic and postsynaptic mechanisms.
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Therefore, nAChR modulation of hippocampal neurotransmitter release may contribute
to processes involved in memory formation that are impaired in AD patients.

2.4.4 Presynaptic nAChR and modulation of NA release
In vivo, intra-hippocampal administration of nicotine evoked NA release in a
mecamylamine-sensitive manner, indicative of the presence of nAChR in the terminal
field of the noradrenergic projections originating from the locus coeruleus (Mitchell,
1993). In vitro, the presence of presynaptic nAChR on hippocampal noradrenergic
terminals in the hippocampus is consistent with nicotine-evoked [3H]NA release from
hippocampal

synaptosomes

(Clarke

and

Reuben,

1996;

Luo

et

al.,

1998).

Pharmacological studies to characterise the nAChR mediating [3H]NA release from
hippocampal synaptosomes and slices provided evidence for nAChR heterogeneity, but
the paucity of specific antagonists has limited the resolution of the subtypes of nAChR
involved (Clarke and Reuben, 1996; Sershen et al., 1997; Anderson et al., 2000; see
Vizi and Kiss, 1998 for review). In table 2.1, we summarised the pharmacological
results regarding the attempts to characterise the subtypes of nAChR involved in the
-j

modulation of [ H]NA release. Discrepancies in the results obtained with antagonists
are observed, particularly with DHpE which led to inconclusive data on the involvement
of P2* nAChR. However, it appeared that nicotine and cytisine were often found
equipotent. In addition, in all the studies presented in table 2.1, cytisine behave as a full
agonist. This indicates that a3p4* nAChR are likely to be a component of the response.
Further evidence for this finding was provided by the use of a selective a3p4 antagonist,
a-conotoxin AuIB (aCnTxAuIB). Luo et al. (1998) demonstrated that aCnTxAuIB
blocked -30% of the [3H]NA release elicited by nicotine from hippocampal
synaptosomes, consistent with a3p4* nAChR on noradrenergic terminals being
responsible for this proportion of the response, as previously suggested (Clarke and
Reuben, 1996).
It is likely that [3H]NA release from slice preparations will reflect additional
contributions of nAChR present on neighbouring neurons. Leslie et al. (2002) suggested
an indirect GABAergic component in the modulation of NA release, in a hippocampal
slice preparation, because [3H]NA release evoked by nicotine (100 pM) was partially
blocked by the GABAa receptor antagonist bicuculline. Functional glutamate
heteroreceptors on hippocampal synaptosomes have been reported (Risso et al., 2004a),
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and there is a large body of evidence from electrophysiological recordings from
hippocampal slices that a l nAChR regulate both glutamatergic and GABAergic
neurotransmission (e.g. Gray et al., 1996; McQuiston and Madison, 1999; Alkondon
and Albuquerque, 2000a; Buhler and Dunwiddie, 2001). Hence, a l nAChR are a
plausible candidate for an indirect modulation of NA release via glutamate and GABA
release.
Table 2.1
Effects of nAChR agonists and antagonists on [3H]NA release from hippocampal tissue
Hippocampal
Preparation

Agonist

Synaptosomes

Nicotine

Agonist
Antagonists
inhibition
(pM) Stimulation name/conc,
ec

50

Acetylcholine
Cytisine
AnTx

27
8.2

/

pM
pM
100 pM
100 pM
100 pM
10 pM

Synaptosomes

Nicotine

/

100

Slices

AnTx
Epibatidine
Cytisine
Nicotine

1.77
0.0196
22.5

Nicotine

91.6

Slices

Slices

Slices

6.5

19.9

Epibatidine
AnTx
Cytisine
Nicotine

0.005

100

pM

100

pM

0.23

5.5
5.5

/

pM

DH(3E
MLA
Mec (10 pM)
Mec (10 pM)
Mec ( 10 pM)
Mec (1 0 pM)

0-100%
0-100%

1.2
1.0

AuIB

20-35%

0.75

(2)

/
/
/
/

/
/
/
/

/
/
/
/

(3)

DHpE
(1 0 -3 0 0 pM)
Mec
(1 -1 0 pM)

0%

/

(4)

60-100%

/

/

/

/

/
/
/

/
/
/

/
/
/

/
/
/

Mec
DHpE

0-100%

0.17

0-60%

89.6

DHPE

0%

(1 0 0 pM)
Mec (1 0 pM)

-6 0 %

pM
pM

100

pM

(1)

-1 0 0 %
-1 0 0 %

-1 0 0 %
-1 0 0 %

/

100
100

Ref.

/
/
/
/

/
/
/
/

34.6

Cytisine

Nicotine

5
5

ic50

(5)

(6)

MLA
0%
nM)
(1) Clarke and Reuben,1996; (2) Luo et al., 1998; (3) Sershen et al., 1997;
(4) Sacaan et al., 1995; (5) Anderson et al., 2000; (6) Leslie et al., 2002,
(1 0
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2.4.5 Aims of this chapter
In the present work, we have examined the contribution of nAChR subtypes to the
release of [3H]NA from hippocampal slices. We used AnTx, the same ligand employed
to study striatal [3H]DA release in Part I, to facilitate a comparison. We focused on the
modulatory role of a putative a l nAChR component with respect to both excitatory
(glutamate) and inhibitory (GABA) components. Pharmacological dissection of the
response provides evidence for the indirect modulation of [3H]NA release by a l
nAChR, via activation of both GABA and glutamate release. This is shown to have
similarities and differences from the nicotinic control of striatal [3H]DA release.

2.5 Methods
2.5.1 [3H]NA uptake
hippocampal slices, obtained from 1 rat (-200 mg of tissue), were re-suspended
in 5ml KB (supplemented with 10 pM pargyline) and divided into 200 pi aliquots. Each
tube received an equal volume of either buffer alone (control) or buffer containing
nisoxetine (1 pM) or GBR 12909 (10 or 50 nM). [3H]NA was added to give a final
concentration of 70 nM and slices were maintained at 37°C for 30 min. The samples
were then filtered through GF/C glass filters soaked in cold KB using a Millipore
filtration manifold. Following 3 washes with 5 ml of cold KB, filters were added 4 ml
of Optiphase and counted for radioactivity using a Packard 1600 Tri-carb liquid
scintillation counter. Experiments, performed in triplicate, were repeated 4 times with
tissue from 3 animals.

2.5.2 [3H]NA release
The release of [3H]NA is described in 2.2.3.
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2.6 Results
2.6.1 Specificity o f |3H]NA uptake by hippocam pal slices
‘The hippocampus receives modest dopaminergic projections from the midbrain
(Jay et al., 2003) and nAChR activation has been shown to modulate DA release from
hippocampal slices (Cao et al., 2005b). To determine whether the uptake of [~H]NA was
specific to noradrenergic terminals, we carried out uptake experiments in the presence
of specific inhibitors of the DA and NA transporters, GBR 12909 and nisoxetine
respectively. In the absence of inhibitor, hippocampal slices incubated with 70 nM
[H ]N A accumulated 19423 ± 1576 cpm (n=4). However, following a 30 min pre
incubation with nisoxetine (1 pM), a concentration that blocked the uptake o f [’H]NA
into rat frontal cortical synaptosomes (Cheetham et al., 1996), the amount o f [H]NA
taken up was substantially decreased, by 82.1 ± 1.7 % (n=4, p<0.01, one way ANOVA
with post hoc Tukey’s test; Fig. 2.10). The potent and selective dopamine transporter
inhibitor GBR 12909, at 10 and 50 nM (concentrations corresponding to 1.5 and 7.5
times the

IC50

for inhibition of striatal dopamine reuptake, Ghorai et al., 2003),

produced only weak inhibition of ['H]NA uptake, by 16.3 ± 5.0 % and 21.6 ± 4.4 %
respectively (Fig. 2.10). Only the latter value was significantly different from control
(n=4, p<0.05, one way ANOVA with post hoc Tukey’s test). Therefore, under the
conditions used for release experiments, 80 % of the accumulated [’H]NA was
transported into noradrenergic terminals.

Fig 2.10 Specificity of [’H]NA uptake by
hippocampal slices
- t-l
c.
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min with 70 nM [3H]NA as described in
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black bar), or GBR 12909 (10 or 50 nM,
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percent o f control uptake * p<0.05, **
p<0.01, one way ANOVA with post hoc
Tukey’s test. n=4 experiments.
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2.6.2 Pharmacological characterization of nAChR-mediated [3H]NA
release from hippocampal slices
In agreement with previous reports (Sershen et al., 1997), the potent nicotinic
agonist AnTx concentration-dependently evoked [3H]NA release that best fitted a single
site model, with an

EC50

of 1.2 pM (Fig. 2.11 A). This is in contrast to AnTx-evoked

striatal [3H]DA release (see 2.3.1). To distinguish the nAChR subtype(s) responsible for
AnTx-evoked [3H]NA release from hippocampal slices, we tested the effects of
antagonists on responses to 1 pM

(~ E C so )

and 25 pM (maximal response) AnTx.

Mecamylamine (20 pM) fully abolished release of [3H]NA elicited by both
concentrations of AnTx (Fig. 2.11 A). [3H]NA release evoked by AnTx (1 pM; 25 pM)
was not decreased in the presence of DHpE (lOpM), a p2* selective antagonist (Fig.
2.1 IB, C). Consistent with data from hippocampal synaptosomes (Luo et al., 1998), the
a3/a6p2*-selective antagonist aCnTxMII (200nM; Nicke et al., 2005) also failed to
inhibit responses elicited by 1 pM AnTx (Fig. 2.1 IB).
The lack of involvement of a3/a6p2* nAChR in hippocampal [3H]NA release
enabled to use MLA as an a7-selective antagonist in this preparation (MLA also
potently inhibits a6p2* nAChR, Mogg et al., 2002). Pre-incubation of hippocampal
slices with 20 nM MLA had no effect on responses to 1 pM AnTx (Fig. 2.1 IB).
However MLA and the structurally unrelated a7-selective antagonist, aCnTxIml (1 pM;
Nicke et al., 2005) inhibited responses elicited by a higher concentration of AnTx (25
pM) by 35.3 ± 9.2 % and 17.1 ± 5.2 % respectively (Fig. 2.11C). Thus, a7 nAChR are
activated only by concentrations in the upper range of the AnTx concentration response
curve, as is the case for AnTx-evoked striatal [ H]DA release (Kaiser and Wonnacott,
2000 ).

To confirm the involvement of a l nAChR, we used the selective agonist choline
(Papke et al., 1996; Alkondon et al., 1997). Choline evoked hippocampal [3H]NA
release (Fig. 2.11 A) with a bell-shaped concentration response curve. The maximum
response in hippocampal slices was reached by 5 mM choline and corresponds to 33.3 ±
1.4 % of that achieved by AnTx. Choline-evoked responses were nAChR-mediated as
they were fully abolished by mecamylamine (20 pM) (Fig. 2.11 A). Choline-evoked
[3H]NA release was also fully blocked by aCnTxIml (Fig. 2.11C). These results support
the modulation of [3H]NA by multiple subtypes of nAChR, including a l nAChR.
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Fig. 2.11 nAChR modulation of [3H]NA release from slices.
Rat hippocampal slices were loaded with [JH]NA and released transmitter in response to
drug treatment was determined by filtration, as described in 2.2.3. A. Hippocampal slices
were incubated for 5 min with increasing concentrations of AnTx (n=4. blue circles) or
choline (n=4, dark cyan squares). The concentration response curve for AnTx-evoked
[3H]NA release was fitted to a one-site Hill equation (EC50 of 1.2 pM). The choline
concentration response curve was fitted to a bell-shaped profile as described in 2.2.4.
Mecamylamine (mec. 20 pM) was applied 5 min prior to and remained throughout the
stimulation with AnTx (1 and 25 pM, n=3, grey circles) or choline (1 and 5 mM, n=3, grey
squares). B. [3H]NA release from hippocampal slices stimulated with 1 pM AnTx alone
(blue bar) or in the presence (grey bars) of aCnTxMII (200nM, n=6), DHPE (10 pM, n=9) or
MLA (20 nM, n=4). C. [3H]NA release from hippocampal slices stimulated with either 25
pM AnTx alone (blue bars) or choline alone (dark cyan bars) or in the presence (grey bars)
of DH^E (10 pM, n=4) or aCnTxIml (1 pM, n=3) or MLA (20 nM, n=4). Transmitter
release in (A) is presented as fractional release, whereas in (B) and (C) release is expressed
as a percent of the response to 1 pM or 25 pM AnTx alone, which gave a fractional release
of 10.8 ± 1.4 % and 28.8 ± 0.9 % respectively. * P<0.05 and ** P<0.01, significantly
different from corresponding control. Student's t-test.
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2.6.3 Ionotropic glutamate receptors stimulate the release of [3H]NA
from hippocampal slices
glutamate evoked [3 H]NA release with a low potency (EC5 o= 177.0 pM, Fig.
2.12A). The selective agonists kainate and AMPA evoked [3 H]NA release with
respective EC 50 values of 31.6 pM and 28.4 pM, similar to values reported by Pittaluga
and Raiteri (1992) (Fig. 2.12B). Responses elicited by glutamate (100 and 500 pM),
AMPA (100 and 500 pM) and kainate (100 and 500 pM) were largely abolished by the
selective AMPA/Kainate antagonist DNQX (200 pM, Fig. 2.12A, B). To circumvent
the block by Mg2+ of NMDA receptors, in order to investigate their ability to elicit the
release of [3 H]NA, we used Mg2+-free Krebs buffer (see 2.2.3). Under these conditions,
NMDA induced [3 H]NA release with an apparent EC 5 0 value of 33.0 pM, consistent
with previous studies (Pittaluga and Raiteri, 1992, Risso et al., 2004a; Fig. 2.12A). The
specific NMDA antagonist MK801 (5 pM) fully blocked the response to 500 pM
NMDA (Fig. 2.12A). Antagonists had no effect on basal release in the absence of
agonists.
To explore possible crosstalk between iGluR and nAChR, we determined the
AnTx concentration response curve for [3H]NA release in the presence or absence of the
non-selective iGluR antagonist kynurenic acid (800 pM). Significant inhibition of 23.8
± 10.8 % was seen only at the highest agonist concentration examined (25 pM, Fig.
2.13 A). A similar block was obtained in the presence of DNQX (200 pM, 25.0 ± 5.9 %
of control, Fig. 2.13 A). As seen in Fig. 2.11C, [3H]NA release evoked by 25 pM AnTx
is also partially blocked a l nAChR antagonists. Therefore, we investigated the effect of
the same iGluR antagonists on responses evoked by the selective a l nAChR agonist
choline. Both DNQX and kynurenic acid partially inhibited [3H]NA release evoked by 1
mM choline (41.2 ± 5.1 % and 51.1 ± 9 .4 % respectively, p<0.05, one way ANOVA
with Bonferroni’s test, Fig. 2.13B). In Mg2+-free Krebs buffer, 1 mM choline elicited
greater [3H]NA release, although this increase was not significantly different from
control choline responses in the presence of MgCl2 (Fig. 2.13B). Choline-evoked
[3H]NA release in Mg2+-free conditions was blocked by 88.4 ± 19.9 % in the presence
of 5 pM MK-801 (p<0.05, Student’s t-test, Fig. 2.13B).
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Fig. 2.12 Ionotropic glutamate receptors modulation of [3 H]NA release from rat

hippocampal slices
Rat hippocampal slices were loaded with [3 H]NA and released transmitter in
response to drug treatment was determined by filtration, as described in 2.2.3. A.
Slices were challenged for 5 min by various concentrations of glutamate (black
diamonds) in normal Krebs buffer or NMDA (red squares) in Mg2+-free conditions.
DNQX (200 pM, n=3) and MK801 (5 pM, n=3) were applied 5 min prior to
stimulation with glutamate (100 and 500 pM, grey diamonds) and NMDA (500 pM,
grey squares) respectively. Glutamate and NMDA concentration response curves
were fitted to a single site Hill equation with respective apparent EC 50 values of
177.0 pM and 33.0 pM. B Hippocampal slices were incubated for 5 min with
increasing concentrations of kainate (purple circles) or AMPA (green triangles).
DNQX (200 pM, n=4) was applied 5 min prior to stimulation with kainate (100 and
500 pM, grey circles) or AMPA (100 and 500 pM, grey triangles). Concentration
response curves for kainate and AMPA-evoked [3 H]NA release were fitted to a
single site Hill equation with respective apparent

EC50

values of 31.6 pM and 28.4

pM respectively. Results are presented as fractional release. *p<0.05, **p<0.01
statistically different from respective control, Student’s t-test.
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Fig. 2.13 Ionotropic glutamate receptors modulation of [H ]N A release from rat
hippocampal slices
Rat hippocampal slices were loaded with ['H]NA and released transmitter in
response to drug treatment was determined by filtration, as described in 2.2.3. A
AnTx concentration response curve was carried out in the presence (grey circles) or
in absence (blue circles) of kynurenic acid (800 pM, n=4). Release in response to 25
pM AnTx was also determined in the presence of DNQX (200 pM, n=4, purple
square). B Hippocampal slices were stimulated with choline alone (dark cyan bar) or
in the presence (grey bars) of DNQX (200 pM, n=4) or kynurenic acid (800 pM,
n=4). Slices were also challenged with choline in Mg2+-free conditions (hatched
bars) in the presence or absence of MK801 (5 pM, n=3). In (A) results are presented
as fractional release, whereas in (B) they are expressed as a percent of choline
responses in the presence of Mg2\ *p<0.05, **p<0.01 statistically different from
respective control, one way ANOVA with post hoc Tukey’s test.

2.6.4 Effect o f GABA agonists and antagonists on [3H]NA release from
hippocampal slices
(JABA can evoke ['H]NA release from hippocampal synaptosomes (Fassio et al.,
1999). In the hippocampal slice preparation, GABA (100 pM) induced a fractional
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release of [3H]NA of 6.4 ± 0 .8 %, similar to the value reported by Fassio et al. (1999,
Fig. 2.14A). CGP 54626 (1 pM), a potent GABAb receptor antagonist, had no
significant effect on GABA stimulation, whereas bicuculline (100 pM), a GABAa
receptor selective antagonist, abolished the GABA-mediated [ H]NA release (Fig.
2.14A). Pre-incubation for 5 min with bicuculline did not alter basal release. To confirm
the predominant role of GABAa receptors in GABA-evoked [ H]NA release, we
stimulated [3H]NA release with selective agonists for each subtype. Muscimol (100
pM), a GABAa receptor agonist, mimicked the response to GABA and this release was
also completely blocked by bicuculline (Fig. 2.14A). On the other hand, the GABAbselective agonist, baclofen (100 pM), was ineffective (Fig. 2.14A).
^Subsequent experiments examined the possibility of crosstalk between the a7
nAChR and GABAa receptor-mediated responses. Co-application of choline and
GABA evoked [3H]NA in a non-additive manner (8.1 ± 1.1 %, compared to choline and
GABA alone, 7.7 ± 1.4 % and 7.0 ± 0.7 % respectively, n=3, p>0.05, one way ANOVA
with Bonferroni’s test). Stimulation of [3H]NA release by choline (1 mM) was
decreased by 80.3 ± 4.6 % in the presence of bicuculline (Fig. 2.13B); this inhibition
was additive with the blockade by DNQX, as co-application of both antagonists fully
abolished the release induced by choline (4.7 ± 3.5 %, significantly different from
bicuculline or DNQX alone, p<0.05 one way ANOVA with Bonferroni’s test, Fig.
2.14B). This suggests that a7 nAChR promote both glutamate- and GABA-evoked
[3H]NA release.
To further explore transmitter crosstalk in the hippocampus, we tested the effects
of bicuculline and DNQX on glutamate (500 pM)- and GABA (100 pM)-evoked
[3H]NA release respectively. Interestingly, DNQX inhibited GABA-evoked responses
by 65.3 ± 7.3 %, whereas bicuculline failed to inhibit glutamate-evoked responses (95.0
± 5.7 % compared to control 100.0 ± 9.2 %, p>0.05 Student’s t-test, Fig. 2.14C). These
results suggest that GABA acts upstream of glutamate stimulation of [3H]NA release.
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Fig. 2.14 Modulation of [’H]noradrenaline release from rat hippocampal slices by
GABA receptors
Rat hippocampal slices were loaded with [3H]NA and released transmitter in
response to drug treatment was determined by filtration, as described in 2.2.3. A.
Slices were pre-incubated for 5 min with buffer alone or GABA antagonists: CGP
54626 (CGP, 1 pM) and/or bicuculline (Bic, 100 pM). Following this, slices were
stimulated with GABA agonists: GABA (100 pM), baclofen (Bac, 100 pM) or
muscimol (Muse, 100 pM). Results are expressed as fractional release with n = 3 to
15

B .

Hippocampal slices were stimulated with choline (1 mM) following a 5 min

pre-incubation with either buffer (control), DNQX (200 pM), bicuculline (100 pM)
or co-application of both antagonists. Results are expressed as a percent of choline
responses, which gave a fractional release of 7.7 ± 0.6 % (n = 6). C. Slices were
exposed either to DNQX (200 pM) or bicuculline (100 pM) before stimulation with
GABA (100 pM, brown bar) or glutamate (500 pM, black bar) respectively. Results
are expressed as a percent of GABA control responses in absence of antagonist.
*p<0.05, f p<0.05, **p<0.01 statistically different from respective control, Student’s
t-test (A and C) or one way ANOVA with post hoc Bonferroni’s test (B).

2.6.5 TTX sensitivity of [3H]NA release from rat hippocampal
slices
% assess the requirement for voltage-gated Na

channels for the release of

[’H]NA from hippocampal slices, experiments were conducted in the presence or
absence of TTX (1 pM). The voltage-gated Na channel activator veratridine (50 pM)
evoked ['H]NA release that was entirely blocked by TTX (Table 2.2). Consistent with
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previous reports (Sershen et al., 1997; Leslie et al., 2002) we found a substantial block
by TTX of nAChR-mediated [3H]NA release evoked by AnTx (1 pM) or choline (1
mM) (Table 1). As the response to choline was blocked by bicuculline and DNQX (Fig.
2.14B), we compared the effect of TTX on GABA- and glutamate-evoked [3H]NA
release. Responses to both transmitters were virtually abolished in the presence of TTX
(Table 2.2), consistent with Na+ channel activation in the mediation of these responses.

T A B L E 2.2

Effects of tetrodotoxin (1 (iM) on evoked [3H]NA release

[3H]noradrenaline release (fractional release)
Stimulus

Veratridine 50 fiM

A n T x 1 pM

Choline 1 mM

G ABA 100 pM

Glutamate 500 jiM

control

88.3 ± 13.6

11.9 ± 1.4

12.1 ± 2 .5

9.6 ± 1 .5

13.0 ± 0 .6

+ TTX

4.4 ± 1.4*

-0.8 ±0.7*

-2.3 ±1.4*

-3.1 ± 1.4*

0.7 ± 1.3*

(n=4)

(n=8)

(n=3)

(n=4)

(n=4)

‘statistically different from respective control, p<0.01, Student's t-test

2.7 Discussion
2.7.1 Reliability of the 96-well assay
In our hands, and as originally described by Anderson et al. (2000), the 96-well
methodology allowed to study both striatal DA and hippocampal NA release. This
approach holds several advantages compared to the widely employed superfusion
technique. A superfusion apparatus is usually composed of 12-20 chambers and
therefore allows only limited tested conditions and replicates, and usually requires
tissue from 3 rats. In contrast, each experiment we carried out using the 96-well assay
provided 16 different conditions with each of them tested in 6 replicates, and using
tissue from 2 rats. Hence, in the same experiment, we were able to examine
concentration response curves for different agonists (e.g. Fig. 2.5), or test the effect of
several antagonists, and their possible additivity, on agonist stimulation-evoked release
(e.g. Fig. 2.14). Moreover, each well serves as its own control, as basal and stimulated
release are sequentially collected (see 2.2.3). As well, hippocampal and striatal regions
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originating from the same animal were processed in parallel on separate plates. In
addition to a financial benefit and increased data, this latter point would limit the
number of animals used in accordance with the Home Office guidelines. Finally, the
multiple conditions, relative to the assay format, allow running on the same plate tissue
originating from saline- (control) and nicotine-treated (test condition) animals, thus
limiting experimental variations (see Chapter III, Part I). However, even if this
relatively new methodology presents several advantages, it also holds some limitations.
The superfusion technique allows the establishment of a baseline and gives a profile of
neurotransmitter released as several fractions are collected. This temporal profile cannot
be obtained with the 96-well methodology as only one fraction of released
neurotransmitter is collected following 5min stimulation. In addition, due to the static
nature of the 96-well assay, there is a possibility of neurotransmitter reuptake in the
slices, which is unlikely to occur with the superfusion apparatus as slices are
continuously perfused. To limit this effect, nomifensine, a DA and NA transporter
antagonist was included in the KB.
Typical values obtained from 3 independent experiments using the 96-well assay
are presented in Table 2.3. The control buffer stimulation present in each experiment
usually represents ~5-6% of the total radioactivity taken up by the hippocampal slices.
Choline (1 mM) stimulation produces a clear increase of released [3H]NA over buffer
stimulation (Table 2.3)
Table 2.3
Typical experimental values obtained from hippocampal slices using the 96-well technique
Mean ± SDev

Experiments
1
Total

Mean ± SDev
(DPM)

Basal
Buffer

2

3

31401 ±4698 26519 ±3800 29206 ± 2524

of expt. 1+2+3
29042 ± 2445

1650 ± 138

1605 ±95

1550± 129

1601 ± 50

1595 ± 210

1790 ±420

1505 ±555

1630± 145

5151 ±850

4091 ±240

4506 ±625

4582 ±308

11.3 ±2.2

9.4 ± 1.5

10.3 ± 1.9

10.3 ± 1.0

stimulation
Choline
simulation
Fractional

Choline

Release (%) stimulation
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Jls presented in the results section (2.3), we successfully reproduced some of the
features of the work of Kaiser and Wonnacott (2000). Principally, AnTx-evoked
[3H]DA release appeared to be biphasic with distinguishable low (138.9 nM) and high
(7.1 pM) affinity components, comparable to values previously reported 241 nM and
5.1 pM respectively (Kaiser and Wonnacott, 2000). The nAChR antagonists tested
(mecamylamine, aCnTxMII, DHpE) produced inhibition of nAChR-mediated [3H]DA
release in the concentration range classically employed to selectively block nAChR
subtypes (Soliakov et al., 1995; Kulak et al., 1997; Kaiser et al., 1998). For example, 10
pM mecamylamine blocked 88% of the response to 1 pM AnTx (Kaiser et al., 1998),
and we showed (Fig. 2.4) that a slightly higher concentration (20 pM) virtually
abolished 1 pM AnTx-evoked [3H]DA release (>97%). Also,

IC50

for inhibition of 1

pM AnTx-evoked [3H]DA release by aCnTxMII was shown to be 17 nM (Kaiser et al.,
1998). When used in the 96-well assay, aCnTxMII produced similar amount of
inhibition as previously described: ~40 % (200 nM, Fig. 2.4), 34-49 % (100 nM, Kulak
et al., 1997), ~30 % (112 nM, Kaiser and Wonnacott, 2000).
A Iso nAChR-evoked responses obtained from hippocampal slices compared well
with the literature reports. AnTx evoked [ H]NA release with an

EC50

of 1.2 pM,

similar to previous studies which used either the same assay (0.23 pM, Anderson et al.,
2000) or the superfusion technique (0.39 pM, Clarke and Reuben, 1996; 1.77 pM,
Sershen et al., 1997).
Therefore, the use of the 96-well technique appeared to be a robust and
reproducible assay of which we will make use in Chapter III to investigate the effects of
chronic nicotine administration on catecholamine release.

2.7.2 Comparison of nAChR subtypes mediating hippocampal [3H]NA
and striatal [3H]DA release
Pharmacological identification of nAChR subtypes mediating NA release has
been restricted by the limited availability of drugs to discriminate different
combinations of nAChR subunits. The involvement of p2* nAChR in the nicotinic
modulation of [3H]NA release is controversial: some studies reported sensitivity to
DHpE (Clarke and Reuben, 1996; Anderson et al., 2000), whereas others failed to show
any effect of this antagonist (Sershen et al., 1997; Leslie et al., 2002; and the present
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work). In contrast, the presence of the 02* nAChR on striatal dopaminergic terminals is
consistent with pharmacological data (Kaiser and Wonnacott, 2000) and functional
comparisons of tissue from wildtype and 02 null mutant mice (Champtiaux et al., 2003).
Consistent with the lack of 02* nAChR on hippocampal noradrenergic terminals, AnTx
was much less potent in evoking hippocampal [ H]NA release (EC 50 1.2 pM, Fig.
2.11A) compared with striatal [3H]DA release (EC5 0 138.9 nM, Fig. 2.4A; see Kaiser
and Wonnacott, 2000). The ineffectiveness of aCnTxMII with respect to AnTx- (Fig.
2.1 IB) or nicotine-evoked [3H]NA release from hippocampal preparations (Luo et al.,
1998) rules out a6(a3)02* nAChR, whereas partial inhibition by aCnTxAuIB (Luo et
al., 1998) supports the presence of a304* nAChR. However these results do not exclude
the possibility of an a6(a3)04* combination (see Lena et al., 1999).
The a7 nAChR-selective agonist choline evoked both striatal [3H]DA and
hippocampal [3H]NA release with concentration in the millimolar range. These results
are in good agreement with work of Albuquerque and colleagues, who found that, in
hippocampal rat neurons in culture, choline activated a7 nAChR with an EC 50 of 1.6
mM (Albuquerque et al., 1997). In addition of choline-elicited [3H]NA release,
inhibition of responses evoked by high concentrations of AnTx (25 pM) by both
aCnTxIml and MLA, implicate a l nAChR in the modulation of [3H]NA release. Clarke
and Reuben (1996) did not find any blockade by 10 nM MLA of nicotine-evoked
[3H]NA release from hippocampal synaptosomes, implying that a l nAChR are not
present on noradrenergic terminals. Together these data suggest that at least 2 distinct
nAChR populations modulate [3H]NA release from hippocampal slices: a l nAChR
activated by choline and high AnTx concentrations, that can indirectly modulate
[3H]NA release, and a non-02* nAChR population, likely to be 04-containing nAChR,
that resides on the noradrenergic terminals to directly influence [ H]NA release.
Tfhereas the wide difference in sensitivity to AnTx of the 02* and a l nAChR
components modulating [3H]DA release result in a biphasic concentration response
curve (Kaiser and Wonnacott, 2000; Fig. 2.4A), the lower sensitivity of the non-02,
non-a7 nAChR component of [3H]NA release must overlap that of the a l nAChR
component sufficiently to result in a single concentration response curve best fitted to a
simple site (Fig. 2.11 A). This is compatible with the 8 fold lower affinity of AnTx for
heterologously expressed a304 nAChR compared with forebrain membranes that
represent predominantly a402 (Xiao et al., 1998).
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2.7.3 Excitatory and inhibitory components of catecholamine release
2.7.3.1

a7 nAChR on hippocampal glutamatergic and GABAergic neurons:

model of disinhibition
In adult rat hippocampus, a7 nAChR have been immunolocalised on both
glutamatergic and GABAergic neurons (Fabian-Fine et al., 2001). In the CA1 region,
several electrophysiological studies (Alkondon and Albuquerque, 2000a; Buhler and
Dunwiddie, 2001) have recorded fast synaptic desensitising inward currents that are
sensitive to MLA, characteristic of a7 nAChR. In whole-cell patch-clamped
hippocampal neurons, Gray et al. (1996) provided evidence for presynaptic nAChR
sensitive to aBgt that could elicit glutamate release in response to nicotine. In the
present study, responses to choline and AnTx (25 pM) were partially blocked by
antagonists of both NMDA and non-NMDA iGluR (Fig. 2.11), consistent with a l
nAChR on glutamatergic afferents promoting glutamate exocytosis and subsequent
glutamate-evoked

[3H]NA

release

(Fig.

2.15).

The

presence

of

glutamate

heteroreceptors on noradrenergic afferents is supported by the ability of selective GluR
agonists to stimulate [3H]NA release (Fig. 2.12; Pittaluga and Raiteri, 1992).
In addition to glutamatergic influences elicited by a l nAChR activation, we also
show that a l nAChR can modulate a GABAergic component of [ H]NA release.
GABAergic intemeurons represent 10-15% of the total neuronal population in the
hippocampus, predominantly located in the stratum oriens and stratum radiatum (Freund
and Buzsaki, 1996). GABAergic intemeurons are heterogeneous with respect to their
nAChR complement: (i) >50% express exclusively a l nAChR, (ii) -30% express a
combination of both a l and non-a7 nAChR and (iii) the remainder give no response to
nicotine (Alkondon and Albuquerque, 2000a; McQuiston and Madison, 1999; Buhler
and Dunwiddie, 2001). Activation of nAChR on intemeurons induces the release of
GABA (Kofalvi et al., 2000) that, depending on the GABAergic innervation, can
strongly inhibit pyramidal cells (Freund and Buzsaki, 1996) or inhibit another
intemeuron, resulting in disinhibition of pyramidal cells (McQuiston and Madison,
1999; Ji and Dani, 2000; Bulher and Dunwiddie, 2001). This process of disinhibition
has also been described for cerebral cortical intemeurons (Alkondon et al., 2000b).
The abolition of a l nAChR-mediated [3H]NA release by the additive blockade of
both iGluR and GABAa receptor antagonists (Fig. 2.14B) implies that a l nAChR are
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present on both glutamatergic and GABAergic neurons. The association of a7 nAChR
with the latter is further supported by the non-additivity of co-applied choline and
GABA, suggesting that a l nAChR and GABA act in series to modulate [3H]NA release.
This is consistent with the selective block by bicuculline of choline-evoked [3H]NA
release and is compatible with the study of Leslie et al. (2002). One explanation is that
activation of a l nAChR on GABAergic cells evokes the exocytosis of GABA that in
turn inhibits a second intemeuron, generally considered to be GABAergic, to disinhibit
pyramidal cells, via repression of a tonic inhibition (see Fig. 2.14). This hypothesis is in
agreement with the findings of Ji and Dani (2000), from electrophysiological recordings
in the CA1 region. If a tonic GABAergic inhibition occurs in the in vitro slice
preparation, bicuculline should enhance basal release. This was not observed (see
Methods), suggesting that under the experimental conditions there was no tonic
GABAergic inhibition, but other inhibitory systems cannot be excluded. The complete
block of choline-mediated [3H]NA release by the Na+ channel blocker TTX (Table 2.2)
suggests an action potential-dependent mechanism, consistent with a somatic or
preterminal localisation of a l nAChR on GABAergic interneurons, in agreement with
the observations of Alkondon et al. (2000a).
Jin alternative explanation of GABA-evoked [3H]NA release is that GABA has a
direct, excitatory effect on noradrenergic varicosities. Although this is well established
in development, an excitatory effect of GABA in adult rodent brain has also been
reported (Vizi and Kiss, 1998; Fassio et al., 1999; for review see Stein and Nicoll, 2003)
and we cannot rule out a depolarising effect of GABA on noradrenergic afferents in the
hippocampus as an explanation of the positive modulation of [3H]NA release observed
in this chapter. A recent study using whole-cell patch clamp recordings showed that, in
mechanically dissociated rat hippocampal CA3 neurons with adherent presynaptic nerve
terminals from mossy fibers, GABA increased both the mean sEPSC frequency and
amplitude (Jang et al., 2006). The authors further demonstrated that this positive effect
resulted from presynaptic GABAa receptors-mediated depolarisation of nerve terminal
causing Ca2+ influx through VOCC leading to glutamate exocytosis.
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Fig. 2.15 Model of nAChR modulation of [1H]NA release in the hippocampus in
relationship to glutamatergic and GABAergic influences (Bank & Wonnacott, 2006)
The noradrenergic varicosity bears glutamate, GABAa and non-a7 nicotinic
heteroreceptors. a7 nAChR are proposed to reside on glutamate afferents and a
population of GABAergic intemeurons (Alkondon et al., 2000a; Fabian-Fine et al.,
2001). Activation of a7 nAChR on the glutamatergic terminals triggers the
exocytosis o f glutamate, which promotes the release of NA by acting at iGluR. Two
intemeurons in series are illustrated. The first GABAergic intemeuron, expressing
somatic a l nAChR, impinges on another intemeuron, generally considered to be also
GABAergic, although another inhibitory component is not excluded. The second
intemeuron tonically inhibits a glutamatergic input to the noradrenergic varicosity.
Hence, activation of a l nAChR on the upstream intemeuron induces the release of
GABA, which in turn inhibits the tonically active intemeuron resulting in a
disinhibition of the excitatory input. GABA might also elicit NA release by direct
depolarisation of the varicosity via GABAa receptors (Stein and Nicolls, 2003).
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2.7.3.2 Striatal GABAergic component
The involvement of the GABAergic system in mediating the nicotinic modulation
of hippocampal NA release is in contrast to the mechanisms modulating striatal DA
release. Although a common feature of the 2 regions lies in the ability of a7 nAChR to
indirectly stimulate striatal dopamine and hippocampal noradrenaline release via the
release of glutamate (Kaiser and Wonnacott, 2000 and the present work, respectively),
an additional GABAergic component is present in the hippocampal preparation,
conferring a more complex picture of neurotransmitter crosstalk (Fig. 2.8 and 2.15).
‘The absence of effect of GABA on [3H]DA release (Fig. 2.6) is consistent with the
lack of effect of GABA on basal [3H]DA levels in wistar rat striatal slices (Starr, 1978).
Interestingly, an in vivo microdialysis study in the striatum reported that application
down the probe of muscimol or baclofen (agonists of GABAa and GABAb receptors
respectively) resulted in a decrease of endogenous ACh release (DeBoer and Westerink,
1994). Conversely, the authors showed that application of bicuculline (GABAa
receptors antagonist), but not 2-hydroxy-saclofen (GABAb receptors antagonist),
increased the striatal ACh output, thus indicative of a tonic inhibition of ACh release by
GABAaR but not GABAbR. This study provides evidence for a GABAergic modulation
of the primary source of local ACh that could influence neighbouring cholinergic
receptors. In our experimental conditions (see 2.2.3), striatal slices were incubated for
30 min in the presence of low concentrations of [3H]DA, which are likely to prevent any
release of endogenous ACh that could activate AChR (see 2.1.1 for regulation of ACh
release by DA receptors), hence masking any putative GABA effect on cholinergic
intemeurons in our preparation.
2 .1.33 Striatal and Hippocampal glutamatergic components
The similarity between the two regions lies in the ability of DNQX to partially
inhibit choline-evoked [3H]DA (~30%) and [3H]NA release (-40%). Hence, nonNMDA iGluR contribute to some extent to the indirect a7 nAChR modulation of
catecholamine release. In our experimental conditions, KB contained physiological
concentrations of Mg2+ (2.2.3), therefore preventing any effect of NMD A agonist alone.
However, this does not exclude any contribution of NMDA iGluR to the release in the
presence of nAChR agonist. Indeed, both in the striatum (Cheramy et al., 1996) and the
hippocampus (Risso et al., 2004b) nicotine had a permissive effect on the NMDA
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response (i.e. co-stimulation with nicotine and NMDA were supra-additive). Therefore
it is possible that Na+ entry through nAChR is sufficient to induce nerve terminal
depolarisation, which results in the removal of the Mg2+ block, hence allowing NMDA
iGluR to be activated by NMDA agonists or the endogenous ligand glutamate.

2.7.4 Physiological relevance of a7 nAChR modulation of NA release
Physiologically, the endogenous activation of a l nAChR arises from the
substantial cholinergic input to the hippocampus from the medial septum diagonal band
complex of the basal forebrain that targets mainly GABAergic intemeurons (Frotscher
and Leranth, 1985). Because the cholinergic varicosities exhibit sparse synaptic contacts
(-10-20%), intemeuronal communication is likely to reflect volume transmission (Zoli
et al., 1999). Depending on the frequency of activation of the cholinergic fibres, the
concentration of ACh (or its degradation product, choline) might be sufficient to
activate a l nAChR, or to desensitise them. The GABAergic intemeurons participate in
the maintenance of rhythmic activities that include a nicotinic component in their
modulation (Cobb et al., 1999). In a recent study, systemic injection of an a l nAChR
agonist (PNU-282987) enhanced by -40% hippocampal theta wave activity induced by
electrical stimulation (Siok et al., 2006), therefore variation in the regulation of
excitation/inhibition could alter hippocampal functions. We provide such an example of
imbalance of the noradrenergic system following chronic nicotine exposure in Chapter
III, Part I.
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Chapter I I I

<Effects o f prolonged nicotine exposure on nJLCft^Rj
mediatedpre- andpostsynaptic dopaminergic events
(part I: nJLCft^modulhtion o f catecfofamine reCease
fo llo w in g proConged nicotine exposure a n d its w ith d ra w a l

3.1 Introduction
J4s presented in Chapter II, presynaptic nAChR modulates both striatal
dopamine and hippocampal noradrenaline release, with involvement of distinct nAChR
subtypes and contribution of glutamatergic/GABAergic inputs. Prolonged nicotine
intake has been clearly documented to increase nAChR density (see 1.4). The impact of
such a treatment on the ability of nAChR to modulate neurotransmitter release is still
contradictory, and is likely to depend on parameters such as kinetics of nicotine
absorption, frequency of administration and the dose employed. Here we discussed the
kinetics of nicotine intake, the various modes of its administration and the impact of
such treatment on neurotransmitter release.

3.1.1 Nicotine pharmacokinetics
3.1.1.1 Nicotine and tobacco smoke
^Vicotine absorption through inhalation of tobacco smoke is the most wide spread
mode of nicotine consumption. On average, a cigarette contains 0.8 g of tobacco with a
dose of nicotine varying between 10-20 mg (Rang et al., 2003). Nicotine is a weak base
and therefore is present in an ionized state in tobacco smoke, the pH of which has been
estimated to be ~5.5-6.6 (Brunnemann and Hoffmann, 1974). Nicotine easily enters the
lungs associated with smoke particles and reaches the alveoli where it is converted to a
non-ionized form due to the neutral surrounding pH. Hence, following a pH dependent
process, nicotine penetrates the bloodstream through bronchial membranes in a free
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base form (Armitage et al, 1974). This way of entry allows nicotine to be directly
transported to the brain, thus avoiding first-pass metabolism in the liver.
y?fter inhaling a puff of tobacco smoke, nicotine has been estimated to reach its
central targets, nAChR, in approximately 10 s (Hukkanen et al., 2005) with peak plasma
levels reached within 30 s (Rose et al., 1999). Nicotine’s concentration in arterial blood
after smoking can achieve peak values as high as 100 ng/ml, but usually ranges from 20
to 70 ng/ml (Gourlay and Benowitz, 1997). The arterial/venous nicotine ratio can reach
6-10 fold, but lower values are more often reported (2-3 fold). Each smoker can then
modulate the dose of nicotine intake by controlling the frequency and intensity (deep
versus short) of puffs, and obviously the number of cigarettes smoked. Therefore, these
complex parameters make it difficult to establish animal models of nicotine intake.
3.1.1.2 Nicotine metabolism
iMcotine is extensively metabolized in the liver, but is also processed to a lesser
extent in the kidneys and lungs. Metabolism of nicotine involves a variety of processes
requiring cytochromes P450 (primarily CYP2A6), flavin mono-oxygenases, and two
non-oxydative pathways (methylation and glucuronidation) (Fig. 3.1). In humans, 70 to
80 % of nicotine is biotransformed into a lactam derivative, cotinine, by a two-step
reaction catalysed by P450 (rate-limiting step) and aldehyde oxydase (McCoy et al.,
1986; Kyerematen et al., 1988; Benowitz and Jacob, 1994).
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Fig. 3.1 Primary routes of nicotine metabolism
Nicotine's metabolism is mainly dependent upon UDP glucuronosyl-transferases (UGT),
amine N-methyl transferase (ANMT), flavine mono-oxygenases (FMO) and cytochrome
P450 (CYP) which give rise to several metabolites as represented on the diagram. (Modified
from Hukkanen et al., 2005)
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Levels of cotinine, the major metabolite o f nicotine, are usually ranging from 250
to 300ng/ml, but heavy smokers can reach greater concentrations. The half lives (ti/2 ) of
nicotine and cotinine are 1.5-2.5 h and 12-18 h respectively (Hukkanen et al., 2005),
therefore cotinine can be used as an indirect marker of nicotine levels. However the
terminal half life o f nicotine is much higher (~11 h) probably reflecting a slow release
from body tissues.
Wicotine metabolism varies extremely among species. Focusing on rats and mice,
the two species commonly used in laboratories, Rowell and Li (1997) reported a ti /2 of
46 min for rats whereas Petersen et al. (1984) showed that mice exhibited an enhanced
metabolism of nicotine (tj/2 of 6-7 min). Moreover, interstrain differences in nicotine
metabolism were reported (Petersen et al., 1984), and in addition, the spectrum of
metabolites generated was shown to vary across species (Kyerematen et al., 1990). In
light of those parameters, the dose o f nicotine needs to be adapted to the species used in
the experiment. Those differences explain why doses employed in mouse studies are
often more elevated than in rat studies to obtain similar plasma levels of nicotine or
cotinine (e.g. Marks et al., 1994; Rowell and Li, 1997).

3.1.2 Delivery of nicotine
Cigarette consumption is a rapid, cheap and powerful means o f nicotine delivery.
Exposing animals to cigarette smoke has been attempted, but this method is highly
stressful and therefore inadequate to examine the effect o f nicotine in vivo. Below we
summarized the techniques commonly employed to administer nicotine to rodents.
3.1.2.1 Injections
The injection method is extensively used to administer various substances, in our
case nicotine or compounds interacting with nAChR, as it allows the delivery of a single
bolus o f the drug. Typically the tolerable doses o f nicotine used range between 0.2-0.8
mg/kg in rats and up to 2.0 mg/kg in mice (see above for differences in metabolism
rates). When injected subcutaneously, nicotine rapidly penetrates the bloodstream,
although peak levels (15 min post injection; Turner, 1975) cannot be attained as fast as
when inhaling nicotine. Hence, to avoid desensitisation of nAChR in the presence of
low doses of nicotine that may result from the slower elevation of plasma levels
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following injections, nicotine is commonly administered at higher doses (i.e. mg/kg)
that one would expect.
3.1.2.2 Osmotic minipum ps
(During

the

day,

considering

regular

cigarette consumption and due to the slow
release of nicotine from body tissues, plasma
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approximately 40-50 ng/ml (Russell, 1990). The
osmotic minipumps (Fig. 3.2), filled with either
saline (control) or nicotine (test condition), are
used to mimic sustained nicotine levels over a
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— layer
Impermeable
layer

prolonged period of time. Implanted rapidly
(-10 min) under anaesthesia, they provide a
reliable and slow delivery (0.5-1 pl/h) of the test
drug without causing any stress to the

Fig. 3.2 Schematic of an Alzet™
osmotic minipump

animal. Osmotic minipumps have been mainly employed in this chapter, and their
removal, also under anaesthesia, has allowed us to create a withdrawal period where
nicotine is eliminated from the body. Typically, we obtained plasma levels o f nicotine
ranging from 40 to 75 ng/ml, comparable to those previously reported in smokers
(Russell, 1990; Hukkanen et al., 2005).
3.1.2.3 Intravenous adm inistration
Tia a cannula inserted into the jugular vein, nicotine can be delivered either
contingently (i.e. the animal leams to self administer the drug by pressing a lever) or in
a non-contingent manner (i.e. passively infused). Shoaib and Stolerman (1999) showed
that plasma levels of nicotine in rats given the opportunity to lever-press for intravenous
nicotine delivery (0.03 or 0.06 mg/kg) reached, on average, values of 40-120 and 50200 ng/ml of nicotine and cotinine respectively. Non-contingent nicotine delivery has
also been utilized to replicate sustained plasma levels achieved by smokers.
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3.1.2.4 Nicotine in drinking water
(Delivery of nicotine in drinking water is the sole method that does not require
surgery or injection. Nicotine is diluted into the drinking water, animals are single
housed and bottles are weighed every day to estimate the amount of fluid intake. Using
this procedure, animals, usually exposed for 3 to 5 weeks, control their nicotine intake
with nicotine being primarily absorbed during the active phase, and plasma nicotine and
cotinine levels average 50 ng/ml and 210 ng/ml respectively (Pietila et al., 1998;
Brunzell et al., 2003). However, the bitter taste of nicotine in solution causes a loss of
body weight due to the decrease of fluid intake in nicotine-treated animals; hence, to
limit this effect, saccharin (2 %) is often incorporated to the water, although this new
parameter may enter a bias in the experiment that needs to be considered by the
experimenter.
3.1.2.5 Local application using a dialysis probe
The development of the dialysis technique in the early 1980’s has been a valuable
tool, not only to allow the sampling of endogenous compounds in conscious freely
moving animals, but also, to locally deliver drugs. Using this technique, nicotine was
shown to evoke endogenous accumbal DA release with local infusion either in the VTA
(Nisell et al., 1994a) or in the terminal fields of the mesolimbic pathway (Marshall et
al., 1997), implying that both somatodendritic and presynaptic nAChR respectively
contribute to the release.

J4.W the methods described provide a delivery of nicotine with kinetics inherent to
the technique itself. Those differences may account for some of the discrepancies
reported in the literature when investigating, for example, neurotransmitter release and
assessing the levels of nAChR binding sites (see 3.4.2 & 3.3.3.2). In this chapter we
selected minipumps as a mean of chronic nicotine delivery. We obtained reproducible
levels of plasma nicotine, post-operator effects were minimum and animals rapidly (1-2
days) accommodated to the implanted device.
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3.1.3 Catecholamine release & chronic nicotine
JAs describe in 1.5, nicotine modulates a large variety of neurotransmitters. It is
now acknowledged that chronic nicotine provokes imbalances in some of these
neurotransmitter systems and of interest in this chapter are NA and DA.
3.1.3.1 Noradrenaline
In comparison with DA (3.1.3.2), NA has been studied to a lesser extent following
prolonged nicotine administration. In vitro, the impact of such a treatment on
presynaptic nAChR-evoked rat hippocampal [3H]NA release is controversial. Both
increased (Grilli et al., 2005) and decreased (Jacobs et al., 2002) nicotine-evoked
[3H]NA release were reported, most likely reflecting the variation in dose and mode of
nicotine administration. In vivo, Sharp and co-workers demonstrated that rats selfadministering nicotine in an unlimited access paradigm exhibited markedly increased
levels of endogenous NA in the hypothalamic paraventricular nucleus (PVE; Fu et al.,
2001) and in the amygdala (Fu et al., 2003). In both regions the levels were greater
during acquisition (day 1) and early maintenance (days ~8-9). The major difference
between the 2 regions was the drop of overall NA levels during the late maintenance
phase of self-administration (days ~17-18) in the amygdala study, but not the PVE (Fu
et al., 2003 and 2001 respectively). Interestingly, the first self-administration events of
each day produced the higher increase in NA levels that progressively decreased
through the day and during the self-administration process; this last observation is likely
to reflect progressive nAChR desensitisation and also indicates that, as in humans, the
first self-administration event (i.e. mimicking the first cigarette smoked after overnight
abstinence) induces greater effects. In contrast in the frontal cortex, Kirch et al. (1987)
reported decreased levels of NA following constant infusion of nicotine for 21 days. On
the other hand, in rats that received single daily nicotine (0.4 mg/kg) for 5 days, an
enhanced NA release subsequent to an acute nicotine challenge could be observed in the
ventral hippocampus (Benwell and Balfour, 1997). The latter sensitised response was
markedly attenuated if rats were constantly infused with 1 mg/kg/day nicotine prior to
and during the sensitised-regimen injections.
'From the studies presented here, it appeared that under intermittent nicotine
administration NA release could undergo sensitisation (Fu et al., 2001, 2003; Benwell
and Balfour,

1997), whilst constant infusion was likely to provoke nAChR
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desensitisation (Kirch et al., 1987; Benwell and Balfour, 1997). In addition, in the case
of the in vivo studies, it is unclear to which extent presynaptic nAChR contribute to
these observations, therefore more investigations are required.

3.1.3.2 Dopamine
0opamine release has by far received more attention. Chronic studies were carried
out in both rats and mice, but surprisingly, the impact of chronic nicotine treatment on
nAChR-evoked DA release in KO animals has been poorly examined. Similar to what
has been observed in the hippocampus (3.1.3.1), the functionality of nAChR-evoked
DA release is still unclear either in mice or rats. From in vitro striatal preparations
(synaptosomes or slices), both increased and decrease nAChR-elicited DA release were
reported. For example, twice daily subcutaneous nicotine injections (10 days, 1.76
mg/kg) resulted in increased submaximal concentrations of nicotine-evoked [3H]DA
release from rat slices, but had no effect on stimulation with low micromolar
concentrations of nicotine (Yu and Wecker, 1994). In contrast, chronic intravenous
nicotine infusion in mice (Grady et al., 1997; 4 mg/kg/h, 9 to 10 days) or repeated
nicotine injections in rats (Jacobs et al., 2002; 2 mg/kg, 10 days twice daily) resulted in
decreased nicotine-evoked [3H]DA release from striatal synaptosomes and slices
respectively. In addition, Marks et al. (1993) reported a chronic nicotine infusion dosedependent

decrease

of nAChR-evoked

[3H]DA

release

from

striatal

mouse

synaptosomes.
In vivo, nicotine injections (0.4 mg/kg) pre-treatment for 5 days resulted in
enhanced extracellular DA levels in the NAc (Balfour and Benwell, 1992 and 1997)
without effect in the striatum (Benwell and Balfour, 1997). This is consistent with the
hypothesis that sensitisation is specific to the meso-accumbens pathway, but not the
nigro-striatal projecting neurons. Interestingly, the meso-accumbal sensitisation was
abolished when, prior to and during the 5-repeated daily nicotine injections, rats were
constantly infused with nicotine (4 mg/kg/day); this finding is likely to reflect nAChR
desensitisation. The latter study was complemented by the study of Marshall et al.
(1997). The authors showed that repeated intermittent nicotine injections (0.4 mg/kg) or
sustained nicotine infusion (4 mg/kg/day) for 7 days both resulted in enhanced DA
release subsequent to nicotine application down the dialysis probe in the striatum. This
is indicative of sensitisation of terminal presynaptic nAChR following prolonged
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nicotine exposure. The authors also found a similar increase in the NAc but only
following sustained nicotine exposure. This latter finding contrasts with the study of
Benwell and Balfour (1997). The difference observed probably reflects the length of
nicotine treatment, as Marshall et al. (1997) used 7 days and Benwell and Balfour
(1997) 14 days. In addition, Marshall et al. (1997) also examined the terminal region
(acute drug delivery via the probe) of the meso-accumbens tract and not the somato
dendritic nAChR population (as mainly targeted by systemic injection of nicotine; see
1.3.2.2). In contrast, repeated nicotine injections (0.5 mg/kg) for a longer period (12
days) did not affect accumbal DA levels but increased its release within the prefrontal
cortex (Nisell et al., 1996). Also the differences in the results reported can actually be
due to the topographic heterogeneity of the NAc (see 1.3.2.2.2). Indeed, Cadoni and Di
Chiara (2000) showed preferential DA increase in the NAc core compared to the NAc
shell subdivision in rats that received daily nicotine injections (5 days, 0.4 mg/kg)
followed by an acute nicotine challenge. This latter study was further substantiated by
the demonstration that the sensitised NAc core DA response was only observed in a
range of limited nicotine doses, and in specific rat strains, as it occurred in SpragueDawleys but not Lister-Hooded rats (Iyaniwura et al., 2001). In the experiments
described above (5.1.3.2), rats were passively injected nicotine. Recently, Di Chiara and
colleagues showed that during the phases of acquisition and maintenance of nicotine
self-administration, DA levels were elevated in both subdivisions of the NAc with a
predominant increase in the shell (Lecca et al., 2006), thus implicating the shell in the
reinforcing properties of nicotine and facilitating the acquisition as proposed by Balfour
(2004). Therefore in vivo studies generally show an increase of DA release following
prolonged nicotine exposure.

3.1.4 Catecholamine release & nicotine withdrawal
Smoking cessation is accompanied by withdrawal syndromes that contribute to
relapse. In humans, those symptoms comprise irritability, inability to concentrate,
anxiety, anger, restlessness and craving (Hughes et al., 1991). Nicotine’s withdrawal
can also be observed and scored in rodents by monitoring eye blinks, teeth chattering,
writhes, cheek tremors, body shakes, ptosis, escape attempts, gasps and scratches
(Malin et al., 1992; Epping-Jordan et al., 1998; Kenny and Markou, 2001; Skjei and
Markou, 2003). Rats withdrawn from chronic nicotine administration also exhibit
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deficits in sustained attention as measured by 5-choice serial reaction time task (5CSRTT; Shoaib and Bizarro, 2005).
In rodents, those behavioural signs are commonly observed 1-3 days following
spontaneous or precipitated (i.e. by injection o f nAChR antagonists) nicotine
withdrawal (Malin et al., 1994; Epping-Jordan et al., 1998), but can persist for up-to 15
days (Skjei and Markou, 2003). The dose of nicotine administered, the duration of the
treatment and the continuity of drug exposure are several criteria that dictate the
severity of those symptoms (Malin et al., 1992; Skjei and Markou, 2003; Le Foil and
Goldberg, 2005). Tobacco withdrawal symptoms are likely to reflect decreases in
nicotine levels as use of nicotine replacement therapy can diminish their intensities
(Hughes et al., 1984; West et al., 1984).
JLt a biochemical level, there is at present no report of alteration of NA levels
following nicotine withdrawal. In the striatum, precipitated chronic nicotine (3.16
mg/kg/day; 7-14 days) withdrawal by either systemic (Rada et al., 2001) or intra-VTA
(Hildebrand et al., 1999) injections of mecamylamine resulted in a decline of
extracellular endogenous accumbal DA. Diminished DA levels were also observed in
the central nucleus of amygdala with a mecamylamine injection subsequent to 14 days
nicotine (3.16 mg/kg/day; Panagis et al., 2000). Interestingly, decreased DA levels
(-45% ) in the nucleus accumbens following precipitated chronic nicotine withdrawal
were accompanied by an increase in extracellular levels of ACh (-25%) in the NAc
(Rada et al., 2001), indicating a putative increase in cholinergic transmission. Decreased
DA levels during the withdrawal period are not specific of nicotine as it was also
observed in naloxone-precipitated chronic morphine withdrawal (Pothos et al., 1991). In
the medial pre-frontal cortex, Carboni et al. (2000) showed that systemic injection of
mecamylamine to rats pre-treated with nicotine (3.16 mg/kg/day) via minipumps (7
days) increased DA levels. Thus, nicotine withdrawal is characterised by both
behavioural and neurochemical alterations.

3.1.5 Aims of this chapter
Vik, previously characterised in Chapter II the nAChR modulation of both striatal
[3H]DA and hippocampal [3H]NA release in slices from naive animals. In the light of
the studies described in 3.1.3, which described alterations in neurotransmitter release
following chronic drug administration, we investigated the effects of a prolonged
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nicotine exposure in rats on nAChR-evoked [3H]catecholamine release. Nicotine
exposure was for 14 days in vivo, and in vitro assays were then carried out. There is also
evidence for neurochemical imbalances during the withdrawal period (see 3.1.4). We
therefore also examined the impact of 3 or 7 days withdrawal on these two
neurotransmitter systems. O f particular interest was the a7 nAChR indirect modulation
of striatal [3H]DA and hippocampal [3H]NA release, which has been pharmacologically
examined using the selective agonist choline. To further investigate this a l nAChR
component in a chronic nicotine paradigm, we made use o f the availability of a l
nAChR KO mice. We first studied the nAChR modulation of striatal [3H]DA release in
naive wildtype vs a l nAChR KO mice, and then examined how prolonged nicotine
exposure altered nAChR-evoked responses. Some of the results presented here have
been published (Barik and Wonnacott, 2006)

NB: f H]DA release from mouse tissue has been carried out at the Institute o f
Psychiatry in collaboration with Prof. Ian Stolerman and Dr Davide Quarta. Prolonged
nicotine administration in mice was performed by Dr Quarta.

3.2 Materials & Methods
3.2.1 Prolonged nicotine administration
3.2.1.1 Chronic nicotine exposure in rats
<%ats were anaesthetized with isofluorane (-3% isofluorane: lL/min O2 , induction
phase; 1.5-2% isofluorane: lL/min O2 , maintenance phase) and Alzet osmotic
minipumps (model 2002) were implanted subcutaneously, in accordance of the Home
Office (Scientific procedures) Act 1986; osmotic minipumps were filled with saline
(control) or nicotine bitartrate, dissolved in saline and pH adjusted to 7.4, to deliver
nicotine (4 mg/kg/day, free base) at a rate of 0.5 pl/h for 14 days. As the initial pumping
rate do not reach steady state levels immediately, minipumps were kept at 37°C in
saline for 3h prior to implantation. The laterodorsal abdominal area of the animal was
shaved and swabbed with a solution of 70% ethanol + Hibicet® (a skin antiseptic). A
small incision (~1 cm) was made, and a subcutaneous skin pocket was created by blunt
dissection to fit the minipumps. Osmotic minipumps, swabbed with 70% ethanol and
saline respectively, were inserted with the large head of the flow moderator (see Fig.
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3.2)

opposite from the incision, which was closed with two wound clips. Antibiotic

powder was puffed onto the wound, which was checked once daily throughout the time
course of the experiment. Nicotine administration was without effect on weight gain. To
study the withdrawal period, osmotic minipumps were surgically removed after 14 days
and animals were sacrificed by cervical dislocation and decapitation 3 or 7 days later.
Each timepoint was determined for at least 8 rats, with saline- and nicotine-treated
animals paired, i.e. one saline- and one nicotine-treated animals were implanted on the
same day under similar experimental procedures.
The concentration of nicotine in the minipumps was calculated according to the
formula:
N icotine (mg/ml) - (x mg/kg/day) x (estimated animal weight (g) on day 7)
24 x (Pumping rate of Minipump (pl/h))
3.2.1.2 Chronic nicotine exposure in mice
The implantation of minipumps in mice was similar to that described above for
rats, with some modifications. The Alzet Osmotic minipumps model was the one
adequate for mice (model 1002); similarly mice were implanted with either saline-filled
or nicotine-filled minipumps to deliver nicotine (6.3 mg/kg/day or 12 mg/kg/day) at a
rate of 0.25 pl/h for 14 days followed, or not, by a 3-day withdrawal period.
3.2.1.3 Repeated nicotine injection in mice
Mice were injected twice daily with either saline or nicotine (1.2 mg/kg) for 14
days. Three hours following the last injection, mice were sacrificed by cervical
dislocation and brains rapidly removed and dissected. To study the withdrawal period,
mice were killed 3 days after the end of the repeated injection regime.
3.2.1.4 Rat plasma nicotine and cotinine levels
(Following decapitation, trunk blood was collected in heparinised Eppendorf tubes.
Blood was centrifuged at 2500 rpm for 15 min at 4°C, the supernatant was collected and
re-centrifuged at 1500 rpm for 30 min at 4°C; the final supernatant was frozen in liquid
nitrogen and stored until submitted for nicotine and cotinine analysis. Following 14
days of nicotine administration, nicotine and cotinine levels were 49.8 ± 3 .0 ng/ml and
335.3 ± 18.2 ng/ml respectively (n=16).
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2

3.2.2 [ H]DA release in naive mice
tffelease experiments in naive mice were carried out with minor modification of
the protocol previously described (2.2.3). For each experiment, 2 mice were killed by
cervical dislocation, striata were pooled and incubation with [3H]DA (50 nM) was
carried out in 2.5 ml KB. Final resuspension was into 5 ml and slices were loaded into
one half of a 96-well plate.

3.2.3 Catecholamine release following prolonged nicotine exposure
tffclease experiments following prolonged nicotine administration were carried out
with minor modifications of the protocol previously described (2.2.3). Release was
assessed from tissue originating from each rat or mouse individually. The incubation
with 50 nM [3H]DA or 70 nM [3H]NA, for rat striatal and hippocampal slices
respectively, was completed in a volume of 2.5 ml, and the final resuspension of the
tissue, before loading into one half of a 96-well filter plate, was into 5 ml. For mouse
striatal slices, incubation with 50 nM [3H]DA was in 1.25 ml, final resuspension into
2.5 ml and loading was into 'A of a 96 well plate. On each plate, rat slices obtained from
a saline- and a nicotine-treated animal were assessed in parallel. For the mouse study, 2
saline- and 2-nicotine treated animals were assessed in parallel. Chronic nicotine
treatment had no effect on basal release or responses to buffer stimulation.

3.2.4 Radioligand binding
3.2.4.1 Membrane preparation
(Brain membranes were prepared as previously described (Davies et al., 1999;
Sharpies et al., 2000). Individual rat brains (minus cerebellum, hippocampus and
striatum) or mouse brains (minus cerebellum and striatum) were homogenized in ice
cold 0.32 M sucrose containing 1 mM EDTA, 0.1 mM PMSF and 0.01 % NaN 3 (pH
7.4, 10% w/v). The homogenate was centrifuged at 15 000 g for 25 min. The pellet was
resuspended in 50 mM phosphate buffer (40 mM

K 2H P O 4,

10 mM

K H 2P O 4,

1 mM

EDTA, 1 mM PMSF and 0.01% NaN 3 , pH 7.4) and centrifuged at 15 000 g for 25 min.
The wash step was repeated and the final pellet was resuspended in 2.5 ml/mg original

101

Chapter III. Part I

weight in ice cold 50 mM phosphate buffer and frozen until use. Protein concentration
was estimated by using a colorimetric protein dye reagent (Bradford, 1976).
3. 2.4.2 [3H]epibatidine binding assay
[ H]epibatidine binding was carried out as previously described (Sharpies et al.,
2000). [ H]epibatidine binding was performed on 150 pg of brain membranes, in a final
volume of 1 ml (NaCl 118 mM, KC1 4.8 mM, CaCl2 2.5 mM, M gS04 2 mM, Hepes 20
mM, Tris 20 mM, PMSF 0.1 mM and 0.01% sodium azide, pH 7.4). The final
concentration of [3H]epibatidine was 500 pM. Non specific binding (~5-10% of total
binding) was determined in the presence of 1 mM nicotine. Samples were incubated for
1.5 h at room temperature, followed by 30 min at 4°C. Then samples were filtered
through Gelman GFA filters, presoaked overnight in 0.3% polyethylene immine (PEI)
using a Brandel cell harvester. Filters were washed 3 times with ice cold PBS, and
counted for radioactivity using a Packard 1600 Tricarb scintillation counter (counting
efficiency 45%). Each assay was conducted in triplicate.
3. 2.4.3
125

125

I-abungarotoxin binding assay

I-abungarotoxin (

125

I-aBgt) was carried out according to Whiteaker et al.

(2000a) with some modifications.

125

I-aBgt binding was performed on 250 pg of

membranes in a final volume of 200 pi of phosphate buffer supplemented with 0.1 %
BSA, (pH 7.4) and

125

I-aBgt to give a final concentration of 10 nM. Non specific

binding (~15-20% of total binding) was determined in the presence of 1 mM nicotine.
Samples were incubated for 3 h at 37°C and then 1 mL of buffer was added to each
tube, an incubation at 37°C continued for a further hour. Samples were then transferred
at 4°C for 30 min before filtration through Gelman GFA filters, presoaked overnight in
0.3% PEI and 4% milk powder, using a Brandel cell harvester. Filters were then washed
3

and counted as described above for [ H]epibatidine binding assay. Counting efficiency
for

125

I-aBgt was 60%.
3

3.2.4.4 [ HJmethyllicaconitine binding assay
3

3

[ H]methyllicaconitine ([ H]MLA) was carried out as previously described
3

(Davies et al., 1999). [ H]MLA binding was performed on 150 pg of membranes in a
final volume of 250 pi of phosphate buffer supplemented with 0.1 % BSA, 200 mM
3

Tris, (pH 7.4) and [ H]MLA to give a final concentration of 20 nM. Non specific
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binding (-25-30% of total binding) was determined in the presence of 1 mM nicotine.
Samples were incubated for 2 h at room temperature and then transferred to 4°C for 30
min before filtration through Gelman GFA filters, presoaked overnight in 0.3% PEI,
using a Brandel cell harvester. Filters were then washed and counted as described above
for [~H]epibatidine binding assay. Counting efficiency for [ H]MLA was 45%.

3.3 Results
3.3.1 Catecholamine release in rats
3.3.1.1 Effects of chronic nicotine treatment on numbers o f nAChR

tffots were treated with nicotine for 14 days by osmotic minipump (4 mg/kg/day).
Assays were conducted on day 14, or following 3 or 7 days withdrawal. Brain
fH]epibatidine binding sites were up-regulated by 37.0 ± 15.7 % after 14 days nicotine
treatment and remained significantly elevated by 42.0 ± 10.3 % and 46.9 ± 11.3 % at 3
and 7 days withdrawal respectively. In contrast, numbers of a7 nAChR labelled with
125I-aBgt were unchanged (Table 3.1).
TABLE 3.1
Effects of chronic nicotine treament and its withdrawal on brain rat [3H]epibatidine
(l’H]epi) and 125I-abungarotoxin (124-aBgt) binding sites

|3H]epi binding sites (fmol/mg)
Mini Pump

Withdrawal

125I-uBgt binding sites (fmol/mg)
MiniPump

Withdrawal

T re a tm e n t

S alin e

Nicotine
In c re a se

14 days

3 days

7 days

14 days

3 days

7 days

99.7 ±8.2

90.4 ± 9.0

81.0 ± 10.9

117.1 ± 5.0

109.2 ±4.2

102.4 ±6.1

137.1 ± 15.7* 128.4 ±5.6*

119.0 ±9.1*

114.6 ± 7.3

112.9 ± 6.4

105.2 ±11.7

37.5 ± 17.7*

42.0 ± 10.3*

46.9 ± 11.3*

-2.11 ±7.1

3.4 ±5.7

2.7 ±9.7

(n=16)

(n=16)

(n=16)

(n=16)

(n=16)

(n=16)

(% salin e)

♦statistically different from respective control. p<0.05, one way ANOVA

103

Chapter III. Part I
3.3.1.2

Effects

of

chronic

nicotine

treatment

on

nAChR-mediated

hippocampal [3H]NA release

'Following chronic nicotine administration, we examined the responsiveness o f a7
and non-a7 nAChR using choline (1 mM) and AnTx (1 pM) respectively. Hippocampal
['H]NA release elicited by 1 pM AnTx was similar in saline- and nicotine-treated
animals following 14 days’ treatment and dunng the withdrawal period (Fig. 3.3A). a7
nAChR-mediated [H ]N A release evoked by 1 mM choline was unchanged following
14 days’ treatment with nicotine, but was significantly up-regulated by 61.6 ± 19.4 % at
3 days withdrawal (Fig. 3.3B) This functional up-regulation returned to control levels
at 7 days withdrawal.

200

Minipump
14 days

Withdrawal
3 days 7 days

®

acute Antx (1 pM)

200

Minipump
14 days

Withdrawal
3 days 7 days

acute choline (1 mM)

Fig. 3.3 Effect o f chronic nicotine and its withdrawal on acute stimulation of

nAChR-mediated [’H]NA.
Rats were exposed to either saline (control; blue bars) or nicotine (4 mg/kg/day; red
bars) via osmotic minipumps for 14 days and [ H]NA release was measured on day
14 or following 3 or 7 days withdrawal. Hippocampal slices were challenged by
either acute 1 pM AnTx (A) or 1 mM choline for 5 min (B). Results are presented as
a percent of control responses at the respective timepoint. Following saline
treatment, AnTx-evoked [3H]NA release (fractional values) was 13.2 ± 0.8, 9.6 ± 1.0
and 8.4 ± 0.7 and choline-evoked release was 7.8 ± 1.0, 5.3 ± 0.7 and 4.1 ± 0.5 at 14
days’ treatment and 3 and 7 days withdrawal, respectively. *p<0.01, statistically
different from control Student’s paired t-test.

Fn 2.6.4, we showed that a l nAChR-mediated ['H]NA release was abolished by
the co-application of DNQX and bicuculline. We therefore assessed the impact of
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chronic nicotine exposure on these two components of the a7 nAChR response.
Inhibition of choline-evoked [ ’H]NA release by DNQX or bicuculline was similar at the
3 time points (Table 3.2), indicating a lack of effect of the nicotine treatment at nonNMDA iGluR and GABA a receptors respectively. This is consistent with the lack of
change in AMPA- and GABA-evoked ['H]NA release following chronic nicotine
exposure and its withdrawal (Table 3.3).

TABLE 3.2
Effects of antagonists on choline-evoked [3H] NA release following chronic nicotine
treatment and its withdrawal

Inhibition of choline-evoked [3H]NA release (%)
DNQX (200 pM)

A n ta g o n is t

Bicuculline (100 pM)

Withdrawal

MiniPump

Withdrawal

MiniPump

T re a tm e n t

14 days

3 days

7 days

14 days

3 days

7 days

S a lin e

49.0 ± 4 .5

56.4 ± 12.4

50.1 ±11.1

85.7 ± 7 .5

89.8 ± 6.2

84.5 ± 3 .5

Nicotine

52.7 ± 10.9

40.9 ± 18.0

58.6 ±8.6

82.3 ± 9 .0

87.1 ± 15.8

84 8 ± 6 .6

(n=12)

(n=7)

(n=8)

(n=12)

(n=7)

(n=8)

TABLE 3.3
Effects of chronic nicotine treament and its withdrawal on [3H] NA release evoked
by AMPA or GABA

[3H] NA release (fractional release)
AMPA (100 pM)

S tim u lu s

GABA (100 pM)

Withdrawal

MiniPump

Withdrawal

MiniPump

T re a tm e n t

14

days

3

days

7

days

14

days

3

days

7

days

S a lin e

11.1 ± 1.1

10.6 ± 1.7

8.0 ± 1.6

7.1 ± 0.9

6.5 ± 1 1

4.8 ± 1.3

Nicotine

13.1 ± 1.1

12.9 ±2.2

10.1 ± 1 9

7.3 ±0.8

7.2 ± 1 1

7.6 ± 2.9

(n=15)

(n=7)

(n=8)

(n=15)

(n=7)

(n=8)
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3.3.1.3

Effects of chronic nicotine treatment on nAChR-mediated striatal

[3H]DA release

^at striatal slices, obtained from the same animals that provided hippocampal
tissue (see 3.3.1.2), were assessed in parallel for nAChR-stimulated ['H]DA release
following chronic nicotine exposure.
Atriatal [3H]DA release elicited by 1 pM AnTx gave a non-significant trend
towards a decrease following 14 days’ nicotine exposure and this trend was sustained
during the withdrawal period (Fig. 3.4A). a7 nAChR-mediated [’H]DA release evoked
by 1 mM choline also gave a non-significant trend towards a decrease following 14
days’ treatment with nicotine. In contrast, choline elicited-responses were significantly
up-regulated by 83.6 ± 40.7 % at 3 days withdrawal (Fig. 3.4B), comparable to what we
observed with the a7 nAChR component of hippocampal NA release (3.3.1.2). This
functional upregulation returned to control levels at 7 days withdrawal.
Minipump
14 days

Withdrawal
3 days 7 days

®

acute AnTx (1 pM)

Minipump
14 days

Withdrawal
3 days 7 days

acute choline (1 mM)

Fig. 3.4 Effect of chronic nicotine and its withdrawal on acute stimulation of

nAChR-mediated striatal [3H]DA
Rats were exposed to either saline (control; blue bars) or nicotine (4 mg/kg/day; red
bars) via osmotic minipumps for 14 days and [’H]DA release was measured on day
14 or following 3 or 7 days withdrawal. Striatal slices were challenged by either
acute 1 pM AnTx (A) or 1 mM choline (B). Results are presented as a percent of
control responses at the respective timepoint. Following saline treatment, AnTxevoked [3H]DA release (fractional values) was 12.3 ± 2.3, 11.4 ± 0.8 and 8.8 ± 0.9
and choline-evoked release was 6.1 ± 1.1, 4.7 ± 1.2 and 3.5 ± 0.6 at 14 days’
treatment and 3 and 7 days withdrawal, respectively. *p<0.01, statistically different
from respective control Student’s paired t-test.
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inhibition of choline-evoked [ H]DA release by DNQX remained similar at the
three time points, indicating a lack of effect of chronic nicotine treatment at non-NMDA
iGluR (Table 3.4). To further support this observation, we assessed in parallel AMPAevoked [’H]DA release; those responses gave comparable values of ['H]DA release at
the three time points (Table 3.4).
TABLE 3.4

Chronic nicotine treatment: effects on DNQX inhibition of choline-evoked
release and on AMPA-evoked

[3H] DA

[3H] DA

release

Inhibition of choline-evoked

[3H]DA release

[3H]DA release (%)

(fractional release)

DNQX (200 pM)

AMPA (100 pM)

D rug

MiniPump

Withdrawal

Withdrawal

MiniPump

T re a tm e n t

14 days

3 days

7 days

14 days

3 days

7 days

S alin e

24.3 ±7.0

28.9 ± 17.9

33.7 ±12.9

5.7 ± 0.7

6.0 ±0.5

4.4 ±0.8

Nicotine

32.4 ± 14.8

41.1 ± 10.2

29.9 ±10.9

5.8 ± 1.0

6.0 ±0.6

3.9 ± 0.3

(n=15)

(n=7)

(n=8)

(n—15)

(n=7)

(n=8)

3.3.2 Comparison of nAChR-evoked striatal dopamine release in
wildtype & a7 nAChR KO mice
3.3.2.1 DA release in naive wildtype vs a7 nAChR KO mice

3.3.2.1.1

a7 nAChR KO mice lack U5I-aBgt binding sites

% confirm that the expression of assembled a7 nAChR was absent in a7 nAChR
KO mice, we first carried out binding experiments with selective ligands. No specific
binding for '^I-aB gt was detectable on membranes prepared from a7 nAChR KO brain
tissues, whereas wild type mice exhibited similar levels o f a7 nAChR as previously
reported (Orr-Utreger et al.,

1997) (Fig. 3.5). On the other hand, levels of

[~H]epibatidine binding sites, mainly reflecting binding of high affinity a4p2 nAChR,
were strictly identical in wild type and a7 nAChR KO mice (Orr-Utreger et al., 1997),
yielding levels of 61.9 ± 3 .4 and 64.3 ± 2.6 fmol/mg of protein respectively (Fig. 3 .5).

107

Chapter III. Part I

Fig. 3.5 0.1 nAChR binding sites are absent of

o l nAChR KO mice.
[3H]epibatidine and 125I-aBgt binding assays
were carried out as described in 3.2.3.5 on P2
membranes from wt (blue bars) or o l nAChR
KO (green hatched bars) mice. Results are
presented as specific binding in fmol/mg of
protein. #, p<10'6, significantly different from
[3H]epibatidine

125l-aBungarotoxin

control Student’s t-test.

3.3.2.1.2

o l nAChR KO mice exhibit loss of low affinity component of

nicotine-evoked [H ]D A release
l b investigate whether (52* nAChR-mediated [H ]D A release was altered in o l
nAChR KO mice, we compared the responses elicited by nicotine (1 pM), and the
effects o f aCnTxMH and DHPE blockade on these responses. In both groups of
animals, 1 pM nicotine-evoked [’H]DA release was comparable (wt: 8.0 ± 1.1 %; o l
nAChR KO: 8.7 ± 1.1 %) (Fig. 3.6). Pre-incubation with DHpE (10 pM) virtually
abolished 1 pM nicotine-evoked pH] DA release in both wt and o l nAChR KO mice,
and pre-incubation with aCnTxMH (200 nM) produced similar inhibition of 1 pM
nicotine-evoked responses in both cases (Fig. 3.6). Thus, o l nAChR KO mice display
comparable p2* nAChR-mediated functional responses.
In wt mouse striatal slices, higher concentration of nicotine (50 pM) further
significantly increased levels of [’H]DA compared to 1 pM nicotine-evoked release
(Fig. 3.6A), consistent with activation of a low affinity component as seen previously
(Chapter II Part I) This effect was absent in o l nAChR KO animals where nicotine 1
and 50 pM both elicited similar increases in [H ]D A release, 8.7 ± 1.1 % and 10.4 ± 1.1
% respectively (Fig. 3.6B). However, pre-incubation with the non-NMDA iGluR
antagonist DNQX produced unexpected comparable levels of inhibition of nicotine (50
pM)-evoked [’H]DA release, in both wt and o l nAChR KO animals, 30.6 ± 17.1 % and
48.7 ± 9.2 % respectively (Fig. 3.6).
The selective o l nAChR agonist choline (1 mM) evoked [3H]DA release from wt
mouse striatal slices that was markedly decreased by 81.3 ± 9.1 % in the presence of
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DNQX (Fig. 3.6A). In contrast, choline failed to elicit any response in KO animals (Fig.
3.6B), consistent with absence of 125I-aBgt binding sites (Fig. 3.5).

B

a7 KO

Wild T v p e

S <5515
CO

8 * 15
I I

(I)
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-

DNQX

-

■£
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« 5

DNQX

Nic 50 pM Cho 1 mM

-

a -M II DHpE

Nic 1 pM

-

DNQX

-

DNQX

Nic 50 pM Cho 1 mM

Fig. 3.6 Comparison of nAChR modulation of [ 'H]DA release from wild type and a7

nAChR K.O striatal slices.
Wild type (A) or a7 nAChR KO (B) mouse striatal slices were loaded with [3H|DA and
released transmitter in response to drug treatment was determined by filtration, as described
in 3.2.2. aCnTxMII (200 nM, grey bar, n=4) and DH0E (10 pM, grey bar, n=4) were applied
5 min prior to and remained throughout the stimulation w ith 1 pM nicotine (Nic; blue bar for
wt. and green hatched bar for a7 nAChR KO mice. n=4). Similarly, DNQX (200 pM, grey
bar) was applied 5 min prior to and remained throughout the stimulation with nicotine 50
pM (blue bar for wt, and green hatched bar for a l nAChR KO mice, n=4) or choline 1 mM
(Cho; blue bar for wt, and green hatched bar for a7 nAChR KO mice, n=4). Transmitter
release is presented as fractional release. * P<0.05, ** P<0.01 and *** P<0.001 significantly
different from corresponding control. Student's t-test.

3.3.2.1.3

Effects of repeated nicotine injections on nAChR-evoked striatal

['H]DA release in wt mice (Trial 1)
Tffe first examined whether intermittent nicotine administration via injections
could produce any alterations of nAChR-elicited ['H]DA release. Wild type mice were
treated with nicotine for 14 days by twice daily repeated injections (1.2 mg/kg). Assays
were conducted on day 14, or following 3 days withdrawal. Brain [’H]epibatidine
(Table 3.5) and [3H]MLA (Table 3.6) binding sites of nicotine-treated mice were not
significantly different from saline-injected mice.
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vStriatal [’H]DA release elicited by 1 and 50 pM nicotine and 1 mM choline were
similar in saline- and nicotine-injected animals following 14 days’ treatment and during
the withdrawal penod (Fig. 3.7).
T A B L E 3.5

Effects o f repeated interm ittent or chronic nicotine treatm ent and its w ithdraw a
on brain [3H ]epibatidine binding sites

[3H]epibatidine binding sites (fmol/mg)
Trial 1 (1.2 mg/kg)

Trial 2 (6.3 nig/kg/day)

Injections

Withdrawal

MiniPumps

Withdraw;

14 days

3 days

14 days

3 days

Saline

8 3 .2 ± 9 .7

1 0 1 .7 ± 1 7 .3

1 0 1 .1 ± 1 1 .4

1 2 0 .1 ± 5

Nicotine

81.7 ±9.1

140.2 ± 2 1 .3

144.9 ± 11.8*

160.8 ± 19.

-2 .0 ± 0 .9

3 7 .8 ± 2 2 . 4

4 3 . 3 ± 9.8*

3 3 . 9 ± 10.

(n = 8 )

(n = 8 )

(n= 5-7)

Treatment

Increase
(% saline)

(n = 4 - 6 )

‘statistically different from respective control, p<0.05, one way Anova

TA BLE 3.6
Effects of repeated intermittent or chronic nicotine treatment and its withdrawal
on brain [3H]MLA binding sites

[3H]M LA binding sites (fmol/mg)
T rial 1 (1.2 nig/kg)

T rial 2 (6.3 nig/kg/day)

Injections

Withdrawal

MiniPumps

Withdrawal

14 days

3 days

14 days

3 days

Saline

20.9 ± 3 .5

4 0 .2 ± 6 . 4

31.0 ± 3 .9

32.7 ±4.0

Nicotine

2 5 .7 ± 2 . 5

3 2 .3 ± 2 . 1

3 8 .5 ± 5 . 3

4 0 .3 ± 4 . 9

23.0 ± 1.8

-20.0 ± 8.7

24.2 ± 4 .9

23.2 ± 2.4

(n=8)

(n=7-8)

(n=6-8)

(n=5-8)

Treatment

Increase
(% saline)
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2Q

14 days

3 days Withdrawal

T rial 1

Treatment
1 4 d a y s tw ic e d aily in jec tio n s
( 1 .2 m g /k g )

I

S a lin e
N ico tin e

N ic o tin e

C ho

N ico tin e

Fig. 3.7 Effects of repeated intermittent nicotine exposure and its withdrawal on
acute stimulation of nAChR-mediated [1H]DA release in wt mice (Trial l).
Mice were twice daily injected with either saline (control; blue bars) or nicotine (l .2
mg/kg; red bars) for 14 days and [ H]DA release was measured on day 14 or
following 3 days withdrawal. Striatal slices were challenged by either acute 1 or 50
pM nicotine, or 1 mM choline for 5 min (n=6-8). Results are presented as fractional
release.

3.3.2.1.4

Effects of chronic nicotine exposure on nAChR-evoked [*'H]DA

release in wt mice (Trial 2)
In view of the lack of effect of the injection regime in Trial 1 (3.3.2.1.3), we
examined the effect of a higher dose of nicotine. Wild type mice were treated with
nicotine, or saline for 14 days by osmotic minipumps (6.3 mg/kg/day). Assays were
conducted on day 14, or following 3 days withdrawal after pump removal. Brain
['HJepibatidine were up-regulated by 43.3 ± 9.8 % and remained elevated during the 3
days withdrawal by 33.9 ± 10.1 % (Table 3.5). In contrast, numbers of [3H]MLA
binding sites were unchanged (Table 3.6).
striatal fH ]D A release elicited by nicotine (1 and 50 pM) and choline (1 mM)
showed a non-significant trend towards an increase in mice chronically exposed to
nicotine for 14 days (Fig. 3.8). This trend was abolished for nicotine (1 and 50 pM)evoked responses following the 3 days withdrawal period. In contrast, a7 nAChRmediated ['H]DA release evoked by 1 mM choline showed a sustained trend towards an
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increase, albeit not significant, at 14 days treatment and at the 3 days withdrawal
timepoint.
~T"rial 2
14 days

3 days withdrawal

Treatm ent
14 days minimpumps
(6.3 mg/kg/day)
Saline
Nicotine

1pM

50

Nicotine

ijM

1 mM
Choline

1 Mm

50

Nicotine

mM

1 mM
Choline

Fig. 3.8 Effects of chronic nicotine exposure and its withdrawal on acute stimulation
of nAChR-mediated [ 'H]DA release in wt mice (Trial 2)
Mice were exposed to either saline (control; blue bars) or nicotine (6.3 mg/kg/day;
red bars) via osmotic minipumps for 14 days and ['H]DA release was measured on
day 14 or 3 days withdrawal. Striatal slices were challenged by either acute 1 or 50
pM nicotine, or 1 mM choline for 5 min (n=5-7). Results are presented as fractional
release.
3.3.2.1.5

Effects of chronic nicotine exposure on nAChR-evoked [3H]DA

release in wt mice compared with a7 nAChR KO mice (Trial 3)
Tfild type and a7 nAChR KO mice were chronically treated with a higher dose of
nicotine for 14 days by osmotic minipumps (12 mg/kg/day). Assays were conducted on
day 14, or following 3 days withdrawal. Brain [,H]epibatidine binding sites were upregulated by 70.3 ± 10.2 % and 57.6 ± 5.3 % in wt and a7 nAChR KO mice
respectively (Table 3.7). High affinity nAChR binding sites remained elevated in both
cases during the 3 days withdrawal (wt: 58.0 ± 12.1 %; a7 nAChR KO: 36.1 ± 13.3 %)
(Table 3.7).
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JAs previously seen (Fig. 3.5), a7 nAChR mice do not show any specific binding
for radiolabelled a7 nAChR ligands, reflecting the absence of assembled a7 nAChR
(Table 3.8). On the other hand, wt mice treated for 14 days with nicotine exhibited a
trend towards an increase of [H jM LA binding sites but without significance (Table
3.8).
TABLE 3.7
Effects of repeated intermittent or chronic nicotine treatment and its withdrawal
on brain [3H]epibatidine binding sites

3H jepibatidine binding sites (fmol/mg) T rial 3 (12 mg/kg/day)
W ild type

oc7 nA C hR KO

MiniPumps

Withdrawal

MiniPumps

Withdrawal

14 days

3 days

14 days

3 days

Saline

90.2 ± 3.2

107.7 ±3.3

95.1 ± 4.4

88.1 ± 5.9

Nicotine

153.6 ± 4 .6 *

170.2 ± 8 .9 *

149 .9 ± 11.8*

119.9 ± 3.1 *

70.3 ±10.2*

58.0 ±12.1*

57.6 ± 5.3*

36.1 ±13.3*

(n=7-8)

(n=6-7)

(n=5-7)

(n=4-6)

Treatment

Increase
(% saline)

‘statistically different from respective control, p<0.05, one way Anova

TA BLE 3.8
Effects of repeated intermittent or chronic nicotine treatment and its withdrawal
on brain [3H]MLA binding sites

H]M LA binding sites (fmol/mg) Trial 3 (1 2 mg/kg/day)
W ild type
Treatment

MiniPumps

a 7 nA C hR KO

Withdrawal

MiniPumps

Withdrawal

14 days

3 days

14 days

3 days

Saline

40.6 ±5.3

34.4 ±1.1

6.0 ± 5.9

4.4 ±7.1

Nicotine

59.9 ±8.7

39.0 ± 3 4

3.5 ±3.5

2.1 ±5.5

47.3 ±12.9

13.3 ±2.4

-0.5 ±4.4

-0.5 ±5.1

(n=7-8)

(n=6-8)

(n=6-8)

(n=5-8)

Increase
(% saline)
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In contrast with trial 2 where 14 days nicotine treatment gave a trend towards an
enhancement of nAChR-evoked responses, increasing the dose of nicotine delivered by
osmotic minipumps led to an opposite effect. Indeed, in both wt and a7 KO nAChR
mice, 1 and 50 pM nicotine-evoked [H ]D A release gave a trend towards a decrease that
was absent during the withdrawal period (Fig. 3.9). In addition in wt mice, cholineevoked [H ]D A release gave a trend towards a decrease during nicotine’s withdrawal
without alteration at the 14 days timepoint. In agreement with our earlier findings in
naive animals (Fig. 3.6) choline failed to elicit any response in a7 nAChR KO mice.

3 days withdrawal

14 davs minimimDs

<u 15
<D V)
tO
(0
oj

® aS 10

a>

m aS 10

Me 1 pM

M c50pM

Cho 1 mM

W T sa lin e

W T nicotine

Nic 1 pM

Ia 7 KO sa lin e

Mc50pM

ChoImM

a l KO nicotine

Fig. 3.9 Effects of chronic nicotine exposure and its withdrawal on acute stimulation of
nAChR-mediated [3H]DA release in wt and a7 nAChR mice (Trial 3)
Wild type and a7 nAChR K O mice were exposed to either saline (control; blue bars and
blue coarse bars respectively) or nicotine (12 mg/kg/day; red bars and red coarse bars
respectively) via osmotic minipumps for 14 days, and [3H]DA release was measured on
day 14 (A) or 3 days withdrawal (B). Striatal slices were challenged by either acute 1 or 50
pM nicotine (Nic), or 1 mM choline (Cho) for 5 min (n=7-8). Results are presented as
fractional release.
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3.4 Discussion
3.4.1. Prolonged nicotine exposure and upregulation of nAChR
The paradoxical up-regulation of nAChR binding sites following prolonged
nicotine exposure has been extensively demonstrated in various cell models, rodents
and in post-mortem human brain tissues (Wonnacott, 1990; Breese et al., 1997; Gentry
and Lukas, 2002; 1.4). In this chapter, using rat and mouse brain membranes, we
reported an upregulation of high affinity nAChR binding sites following chronic
nicotine exposure via minipumps, with a dose-dependent effect in mice (Tables 3.5 &
3.7). Upregulation of high affinity binding sites was also observed in a l nAChR KO
mice, thus indicating that absence of this subtype does not interfere with the
mechanisms producing upregulation of nAChR labelled with [3H]epibatidine (mainly
a4p2 nAChR). This increase was persistent for up to 7 days (rat study) or 3 days (mouse
trials 2 & 3) during the withdrawal period. This phenomenon has been described to be
reversible after smoking cessation as, for example, post-mortem binding experiments
carried out on brain from former smokers indicated recovery of normal levels of nAChR
(Breese et al., 1997). However, recovery from up-regulation can require a long time
course as Ksir et al. (1985) reported that 21 days were necessary for numbers of
[3H]acetylcholine binding sites to come back to levels of control animals. Following 7
days chronic nicotine infusion (4 mg/kg/h) in mice, levels of [3H]nicotine binding sites
were significantly increased whereas numbers of 125I-aBgt remained unchanged (Collins
et al., 1994). In addition, the same authors observed that following 48h withdrawal,
increases of high affinity nAChR only partially reversed. Also, Pietila et al. (1997)
observed significant higher levels of [3H]nicotine binding sites following 48 and 72h
withdrawal, but not one week. Hence, in our experiments an extended withdrawal
period is likely to be required to reach normal levels of high affinity nAChR binding
sites.
On the other hand, repeated nicotine injections in mice did not alter either
numbers of nAChR binding sites labelled with [3H]epibatidine or [3H]MLA. Employing
a similar procedure, but using Sprague Dawley rats, Jacobs et al. (2002) reported an
increase of cortical, striatal and hippocampal [3H]cytisine binding sites. Similar results
were obtained from Collins et al. (1988) in rats twice daily injected with nicotine. It is
established that upregulation can be influenced by the gender (Koylu et al., 1997) and is
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also largely dependent on the species involved, dose and mode (periodic vs constant) of
nicotine administration (Rowell and Li, 1997). The lack of effect of injections on mouse
a l and non-a7 nAChR binding sites (Tables 3.5 & 3.6) is likely to reflect a much faster
metabolism of nicotine in this specie (see Marks et al., 1985; and 3.1.1.2).
(Zfolonged exposure to nicotine has been widely reported to upregulate nAChR
high affinity binding sites, however, changes in a l nAChR number are still
controversial. In contrast to some studies (Pauly et al., 1991; Nuutinen et al., 2005) but
in agreement with others (Marks et al., 1986a; Sanderson et al., 1993), we did not
observe any significant alteration in a l nAChR binding sites. Beside differences in
doses and strain employed, those discrepancies could be due to the region examined.
Indeed, two studies (Marks et al., 1985; Pauly et al., 1991) monitored an increase in
cortical, but not striatal, 125I-aBgt binding sites of mice chronically infused with
nicotine. Therefore our crude brain preparation for binding assays (see 3.2.4) may not
be sensitive enough to detect subtle regional nAChR upregulation. Also, it is generally
accepted that upregulation of a l nAChR requires much higher concentrations of
nicotine. Peng et al. (1997) chronically exposed SH-SY5Y cells (see Chapter IV) to
various nicotine concentrations ranging from 1 to 1000 pM, and measured numbers of
a3* and a l nAChR. At the lowest concentrations tested, prolonged nicotine treatment
did not alter numbers of a l nAChR whereas a3* nAChR were significantly
upregulated. Increased of a l nAChR were observed to a small extent (~1.3 fold) in the
high, non-physiological, micromolar range, which in contrast, robustly (-5 fold)
increased a3* nAChR. Similar findings were observed in mouse brains; chronic
infusions of various nicotine doses increased in a dose-dependent manner numbers of
[3H]nicotine bindings sites in several brain regions without significant alterations of
nAChR labelled with 125I-aBgt (Marks et al., 1986b).

3.4.2 Withdrawal from chronic nicotine exposure transiently enhanced
a l nAChR modulation of rat hippocampal NA release
H h established (2.7.3 and see Barik and Wonnacott, 2006), a model for a l
nAChR modulation of NA release from rat hippocampal slices, and raised the problem
of imbalance of this system. In this section, we showed that chronic nicotine perturbs
the nAChR modulation of the noradrenergic system by producing a transient
enhancement of a l nAChR-mediated [3H]NA release (Fig. 3.3). This effect was seen
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only at 3 days withdrawal, and was not accompanied by any changes in responsiveness
to GABA or AMP A, or any increase in a7 nAChR density, at least in whole brain
membranes. A selective enhancement of a l nAChR function could reflect the insertion
of more pre-existing receptors in the plasma membrane, as recently demonstrated for
hippocampal intemeurons (Cho et al., 2005). Chronic infusion for 10 days with higher
doses of nicotine caused an increase in nicotine- (Grilli et al., 2005), AMPA- and
NMDA-evoked [3H]NA release (Risso et al., 2004). In contrast, Jacobs et al. (2002)
reported that repeated nicotine injections led to a decrease in nicotine-evoked
hippocampal [3H]NA release. Therefore it appears likely that the mode of delivery of
nicotine (intermittent versus sustained) and the dose administered can differentially
influence the noradrenergic system.
The constant delivery of nicotine via osmotic minipumps reproduces the
sustained plasma concentration of nicotine achieved by smokers (see 3.1.1). While the
nicotinic modulation of hippocampal [ H]NA release was unchanged by nicotine
administration (day 14), the elevation during withdrawal is reminiscent of increased NA
release in the hippocampus during opiate withdrawal. In vivo, rats injected with
morphine for 8 days followed by a single administration of naloxone precipitated
morphine withdrawal that was marked by a ~30 % increase in ventral hippocampal NA
levels (Done et al., 1992). In addition, assessment of NA release in vitro after 2 days of
spontaneous withdrawal from 7-days morphine treatment showed an enhanced NA
release (Grasing et al., 1997). Moreover, a sustained elevation of NA in the brains of
mice during withdrawal from nicotine delivered in the drinking water has been reported
(Gaddnas et al., 2000). Thus the interplay of transmitter systems shown in the present
work to mediate the nicotinic modulation of NA release in the hippocampus could
contribute to altered noradrenergic function during nicotine withdrawal.

3.4.3. Chronic nicotine exposure perturbs a7 nAChR modulation of
striatal DA release
3.4.3.1 Mouse a l nAChR component of DA release
The results generated by the chronic studies in rats (3.3.1) were an incentive to
pursue the investigation of the a l nAChR component of DA release. Beside a
pharmacological approach, the use of transgenic mice has been useful to dissect the
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different subtypes of nAChR involved in modulating neurotransmitter release (see
2.1.3.1). Here, we made use of the a l nAChR KO mice to investigate the contribution
of this subtype to the modulation of [3H]DA release.
The first question we addressed was the ability of the a l nAChR selective agonist
choline to stimulate [3H]DA release. Choline failed to elicit any responses in a l nAChR
KO mice, consistent with the absence of a l nAChR in these transgenic animals. This
also affirms choline as a l nAChR selective in these studies. Secondly, a submaximal
concentration of nicotine (50 pM) failed to further enhance [3H]DA release when
compared to lower nicotine concentration (1 pM) (Fig. 3.6) These data support the loss
of a low affinity component mediating [3H]DA release. We then tested the ability of a l
nAChR to indirectly modulate [ H]DA release via a glutamatergic component in wt and
KO naive animals. Choline evoked [3H]DA release that was markedly diminished
(-80%) in the presence of DNQX in wt mice, suggesting that, like in rat striatal slices
(2.3.2), a l nAChR promote the release of glutamate, which activate non-NMDA iGluR
on dopaminergic terminals. Submaximal concentration of nicotine (50 pM) was also
partly blocked by DNQX in wt mice striatal slices.
‘Lfoexpectedly, blockade by DNQX of 50 pM nicotine-elicited responses was still
effective in a l nAChR KO animals! This last result is difficult to reconcile with the
model of Kaiser and Wonnacott (2000), however some explanations can be proposed
but unfortunately due to time constraints these hypothesis have not been tested. Firstly,
we cannot exclude a difference in nAChR subtypes distribution in mice compared to
rats. Indeed, Oviatt et al., (2005) showed that the nAChR component of hippocampal
NA release strongly differed from that of the rat, as aCnTxMII fully inhibited nAChRevoked [3H]NA release, whereas it was ineffective in rat synaptosomes. Therefore it
would be interesting to know whether such variations can also be seen in the striatum.
Also, it may be possible that the loss of receptors in a l nAChR KO mice is
compensated in discrete areas of the brain. Champtiaux et al., (2003) showed that in a4
null mutant mice there was an increase in striatal a6 subunits. nAChR-evoked [ H]DA
release from synaptosomes prepared from a l nAChR KO mice did not differ from wt or
heterozygous mice (Salminen et al., 2004), but the nicotinic modulation has not yet
been tested in slices with additional neurotransmitter systems. Therefore, testing these
hypotheses may shed light on these observations.
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3.4.3.2 Prolonged nicotine treatment: striatal [3H]DA release in rats and mice
In rat striatal slices, a l nAChR-evoked [3H]DA release was transiently enhanced
during nicotine’s withdrawal, but not following 14 days’ treatment. This effect was not
accompanied by any alteration in AMPA-elicited [3H]DA dopamine release or blockade
of choline-evoked responses by DNQX, implying that chronic nicotine treatment, at the
dose selected, acts specifically at nAChR. A similar trend towards an increase of a l
nAChR-evoked [ H]DA release during nicotine withdrawal was observed in mice
following minipumps implantation delivering a dose of nicotine of 6.3 mg/kg/day (Trial
2), but not at a higher dose (12 mg/kg/day; Trial 3). It may be possible that
enhancement of striatal a l nAChR function occurs within a narrow window of nicotine
doses (rat study and mouse Trial 2), and that higher chronic doses (mouse Trial 3)
provoke long-lasting nAChR desensitisation.
The functionality of nAChR following prolonged nicotine administration remains
a debated issue since the literature provides divergent data (see 1.4.6 for more general
discussion). Indeed, some studies reported a sensitisation of nAChR responses. These
sensitised responses were marked in vitro by either enhanced 86Rb+ efflux or [3H]DA
release (Rowell and Wonnacott, 1990; Yu and Wecker, 1994) subsequent to nAChR
stimulation, or in vivo by increased release of endogenous DA following acute
application of nicotine down the dialysis probe (Marshall et al., 1997). In contrast, using
either infusions (Grady et al., 1997; Marks et al., 2004) or repeated injections (Jacobs et
al., 2002), several investigators reported a functional downregulation characterized by a
decrease in nAChR-evoked [3H]DA release (Marks et al., 1993; Grady et al., 1997;
Jacobs et al., 2002) or 86Rb+ efflux (Marks et al., 2004). In the studies cited in this
paragraph, and when assessed, numbers of nAChR binding sites were usually found
upregulated following prolonged nicotine administration.

Therefore,

functional

alteration is unlikely to be correlated with increased receptor numbers. However, two
recent studies demonstrated that nicotine delivery intravenously at increasing doses (Lai
et al., 2005) or via minipumps (Mugnaini et al., 2006) caused a decrease in
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aCnTxMII striatal binding sites, sustained for up-to 7 days during the withdrawal period
(Mugnaini et al., 2006). This decrease in number was also paralleled by a functional
impairment of a6p2* nAChR-evoked [3H]DA release following chronic exposure (Lai
et al., 2005). Thus, the decrease in a6p2* nAChR binding sites was mirrored by a
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decrease in nAChR function. Unfortunately, in that study functional responses were not
assessed during nicotine’s withdrawal.
'What is the mechanism whereby 3 days’withdrawal subsequent to chronic
nicotine exposure upregulates a l nAChR function? Binding experiments did not show
any alteration in 125I-aBgt binding sites, however due to our crude brain membranes
preparation we cannot rule out a striatal increase in numbers of a l nAChR. [ H]MLA
autoradiography on brains from rats infused with nicotine (3 mg/kg/day) for 2 weeks
did not alter a l nAChR binding sites either in the CPu or NAc, and only a mild
upregulation was noticed in the VTA (Mugnaini et al., 2002). A more prolonged, and/or
higher dose of nicotine administration is required to observe striatal changes in a l
nAChR numbers (Nuutinen et al., 2005). However, unchanged binding to brain
membranes does not implicate that numbers of surface receptors remain unchanged as
enhanced trafficking could result in more receptor insertion on the cell surface as seen
for hippocampal intemeurons (Cho et al., 2005). Labelling with gold-aBgt and electron
microscopic analysis of striatal sections following our procedure for chronic nicotine
delivery would establish whether or not increased surface receptors could account for
the functional increase.

3.4.4 Implications

for a7 nAChR altered

functionality during

nicotine’s withdrawal
3.4.4.1 Implications for a l nAChR modulation of downstream signalling
^cen tly , activation of a l nAChR in vitro was shown to increase the
phosphorylation of a key protein of the dopaminergic signalling DARPP-32, indicating
a transduction of the dopaminergic signals postsynaptically (Hamada et al., 2004;
2005). The impact of chronic nicotine administration via minipumps on DARPP-32 has
been examined in vivo in Chapter III, Part II. Briefly, we reported an increase in basal
levels of both total DARPP-32 and its phosphorylated isoform at threonine-34 following
14 days exposure, with sustained effects during nicotine’s withdrawal (see 3.7.4). The
impact on DARPP-32 signalling of an acute a l nAChR stimulation following chronic
nicotine exposure or its withdrawal is at present unknown. One could make the
assumption that enhanced DA release due to enhanced a l nAChR function may further
increase DARPP-32 phosphorylation, but experiments are required to ascertain the
effect of acute nAChR activation following chronic nicotine exposure.
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(Based on the model of Kaiser and Wonnacott (2000), a7 nAChR-mediated
enhanced DA release reflects an increase in glutamate release. Anatomically,
glutamatergic and dopaminergic afferents form synapses in close proximity to each
other on the dendritic GABAergic spines of the MSN (Smith and Bolam, 1990).
Therefore enhanced glutamate spillover could also influence MSN’s activity by acting
directly at postsynaptic iGluR. Indeed, iGluR have been shown to modulate DARPP-32
phosphorylation status via Ca2+ sensitive pathways (Nishi et al., 1997). However, the
precise localisation of a l nAChR with respect to glutamatergic inputs, and their spatial
relationship with the different MSN subpopulations (i.e direct or indirect pathway) still
needs to be determined.
3.4.4.2 a l nAChR, behaviour and withdrawal
Jls described in 3.1.3, an evaluation of withdrawal symptoms from nicotine can be
made by monitoring alteration in somatic withdrawal signs. Several studies using
osmotic minipumps, in either rats or mice, pointed out a l nAChR as a putative
candidate in mediating nicotine’s withdrawal symptoms (Nomikos et al., 1999; Damaj
et al., 2003; Grabus et al., 2005). Damaj et al. (2003) showed that these effects were
nicotine-dose dependent, exhibited an MLA-sensitive component, and peak effects were
measured after 2-3 days withdrawal. In mice, pronounced signs of withdrawal were
observed at doses of 24 and 48 mg/kg/day of nicotine for 14 days’ treatment, and
interestingly, a dose of 6 mg/kg/day gave a trend towards an increase in various
withdrawal somatic signs. However, those results need to be carefully interpreted as
MLA also potently interacts with a6* nAChR (Mogg et al., 2002). Therefore supportive
data are required to clearly distinguish which MLA-sensitive component is involved.
The use of selective agonists for the a l nAChR may be useful to clarify this issue.
Moreover, studies using transgenic mice with specific subunit deletion suggested that
other nAChR population such as 02* (Epping-Jordan et al., 1998) or 04* (Salas et al.,
2004) may also participate in mediating nicotine’s withdrawal symptoms.
7/e nee, we showed that both in rat striatal and hippocampal slices there was a
sensitisation of the catecholaminergic terminals during nicotine’s withdrawal, also
observed in mouse striatal slices albeit not significantly. It would be of interest to see
whether these findings could also be reproduced in vivo using, for example,
microdialysis or voltammetry experiments. Although, release of hippocampal NA and
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striatal DA, in response to an acute systemic nicotine administration is primarily driven
by nAChR in the locus coeruleus (Mitchell, 1993) and the VTA (Nisell et al., 1994a, b)
respectively, these “terminal” functional up-regulations may contribute to some aspect
of nicotine’s withdrawal.
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(Tart II: In vivo nJZCh^modutation o f stria ta l
dopaminergic signalling
3.5 Introduction
©rugs of abuse produce long lasting neuroadaptations within the brain that are
critical for sustaining drug seeking behaviour, with implications for withdrawal and
relapse. Greengard and colleagues identified DARPP-32 (dopamine and cyclic
adenosine 3’, 5’-monophosphate-regulated phosphoprotein) as a key mediator of the
effects of several drugs of abuse (Svenningsson et al., 2005). The contribution of
DARPP-32 to the actions of drugs of abuse is demonstrated by the attenuation of
cocaine-induced locomotor sensitization (Valjent et al., 2004) and condition place
preference (Zachariou et al., 2002, 2006) in DARPP-32 KO mice. A key downstream
target o f DARPP-32 is the extracellular signal-regulated kinase (ERK) pathway (Valjent
et al., 2005). Acutely cocaine increases activation of ERK and its downstream target the
transcription factor ets-like gene 1 (Elk-1), as well as expression of immediate early
genes (IEG) including Fos, and these responses are abolished in the striatum and NAc
of DARPP-32 KO mice (Fienberg et al., 1998; Valjent et al., 2005). Modulation of
transcription factors such as these provides a putative mechanism for establishing long
term changes in response to repeated drug experience, and accumulation of AFosB, a
stable isoform of FosB, has been proposed (Nestler, 2001). So far, little attention has
been paid to the effects of nicotine on post-dopaminergic signalling. In this chapter, we
will first describe key characteristics of DARPP-32, Elk-1 and FosB, and then examine
whether, or not, nicotine is capable of modulating these proteins in vivo.

3.5.1 DARPP-32: an integrator of dopaminergic transmission
3.5.1.1 DARPP-32 localisation
©ARPP-32 is a phosphoprotein of molecular weight 32kDa, which plays a central
role in dopaminoceptive neurons (Walaas et al., 1983). DARPP-32 is highly abundant in
striatal areas (Fig. 3.10), olfactory tubercle, bed nucleus o f stria terminalis and portions
of the amygdaloid complex (Ouimet et al., 1984). Also, DARPP-32 is found at low
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levels in the dendate gyrus of the hippocampus, layers of the neocortex, hypothalamus
and choroids plexus.
In the striatum, DARPP-32 is expressed at high levels (-50 pM) in virtually all
MSN (>95%; Ouimet et al., 1984), and also present in their projections, which
contribute to the formation of the direct and indirect pathways (see 2.1.2.2). DARPP-32
is absent from large-sized neurons (Ouimet et al., 1998), which is in agreement with the
lack o f co-localisation of DARPP-32 with choline acetyl transferase (Anderson and
Reiner, 1991).
caudalFig. 3.10 DARPP-32 in the rat brain
DARPP-32 immunostaining in a saggital
rat brain section (magnification x2) using
HRP/DAB staining (3.6.5). DARPP-32 is
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abundant in the CPu and NAc.

Striatal projections to the SN reticulata
are also labelled with DARPP-32.

3.5.1.2 Regulation of DARPP-32 by phosphorylation
3.5.1.2.1

Multiple sites of phosphorylation

<7he regulation of DARPP-32 is complex and depends on its phosphorylation at
multiple residues (Fig. 3.11) of which threonine 34 (that will be now on referred to as
PKA

CDK5

CK2

CK1

DARPP‘32
COOH

PP-2A
PP-2B
(calcineurin)

Phosphorylation til*
PP-2C

~ Ackfcc domain
^ PP-1 inhibitory domain
* PP-1 docking motif

Fig. 3.11 Phosphorylatable residues of DARPP-32
Regulation of DARPP-32 phosphorylation at several threonine (T) and serine (S)
residues is dependent on the activity of various kinases and phosphatases (black
arrows). Phosphorylation at a specific residue can either enhance (green arrow) or
limit (red arrows) phosphorylation at other amino acids. Phosphorylation by Cdk5 of
T75 strongly prevents phosphorylation by PKA (Modified from Naim et al., 2004).
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P-DARPP-32) has been shown to be critical (Greengard et al., 1999; see 3.5.1.3).
Under basal conditions of neuronal activity, DARPP-32 is highly phosphorylated at
Seri 02 and Seri 37, and those two sites are under the control of kinases (CK2 and CK1,
respectively) and phosphatases (PP-2C). Phosphorylation on Seri 02 favours the
phosphorylation of Thr34 by PKA (Girault et al., 1989). Phosphorylation on Thr34
turns DARPP-32 into a potent inhibitor of a major protein phosphatase (PP-1; see
3.5.1.3).
In contrast, phosphorylation at Thr75 by cdk5 severely impairs PKA-induced
Thr34 phosphorylation (Bibb et al., 1999). The latter study demonstrated that when
phosphorylated at Thr75, DARPP-32 potently inhibited PKA. Thus DARPP-32 is
endowed of a dual ability to inhibit both a kinase (PKA) and a phosphatase (PP-1) (see
Fig. 3.12).
Fig. 3.12 DARPP-32 and cdk5
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preventing dephosphorylation of several
PP-1 downstream targets (see 3.5.1.3). (Modified from Bibb et al., 1999).

3.5.1.2.2

DARPP-32, neurotransmitters and drugs of abuse

0ARPP-32 responds to a large panel of neurotransmitters, including glutamate
and dopamine, and, as drugs of abuse and psychostimulants cause imbalances in those
neurotransmitter systems, DARPP-32 is also subject to their modulations. Here we will
consider the effects of drugs of abuse and neurotransmitters on the phosphorylation at
Thr34 as it is a crucial residue for modulation of downstream signalling pathways (see
3.5.1.3). As seen in 1.3.2.2, a common feature of drugs of abuse and psychostimulants
is their ability to stimulate DA release in the NAc. DA signalling can either decrease or
increase levels o f P-DARPP-32 (Greengard et al., 1999; Fig. 3.13). Activation of Dilike DA receptors increases adenylyl cyclase activity, which in turn stimulates PKA via
production of cAMP; hence stimuli leading to cAMP accumulation favour DARPP-32
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phosphorylation at Thr34. On the other hand, stimulation of D2 -like DA receptors leads
to activation of calcineurin (PP-2B), a phosphatase highly abundant in MSN, which
dephosphorylates DARPP-32 (Greengard et al., 1999). Dopamine’s action is further
complicated by the different location of DA receptor subtypes. Based on mRNA
distribution and electron microscopic studies of DA receptors, the common view is that
Dj-like and D 2 -like DA receptors are segregated, and found predominantly associated
with the direct and indirect pathways respectively (Weiner et al., 1991; Hersch et al.,
1995). However a recent paper provided evidence for both anatomical and physiological
co-localisation of the two subtypes of DA receptors (Aizman et al., 2000).
glutamate modulation of DARPP-32 occurs via stimulation of both ionotropic and
metabotropic GluR. Via calcium-dependent activation of calcineurin, AMP A and
NMDA iGluR primarily decrease levels of P-DARPP-32 (Halpain et al., 1990; Nishi et
al., 2002; Fig. 3.13). Activation of mGluR is more complex and not yet fully
understood. Studies in striatal slices suggest that mGluR5 stimulates P-DARPP-32 via a
synergistic effect involving adenosine receptors (Nishi et al., 2003), whereas mGluRl
activation induces the phosphorylation of DARPP-32 at Thr75 and Seri37 (Liu et al.,
2001 ; 2002 ).

(Both cocaine and amphetamine alter DA levels, by blocking the DA transporter
and causing its reversal respectively. Acute cocaine administration in vivo, as well as
amphetamine, enhanced striatal DARPP-32 phosphorylation at Thr34, but decreased the
phosphorylation at Thr75, (Nishi et al., 2000; Svenningsson et al., 2003). In contrast,
mice

trained

to

self-administer

cocaine

exhibited

significantly

decreased

phosphorylation at Thr34 and a trend towards a decrease at Thr75 (Zhang et al., 2006).
In mouse striatal slices, nicotine has been shown to either decrease or increase
DARPP-32 phosphorylation at several sites depending on the population of nAChR
activated (Hamada et al., 2004; 2005). Activation of p2* nAChR by low concentrations
of nicotine (1 pM), similar to the effect of a D 2 DA receptor agonist, decreased
P-DARPP-32 levels (Hamada et al., 2004). Conversely, higher concentration of
nicotine (100 pM) with sensitivity to aBgt, similar to a D 1 DA receptor agonist,
increased P-DARPP-32 levels (Hamada et al., 2004). Therefore a7 nAChR-mediated
enhanced DA release in vitro can act as a switch of postsynaptic signals.
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3.5.1.3 DARPP-32/PP-1 and dow nstream effectors
Tfhen phosphorylated on Thr34, DARPP-32 is turned into a potent inhibitor (IC 50
~1 nM; Hemmings et al., 1984) of a multifunctional serine/threonine phosphatase (PP1). PP-1 expression is not restricted to the brain and is found widely distributed in
mammalian tissues (da Cruz e Silva et al., 1995) and has been shown to interact with
many endogenous proteins including scaffolding proteins and DARPP-32. Naim et al.
(1988) showed that PP-1 is relatively enriched in striatal neurons, with a concentration
estimated to be less than 20 pM (da Cruz e Silva et al., 1995). Thus a moderate increase
of P-DARPP-32 is likely to substantially inhibit PP-1.

OOPAMINIE

GLUTAMATE

NEUROTENSIN

OPIATE

A DENOSINE

p O *ftP P -3 2

PP-1
NKA

[GAB.

Fig. 3.13 Regulation of DARPP-32 cascade by neurotransmitters and external stimuli
Drugs of abuse and psychostimulants regulate using various pathways DARPP-32
phosphorylation status at Thr34 and consequently PP-1 activity is modified. Positive
modulations are indicated by green arrows and negative modulations by red arrows.
(Modified from Greengard et al., 1999).

The DARPP-32/PP-1 cascade regulates the state of activation of several ion
channels (Fig. 3.13), hence altering the responsiveness of striatal neurons. Using whole
cell voltage-clamp techniques on striatal slices and neostriatal neurons in culture,
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activation of Di DA receptors was shown to increase L-type Ca2+ currents (Surmeier et
al., 1995). This effect was due to both direct phosphorylation of the receptor by PKA
and also inhibition of PP-1 via P-DARPP-32. In addition, Dj DA receptor stimulation
potentiated (-25%) NMDA-evoked currents in neostriatal slices (Cepeda et al., 1998),
an effect further increased by inhibition of PP-1 by okadaic acid, but markedly
diminished in DARPP-32 KO mice (Flores-Hernandez et al., 2002). In addition, NMDA
potentiation was accompanied by a decrease (-30%) in GAB A responsiveness (FloresHernandez et al., 2002). Rundown of whole-cell AMP A currents were prevented by
intracellular application of okadaic acid or stimulation of Di DA receptors (Yan et al.,
1999). The latter effect was not observed in DARPP-32 KO mice (Yan et al., 1999). In
addition to iGluR regulation, blockade of PP-1 reduced the amplitude of voltage gated
Na+ channels

(VGNC;

Schiffmann

et

al.,

1998)

indicating

that

sustained

phosphorylation of VGNC decreases its conductance. Hence, there is substantial
evidence for a role of DARPP-32/PP-1 cascade in the control of striatal neuron
excitability. As a negative feedback, increased Ca

influx through ion channels are

likely to subsequently activate calcineurin, resulting in DARPP-32 dephosphorylation
(Fig. 3.13; Greengard et al., 1999). Hence there is an intimate interplay between DA and
glutamatergic signals.

3.5.2 Elk-1 (ets-like gene 1) protein
3.5.2.1 Structure and function of Elk-1
(Elk-1 is part of a group of evolutionary conserved proteins, the ternary complex
factors (TCF), which includes at least two other members Elk-3 (also known as Net or
Erp or Sap-2) and Elk-4 (also known as Sap-1) (Buchwalter et al., 2004). The name
ETS originates from the E26 acute leukaemia virus that was initially used to name a
novel oncogene in the viral genome. In 1984, Greenberg and Ziff discovered that c-fos
could be rapidly induces by serum addition to quiescent cells in cultures (Greenberg and
Ziff, 1984). A few years later, a short sequence (now known to be the serum response
element, SRE) within the c-fos promoter was identified to be responsible for the
induction of c-fos by serum factors (Mohun et al., 1987). Following this, Elk-1 was
firstly identified as an “unrecognized” protein of 62kDa (p62TCF), which participated in
a multicomplex formation with serum response factor (SRF) leading to a rapid
induction of c-fos (Shaw et al., 1989). At the same time, Rao et al. (1989) identified
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two new genes, members of the ets oncogene superfamily, called elk-J and elk-2.
Hipskind et al (1991) further demonstrated that the Elk-1 protein was a ternary complex
factor with properties closely related to those described for p62rcI , leading the authors
to hypothesise that these two proteins were identical.
<£ach member of the TCF group comprises three important structural conserved
domains (Fig. 3.14):
The A domain, or ets binding domain, binds to a highly conserved DNA
sequence composed of a purine-rich central core.
The B domain makes direct interaction with the serum response factor (SRF).
The C domain contains multiple phosphorylatable residues and is a
transcriptional activator domain.

Ternary
Complex

SRE

SRF

Fig. 3.14 Schematic representation of the assembly of Elk-1 and a dimer of serum
response factor (SRF) to form a ternary transcriptional activator complex. The
conserved DNA motifs (EBS: ets binding site; CArG box) recognised by the
multiprotein complex are highlighted in green and red. The C domain of Elk-1
contains critical phosphorylatable residues for activation of the ternary complex
(Modified from Buchwaiter et al., 2004).

Activation of TCF (see below) increases its ability to form a multiprotein complex
with a dimer of SRF, which will bind to the serum response element (SRE), a DNA
sequence comprising the recognition site for the TCF A domain and a conserved
binding site for the SRF dimer (Fig. 3.14). The SRE sequence is present in numerous
promoter regions of IEG, including c-fos and fo sB (for review see Chai and Tamawski,
2002). Hence, due to its transcriptional properties and activation of IEG, Elk-1 is
involved in a variety of functions including development, cell differentiation and
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proliferation. Interestingly, mice deficient for Elk-1 exhibited normal development and
brain functions likely to reflect compensatory mechanisms by other TCF members
(Cesari et al., 2004).
3.5.2.2 Activation of Elk-1
growth factors and cellular stress activate mitogen-activated protein kinases
(MAPK), which in turn phosphorylate Elk-1 in the C-terminal region (Fig. 3.14). The
first evidence for phosphorylation of Elk-1 by MAPK was demonstrated by Gille et al.
(1992) in vitro using Swiss 3T3 cells. Subsequent studies investigated the contribution
of each member of the MAPK family to the activation of Elk-1. Elk-1 appeared to be
phosphorylated by c-Jun N-terminal kinase (JNK; Cavigelli et al., 1995; Janknecht and
Hunter, 1997a), ERK (Gille et al., 1995), but poorly by p38 (Enslen et al., 1996;
Janknecht and Hunter, 1997b). A critical residue and primary site of phosphorylation is
the Ser383, and to a lesser extent Ser389. Ser383 is essential for both transactivation
(Marais et al., 1993; Price et al., 1995) and ternary complex formation (Gille et al.,
1995).
The fine regulation by MAPK is due to close interactions with TCF. TCF possess
at least two docking binding sites for MAPK: (i) the D box lying upstream of the C
domain and (ii) the FXFP motif, within the C domain, which is specific for ERK and
directs the phosphorylation at Ser383 (Yang et al., 1998a,b; Fantz et al., 2001; see
Buchwalter et al., 2004 for review). Motifs within the D box vary between TCF
probably indicating recruitment to a different extent of MAPK. In the absence of
stimulus, E lk -l’s transactivational potential is repressed by inhibition of the
transcriptional activator domain. This phenomenom is not fully characterised, but
SUMOylation of a conserved “R” domain of Elk-1 is likely to play an important role.
Indeed, mutations of the SUMO sites enhanced basal Elk-1 activity (Yang et al., 2003;
Yang and Sharrocks, 2004).
(Being activated by the MAPK cascade, Elk-1 has been shown to respond to nonphysiological stimuli such as drugs of abuse. An acute cocaine injection, via activation
of both Di DA receptors and NMD A iGluR, induced striatal ERK phosphorylation,
which subsequently phosphorylated Elk-1 (Valjent et al., 2000). Amphetamine
administration also resulted in ERK/Elk-1

phosphorylation via activation of

metabotropic GluR (Choe et al., 2002). In vitro, glutamate stimulation of striatal slices
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activated ERK and JNK leading to increased P-Elk-l (Vanhoutte et al., 1999). A
similar effect was observed in vivo upon electrical stimulation of corticostriatal afferents
(Sgambato et al., 1998). Therefore there is evidence for Elk-1 activation by drugs of
abuse.
3.5.2.3 Elk-1 distribution in the central nervous system
(Based on in situ hybridisation (Price et al., 1995; Sgambato et al., 1998) and
immunolocalisation studies (Sgambato et al., 1998), Elk-1 was found widely distributed
in the CNS with a restricted neuronal pattern of expression. Strong Elk-1
immunoreactivity was observed in the CPu, NAc, hippocampal CA layers, cortical
areas, cerebellar Purkinje cells, SN pars compacta and pedunculopontine nucleus. Elk-1
was present in both nuclear and cytoplasmic compartments albeit some striatal cells
showed exclusive somatic and dendritic localisation (Sgambato et al., 1998).

3.5.3 FosB
3.5.3.1 The transcription factor FosB
(FosB, encoded by the fosB gene, is a member of the Fos family of transcription
factors, which also comprise cFos and Fos related antigens (FRA) including AFosB
(Herdegen and Leah, 1998; McClung and Nestler, 2003). The fosB promoter presents
some homologies with the c-fos promoter and contains a SRE site, which therefore
makes it a putative target for members of the TCF family (Chai and Tamawski, 2002).
When induced, FosB forms a heterodimer with members of the Jun family (c-Jun, JunD
and JunB) to form an active complex of transcription AP-1 (activator protein 1)
(Herdegen and Leah, 1998). AP-1 will recognize a conserved DNA sequence present
within the promoter region of several genes and will act as an activator or repressor of
transcription (Morgan and Curran, 1991). Following stimulation Jun and FosB return to
basal levels within hours hence providing a transient complex of transcription activation
for specific target genes.
3.5.3.2 AFosB: a stable isoform of FosB
Of particular interest in the field of drug dependency is AFosB, a shorter isoform
of FosB. Truncation of the C-terminal region of the FosB protein results in several
shorter isoforms that still keep the ability to form an AP-1 complex. Nestler and
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colleagues have demonstrated that a subgroup of isoforms named chronic FRA of
molecular weight 35-37kDa were particularly stable (Nestler et al., 2001). Chronic FRA
are biochemically modified isoforms of AFosB that accumulate both in cell lines
transfected with the fosB gene, and in the striatum following chronic, but not acute,
cocaine injections for at least 7 days post-exposure (Fig. 3.15; Flope et al., 1994; Chen
et al., 1997). Accumulation of chronic FRA is accompanied by a prolonged increase in
AP-1 DNA binding, which could therefore induce sustained changes in gene
transcription during and after chronic cocaine administration (Hope et al., 1994). A
similar pattern of expression of chronic FRA was observed in the striatum of rats
repeatedly injected with morphine (Nye et al., 1995). In addition, rats trained to selfadminister either cocaine or nicotine exhibited increased levels of the FRA of molecular
weight 35-37kDA, both in the CPu and the two NAc subdivisions (Pich et al., 1997).
Recently, Brenhouse and Stellar (2006) showed that upon cocaine sensitisation, levels
of AFosB increased preferentially in the dorsomedial part of the NAc shell, indicating a
possible role of AFosB in cocaine sensitisation. Accumulation of chronic FRA
following chronic cocaine administration was not observed in fosB KO mice, therefore
confirming that chronic FRA are a product of the fosB gene (Hiroi et al., 1997). Studies
to date indicate a predominant accumulation of AFosB in dynorphin/substance P
containing neurons, which results in decreased expression of dynorphin protein (Werme

Fig. 3.15 Induction of FosB
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et al., 2002), but whether or not this neuron-specific accumulation plays a role in
cocaine addiction still needs to be established.
y?cute induction of FosB and accumulation of AFosB by cocaine were both
abolished in DARPP-32 KO mice (Fienberg et al., 1998), indicating that the fosB gene
is under regulation of the D] DA receptors/DARPP-32 cascade (see 3.5.1.2.1). Recently,
using DNA array analysis Bibb et al. (2001) identified cdk5 as a downstream target of
AFosB. Overexpression of AFosB or chronic cocaine treatment increased striatal cdk5
mRNA and protein levels, as well as its activity (Bibb et al., 2001). As described in
3.5.1.2.1, cdk5 phosphorylates DARPP-32 at Thr75. Hence, accumulation of AFosB
may reflect a neuronal adaptation that will dampen the Di DA receptor cascade by
increasing DARPP-32’s ability to inhibit PKA and decreasing PP-1 inhibition (Fig.
3.16).
C h io n it

cocaine

Fig- 3.16 AFosB and cdk5
Acute

Acute cocaine

cocaine

exposure

(purple) increases PKA-induced
P-DARPP-32 and other PKA
targets (ion channels), chronic
AKAP

cocaine (green) induces AFosB

AKAP

build-up, resulting in increased
cdk5
COOH

activity.

Consequently,

DARPP-32 phosphorylated on
Thr35 inhibits PKA and acts as

a negative feedback. Correct positioning of kinases and phosphatases is driven by
anchoring proteins (AKAP). (Modified from White and Cooper, 2001).

3.5.4 Aim s o f this chapter
There is convincing evidence of intracellular alteration of signalling cascades
during and following episodes of abused drug exposure. Here, we examined whether in
vivo nicotine administration would alter some components of the DARPP-32 cascade.
Using semi-quantitative immunohistochemistry, we firstly assessed the effect o f an
acute nicotine injection on P-DARPP-32 immunoreactivity, on Elk-1 phosphorylation
at Ser383 (from now on referred to as P~Elk-l) and also monitored changes in levels of
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the IEG FosB. We secondly examined whether alterations of P-DARPP-32, P~Elk-l
and FosB may occur following repeated (intermittent) and chronic nicotine exposure.
As drug addiction induces stable changes that persist following drug abstinence, we
thirdly considered whether such alterations may be sustained during nicotine’s
withdrawal.
NB: Immunohistochemistry o f Elk-l/P~Elk-l and western blotting were performed by
Ms Saara Nuutinen a PhD student from Helsinki university who collaborated to this
work under the EC RTNprogram.

3.6 Materials & Methods
3.6.1 Drugs and reagents
(fblyclonal rabbit anti-DARPP-32 and anti P-DARPP-32 antibodies were from
Chemicon (Temecula, CA). Rabbit anti-FosB was from Santa Cruz. Rabbit anti-Elk-1
and anti P~Elk-l antibodies were from Cell Signaling. DAB kit, ABC reagents,
Vectorshield mounting media and normal goat serum (NGS) were from Vector labs
(Burlingame, CA). ECL immunoblotting detection kit was from Amersham Biosciences
Europe GmbH, Freiburg, Germany.

3.6.2 Animals
SWale Sprague Dawleys rats (200-320g) were obtained from the University of Bath
Animal House breeding colony. Animals were kept under a 12 h dark/light cycle and
procedures were carried out in the morning. Food and water were provided ad libitum.
The experimental procedures were carried out in accordance with the guidelines of the
Home Office (Scientific Procedures) Act 1986. Animals were handled daily for at least
10 days before each experiment to minimize stress.

3.6.3 Drug administration
3.6.3.1 Acute injections
To limit any stress caused by the injections, rats were habituated to daily
subcutaneous (s.c.) saline injections during the 3 days preceding the experiments
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(Valjent et al., 2000). For experiments in the presence o f antagonist, mecamylamine (1
mg/kg, s.c.) was injected 30 min prior to nicotine injection (0.4 m/kg, s.c., free base).
Administration of mecamylamine was without observable behavioural effect, whereas
acute administration o f nicotine (0.8 mg/kg) induced 2 min post-injection a reduction of
grooming and locomotor activity, which lasted for 6 min.
3.6.3.2 Repeated injections
^ats received a single daily injection o f nicotine (0.4 mg/kg, s.c.) for 14
consecutive days. Animals were perfused 30 min after the last injection. To study the
withdrawal period, animals were perfused 1 or 3 days following the repeated injection
regimen. Each time point was determined for 5 to 7 rats.
3.6.3.4 Chronic nicotine administration
<^ats were implanted osmotic minipumps filled with either saline or nicotine (4
mg/kg/day) as described in 3.1.3.1. Animals were perfused on day 14. To study the
withdrawal period, osmotic minipumps were surgically removed after 14 days and
animals were perfused 3, 7 or 14 days later. Each timepoint was determined for 5 rats.

3.6.4 Nicotine and cotinine levels
When rats from the chronic and repeated nicotine treatments (see above) were
terminally anaesthetised, 0.8 ml of blood was collected from the atrium in heparinised
syringes and transferred to heparinised Eppendorf tubes. Blood was then processed as
described in 3.2.1.4. Following 14 days of nicotine administration via minipumps,
nicotine and cotinine levels were 75.5 ± 12.9 ng/ml and 418.8 ± 34.5 ng/ml respectively
(n=5). These values are higher than those previously reported in 3.1.3.4, however, here
blood was directly taken from the atrium (arterial blood), whereas previously trunk
blood (mixed arterial and venous blood) was collected. Hence the discrepancies
observed may reflect the difference in the ratio arterial/venous blood (see 3.1.1.1).
Repeated nicotine injections for 14 days yielded plasma levels o f nicotine and cotinine
of 49.1 ± 5.1 ng/ml and 126.0 ± 37.6 ng/ml respectively (n=6).
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3.6.5 Immunohistochemistry (IHC)
3.6.5.1 Tissue preparation
tffets were deeply anesthetized with pentobarbital (200 mg/kg, intraperitoneal, i.p.)
and perfused transcardiacally with 90 ml of cold sucrose (9.25%) in dfthO
(supplemented with 100 pM NaF), followed by 90 ml of cold 0.1 M phosphate buffer
(PB) containing 4% paraformaldehyde (PFA; + 100 pM NaF) at a decreasing pressure
of 300 mm Hg. Brains were removed and stored at 4°C overnight in 4% PFA dissolved
in 0.1 M PB supplemented with 100 pM NaF. Striatal coronal sections (50 pM) were
obtained using a vibrating microtome (Ted Pella, Redding, CA).
3.6.5.2 Immunoperoxidase labelling
striatal sections were washed three times for 10 min each in PBS. Non specific
binding sites were blocked by incubation in PBS supplemented with 0.5% Triton X-100
and 0.5 % BSA (PBS-TB) containing 10% NGS. Sections were rinsed three times in
PBS and incubated with one of the following antibodies: anti-DARPP-32 (1:5000), antiP-DARPP-32 (1:1000), anti-FosB (1:500), anti-Elk-1 (1:3000) or anti-P~Elk-l
(1:2000), overnight at 4°C in PBS-TB supplemented with 1% NGS. Following
incubation with the primary antibody, sections were washed three times in PBS for 30
min. Following this, sections were incubated in biotinylated goat anti-rabbit (1:1000)
secondary antibody diluted in PBS-TB plus 1% NGS for 2 h. After three washes in
PBS, sections were incubated in avidin-biotyn-peroxydase complex (ABC reagent;
1:1000) for lh. Two further washes in PBS followed by a final wash in 50 mM Tris
buffer (pH 7.4) were completed to eliminate the excess of ABC complex. The
ABC/antibody complex was revealed by addition of 3.3’-diaminobenzidine (DAB) and
hydrogen peroxide. Reaction was monitored for 1-3 min and stopped by 2 consecutive
washes with 14 ml of cold Tris buffer, before final resuspension in 2 ml cold Tris
buffer. Sections were rapidly mounted on glass slides, allowed to air-dry overnight, then
dehydrated through ethanol series (50%, 70%, 90%, 100%) and cleared in xylene before
mounting in DPX. Images were collected using an Olympus BX51 microscope and
DP 12 digital camera (Olympus UK Ltd, Middlesex, UK). Pictures of the caudate
putamen (CPu), nucleus accumbens core (NAc core) and shell (NAc shell) were taken
with a light microscope (CPu and NAc core, lOx magnification; NAc shell, 20x
magnification). In all experiments saline- and treated-animals were run in parallel. For
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each animal, 3 to 4 coronal striatal sections (i.e. 6 to 8 hemispheres) were obtained and
at least 6 images (1 per region of interest for each hemisphere of each coronal section)
were collected. Semi-quantitative analysis of the labelling was done using the MC1D
software for image analysis. An example of the processing of the images is given in Fig.
3 .17. Data are expressed as a percent of values for section from saline-treated animal.

Fig. 3.17 Semi-quantitative immunohistochemistry

A. The image represents a typical labelling obtained for P-DARPP-32 within the
CPu. B. The image is the exact copy of “A”, and the immunopositive signal detected
is represented in blue. This signal is converted into a densitometric value by the
MCID software. The parameters of signal detection are kept constant through the
process o f analysis of images obtained from saline- and nicotine-treated animals,
thus allowing unbiased analysis by the experimenter.
Data are presented as mean ± S.EM from at least 5 independent experiments (i.e. in
each case 5 saline- and 5 nicotine-treated animals). Statistical analysis was determined
using Student’s unpaired t-test or one way ANOVA with post hoc Dunnett’s test, as
stated in the figure legends, using Prism 3.0 software. Values of at least p<0.05 were
taken to be statistically significant.

3.6.6 Imm unoblotting
3.6.6.1 Tissue preparation

‘For each experiment, 2 rats were killed by cervical dislocation. Brains were
rapidly removed and striata dissected and transferred to ice-cold sucrose (0.32 M
sucrose, 5 mM Hepes, pH 7.4). Striatal slices (150 pm) were prepared using a Mcllwain
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tissue chopper (2 rotations at 60°). Slices were washed three times (2x5 min and 1x30
min) under constant agitation at 37 °C with warm Krebs-bicarbonate buffer (KB:
118 mM NaCl, 2.4 mM KC1, 2.4 mM CaCl2, 1.2 mM M gS04.7H20 , 1.2 mM KH2P 0 4,
25 mM NaHCCb, 10 mM glucose and 1 mM ascorbic acid, gassed with 95 % 0 2 and 5
% C 0 2 for at least 1 h at 37°C; pH was adjusted to 7.4), supplemented with 8 pM
pargyline (to prevent dopamine degradation). Following this, slices were divided into
polypropylene tubes (700 pi per tube) and incubated for 10 min in KB containing 5 pM
nomifensine (to inhibit dopamine re-uptake). Buffer (100 pL) with or without nicotine
(1 or 100 pM) was then applied to the slices for either 15s, 30s, 1 min, 3 min, 10 min or
20 min and the reaction was stopped by rapid centrifugation. The supernatant was
discarded and samples were stored at -20°C until processed for western blot analysis.
3.6.6.2 Western blotting
^Striatal slices were rapidly thawed and homogenised using a glass Teflonhomogeniser in 1% sodium dodecyl sulphate (SDS) containing 50 mM NaF and boiled
for an additional 5 min. The homogenate was then centrifuged at 15 700 g for 5 min, the
supernatant was collected and the protein concentration was estimated using a
commercial protein assay kit based on the bicinchoninic acid method (BCA) (Pierce,
Rockford, IL, USA). Samples (80 pg per lane) were separated in a 10% SDSpolyacrylamide gel and transferred to a nitrocellulose membrane (Schleicher and
Schuell, Keene, NH, USA). Incubation with primary antibody anti-P~DARPP-32
(1:750) was carried out overnight at 4°C. Horse radish peroxidase-labelled secondary
antibody (anti-rabbit IgG) was used at 1:2000. Immunoreactive bands were detected
with ECL immunoblotting detection kit (Amersham Biosciences Europe GmbH,
Freiburg, Germany). Tissue samples from saline- or nicotine-treated striatal slices were
run in parallel on the same gel and blotted together. Band densities were quantified
using Scion Image software (http://www.scioncorp.com) and expressed as a percent of
control (saline). Data are presented as mean ± S.E.M from at least 4 independent
experiments. Statistical analysis was determined using one way ANOVA with post hoc
Dunnett’s test, as stated in the figure legends, using Prism 3.0 software. Values of at
least p<0.05 were taken to be statistically significant.
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3.7 Results
3.7.1 Effects of nicotine on P~DARPP-32 in rat striatal slices
It was recently reported in mouse striatal slices that nicotine (Hamada et al., 2004,
2005), like cocaine (Fukui et al., 2003), regulates the phosphorylation state of DARPP32 at different sites including residue threonine-34. This is interpreted to represent the
integration into downstream signalling of presynaptic nAChR modulation of dopamine
release (Wonnacott et al., 1997). In initial experiments we investigated whether this
effect was also detectable in rat striatum. Rat striatal slices were stimulated with either 1
pM or 100 pM nicotine and levels of P-DARPP-32 were measured at several time
points by western blotting (Fig. 3.18). Nicotine, at both concentrations examined,
produced a rapid and transient increase in P-DARPP-32 levels, then levels returned to
values similar to saline-stimulated slices for up to 20 min. Thus, in rat striatal slices in
vitro, nicotine can increase P-DARPP-32 levels. We then explored the effects of
nicotine administration in vivo on DARPP-32 signalling.

Nicotine 1 (j M

Time (min)

Nicotine 100 (j M

Time (min)

Fig. 3.18 Effect of nicotine on DARPP-32 phosphorylation at threonine-34 in rat
striatal slices.
Rat striatal slices were incubated with buffer in absence (control) or presence of nicotine (1
pM, A or 100 pM. B). and levels of P-DARPP-32 were determined by western blotting, as
described in 3.6.6.2. Slices were incubated for 15s, 30s, 1 min, 3 min, 10 min or 20 min and
reaction was stopped by rapid centrifugation. Levels of P-DARPP-32 were determined by
densitometry and data are expressed as a percent of values for buffer (control) stimulation.
Data represent the mean ± SEM of 4 to 12 independent experiments. * p<0.05, one way
ANOVA with post hoc Dunnett's test. A representative sample of immunoblots is given for
each panel.
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3.7.2 Time course of DARPP-32 phosphorylation following nicotine
injection
examined the effect of an acute injection of nicotine (0.4 mg/kg, s.c) on the
levels of total DARPP-32 and P-DARPP-32 in the striatum and NAc shell 30 min, 2 h
or 4h post-injection. This dose was selected as it gives maximal locomotor responses
(Ksir et al., 1987) and dopamine overflow (Imperato and Di Chiara, 1988; Benwell and
Balfour, 1997). Nicotine administration had no effect on the total levels of DARPP-32
in the caudate putamen (CPu), NAc core or NAc shell at the 3 time points examined
(Fig. 3.19A, B, C and see G, H, I, J). However, nicotine induced a selective and
transient decrease of 62.8 ± 12.2 % and 56.1 ± 12.1 %, at 30 min and 2 h respectively,
of the levels of P-DARPP-32 in the NAc shell only (Fig. 3.19D, E, F and see K, L, M,
N). In the NAc shell, levels of P-DARPP-32 returned to control values at 4 h post
injection. Administration of the broad spectrum antagonist mecamylamine (1 mg/kg,
s.c.) 30 min prior to nicotine injection abolished nicotine-induced decrease in
P-DARPP-32 at the 30 min time point (saline/saline: 100.0 ±11.5 %; saline/nicotine:
37.2 ± 12.2 %; mecamylamine/saline: 105.3 ± 14.4 %; mecamylamine/nicotine: 90.9 ±
18.8 %). Hence, in vivo, acute nicotine administration spatiotemporally decreases
P-DARPP-32. The following experiments examined changes at the 30 min time point
post injection.
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Fig. 3.19 Acute nicotine injection transiently decreases P-DARPP-32 immunoreactivity in
the NAc shell.
Rats were acutely injected with either saline (control) or nicotine (0.4 mg/kg, s.c), and
perfused 30 min, 2h or 4h post injection, as described in 3.6.5. Striatal coronal slices were
incubated with specific primary antibody against DARPP-32 or P-DARPP-32. Labelling
was revealed by DAB/peroxydase reaction. Images from caudate putamen (CPu), nucleus
accumbens core (NAc core) and shell (NAc shell) were quantified using MCID software for
densitometry (see 3.6.5.2). Results are expressed as a percent of values for saline-injected
animals for each timepoint. A. B. C. DARPP-32 IHC in the CPu, NAc core and NAc shell
respectively. D. E, F. P-DARPP-32 IHC in the CPu, NAc core and NAc shell respectively.
Data represent the mean ± SEM of 4 animals for each time point and each drug treatment
(i.e. saline or nicotine). * p<0.05, one way ANOVA with post hoc Dunnetfs test. Time
course of selective pattern of DARPP-32 (G. H. I. J) and P-DARPP-32 (K, L. M, N) in the
NAc shell following acute nicotine injection, (scale bar. 30 pm).
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3.7.3 Increasing doses of nicotine differentially affect the DARPP-32
cascade
To investigate the dose-dependence of nicotine on P-DARPP-32/DARPP-32 and
downstream effectors, rats acutely received 0.4, 0.6 or 0.8 mg/kg nicotine. At the
highest dose tested (0.8 mg/kg), acute nicotine equally increased both DARPP-32 (77.4
± 20.4 %, Fig. 3.20A) and P-DARPP-32 immunoreactivity (72.2 ± 13.5 %, Fig. 3.20D)
in the CPu, without any significant changes at the lower doses (Fig. 3.20A, D). A
greater increase in P-DARPP-32 levels was observed in the NAc core (196 ± 92.9 %,
Fig. 3.20E) following 0.8 mg/kg nicotine, whereas levels of the total protein DARPP-32
in the NAc core were unaffected by any of the dose tested (Fig. 3.20B). Nicotine’s
effects in the NAc shell were more complex, as regulation of the amount of total
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Fig. 3.20 Effects of increasing nicotine doses on DARPP-32 and P~DARPP-32
immunoreactivity in the CPu and NAc.
Rats were injected with either saline (control) or nicotine (0.4, 0.6 or 0.8 mg/kg, s.c), and
perfused 30 min post injection. DARPP-32 and P—DARPP-32 IHC were performed as
described in 3.6.5. Results are expressed as a percent of values of saline-injected animals.
DARPP-32 (A, B. C) and P-DARPP-32 (D. E, F) IHC in the CPu, NAc core and NAc shell
respectively. Data represent the mean ± SEM of 5 animals for each doses tested. * p<0.05,
** p<0.01 one way ANOVA with post hoc Dunnett's test.
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DARPP-32 followed a bell-shaped profile, with a peak increase at 0.6 mg/kg (129.0 ±
75.9 %, Fig. 3.20C), whereas there was no significant change in levels of P~DARPP-32
in response to this concentration of nicotine. On the other hand, in contrast to the
decrease observed with 0.4 mg/kg nicotine, a higher dose of nicotine (0.8 mg/kg)
increased P~DARPP-32 (Fig. 3.20F), without alteration of DARPP-32 levels at the
same dose tested (Fig. 20C). Hence in the NAc shell, depending on the dose
administered, nicotine can either reduce or amplify DARPP-32 signalling.
In the striatum, nicotine has been reported to rapidly activate ERK, which in turn
induced the phosphorylation o f cyclic AMP response element binding protein (CREB),
a downstream target of this pathway (Brunzell et al., 2003). Activation of ERK requires
DARPP-32 activity, as nicotine failed to induce ERK phosphorylation in DARPP-32

NAc Core

Cpu
x—
LL)

NAc Shell

500

500

500 i

400

400

400

300

300

200

200

300 •
j

200
100
0

I■
sa l

■
0.4

1
0.6

1

■

'
0.8

sal

a c u te nicotine (m g/kg)

D

■
0.4

I

0.8

500

500

400

400

300
I
CL 200

300

100

F

100
0

500

**

200

sa l

0.4

0.6

0.8

a c u te nicotine (m g/kg)

a c u te nicotine (m g/kg)

E

LU

I .

■
0.6

a c u te nicotine (m g/kg)

sa l

III

0 .44 __________________
0.6
0 .8

a c u te nicotine (m g/kg)

400
300
200
100

0
sal

0.4

0.6

0.8

a c u te nicotine (m g/kg)

Fig. 3.21 Acute nicotine robustly increased P—Elk-1 immunoreactivity in the NAc.
Rats were injected with either saline (sal) or nicotine (0.4, 0.6 or 0.8 mg/kg, s.c.), and
perfused 30 min post injection, and Elk-1 and P~ Elk-1 IHC were carried out as described in
3.6.5. Results are expressed as a percent of values for saline-injected animals. Elk-1 (A. B,
C) and P~Elk-l (D. E, F) IHC in the CPu. NAc core and NAc shell respectively. Data
represents the mean ± SEM of 5 animals for each dose tested. * p<0.05, ** p<0.01 one way
ANOVA with post hoc Dunnetf s test.
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KO mice (Valjent et al., 2005). To examine whether the action of acute nicotine is
further transduced, we investigated the effect of these nicotine doses on two ERK
downstream effectors, Elk-1 and FosB.
In the three dopaminergic terminal fields examined, the amount of total Elk-1 was
not significantly affected by any of the dose of nicotine tested (Fig. 3.21 A, B, C). In
contrast, acute administration of nicotine, at each of the doses tested, resulted in a
similar robust increase (-200%) of the phosphorylated isoform P~Elk-I in the NAc core
only (Fig. 3.21E). In the CPu, nicotine did not significantly altered P~Elk-l
immunoreactivity (Fig. 3.20D). In the NAc shell, increasing nicotine doses gave a trend
towards a decrease of P~Elk-l but without significance (Fig. 3.21F). Effects of nicotine
(0.4 mg/kg) were blocked by prior injection of mecamylamine (saline/saline: 100.0 ±
21.6 %; saline/nicotine: 265.3 ± 40.6 %; mecamylamine/saline: 90.9 ± 22.7 %;
mecamylamine/nicotine: 119.9 ± 17.7 %). Therefore it is likely that nicotine, by
inducing Elk-1 phosphorylation in the NAc core, strongly enhanced the probability of
transcriptional events involving Elk-1.
Gi the other hand, acute nicotine injection at the doses tested had no significant
effect on FosB (Fig. 3.22), which is consistent with a more delayed induction o f FosB
that is seen with cocaine (Fig. 3.15; Hope et al., 1994). A trend towards an increase was
seen in the CPu but without any significance (Fig. 3.22A).
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Fig. 3.22 Effects of nicotine dose response curv e on FosB immunoreactivity in the striatum
and NAc shell.
Rats were injected with either saline (control) or nicotine (0.4, 0.6 or 0.8 mg/kg, s.c.), and
perfused 30 min post injection, and FosB IHC was performed as described in 3.6.5. Results
are expressed as a percent of values of saline-injected animals. A. B. C. FosB IHC in the
CPu, NAc core and NAc shell respectively. Data represent the mean ± SEM of 5 animals for
each dose tested.
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3.7.4 Effects of chronic nicotine via osmotic minipumps
<Zfolonged exposure to nicotine has been clearly established to upregulate nAChR
in various brain regions (Wonnacott, 1990). We reported in Chapter III, Part I that
nicotine (4 mg/kg/day) delivered via osmotic minipumps increased the numbers of high
affinity nAChR binding sites, and this increase persisted for up to 7 days during the
withdrawal penod. To investigate the effects of this regime on downstream signalling,
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Fig. 3.23 Chronic nicotine produced a sustained increase in DARPP-32 immunoreactivity .
Rats were implanted with saline- or nicotine (4 mg/kg/day)-filled minipumps. Perfusion was
carried out on day 14 or following 3, 7, 14 days withdrawal as described in 3.6.5. DARPP-32
(A, B, C) and P-DARPP-32 (D. E. F) IHC were analysed in the CPu, NAc core and NAc
shell respectively. Results are expressed as a percent of values of saline-treated animals for
each timepoint. Data represent the mean ± SEM of 5 animals for each timepoint. * p<0.05,
one way ANOVA with post hoc Dunnetf s test. DARPP-32 (G, H) and P-DARPP-32 (I, J)
IHC are increased in the NAc core (scale bar 60 pm) of rats treated for 14 days with nicotine
(H, J) compared to saline-treated animals (G, I).
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rats were treated for 14 days with nicotine (4 mg/kg/day) and immunohistochemistry
was carried out on day 14, or following 3, 7 or 14 days nicotine withdrawal.
'Following 14 days nicotine administration, nicotine and cotinine levels were 75.5
± 12.9 ng/ml and 418.8 ± 34.5 ng/ml respectively. Chronic nicotine induced a consistent
and sustained elevation (-40% ) of DARPP-32 immunoreactivity both in the CPu and in
the NAc core following 14 days treatment and at least 3 days withdrawal, with a return
to control levels by 14 days withdrawal (Fig. 3.23A, B and G, H). In the NAc shell,
increased DARPP-32 immunoreactivity was greater (66.2 ± 27.6 %) but this effect
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Fig. 3.24 Chronic nicotine selectively increases Elk-1 immunoreactivity in the NAc core.
Rats were implanted with saline- or nicotine (4 mg/kg/day)-filled minipumps. Perfusion was
carried out on day 14 or following 3, 7 days withdrawal as described in 3.6.5. Elk-1 (A. B.
C) and P~Elk-l (D, E, F) IHC were analysed in the CPu, NAc core and NAc shell
respectively. Results are expressed as a percent of values for saline-injected animals for each
timepoint. Data represent the mean ± SEM of 5 animals for each timepoint. * p<0.05, one
way ANOVA with post hoc Dunnett's test. Elk-1 IHC (G,H) in the NAc core (scale bar 60
pm) and P~Elk-l (I, J) IHC in the NAc shell (scale bar 30 pm) following 14 days saline (G
and I) or nicotine (H and J) chronic treatment.
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appeared to be reversed more quickly (Fig. 3.23C). The effects of chronic nicotine on
P~DARPP-32 were short-lasting. Upregulation of the phosphorylated isoform occurred
in the 3 regions examined following 14 days treatment, and the increase was more
pronounced in the subdivisions of the NAc in comparison with the CPu (CPu: 29.3 ±
10.2 %; NAc core: 98.1 ± 32.3 %; NAc shell: 107.4 ± 36.6 %; Fig. 3.23D, E, F,
respectively). Levels o f P~DARPP-32 in the Cpu and NAc core had returned to the
values of saline-treated animals by 3 days withdrawal (Fig. 3.23D, E), whereas, in the
NAc shell P~DARPP-32 remained upregulated by 86.1 ± 18.2 % after the 3 days
withdrawal but this effect was abolished by a more prolonged withdrawal (7 and 14
days, Fig. 3.23E).
14b examined whether similar effects could be observed on Elk-1. Persistent
nicotine exposure and its withdrawal were without effect on the amount of P~Elk-l in
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Fig. 3.25 FosB immunoreactivity is dramatically increased in the NAc shell following 3 days
chronic nicotine withdrawal
Rats were implanted with saline- or nicotine (4 mg/kg/day)-filled minipumps. Perfusion was
carried out on day 14 or following 3, 7, 14 days withdrawal as described in 3.6.5. A. B. C
FosB IHC was analysed in the CPu, NAc core and NAc shell respectively. Results are
expressed as a percent of values of saline-treated animals for each timepoint. Data represent
the mean ± SEM of 5 animals for each timepoint. * p<0.05, one way ANOVA with post hoc
Dunnett's test. D, E FosB IHC in the NAc core (scale bar 60 pm) following 14 days saline
(D) or nicotine (E) administration. F, G FosB IHC in the NAc shell (scale bar 30 pm) during
the 3 days withdrawal period following saline (F) or nicotine (G) treatment.
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any of the regions examined (Fig. 3.24D, E, F). However, the amount of total Elk-1 was
selectively and regionally increased by 91.5 ± 16.1 % in the NAc core at the 14 days
treatment but returned to control values during the withdrawal (Fig. 3.24B). No change
in Elk-1 levels in the CPu or NAc shell were observed following chronic nicotine
treatment (Fig. 3.24A, B).
In comparison FosB showed a different response. FosB levels in the Cpu were
significantly upregulated by 51.3 ± 20.2 % in nicotine-treated animals, in agreement
with previous work (Pich et al., 1997; Marttila et al., 2006) (Fig. 3.25A). FosB levels
remained elevated (~30 %), albeit not significantly, at 3 and 7 days withdrawal. In the
NAc core levels of FosB showed a sustained trend towards an increase but without
significance (Fig. 3.25B). In striking contrast, there was a transient dramatic increase in
FosB immunoreactivity (138.5 ± 56.9 %) in the NAc shell following 3 days withdrawal;
this effect was abolished following 7 and 14 days nicotine withdrawal (Fig. 3.25C and
FG).

3.7.5 Effects of repeated nicotine injections
%peated intermittent nicotine injections (0.4 mg/kg) induce a sensitisation of the
meso limbic dopaminergic pathway that results in an increase in locomotor activity and
an enhanced dopamine release the NAc in response to a subsequent single injection of
nicotine (Clarke and Kumar, 1983; Benwell and Balfour, 1992, 1997). Therefore we
examined the effects of repeated once daily injections of nicotine (0.4 mg/kg) for 14
days and following 1 or 3 days withdrawal on the DARPP-32 signalling cascade.
Total DARPP-32 immunoreactivity was significantly increased in the CPu (33.1 ±
11.2 %; Fig. 3.26A) and the NAc core (45.3 ± 22.8 %; Fig. 3.26B and G, H) and a trend
towards an increase was seen in the NAc shell (53.2 ± 49.2 %; Fig. 3.26C) 30 min after
the last injection. No difference from control was observed during the withdrawal
period in DARPP-32 levels between the saline- and nicotine-treated animals. However,
levels of P~DARPP-32 were unchanged in the three regions examined and at the three
time points in contrast to a single nicotine injection (Fig. 3.19) or continuous nicotine
administration (Fig. 3.23).
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Fig. 3.26 Repeated nicotine injections increased DARPP-32 immunoreactivity but not
P-DARPP-32
Rats received daily injections of saline or nicotine (0.4 mg/kg/day) for 14 days. Perfusion
was carried out on day 14 or following 1, 3 days withdrawal as described in 3.6.5. DARPP32 (A. B. C) and P-DARPP-32 (D, E, F) IHC were analysed in the CPu. NAc core and NAc
shell respectively. Results are expressed as a percent of values for saline-injected animals for
each timepoint. Data represent the mean ± SEM of 5 animals for each timepoint. * p<0.05,
one way ANOVA with post hoc Dunnetfs test. DARPP-32 labelling (G, H), but not
P-DARPP-32 (I, J) labelling, is increased in the NAc core (scale bar 60 pm) of rats treated
for 14 days with nicotine (H, J) compared to saline-treated animals (G, I).

£evels of Elk-1 were markedly increased in the NAc core (222.0 ± 58.8 %, Fig.
3.27B) and to a similar extent in the NAc shell (201.5 ± 140.7 %, Fig. 3.27B, D, E)
although the latter was not significant, but these effects rapidly disappeared following 1
and 3 days nicotine’s withdrawal (Fig. 3.27B, C). No alteration of Elk-1 levels was
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observed in the CPu (Fig. 3.27A). On the other hand, P~Elk-l levels remained
unchanged at the tree time points and subregions examined (Fig. 3.27D, E, F).
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Fig. 3.27 Repeated nicotine injections selectively increased Elk-1 immunoreactivity in the
NAc core
Rats were repeatedly injected with saline or nicotine (0.4 mg/kg/day) for 14 days. Perfusion
was carried out on day 14 or following 1, 3 days withdrawal as described in 3.6.5. Elk-1 (A,
B. C) and P~Elk-l (D. E. F) IHC were analysed in the CPu, NAc core and NAc shell
respectively. Results are expressed as a percent of values for saline-injected animals for each
timepoint. Data represent the mean ± SEM of 5 animals for each timepoint. * p<0.05, one
way ANOVA with post hoc Dunnett's test.

Repeated nicotine injections led to a selective increase in FosB immunoreactivity
in the NAc core by 45.2 ± 3.7 % at the 14 days time point (Fig. 3.28B), but there was no
withdrawal effect as levels of FosB returned to control values. Levels of FosB in the
CPu and the NAc shell were comparable to those of saline-injected animals 3 time
points examined (Fig. 3.28A, C).
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Fig. 3.28 Repeated nicotine injections selectively increased FosB immunoreactivity in the
NAc core
Rats were repeatedly injected with saline or nicotine (0.4 mg/kg/day ) for 14 days. Perfusion
was carried out on day 14 or following 1. 3 days withdrawal as described in 3.6.5. A. B. C
FosB IHC was analysed in the CPu. NAc core and NAc shell respectively. Results are
expressed as a percent of values for saline-injected animals for each timepoint. Data
represent the mean ± SEM of 5 independent experiments. * p<0.05, one way ANOVA with
post hoc Dunnett s test. Selective increase of FosB in the NAc core (D, E, scale bar 60pm)
but not shell (F, G. scale bar 30pm) following repeated nicotine administration (E, F)
compared to saline treatment (D, F).

3.8 Discussion
In this study, we have focussed on the ability o f nicotine to modulate the DARPP32 cascade in vivo. Three major findings anse from this work (Table 3.9): firstly, acute
nicotine acting at nAChR modulates DARPP-32 and downstream effectors (Elkl/P~Elkl and FosB) in a region-specific manner, with a predominant effect observed in
the NAc subdivisions. Secondly, the route of nicotine administration following 14 days
treatment, using minipumps or repeated injections, is a key determinant of nicotine’s
effect on P-DARPP-32/DARPP-32 and FosB, but not P~Elk-l/Elk-l. Finally,
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withdrawal from chronic nicotine produced a selective and persistent elevation of
DARPP-32 immunoreactivity only, and two weeks were required to recover control
levels, suggesting differential responses to long term drug exposure.
Table 3.9
Summary o f the effects o f various modes o f nicotine adm inistration on
DARPP-32, Elk-1 and FosB
Nicotine treatment
Acute
^ ^ \re g io n
p ro te iri^ ^

Cpu

DARPP-32

hd

P~DARPP-32
Elk-1
P~Elk-l

Core

/■*«■•/

Chronic

Repeated

Shell

Cpu

Core

Shell

Cpu

Core

hd

+ W

+ W

+

+

+

- /+

+

++

++W

++

/V

++

/V

W

+

/"***■/

rw

Shell

++

FosB

r+s

+

no significant a l t e r a t i o n ; m o d e r a t e i n c r e a s e ; r o b u s t increase;
moderate decrease; "hd": effect only observed at the higher dose tested;
"w": effect during the withdrawal.

3.8.1 Acutely, nicotine regulates DARPP-32 signalling: NAc core/shell
dichotomy?
(Revious reports have shown that the effects of cocaine and amphetamine on
DARPP-32, MAPK/ERK, and Fos, and nicotine on ERK, CREB, Fos were fast and
short lasting (15-30 min; Valjent et al., 2000, 2001; Salminen et al., 1999). Consistent
with these data, we found that a low dose of nicotine (0.4 mg/kg) produced a rapid and
short-lasting decrease, peak effect 30 min post injection, in levels of P~DARPP-32 in
the NAc shell, but not NAc core (Fig. 3.19). This regional effect is in good agreement
with the elevation of extrasynaptic DA levels for a couple of hours, in response to an
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acute nicotine injection, primarily in the NAc shell compared to the NAc core (Benwell
and Balfour, 1992; Cadoni and Di Chiara, 2000). Indeed the elevation of DA for two
hours following acute injection matches the decrease in P~DARPP-32. This decrease in
P~DARPP-32 levels was unexpected as drugs of abuse, such as cocaine and
amphetamine, have been shown to activate a Di pathway leading to increase in
phosphorylation of Thr34 (Valjent et al., 2005). However, in vitro in neostriatal
neurons, Hamada et al. (2004) showed that the rapid phosphorylation induced by
nicotine was followed by a sustained decrease, therefore at the timepoint examined (30
min; Fig. 3.20), the effect of nicotine (0.4 mg/kg) may have already happened and our
data probably reflect the decrease observed post-stimulation of nAChR. Conversely, a
higher dose of nicotine (0.8 mg/kg) increased P~DARPP-32 levels. This observation
agrees with data from immunoblotting applied to mouse striatal tissue ex-vivo (Zhu et
al., 2005), and suggests that a higher dose of nicotine is likely to produce a more
sustained effect, resulting in a more prolonged phosphorylation at Thr34 (Fig. 3.20). To
examine whether the effect observed was not due to a activation of D 2 DA receptors, we
carried out initial experiments in the presence of raclopride, a D2 DA receptor
antagonist. However, at the dose selected (2 mg/kg), raclopride had strong behavioural
effects (locomotor activity and grooming abolished, and increased deep breathing) and
labelling experiments were inconclusive. Unfortunately, time constraints precluded
further testing with lower doses. Thus, depending on the dose administered, the effect of
nicotine on DARPP-32 may be temporally sustained, therefore differentially influencing
the inhibition of PP-1, with implications for regulation of PP-1 targets.
J4. recent study demonstrated that activation (i.e. phosphorylation) of striatal ERK
by nicotine, cocaine or d-amphetamine was clearly attenuated in DARPP-32 KO mice
(Valjent et al., 2005). In these transgenics, d-amphetamine-elicited increases in FosB
were diminished (Fienberg et al., 1998), as well as cocaine-induced Elk-1 activation in
animals in which threonine-34 was mutated into a non-phosphorylatable alanine residue
(Valjent et al., 2005). Examining further downstream effects of acute nicotine
stimulation, we found a selective and robust activation of Elk-1 within the NAc core,
which is concomitant with a previously reported increase in ERK activity in this
subdivision (Valjent et al., 2000); in contrast, FosB immunoreactivity remained
unchanged following a single systemic nicotine injection. However, levels of
P~DARPP-32 in the NAc core also remained unchanged following acute nicotine
challenge. The rapid increases in Elk-1 phosphorylation in response to glutamate
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stimulation in vitro (Vanhoutte et al., 1999) and in vivo (Sgambato et al., 1998) offers a
possible explanation for the divergence from the patterns of P~DARPP-32 responses.
The thalamocortical glutamatergic inputs to the striatum impinge on medium spiny
neurons (Dube et al., 1988; Smith et al., 1994) and nicotine can modulate striatal
glutamate release both in vitro (Kaiser and Wonnacott, 2000) and in vivo (Toth et al.,
1993).

3.8.2 Predominant effect of prolonged nicotine exposure in the NAc
core
(Delivery of nicotine by inhalation of tobacco smoke gives a complex picture of
sustained plasma levels of nicotine with superimposed sharp increases (Russell, 1990;
Hukkanen et al., 2005). To assess the impact of a prolonged nicotine treatment, we used
two different systems of nicotine administration over 14 days: (i) minipumps that
maintain constant low plasma nicotine levels and (ii) repeated injections to produce
intermittent, transient increases in plasma nicotine concentrations. In contrast to a single
acute injection, repeated and chronic nicotine treatment upregulated the levels of
DARPP-32, Elk-1 and FosB commensurate with new protein synthesis during two
weeks of nicotine administration.
^Delivery of nicotine via minipumps for 14 days increased equally both DARPP-32
and P~DARPP-32 immunoreactivity in the CPu. However, there was a robust increase
of P~DARPP-32 compared to DARPP-32 in the NAc core, indicating that chronic
exposure strongly enhances DARPP-32’s ability to inhibit PP-1 in this subdivision. The
effects of repeatedly injected nicotine for the same duration opposed those seen with
minipumps, as this regime did not modify the levels of P~DARPP-32 in any of the
regions tested, albeit producing comparable plasma levels of nicotine (see 3.6.4). Only
total DARPP-32 immunoreactivity was found to increase in the striatum. Thus, the
persistent presence of nicotine is required to upregulate P~DARPP-32 in a prolonged
exposure paradigm.
I f acutely nicotine enhances Elk-1 activation and therefore facilitates initiation of
transcriptional events associated with Elk-1, chronic and repeated intermittent nicotine
treatment selectively upregulated total Elk-1 in the NAc core without affecting its
phosphorylation status. A previous study that investigated the chronic effect of nicotine
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on transcriptional factors, such as CREB, reported an increase in accumbal total CREB
accompanied by a decrease in P-CREB (Brunzell et al., 2003), whereas acutely nicotine
elicited its phosphorylation. This opposed outcome following prolonged drug exposure
may reflect a neuronal adaptation of MSN to prevent excessive activation of
transcription.
Tfhereas acute nicotine failed to increase FosB immunostaining, 14 days of
nicotine administration induced FosB expression in the CPu and NAc. Sustained
nicotine exposure predominantly activated FosB in the CPu, accompanied with a
modest increase in the NAc core, while repeated intermittent injections selectively
increased FosB in the latter area. These results match well with a recent study of
Marttila et al. (2006), in which Wistar rats that received nicotine (0.5 mg/kg) once daily
for five days exhibited higher levels of FosB in the NAc but not CPu. These data are
consistent with a greater sensitivity to nicotine of the mesoaccumbens pathway, which
results in sensitisation of dopaminergic neurones projecting to the NAc sensitisation
(Benwell and Balfour, 1997).

3.8.3 DARPP-32 persists during nicotine’s withdrawal
'Following nicotine administration via minipumps (but not by repeated injections)
we found a persistent elevation in DARPP-32 immunoreactivity during the withdrawal
period, and two weeks were required for its level to return to control values, both in the
CPu and NAc core. This indicates a long-term adaptation during nicotine abstinence. At
present, there are no data on the role of DARPP-32 during nicotine withdrawal but the
sustained levels in striatal areas could contribute to some of nicotine’s behavioural
effects during withdrawal.
0uring the withdrawal period examined, no alterations in levels of downstream
effectors were observed except for an increase in FosB immunoreactivity in the NAc
shell at the 3 days withdrawal. AFosB has been demonstrated to accumulate during
cocaine treatment (Hope et al., 1994; see Nestler 2001; Brenhouse and Stellar, 2006;
See Fig. 3.15), and following both cocaine and nicotine self-administration (Pich et al.,
1997).
'The FosB antibody used in this study recognizes several products of the FosB
gene, including splice variants such as AFosB. FosB has a short half-life (Hope et al.,
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1994), therefore the increase monitored may well reflect increases in AFosB as this is
the most stable isoform so far described, however we cannot rule out the detection of
other isoforms.

3.8.4 Is the regulation of downstream effectors Elk-1 and FosB
independent of DARPP-32 activity?
‘The set of data from this section indicate that the three proteins examined are
differently regionally affected by nicotine. Does it indicate that their regulation by
nicotine occur in a DARPP-32-independent manner? As described in 3.6.5.2, tissue
originating from the same animal provided enough slices for the IHC analysis of
P-DARPP-32/DARPP-32, P~Elk-l/Elk-l and FosB, therefore experiments were carried
out at an identical timepoint. Hence, the differences observed may be temporal, i.e. the
transduction of the signal from the cell surface down to the activation of transcription
factors and IEG might be delayed. Data from acutely cocaine-injected mice indicate a
peak increase of FosB 6h post-injection (Fig.3.15; Hope et al., 1994), hence the lack of
effect of acute nicotine treatment on FosB is likely to reflect a delayed induction of the
protein.
JLcute nicotine affected the phosphorylation status of both DARPP-32 and Elk-1
30 min post-injection, but in different subregions of the NAc (Fig. 3.20 and 3.21). In the
model of the regulation of the DARPP-32 cascade by drugs of abuse proposed by
Valjent et al. (2005), activation of ERK was fully abolished in DARPP-32 KO mice, or
in wt mice pre-injected with the NMDA antagonist MK801, indicating an intertwined
regulation by both DA and glutamate. Unfortunately, due to time constraints we could
not test the effects of glutamate and DA antagonists on the nicotine response. These
experiments would tell whether regulation of P~DARPP-32 and P~Elk-l are
predominantly affected by either one or the other neurotransmitter, but it would also
require to uncover whether different populations of nAChR are involved in this
regulation.
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3.8.5 Putative implications for nicotine dependence
*211686 results indicate that, similar to other drugs of abuse that alter DA levels,
nicotine can modulate DARPP-32 and downstream effectors. Prominent effects where
observed in the NAc subdivisions, which are accepted to play a central role in addiction.
The NAc core is implicated in Pavlovian drug-seeking behaviour, whereas the NAc
shell contributes to the primary hedonic and rewarding properties of abused drugs
(1.3.2.2.2; Wonnacott et al., 2005). A recent study showed that, at the molecular level,
cocaine reinstatement preferentially activated ERK, Elk-1 and CREB in the NAc core
subregion, but not the shell, and that inhibition of MEK could block cocaine-induced
condition place preference (Miller and Marshall, 2005). Hence, alterations in striatal
signalling induced by nicotine could be a putative molecular substrate for nicotine
addictive

properties.

The

subtle

differences

in

regional

pattern

of protein

phosphorylation and upregulation observed probably reflect the complexity of
nicotine’s action through activation of a large portfolio of nAChR receptors. Moreover,
the ability of nAChR to not only stimulate DA release but to also modulate other
neurotransmitter systems (Wonnacott, 1997) may contribute to the differences observed.
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Chapter I V

(.Effects o f chronic nicotine and aCCosteric potentiating
Cigand on nfl.Ch<
Kjium.6ers and functions
4.1 Introduction
In Chapter III Part I, we observed a functional upregulation of nAChR-evoked
catecholamine release in vitro, following chronic nicotine administration in vivo.
Mammalian brain slices provide convenient preparations to investigate, in a native
environment, cascades of activation that lead to neurotransmitter exocytosis. However
due to the relative complexity of these preparations (heterogeneity of nerve endings
including multiple families of receptor subtypes not always clearly defined)
interrogating the complexities of nAChR regulation is difficult. Cell culture presents an
attractive simpler system for addressing these issues. Indeed, immortalized cell lines
provide unlimited quantities of material and also homogeneity of the preparation as they
were originally isolated from a single cell. In addition cells possess basic functional unit
(signalling molecules, calcium stores) and the ease of culture with defined medium
facilitate drug treatments and the investigation of their impact on cell function (see
4.1.1.1).

4.1.1 SH-SY5Y cells: an in vitro model to study nAChR
The study in this chapter uses the SH-SY5Y cell line. These cells are derived
through sequential sub-cloning from the SH-SY line and the parental SK-N-SH line,
which had been established from a biopsied, metastatic tumour diagnosed as peripheral
neuroblastoma (Biedler et al., 1973; Ross et al., 1983). SH-SY5Y cells preserved
neuronal characteristics recognised by the identification of several markers including
neuron-specific enolase, noradrenergic biosynthetic enzymes, GABA and NA uptake,
glutamic acid decarboxylase and neurofilaments proteins (Bencherif and Lukas, 1991;
Lukas et al., 1993). The utility of SH-SY5Y cells for cholinergic studies is
demonstrated by their expression of functional muscarinic AChR Mi, M 2 (Adem et al.,
1987) and M 3 (Lambert et al., 1989) subtypes. Mi and M 3 mAChR stimulate
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phosphoinositides breakdown whereas M 2 mAChR inhibit adenylate cyclase (Bonner,
1989). These cells are also endowed of nAChR. Lukas et al. (1993) demonstrated using
northern blot analysis, radioligand binding and functional assays that SH-SY5Y express
mRNA encoding a3, a5, a7, (32, p4 subunits, which form a7 and a3* nAChR.
4.1.1.1 SH-SY5Y and functional studies
initial studies showed that, upon mAChR activation, a biphasic Ca2+ rise could be
monitored and was proposed to reflect inositol-1,4,5-triphosphate (InsP3) mobilisation
1
^ j
of intracellular Ca and likely the uptake of extracellular Ca (Lambert and Nahorski,
1990, 1992 for review). These results were further substantiated by a study of Vaughan
and colleagues, which showed that sustained Ca2+ increases required permanent agonist
stimulation (Murphy et al., 1991a). The implication of InsP3 receptors (InsP3R) was
then pharmacologically confirmed (Forsythe et al., 1992), and more recent studies using
isoform specific antibodies physically demonstrated their expression in SH-SY5Y cells
(Mackrill et al., 1997).
The first evidence o f functionally expressed nAChR arose from the work of Gould
et al. (1992), which showed that nicotine and l,l-dimethyl-4-phenylpeparazynium
(DMPP) could evoke inward currents in a mecamylamine (1-3 pM) sensitive manner.
Subsequent studies showed that nicotine, acting via a7 and non-a7 nAChR, could
generate short and sustained intracellular Ca2+ increases (Ridley et al., 2001; DajasBailador et al., 2002). Voltage operated calcium channels (VOCC) were shown to
contribute to both muscarinic and nicotinic AChR-evoked Ca2+ responses activation
(Fig. 4.1; Lambert et al., 1990; Forsythe et al., 1992; Dajas-Bailador et al., 2002).
Amongst the various VOCC subtypes identified so far (L, N, P, Q, R and T; Catterall,
1995; Moreno, 1999), only the L- and N-type are expressed by the SH-SY5Y clone
(Lambert et al., 1990; Seward and Henderson, 1990).
JLs mentioned above, NA can be taken up into SH-SY5Y cells, and large dense
core vesicles have been identified in close vicinity to VOCC (in particular the N-type)
poised for rapid neurotransmitter release upon Ca2+ efflux (McMahon and Nicholls,
1991; Goodall et al., 1997; Vaughan et al., 1997). Both types o f cholinergic receptors
have been found to provoke NA exocytosis via activation o f VOCC (Murphy et al.,
1991b; Vaughan et al., 1993; Dajas-Bailador et al., 2003). These studies demonstrate
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that SH-SY5Y cells preserve some features of their non-neoplastic analogs, and that
assessment of Ca2 j levels is a good indication of nAChR activity.

al

non al
VOCC

Fig. 4.1 Various routes of increases of Ca2 ; upon nAChR stimulation.
Entry of extracellular Ca2 into the cell initiates from both direct permeation
through the nAChR lumen and through activation of voltage-operated Ca2
channels (VOCC) that can be observed in neurons and SH-SY5Y cells. Initial
Ca2 j increases are amplified via recruitment of internal stores, which fulfil a dual
role in Ca2+ homeostasis being involved in both buffering the excess o f Ca2
entering the cells, and providing an intracellular pool of Ca2 under appropriate
stimuli. O f the internal stores, the endoplasmic reticulum (ER) has received by far
the most attention. Anchored in the ER membrane, the ryanodine receptors (RyR)
and the InsP^R participate in Ca2 waves via calcium-induced calcium release
mechanisms (Bardo et al., 2006). In addition, the mitochondria act as a Ca2 j
sensor and its buffering capacities are likely to occur when cytosolic concentration
reaches high levels, but the spatial relation between ER and mitochondria is a key
determinant of Ca2 buffering. Albeit nuclear membrane per se represents a
relatively small volume, the outer nuclear membrane is interconnected with the
vast ER, and Ca2+ can therefore be mobilized into the nucleoplasm, hence giving
the opportunity for gene regulations. (Modified from Dajas-Bailador and
Wonnacott, 2004).
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4.1.2 Ca2+ measurements
The universality of Ca2+ as a second messenger has led scientists to develop a
large panel of Ca2+-sensitive probes to scrutinise its intracellular actions. Commonly
used Ca

9+

indicators have been modelled on the non-fluorescent Ca

9+

selective chelator

EGTA (Tsien, 1992). Ratiometric dyes correspond to Ca2+ probes that display spectral
shifts (either emission or excitation spectra) upon cation binding. These probes can
9I
therefore provide quantitative data on intracellular Ca concentrations as free- and
bound-Ca2+ form can be measured. In contrast, non-ratiometric dyes are only excited at
one wavelength, which is not altered by Ca2+ binding, hence resulting in change of
fluorescent intensity that provides only qualitative informations.
4.1.2.1 Non-ratiometric dyes
The dye used to monitor Ca2+ changes in this thesis is Fluo-3. Fluo-3 is the
prototype of non-ratiometric probes and was developed in the late 1980’s by Tsien and
co-workers (Minta et al., 1989). Fluo-3 holds the advantage of being activated by
visible excitation wavelengths as its fluorophore component is based on fluorescein. Its
selectivity for Ca2+ over Mg2+ is comparable to that of Fura-2, a ratiometric dye (see
4.1.2.2). When complexed to Ca2+, Fluo-3 fluoresces 40 times more brightly than when
unbound. It exhibits a Kd for Ca2+ in the mid nanomolar range (~ 0.40 pM; Minta et al.,
1989), therefore allowing the measurement of Ca2+ up to 5-10 pM. However, due to
various experimental parameters including pH, viscosity, temperature, and interactions
with proteins in in vitro experiments, the Kd is subjected to variations (Harkins et al.,
1993). The main disadvantage of Fluo-3 resides in its inability to display a shift in
emission or absorption, preventing ratiometric measurements (Fig. 4.2A). Fluo-3 is
present in an acetoxymethyl (AM) esterified form (Fluo3-AM), which renders it
hydrophobic and uncharged, hence facilitating its passive diffusion across the cell
membrane. Once inside the cell, esterases will liberate the dye in a membrane
impermeant form.
<2fccently Fluo-4, an improved version of Fluo-3, has been developed (Gee et al.,
2000). Fluo-4 possesses several similar characteristics to its predecessor, including high
Ca2+ fluorescence enhancement, stability, affinity for Ca2+. In contrast, Fluo-4 yields
greater absorbance at 488nm therefore generating more fluorescence intensity when
used with Argon-ion lasers.
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4.1.2.2 Ratiometric dyes
4.1.2.1.1 Fura-2
<Fura-2 is commonly the dye of choice for ratiometric studies. Fura-2 is a direct
improvement of its non-ratiometric predecessor Quin-2, which exhibited significant
restrictions, including high loading concentrations in the millimolar range and UV
excitation engendering cell autofluorescence. Fura-2 displays a spectral shift upon
stimulation and can therefore be used for ratiometric studies (Fig. 4.2B). Fura-2 presents
a much larger extinction coefficient and higher quantum efficiency resulting in a 30-fold
greater brightness (Grynkiewicz et al., 1985). In addition, it is more resistant to
photobleaching, has better selectivity against Mg2+ and other heavy metals, and shows
wavelength shifts upon Ca2+ binding. Also, Fura-2’s affinity for Ca2+ is weaker (Kd of
135-224 nM) allowing Ca2+ measurements in the low micromolar range. This Ca2+sensitive dye has been successfully employed by Role and colleagues to map
presynaptic nAChR (Girod et al., 2003). Indeed, loading of neurons with Fura-2-AM at
synapses between visceral motor neurons and lumbar sympathetic ganglia, followed by
injection of Mn2+ in postsynaptic neurons allowed a reliable measurement of increases
in presynaptic fluorescence following a challenge with nicotine.
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Fig. 4.2 Spectra of emission and excitation of ratiometric and non-ratiometric Ca2+
probes.
The curves represent the fluorescence excitation (solid lines) and emission (broken
lines) of Fluo-3 (A) and Fura-2 (B) (“1”, in saturating Ca2+conditions; “2”: in Ca2+
free conditions). (Modified from Haugland, 2001).
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4.1.2.1.2 Cameleon fluorescen: proteins
Ca2" signals are often localised in cytosolic compartments or in specialised
organelles (e.g. ER) and their measurements can then become a difficult task. A new
generation o f probes have been engineered and relies on intramolecular fluorescence
energy transfer (FRET). This approach is based on the energy transferred that occurs
when two fluorophores with overlapping excitation/emission spectra are brought in
close proximity, following in our case Ca2 binding. Those new probes named
“cameleon” consist of a tandem o f two mutant-emitting green fluorescent proteins
(GFP) assembled with a linker composed of the calmodulin binding domain and the
calmodulin-binding peptide (see Fig. 4.3) (Romoser et al., 1997; Miyawaki et al., 1997,
1999). Since then, the cameleons have been improved by modifying the GFP and the
properties o f the linker by specific targeted amino acids mutations. Improvements
reflected better quantum yield, attenuated pH dependency,

modelled depending

K d< ca2+ )

on the concentrations of Ca2 in the organelle of interest (Demaurex and Frieden, 2003).
The major advantage of cameleons reside in their property of being genetically
encoded indicators, which makes them targetable to specific organelles when the proper
addressing signals are integrated in the construct. However, this advantage is also the
main drawback as correct transcriptional-, translational- and post-translational-events
are entirely dependent upon the cell system used.

Yellow Cameleon (YC)

Fig-

4.3

Structure

of

a

Cameleon probe.
The cameleon is composed of 2
barrels corresponding in this

FRET

cartoon to Cyan and Yellow

\

Fluorescent Proteins (CFP and

CFP

YFP respectively) connected by
a

sensitive

Ca2+

linker

corresponding to the calmodulin
Calmodulin

bindingpeptide (red).

binding domain (dark blue) and
Upon Ca2 binding

reversible manner,bringing

theprobe conformation changes in a

into closecontact

the 2 fluorescent proteins, thus

resulting in enhanced FRET signals which are then recorded. (Modified from
Demaurex and Frieden, 2003).
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The development of these various Ca2+ probes therefore provide a relatively
simple approach (in the case of Ca2+ dyes) to assess Ca2+ waves. Hence monitoring
2d"
•
Ca levels upon acute nAChR activation following chronic drug exposure can provide
information on the functional status of the receptor.

4.1.3 Chronic studies in SH-SY5Y cells with nicotinic compounds
Chronic nicotine treatment has been clearly demonstrated to upregulate numbers
of native a3* and to a lesser extent a l nAChR in SH-SY5Y cells (Peng et al., 1997;
Warpman et al., 1998; Ridley et al., 2001; Pakkanen et al., 2005; for review see Gentry
and Lukas, 2002). nAChR upregulation was also observed following chronic exposure
to antagonists (MLA and d-tubocurarine; Ridley et al., 2001) in agreement with the
hypothesis that receptor occupancy is sufficient to trigger nAChR upregulation (see
1.4.2 and references therein). Increased nAChR numbers were accompanied by a
functional downregulation of nAChR. Ridley et al. (2002) showed that 4 days treatment
with nicotine decreased the ability of acute nicotine to elevate Ca2+j.
increased nAChR numbers have been also observed following prolonged
treatment with a novel class of compounds named allosteric potentiating ligands (APL;
Pereira et al., 2002). Chronic exposure to APL, such as physostigmine and galantamine
(Fig. 4.4), led to the upregulation of high affinity nAChR binding sites in the
mammalian brain (Barnes et al., 2000; Woodruff-Pak et al., 2001; Svedberg et al.,
2004).

4.1.4 Galantamine: an APL endowed of dual properties
The discovery of APL dates back to the 1980’s, when physostigmine, a
cholinesterase inhibitor, was shown to interact with, and activate single-channel currents
of muscle nAChR (Shaw et al., 1985; Sherby et al., 1985). APL bind to a site that is
close to, but distinct from, the agonist binding site of the nAChR (Fig. 4.5A; Okonjo et
al., 1991, Pereira et al., 1993, 1994, Schroder et al., 1994). Subsequent studies
confirmed that, when applied alone, APL do not give rise to macroscopic neuronal
nicotinic currents (Fig. 4.5B), although they do increase single channel activity (Pereira
et al., 1994).
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tffccently,

the

FDA

approved

the

APL

galantamine for the treatment of Alzheimer’s disease.
Galantamine is an alkaloid found in the bulbs and
flowers of the common snowdrop (Galanthus nivalis)

1

H

N
"^
I

and of several members of the Amaryllidacae.
Galantamine has a dual mechanism of action by being
both a weak reversible inhibitor of AChE and also an
allosteric potentiating ligand of nAChR (Pereira et al.,
2002).

Acutely,

galantamine

potentiates

/

Fig. 4.4 Structure of the
alkaloid Galantamine

agonist-induced

nicotinic

currents

(Schrattenholz et al., 1996; Fig. 4.5B) and downstream processes modulated by nAChR
activation, such as Ca2+ signalling and transmitter release (Dajas-Bailador et al., 2003).
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Fig. 4.5 Galatamine potentiates nAChR responses
A. Structure of a nAChR a subunit indicating the proximity of the agonist binding
site and the one for binding allosteric ligands such as galantamine. B. Whole-cell
current responses recorded from stably transfected HEK293 cells expressing a4 and
p2 nAChR subunits. Cells were stimulated with ACh (100 pM) or galantamine (Gal;
0.5 pM), first and second application respectively. Galantamine failed to elicit any
whole-cell current alone, but potentiated ACh responses when co-applied with the
agonist (third peak). This potentiation was reversible following galantamine wash
out (fourth peak). (Modified from Maelicke et al., 2001; Pereira et al., 2002).
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It is proposed that APLs potentiate nAChR agonist responses by increasing the
probability of channel opening and slowing nAChR desensitisation (Pereira et al.,
2002).

however, chronic studies in vivo with APL have not distinguished between the
AChEI and APL activities, and no information on the functional status of nAChR after
such treatment is available. These aspects will be examined in the present chapter.

4.1.5 Aims o f this chapter
(Wt previously demonstrated that acute stimulation of nAChR elicited both striatal
[3H]DA and hippocampal [3H]NA release (Chapter II), and that these modulations were
altered following a chronic nicotine exposure (Chapter III, Part I). We first examined
whether these findings could be recapitulated in a simpler neuronal system, the SHSY5Y cells. To reach this goal, we chronically treated SH-SY5Y cells with nicotine.
Following this, we measured numbers of [3H]epibatidine binding sites, and also
assessed the functionality of nAChR by monitoring changes in intracellular Ca2+ levels,
as well as [3H]NA release in response to acute nicotine stimulation. In parallel, SHSY5Y cells were also chronically exposed to galantamine to gain insights into the
dependence of agonist binding to and/or activation of nAChR during the prolonged drug
exposure paradigm. These results suggest that upregulation of nAChR numbers may be
dissociated from alteration of receptor function.

4.2 Materials & Methods
4.2.1 Drugs and reagents
Tissue culture media, serum and plasticware were obtained from Gibco BRL
(Paisley, UK). (-)-Nicotine hydrogen tartrate and mecamylamine hydrochloride were
purchased from Sigma Chemical (Poole, Dorset, UK). [3H]epibatidine (2 TBq/mmol)
and

[3H]NA

(1.22 TBq/mmol) were purchased from Amersham Biosciences

(Buckinghamshire, UK) and aCnTxMII was from Tocris Cookson Ltd (Avonmouth,
UK). Galantamine was provided by Sanochemia Pharmazeutika AG (Austria) and
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rivastigmine was donated by Intelligen Corp. (Cold Spring Harbour, NY). Fluo-3AM
and pluronic F I27 were from Molecular Probes (The Netherlands).

4.2.2 Cell culture
iH-SY5Y human neuroblastoma cells, passage 16-19, (ECACC, Salisbury, UK)
were cultured as previously described (Ridley et al., 2001). Briefly, cultures were
maintained in Dulbecco’s modified Eagle’s medium / Ham’s F I2, supplemented with
15 % fetal bovine serum, 2 mM L-glutamine, 1 % non-essential aminoacids and 190
U/ml of penicillin and 0.2 mg/ml of streptomycin. Cells were plated (1:5 dilution) into
96-well Primaria plates (Falcon, Franklin Lakes, NJ) for Ca2+ assays or into 96-well
Nunc plates (Fisher Scientific UK, Leicestershire) for [3H]NA release experiments, and
incubated in fresh medium with or without test drugs. Experiments were performed 4
days later (unless otherwise stated) with confluent cultures. Before assay, the cells were
washed 6 times over 3 h with fresh medium (Ridley et al., 2001), to remove drugs
accumulated in the cells and media. For binding experiments cells were subcultured in
175 cm2 flasks (Sharpies et al., 2000), in the presence or absence of test drugs (nicotine
10 pM, 50 pM, galantamine 1 pM, 10 pM), and incubated for 4 days.

4.2.3 Calcium Fluorimetry
Increases in intracellular Ca2+ in confluent cultures of SH-SY5Y cells in 96-well
plates were monitored as described by Dajas-Bailador et al. (2002). In brief, cells were
washed twice with Tyrode’s salt solution (TSS: NaCl 137 mM; KC1 2.7 mM; MgCl2 1
mM; CaCl2 1.8 mM; NaH2P 0 4 0.2 mM; NaHC03 12 mM; glucose 5.5 mM, pH 7.4) and
incubated for 1 h at room temperature with 10 pM fluo3-AM and 0.02% pluronic F I27
in the dark. Two further washes with TSS were performed before adding 80 pi TSS
with or without antagonist per well. After 10 min incubation in the dark, cells were
stimulated by addition of 20 pi nicotine, acetylcholine, or KC1. To examine the acute
potentiation of nicotine-evoked responses by galantamine, this drug (0.5 - 10 pM) was
added 5 min prior to stimulation with nicotine. Changes in fluorescence (excitation 485
nm, emission 538 nm) were measured using a Fluoroskan Ascent fluorescent plate
reader (Labsystems, Helsinki, Finland). Basal fluorescence was monitored for 5 s before
addition of stimulus and changes in fluorescence were monitored for a further 20 s, or in
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some cases for 10 min. Basal fluorescence values were unchanged from control in
nicotine- or galantamine-treated cells, respectively 0.24 ± 0.03, 0.23 ± 0.09 and 0.24 ±
0.06 arbitrary fluorescence units (n=7). At the end of each experiment, calibration was
performed by the sequential addition of 0.2% Triton X I00, followed by 70 mM MnCh
to obtain F max and F min values respectively. Data were calculated as a percentage of
(F max - F min). Unless otherwise stated, values were expressed as a % of the response
of control cells (no chronic drug treatment) to stimulation. Each experiment was
conducted at least 3 times, with 4 replicates per experiment.

4.2.4 Binding assays
4.2.4.1 SH-SY5Y cell membrane preparation
2

Membranes were prepared from SH-SY5Y cells seeded in 175 cm flasks as
previously described (Sharpies et al., 2000). Cells were scraped in 15 ml ice cold PBS
containing 1 mM EDTA and 1 mM PMSF, and centrifuged for 10 min at 1500g. Pellets
were resuspended in 10 ml supplemented PBS and sonicated 3 times for 10 s
(amplitude: 9 microns). The homogenate was then centrifuged for 30 min at 45 OOOg.
Another round of resuspension and centrifugation was performed before final
resuspension in 50 mM phosphate buffer (40 mM K2H P04, 10 mM KH2P 0 4, 1 mM
EDTA, 0.1 mM PMSF and 0.01% sodium azide, pH 7.4). Membrane preparations were
frozen until use. Estimation of protein concentration was by Bradford assay (Bradford,
1976) using BSA as a standard.
4.2.4.2 [3H]epibatidine binding assay
3

[ HJepibatidine binding was performed on 50 p.g of SH-SY5Y membranes, in a
final volume of 1 ml (NaCl 118 mM, KC1 4.8 mM, CaCl2 2.5 mM, M gS04 2 mM,
Hepes 20 mM, Tris 20 mM, PMSF 0.1 mM and 0.01% sodium azide, pH 7.4). The final
concentration of [3H]epibatidine was 500 pM. Non specific binding was determined in
the presence of 1 mM nicotine. Samples were incubated for 1 h at room temperature,
followed by 30 min at 4°C. Then samples were filtered through Gelman GFA filters,
presoaked overnight in 0.3% polyethylene immine using a Brandel cell harvester. Filters
were washed 3 times with ice cold PBS, and counted for radioactivity using a Packard
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1600 Tricarb scintillation counter (counting efficiency 45%). Each assay was conducted
in triplicate and repeated on three independently treated sets of cells.

4.2.5 [3H]NA release in cells
[3 H]NA release was performed as described by Dajas-Bailador et al. (2003). Cells
were cultured for 4 days in the presence or absence of drugs, followed by extensive
washing over 3 h as described above. Cells were then washed twice with warm
oxygenated Krebs buffer (NaCl 118 mM, KC1 2.4 mM, CaCb 2.4 mM, KH 2 PO4 1.2
mM, MgSC>4 1.2 mM, NaHCCb 25 mM, D-glucose 10 mM, ascorbic acid 1 mM, pH
7.4). [3 H]NA (0.07 pM, 37 MBq/ml) in Krebs buffer containing 10 pM pargyline (to
prevent degradation of [3 H]NA by monoamine oxidase) was added (60 pl/well), and the
cells were incubated for 1 h at 37°C. The cells were then washed twice with Krebs
buffer containing pargyline and 0.5 pM nomifensine (to prevent re-uptake of released
[3 H]NA), and incubated for 5 min in the same buffer (60 pi). Buffer was removed and
SH-SY5Y cells were stimulated for 5 min with buffer alone (basal release) or with
buffer containing 30 pM nicotine. After 5 min, the medium containing released [3 H]NA
was transferred to a 96-well Packard Optiplate™ (Perkin Elmer, Zaventem, Belgium).
Microscint-40 (170 pi; Packard Bioscience, Groeningen, The Netherlands) was added to
each well and radioactivity counted using a microbeta liquid scintillation counter
(Wallac 1450 Microbeta Trilux, Perkin Elmer, Finland; counting efficiency 31 %).
Radioactivity remaining in the cultures was determined by addition of 80 pi 0.5 M
perchloric acid and incubation for 1 h at 37° C, followed by scintillation counting. The
total amount of [3 H]NA present in the cells at the point of stimulation was equivalent to
the tritium released plus tritium remaining. Released [3 H]NA was calculated as a
percentage of total radioactivity in the corresponding wells, and results were then
expressed as a percentage of basal release (buffer stimulation). Each condition was
examined at least 4 times with different cultures, each assayed with

8

replicates per

condition.

4.2.6 Data analysis
11 data are presented as mean ± S.E.M of at least 4 independent experiments.
Statistical significance was determined using Student’s paired or unpaired t-test or one
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way ANOVA plus post hoc Tukey’s test, as stated in the figure legends. Values of
p<0.05 were taken to be statistically significant.

4.3 Results
4.3.1 Effects o f galantam ine on nicotine-evoked increases in Ca2+ in
SH-SY5Y cells
The ability of an acute application of 30 pM nicotine (approximate EC50 value for
this response; Ridley et al., 2002; Dajas-Bailador et al., 2002) to elicit Ca2+ increases
was confirmed in SH-SY5Y cells loaded with the Ca2 indicator fluo3-AM (Fig. 4.6A).
In agreement with our previous studies (Dajas-Bailador et al., 2003), galantamine (1
pM) significantly potentiated nicotine-induced increases in fluorescence by 32.2 ± 8.4%
B
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Fig. 4.6 Galantamine potentiates nicotine-evoked Ca2+ increases in SH-SY5Y cells.
SH-SY5Y cells loaded with fluo3-AM were incubated for 5 min with galantamine (green
line/bars) or buffer alone (blue line/bar) and then stimulated by addition of 30 pM nicotine
(Nic). A. Representative traces showing the time course of increases in fluorescence over
20 s in cells pre-incubated with galantamine (1 pM; green line) or buffer (control; blue line)
and stimulated with 30 pM Nic. B. Cells were pre-incubated with a range of concentration
of galantamine (green bars) or buffer alone (blue bar) and stimulated with Nic (30 pM).
Responses were monitored by determining the change in fluorescence after 20 s. Data are
expressed as a percentage of the response to nicotine in the absence of galantamine (blue
bar). Values represent the mean ± SEM of 7 experiments, each performed in quadruplicate.
Significantly different from control. ** p<0.01, one way Anova with post hoc Tukey's test.
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(Fig. 4.6B). The concentration dependence of this effect showed a bell shaped profile,
with lower (0.5 pM) and higher (3 pM) concentrations of galantamine resulting in non
significant increases in nicotine-induced fluorescence of 10.7 ± 5.2 % and 9.2 ± 5.0 %
respectively.

4.3.2 Effects o f chronic nicotine or galantam ine on nAChR-elicited
increases in Ca2+
%\k then compared the effects of chronic exposure o f cells (4 days) to the
maximally effective concentration of galantamine (1 pM) or 10 pM nicotine (previously
shown to modulate subsequent responses to acute nicotinic stimulation; Ridley et al.,
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Fig.4.7 The effect of chronic drug treatment on nAChR-mediated increases in Ca2
in SH-SY5Y cells.
Cells were cultured for 4 days in presence or absence of 10 pM nicotine (Nic) or 1
pM galantamine (Gal). After extended washing over 3 h with fresh medium, SHSY5Y cells were loaded with fluo3-AM and stimulated with 30 pM Nic. A.
Representative traces showing the time course of increases in fluorescence over 20 s
in cells treated for 4 days with 10 pM Nic (red line), 1 pM Gal (green line) or no
drug (control; blue line). B. Cells were stimulated in the presence or absence o f 10
pM mecamylamine (mec) or 200 nM aCnTxMII. Fluorescence increases were
monitored for 20 s. Values at 20 s were expressed as a percentage of response of
control cells Data are the mean ± SEM of at least 5 experiments, each carried out in
quadruplicate. Significantly different from control, *, p<0.05, ***, p<0.001 one way
Anova with post hoc Tukey’s test; f, p<0.05 paired t-test.
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2002), or control without drug, on acute nicotine-evoked increases in Ca2 . The drug
treatments did not affect the basal levels of fluorescence, see 1.2.3. Although both
control and treated cells displayed rapid increases in fluorescence in response to acute
nicotine stimulation, (see traces, Fig. 4.7A), cells treated for 4 days with nicotine or
galantamine gave lower responses than control: Ca2 signals at 20 s were significantly
decreased, by 18.0 ± 3.5 % (n=13) and 19.8 ± 3.6 % (n=13) respectively (Fig. 4.7B).
These acute responses were mediated by stimulation o f nAChR, as preincubation with
mecamylamine (10 pM; 10 min), a non-selective, non-competitive nicotinic antagonist,
virtually abolished the nicotine-induced increase in fluorescence. The a3/a6p2*-
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Fig. 4.8 The effect of chronic drug treatment on nAChR-mediated sustained
increases in Ca2 in SH-SY5Y cells.
SH-SY5Y cells were cultured for 4 days in presence or absence of 10 pM nicotine
(Nic) or 1 pM galantamine (Gal). After extended washing over 3 h with fresh
medium, SH-SY5Y cells were loaded with fluo3-AM and stimulated with 30 pM
nicotine. A. Representative traces showing the time course of increases in
fluorescence over an extended timecourse (10 min) in cells treated for 4 days with 10
pM nicotine (red line), 1 pM galantamine (green line) or no drug (control; blue line).
B. Comparison of responses at 20 s, peak and 10 min. Values are expressed as a
percentage of peak responses and are the mean ± SEM of 8 experiments, each
performed in quadruplicate. Significantly different from control, *, p<0.05, ***,
p<0.001 one way Anova with post hoc Tukey’s test.
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selective antagonist aCnTxMII (200 nM) only partially blocked responses to 30 pM
nicotine in untreated cells, by 16.0 ± 4.1 % (n=5). After treatment of the SH-SY5Y cells
for 4 days with nicotine or galantamine, aCnTxMII produced a similar levels of
inhibition of nicotine-evoked increases in fluorescence, of 14.3 ± 5.4 % and 10.0 ± 5.4
% respectively (n=6; Fig. 4.7B).
(Despite the rapid desensitisation rates of individual nAChR, the stimulation of a
cell population of nAChR can generate Ca2+ signals that are sustained for several
minutes in SH-SY5Y cells (Dajas-Bailador et al., 2002). Therefore nicotine-evoked
Ca

increases were also monitored for an extended period in cells that had been

exposed to nicotine (10 pM) or galantamine (1 pM) for 4 days. The rapid rise in
fluorescence in response to acute nicotine reached a peak in about 60 s in each case,
followed by a slow decline (see Fig. 4.8A). However cells treated with nicotine or
galantamine continued to exhibit significantly decreased responses, both at the peak
(86.1 ± 1.9 % and 92.7 ± 1.8 %) and after 10 min (91.6 ± 2.9 % and 91.5 ± 2.8 % of
control, respectively; Fig.4.8B).

4.3.3 Effects o f short-term nicotine or galantamine exposure on
nAChR-elicited Ca2+ increases
(Zo question whether the magnitude of nAChR decreased responses were inversely
proportional to the length of the chronic treatment, we then examined the effects of
nicotine and galantamine applied to SH-SY5Y cells for only 24 h before stimulation
with acute nicotine (Fig. 4.9). Treatment with nicotine significantly decreased the
subsequent response to 30 pM nicotine, by 12.7 ± 3 .9 %, compared to untreated cells
cultured in parallel, whereas responses were unaffected by 24 h exposure to galantamine
(97.3 ± 4.3 % of control). Sensitivity to 10 pM mecamylamine and 200 nM aCnTxMII
(Fig. 4.9) was comparable to that of control cells cultured in parallel without chronic
drug treatment.
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Fig. 4.9 Effect of 24 h drug treatment on nAChR-mediated Ca2 responses in SHSY5Y cells.
SH-SY5Y cells were cultured for 4 days in presence of 10 pM nicotine (Nic; red
bars), 1 pM galantamine (Gal; green bars) or no drug (control; blue bars). After
extended washing over 3 h with fresh medium, SH-SY5Y cells were loaded with
fluo3-AM and stimulated with 30 pM nicotine in the presence or absence of 10 pM
mecamylamine (mec) or 200 nM aCnTxMII

Changes in fluorescence were

monitored for 20 s. Values are expressed as a percentage of control responses. Bars
represent the mean ± SEM of at least 4 independent experiments. Significantly
different from control *, p<0.05, one way Anova with post hoc Tukey’s test; f t ,
p<0.01 paired t-test.

4.3.4 Com parison o f chronic treatm ent o f SH-SY5Y cells with nicotine
or AChEI on Ca2+ responses evoked by m uscarinic or nicotinic
agonists, or by KC1 depolarisation
5H-SY5Y cells are endowed with muscarinic AChR (mAChR; Vaughan et al.,
1997). A low concentration of ACh (1 pM) was employed to stimulate mAChRmediated increases in Ca2+, in order to determine if chronic treatment with 10 pM
nicotine or 1 pM galantamine had any effect on this receptor system. At this
concentration, ACh-evoked increases in fluorescence were completely abolished by 1
pM atropine (Fig. 4.10; Fig. 4.11 A), confirming the selective activation of mAChR.
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Higher concentrations of acetylcholine (50 pM) were required to activate nAChR: at
this concentration responses were only partially blocked by atropine (1 pM) by 53.3 ±
4.1 % (Fig. 4.10), revealing the typical profile of fluorescence increase observed
following nAChR stimulation (see Fig. 4.7A and 4.10).

Fig. 4.10 Representative traces showing the time

course of increases in fluorescence over 20 s in
cells acutely stimulated with 1 or 50 pM ACh in
presence

(dotted

blue

and

purple

lines

respectively) or absence (solid blue and solid
5

10

15

20 purple lines respectively) of atropine 1 pM.

Time (s)

E ith e r of the chronic drug treatments had any effect on the magnitude of 1 pM
ACh-evoked increases in Ca2 (Fig. 4.11 A), consistent with a lack of effect on either
mAChR themselves or Ca2 sources dependent on mAChR activation
.Stimulation with KC1 increases intracellular Ca2 by activation of VOCC and
release of Ca2 from stores, responses that are also evoked by nAChR stimulation
(Dajas-Bailador et al., 2002). Therefore we also compared the effects of 4 days’
exposure to nicotine or galantamine on KCl-evoked increases in fluorescence. Acute
stimulation with 40 mM KC1 increased fluorescence to 175.4 ± 8.3 % of the response to
30 pM nicotine (n=15). In contrast to the lack of effect on muscarinic responses, KClevoked increases in fluorescence were significantly smaller after galantamine treatment
than in untreated control cells (90.0 ± 1.9 % of control, Fig. 4.1 IB). This was mimicked
by nicotine treatment (89.4 ±2.5 % of control, Fig. 4.11B).
To address the possibility that AChE inhibition by galantamine could be
responsible for its effects, by preventing the breakdown of any endogenous ACh, cells
were also exposed for 4 days to another, more potent AChEI, rivastigmine, that is
devoid of nicotinic potentiating activity (Dajas-Bailador et al., 2003). This treatment
had no significant effect on nicotine-evoked responses (95.5 ± 3.29 % of control; Fig.
4.11C), in contrast to the significant decrease in nicotine-evoked responses after chronic
galantamine treatment (81.5 ± 4.05 % of control). Similarly, chronic treatment with
rivastigmine had no effect on responses evoked by ACh (89.8 ± 5.0 % of control; Fig.
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4.11 A) or by KC1 (96.4 ± 2.1 % of control; Fig. 4.1 IB). Together, these results indicate
that chronic treatment with galantamine exerts an effect that is specific to nAChRmediated responses and is not due to the AChEI activity of the drug.
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on mAChR-, nicotine- and KCl-evoked responses.
SH-SY5Y cells were cultured for 4 days in
presence of 10 pM nicotine (Nic; red bars), 1 pM
galantamine (Gal; green bars); 1 pM rivastigmine
(Riva; olive bars) or no drug (Control; blue bars).

After extended washing over 3 h with fresh medium, SH-SY5Y cells were loaded with
fluo-3 AM and stimulated with (A) 1 pM ACh, in the presence or absence of 1 pM
atropine, (B) 40 mM KCI or (C) 30 pM nicotine. Fluorescence was measured for 20 s
and results are expressed as a percentage of control responses; significantly different
from control, * p<0.05, **, p<0.01, one way Anova with post hoc Tukey’s test.

4.3.5 Nicotine-evoked [3H]NA release following chronic nicotine or
galantam ine
iMcotine stimulates Ca2 -dependent NA release from SH-SY5Y cells (Vaughan et
al., 1993; Dajas-Bailador et al., 2003). As nAChR-mediated Ca2 responses were
decreased after chronic drug exposure (Fig. 4.7), we examined the effect of 4 days’
treatment with 10 pM nicotine or 1 pM galantamine on nicotine-evoked [’H]NA release
from SH-SY5Y cells. Basal release was unchanged from control by either drug
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treatment (1300 ± 83, 1236 ± 72 and 1292 ± 42 cpm, respectively, for control, nicotine
and galantamine treated cells, n=5). In control cells, stimulation with nicotine (30 pM)
for 5 min increased the release of tritium by 43.1 ± 3.6 % above basal (Fig. 4.12). This
response was significantly reduced in cells that had been exposed to galantamine or
nicotine (32.8 ±3.1 % and 31.9 ± 3.6 % above basal respectively; Fig. 4.12). In parallel,
'y,

nicotine-evoked Ca^ assays confirmed the decreases in fluorescence readings observed
after treatment with 10 pM nicotine or 1 pM galantamine (83.2 ± 3.3 % and 87.2 ± 2.6
% of control, respectively, n=6; significantly different from control, one way ANOVA
plus post hoc Tukey’s test, p<0.01).
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buffer-evoked release and represent the mean ± SEM of 5 independent experiments,
each conducted with 8 replicates, t p<0.001, significantly different from control
response to nicotine stimulation (one way Anova with post hoc Tukey’s test).

4.3.6 Consequences o f chronic nicotine or galantam ine treatm ent on
levels o f [3H |epibatidine binding sites
Chronic exposure to nicotine upregulates numbers o f nAChR (Gentry & Lukas,
2002). SH-SY5Y cells expressed 154.8 ± 9.2 fmol/mg o f protein of [3H]epibatidine
binding sites (n=12). Treatment for 4 days with 10 pM or 50 pM nicotine
concentration-dependently

upregulated

the

number

of

sites

labelled

with

178

Chapter IV

[3H]epibatidine, by 61.9 ± 18.7 % and 110.1 ± 35.4 %, respectively (Fig. 4.13). In
contrast, treatment with 1 pM galantamine had no significant effect on the number of
[’H]epibatidine binding sites, compared with control (88.5 ± 12.6 %; Fig. 4.13).
However, a higher concentration of galantamine (10 pM) resulted in a modest but
significant upregulation of [’H]epibatidine sites of 25.7 ± 10.6 % (Fig. 4.13).
Fig.
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[’H]epibatidine binding sites in SHSY5Y cells.
£ 150

SH-SY5Y cells were cultured for 4

a; 100

days in presence o f 10 or 50 pM
nicotine (Nic; red bars), 1 or 10 pM
galantamine (Gal; green bars) or no
control
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nM drug (control; blue bar). The cells were

washed and membranes prepared as described in 4.2.4.1. The density o f nAChR
binding sites was determined by incubation with 500 pM [3H]epibatidine in the
absence or presence of 1 mM nicotine, to determine total and nonspecific binding,
respectively. Results are expressed as a percentage of control and are the mean ±
SEM of 4 experiments, each performed in triplicate. Significantly different from
control, * p<0.05, Student’s paired t-test.

iH-SY5Y cells chronically treated with l pM or 10 pM galantamine for 4 days
were compared with respect to nicotine-evoked Ca2 responses. In parallel, cells
exposed for 4 days to 10 pM or 50 pM nicotine were also examined. Nicotine treatment
resulted in a concentration-dependent decrease in subsequent responses to acute
application of nicotine, by 16.3 ± 3.7 % and 28.3 ± 4.4 % of control (SH-SY5Y cells
incubated without drugs, in parallel), respectively. However, an inverse concentration
dependence was observed for galantamine treatment: after 1 pM or 10 pM galantamine,
nicotine-evoked increases in fluorescence were reduced by 19.6 ± 2.6 % and 12.6 ± 4.1
% (significantly different from control, p<0.05 Student’s t-test, n=4), respectively.
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4.4 Discussion
This study shows that chronic treatment of SH-SY5Y cells with galantamine or
nicotine produces similar decrements in functional responses to subsequent acute
nicotine stimulation. Indeed, both nicotine- and KCl-evoked increases in intracellular
Ca2+ were diminished by prior treatment with galantamine or nicotine, in contrast to the
lack of effect of chronic treatment with the AChEI rivastigmine. Ca2+ increases
provoked by activation of mAChR were unaffected by any drug treatment, supporting a
specific nAChR interaction to mediate the effects of both galantamine and nicotine.
Nicotine-evoked [ H]NA release was also decreased after 4 days’ exposure to either
drug. However, chronic treatment with 1 pM galantamine failed to upregulate numbers
of [3H]epibatidine binding sites (in contrast to chronic treatment with 10 pM nicotine),
suggesting that nAChR upregulation and the observed functional changes are
independent.

4.4.1 Chronic exposure to nAChR agonists and the APL galantamine
have similar impact on nicotine-mediated Ca2+ increases
It is well established that galantamine acts as an APL at nAChR (Pereira et al.,
2002), and that this interaction translates to a potentiation of downstream cellular
responses (Santos et al., 2002; Dajas-Bailador et al., 2003). Here we first confirmed that
galantamine potentiates nicotine-evoked Ca2+ increases in SH-SY5Y cells, with a
familiar bell-shaped dose response profile (Fig. 4.6). Acutely, maximum potentiation of
nAChR responses occurred at 1 pM galantamine, consistent with literature values
(Santos et al., 2002, Dajas-Bailador et al., 2003). Therefore we compared the effects of
chronic treatment of SH-SY5Y cells with this concentration of galantamine and with 10
pM nicotine (a concentration previously shown to exert effects on Ca

responses after

long term treatment, Ridley et al., 2002) on subsequent nicotine-evoked responses. In
agreement with our previous findings (Ridley et al., 2002), 4 days’ exposure to nicotine
produced a significant decrease in the subsequent Ca2+ response elicited by acute
nicotine stimulation. This is unlikely to reflect acute nAChR desensitisation arising
from residual nicotine, as the cells were subjected to an extensive washing regime over
a long period (see 1.2.2) to completely remove nicotine that had entered the cells
(Ridley et al., 2002; Jia et al., 2003). However, this does not exclude a persistent
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desensitisation or inactivation of nAChR that might result from the 4 days’ treatment
(Quick & Lester, 2002), although this phenomenon is more pronounced for the a4p2
nAChR subtype that is not present in SH-SY5Y cells due to the lack of expression of
the a4 subunit (Lukas et al., 1993). Moreover, a direct depression of nAChR activity is
difficult to reconcile with the observed reduction in KCl-evoked responses after chronic
nicotine treatment (Fig. 4.1 IB).

4.4.2 a3p2* nAChR function is not affected by chronic drug exposure
iH-SYSY cells express several nAChR subunits (a3, a5, a7, P2, P4), giving rise
to multiple nAChR subtypes, including those containing a3 and P2 subunits (Lukas et
al., 1993; Wang et al., 1996). This is consistent with the partial inhibition of the
nicotine-evoked Ca2+ increase by aCnTxMII (Fig. 4.7 and 4.8; Ridley et al., 2002), a
toxin selective for a3/a6p2-containing (a3/a6p2*) nAChR (Dowell et al., 2003). After
chronic drug treatment this toxin would be expected to block a lower proportion of the
response if a3p2* nAChR were selectively inactivated as a result of the exposure to
drug, whereas an increase in the aCnTxMII-sensitive component would imply
compensation for the inactivation of another nAChR subtype. The proportion of the
response that was sensitive to aCnTxMII was preserved after chronic treatment with
nicotine or galantamine for 24 h (Fig. 4.9) or 4 days (Fig. 4.7B). These data suggest that
the contribution of the a3p2* nAChR subtype in SH-SY5Y cells is not significantly
modified by chronic drug treatment.

4.4.3 A common downstream target for nicotine and galantamine?
it is now well established that stimulation of nAChR initiates a complex cascade,
including activation of VOCC and release of Ca2+ from intracellular stores (DajasBailador et al., 2002; see Dajas-Bailador & Wonnacott, 2004; Fig. 4.1) that shares
similarities with the response initiated by other depolarising stimuli, including KCI.
Indeed, the small but significant (-10%) decrease in KCl-evoked fluorescence (Fig.
4.1 IB) after both nicotine or galantamine chronic treatments suggests that the sustained
activation (or desensitisation) of nAChR during chronic treatment may lead to the
functional downregulation of one or more downstream components in this cascade that
also respond to acute KCI depolarisation. As 40 mM KCI evokes a bigger response than
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30 pM nicotine, the absolute magnitude of the decrease in response to chronic drug
treatment is similar for both stimuli, consistent with the down-regulation of a common
downstream component. Recent studies have pointed to VOCC as a plausible candidate
(Katsura et al., 2000, 2002; Agis-Torres et al., 2002; Ridley et al., 2002). However,
chronic treatment with nicotine (0.01-3 pM) for 72 h produced a significant functional
increase of L-type VOCC that was accompanied by an increase in aic L-type subunit
and [3H]verapamil binding (Katsura et al., 2000, 2002). In contrast we found a
decreased in KCl-evoked responses (Fig. 4.1 IB) possibly indicating that a higher
concentration of nicotine (10 pM) attenuate VOCC activity. In addition, nicotineevoked [3H]NA release was diminished following chronic exposure to galantamine (Fig.
4.12), nicotine (Fig. 4.12; Agis-Torres et al., 2002) and also KCI (Agis-Torres et al.,
2002). Interestingly, these effects were prevented by the L-type VOCC blocker
nifedipine (Agis-Torres et al., 2002). Additionally, Ridley et al. (2002) suggested that
KCl-elicited Ca2+ influx through L-type VOCC are likely to involve CaMKII and
participate in nAChR upregulation. Based on these findings, Vaughan and co-workers
suggested that the decrease in NA release observed following chronic nicotine
treatment, and involving VOCC activation, may recruit CaMKII in the replenishment of
noradrenergic vesicles (Agis-Torres et al., 2002) as previously observed for pancreatic
cells (Gromada et al., 1999). Also, as large dense core noradrenergic vesicles are in
close vicinity of Ca2+ channels (McMahon and Nicholls, 1991; Goodall et al., 1997;
Vaughan et al., 1997), it is conceivable that functional impairment of VOCC may
directly affect the release of NA.

4.4.4 The duration o f the chronic treatment determines the magnitude
of its impact on nAChR functional responses
Although treatment with galantamine for 4 days mimicked the effects of chronic
nicotine treatment, nicotine may exert its effect more rapidly than galantamine. After
exposure to nicotine for 24 h there was a significant decrease in the subsequent nicotineevoked Ca2+ response (although not as great an effect as observed after 4 days) whereas
treatment with galantamine for 24 h resulted in responses that were indistinguishable
from control (Fig. 4.9). Prolonged nicotine effects on downstream effectors are time
dependent. For example Katsura et al. (2002) showed that nicotine (0.1 pM) exposure
for 6h gave a non-significant trend towards an increase of KCl-evoked 45Ca2+ influx;
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significance was reached upon 12h treatment, and extended exposure (24, 48 and 72h)
further increased the responses. This effect was blocked by mecamylamine indicating
that nAChR activation is required. Galantamine only generates single channel currents
(Pereira et al., 2002), therefore, if nAChR activation is required, the impact of its
prolonged exposure on downstream effectors is likely to necessitate a longer time
course. To clarify this issue, a more detailed time/effect relationship of galantamine
needs to be established. In addition, co-treatment with the monoclonal antibody FK1,
which prevents the binding of APL but not ACh (Schrattenholz et al., 1993; Schroder et
al., 1994), should prevent the galantamine-induced decrease of functional downstream
responses.

4.4.5 Galantamine APL properties are likely to be responsible of its
effects chronically
galantamine has been reported to be devoid of any allosteric potentiating effect
over a wide range of concentrations at mAChR

(M

m

)

heterologously expressed in

HEK-293 cells (Samochocki et al., 2003). In agreement with this, the absence of any
change in Ca

responses initiated by mAChR activation following chronic treatment

with nicotine or galantamine (Fig. 4.11 A) demonstrates the specificity of the drug
effects, and the lack of crosstalk between nAChR and mAChR, at least with respect to
the sources of Ca2+ modified by these treatments. The failure of rivastigmine, a more
potent AChEI than galantamine, but devoid of APL activity (Santos et al., 2002, DajasBailador et al., 2003), to reproduce the effects of chronic galantamine treatment (Fig.
4.1 IB,C) is critically important in ruling out the AChEI properties of galantamine as a
determinant of the drug’s long term effects in this cell culture model.
Tfhat is the mechanism whereby 4 days’ treatment with 10 pM nicotine or 1 pM
galantamine produces similar decreases in subsequent nicotine-evoked Ca

2+

responses

or neurotransmitter release? Having excluded a contribution from the AChEI activity of
galantamine, or a muscarinic component, it is the APL activity, even in the absence of
agonist, which is presumably sufficient for achieving this effect. Although 1 pM
galantamine alone cannot generate macroscopic currents, it can induce single channel
activity at nAChR in a variety of clonal, neuronal and transfected cell types (Pereira et
al., 2002). This activity may be sufficient over 4 days (but not after only 24 h) to
achieve the same cellular changes as stimulation with 10 pM nicotine.
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4.4.6 Functional state o f nAChR following chronic nicotine exposure
The functional consequences of chronic nicotine treatment differ between studies,
depending on the parameter measured. Generally, where nAChR channel activity has
been monitored, an increase in response is observed after a few days of chronic nicotine
exposure, providing that residual nicotine is effectively removed (Buisson and Bertrand,
2001; Nashmi et al., 2003; Chapter III, Part I). Here we have monitored two
downstream responses, nicotine-evoked increases in intracellular Ca

and [ H]NA

release, and report a decrease in response. Two recent studies using SH-SY5Y cells
have corroborated the findings of Buisson and Bertrand (2001). Following 10 pM
nicotine exposure for 8 or 48h, patched clamp SH-SY5Y cells exhibited persistent
nAChR-elicited inward currents in the continuous presence of nicotine, albeit only a
small degree of responsiveness was preserved (Sokolova et al., 2005). In addition, on
agonist wash-out, nicotine treated cells produced larger current amplitudes compared to
non-treated cells. Riganti et al. (2005) showed that chronic exposure of SH-SY5Y cells
to a cytisine derivative (1 mM) for 48h resulted in larger nicotine-evoked inward
currents as measured by whole-cell patch clamp. Therefore, these two latter studies
indicate that native nAChR undergo functional upregulation following chronic nAChR
agonist exposure, which is accompanied by a decrease in downstream responses (this
study). Hence, it is plausible to suggest that an increase in nAChR activity, which is
retained through the time course of chronic treatment, leads to a down-regulation of
some subsequent step, such as VOCC activity (see 4.4.4).

4.4.7 Functional nAChR downregulation and upregulation o f nicotinic
binding sites are independent
Very well documented is the ability of chronic nicotine to upregulate numbers of
nAChR binding sites, in cell culture, in vivo and in the brains of human tobacco
smokers (Gentry & Lukas, 2002; see 1.4). nAChR desensitisation has been widely
accepted as a plausible trigger for this phenomenon, although a recent examination
proposes an intracellular action that promotes nAChR assembly and maturation
(Corringer et al., 2006; see 1.4). It has been assumed that nAChR upregulation must
correlate with functional outcomes. However, it is evident, in heterologous expression
systems at least, that the majority of upregulated nicotinic binding sites remain
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intracellular and so have limited impact on functional responses (Whiteaker et al.,
1998). In the present study, 4 days’ exposure to 10 jiM nicotine upregulated the number
3

•

•

•

of [ HJepibatidine binding sites (at a radioligand concentration predicted to label both
a3p2* and a3p4* populations of nAChR in SH-SY5Y cells), whereas 1 pM
galantamine had no effect on binding site density. Using a different APL,
Gopalakrishnan et al. (1997) did not find any changes in [3H]cytisine binding in
transfected HEK293 cells, following chronic exposure to physostigmine (0.01-100 pM).
Hence numbers of binding sites do not correlate with the observed decreases in
nicotine-evoked Ca2+ changes and [3H]NA release following chronic treatment with
galantamine in the present study. In vivo, galantamine administered for 35 days has
been reported to upregulate the numbers of [3H]nicotine binding sites in the brains of
rats (Barnes et al., 2000), but this effect can be ascribed to the AChEI properties of the
drug, as a similar response was achieved with other AChEI (Barnes et al., 2000; Reid &
Sabbagh, 2003). Thus, the SH-SY5Y cell line has been useful for dissecting the effects
of the nicotinic APL action of galantamine, and this drug may have utility for further
exploring the relationship between nAChR upregulation and functional consequences.

4.4.8 Comparison of data from brain slices and SH-SY5Y cells
The use of the SH-SY5Y cells has provided information on the ability of nAChR
to elicit functional responses following chronic nicotinic agonist or APL. Both
compounds when used chronically downregulated nicotine-evoked Ca2+ signals (Fig.
4.7 and 4.8) and [3H]NA release (Fig. 4.12) and KCl-evoked Ca2+ signals (Fig. 4.11). In
contrast, in in vitro slices, we observed a functional upregulation of a7 nAChR-evoked
[ H]catecholamine release, without any significant alteration of non-a7 nAChR
following chronic nicotine administration {Chapter III, Part I). However, the SH-SY5Y
cells employed in this study did not exhibit any specific [3H]MLA binding, and MLA
failed to antagonise nicotine-evoked Ca2+ increases (data not shown), indicative of the
absence of a7 nAChR. In addition, the functional enhancement of [3H]NA release in the
hippocampal slices implicated a complex neurotransmitters interplay via both glutamate
and GABA release.
‘T'OCC have been demonstrated to contribute to the release of both striatal DA
(1.5.6; Harsing et al., 1992; Soliakov and Wonnacott, 1996; Kulak et al., 2001) and
hippocampal NA (1.5.6; Keith et al., 1993; Gaur et al., 1994; Kulak et al., 2001).
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Katsura et al. (2002) showed that, in mice treated with 3 daily injections of nicotine (1
mg/kg) for one week, numbers o f [3H]verapamil binding sites were increased in a
cortical membrane preparation. However, the functionality o f cortical VOCC was not
assessed. Several groups have shown that KCl-evoked catecholamine release remained
unchanged following chronic nicotine administration (Rowell and Wonnacott, 1990;
Jacobs et al., 2002; Risso et al., 2004; Grilli et al., 2005), therefore it seems unlikely that
in our slice preparation increased a7 nAChR function results o f increased VOCC
activity. Also the difference in nAChR responsiveness in the two systems may be due to
the concentration of nicotine employed and the duration o f the treatment: in rats,
minipumps delivered a dose of nicotine of 4 mg/kg/day for 14 days yielding levels of
plasma nicotine o f ~0.3-0.5 pM, whereas SH-SY5Y were treated with 10 pM nicotine
for 4 days.
In addition, [3H]epibatidine binding sites were increased both in vivo {Chapter III,
Part I) and in cells (this study) following chronic nicotine administration, but

galantamine failed to alter nAChR numbers in the latter preparation. Based on the
hypothesis that nicotine act as a maturational enhancer (Corringer et al., 2006; 1.4.3) it
appears that galantamine cannot promote nAChR assembly and upregulation. This
observation may reflect the fact that the APL binding site is distinct from the agonist
binding one, and therefore binding o f galantamine may not induce conformational
reorganisation o f the nAChR subunit, a step required for increased nAChR assembly
(Corringer et al., 2006).

4.4.9 Conclusions
The use o f cells as a model has provided useful information on the ability of
nAChR ligands to alter nAChR function and numbers. They allowed us to isolate the
allosteric potentiating property o f galantamine that could not have been assessed in vivo
due to the AChE inhibitory effect. However, the complexity or the nerve terminal
ending, and the additional components offered by brain slices cannot be replicated in
cell cultures. Hence, ex-vivo experiments are complementary and necessary to have a
better understanding o f the crosstalk occurring in the mammalian brain.
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Summary, Conclusions & Futureworld
Over the last 15 years, it has become increasingly evident that nAChR modulate
several processes within the CNS. These functions range from gene transcription,
activation o f signalling cascades, to neurotransmitter release. This research project has
attempted to address some o f these nicotinic modulatory effects, focusing primarily on
catecholamine release and regulation o f key signalling molecules. We also examined the
outcome o f a prolonged nicotine exposure on these nAChR-modulated effects.

5.1 nAChR modulation of catecholamine release
In this thesis, brain slices were the preparation o f choice to examine the

neurotransmitter interplays within the striatum and the hippocampus. They offer the
advantage o f preserving some o f the existing neuroanatomical connections, thus
allowing complex neurotransmitter cross-talk to occur.
initial experiments aimed at identifying the different populations o f nAChR
mediating

striatal

[ H]DA

and

hippocampal

[ H]NA

release.

AnTx-evoked

[ H]catecholamine release strikingly differed in the two brain regions studied. While
AnTx-evoked [ H]DA release appeared to be biphasic, with a low and high affinity
component, AnTx-evoked [ H]NA release was monophasic and rightward-shifted,
consistent with the absence o f a population o f 02* nAChR with high affinity for the
agonist

(Chapter II).

These

results

are

in

good

agreement

with

previous

pharmacological findings, which demonstrated the presence o f at least two high affinity
nAChR populations

within the

striatum (aCnTxMII-sensitive

and aCnTxMII-

insensitive; Kulak et al., 1997; Kaiser et al., 1998; Salminen et al., 2004). In addition,
our data match the ~8 fold loss o f potency o f AnTx-evoked [ H]NA release compared to
'i

AnTx-evoked [ H]DA release (Clarke and Reuben, 1996), consistent with the partial
contribution o f lower affinity a304* nAChR to [3H]NA release (Clarke and Reuben,
1996; Luo etal., 1998).
% lease from striatal slices was sensitive to the non-NM DA iGluR antagonist,
DNQX, and al nAChR antagonists in a non-additive manner, leading Kaiser and
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Wonnacott (2000) to propose a model in which a7 nAChR on glutamatergic terminals
indirectly elicit [3H]DA release via modulation o f glutamate exocytosis. We confirmed
these findings using the selective a7 nAChR agonist choline ( Chapter II, Part I), which
failed to evoke [3H]DA release from al nAChR KO mouse striatal slices {Chapter III,
Part I). Additionally, we showed that a similar pattern o f al nAChR modulation o f

glutamate release could be observed in the hippocampus {Chapter II, Part II). In
contrast, we reported a regional selective effect o f GABA. Indeed, GABA acting at
GABAa receptors positively modulated hippocampal [3H]NA release without affecting
striatal [3H]DA release under our experimental conditions. Also, al nAChR-evoked
[ H]NA release was partially antagonised by bicuculline, a GABAa receptor antagonist,
and was fully abolished by the concomitant application o f both bicuculline and DNQX.
These findings support al nAChR on GABAergic neurons that can promote GABA
release which, in turn, leads to [3H]NA release, probably by a disinhibition mechanism.
(Prolonged

nicotine

administration

is

thought

to

cause

imbalances

in

neurotransmitter systems that may contribute to addiction. In Chapter III, Part /, rats
were

chronically

exposed

to

nicotine

for

14

days

prior

to

assessment

of

[ H]catecholamine release in vitro. Such a treatment did not have any significant effect
on either al or non-a7 nAChR evoked striatal [3H]DA and hippocampal [3H]NA
release. In contrast, following 3 days withdrawal o f chronic nicotine treatment, but not 7
days, al nAChR elicited responses were transiently and significantly enhanced in both
regions.

Due to the unchanged responsiveness

hippocampal

glutamatergic

and

GABAergic

o f striatal glutamatergic,
components,

this

and

increased

[ H]catecholamine release was interpreted as a functional enhancement o f al nAChR. A
possible mechanism to account for this is an increase in numbers o f surface receptors by
enhanced receptor export. Moreover, increased receptor function would be in agreement
with electrophysiological studies, which reported an increased in inward currents
following nAChR stimulation under chronic nicotine exposure paradigm (Buisson and
Bertrand, 2001; Nashmi et al., 2003; Sokolova et al., 2005). Also, nicotine acting at al
nAChR has been shown to induce LTP o f the excitatory inputs to the VTA (Mansvelder
and McGehee, 2000). Recently, in rats trained to self-administer cocaine for 15 days,
the magnitude o f the LTP induced in the CA1 area at 3 days withdrawal was greater
than in control animals (Thompson et al., 2004). Thus, it is plausible that the
enhancement o f catecholamine release we reported may result o f a LTP-like
phenomenon.
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In an attempt to pursue the investigation o f this selective al nAChR functional

enhancement, we examined the impact o f chronic nicotine exposure on nAChR-evoked
striatal [ H]DA release from a7 nAChR KO mouse striatal slices compared to wt mouse
tissue (Chapter III, Part I). Unfortunately, our results did not allow any statistical
interpretations o f the data. However, a trend towards an increase o f al nAChR-evoked
3

•

•

[ H]DA release from wt mouse striatal slices was observed, but only at the lowest dose
o f nicotine delivered by osmotic minipumps, whereas at the highest dose utilised a trend
towards a decrease was seen. Also, these trends towards an alteration were only
observed under sustained exposure to nicotine, as intermittent repeated injections o f
nicotine failed to produce any changes. Thus, these data indicate that a functional al
nAChR upregulation may only occur within a narrow window o f constant nicotine
concentrations.
To specifically address the question o f a functional alteration o f nAChR under a
paradigm o f chronic nicotine exposure, we used the neuroblastoma cell line SH-SY5Y.
As observed for brain nAChR, similar increases o f numbers o f [3H]epibatidine sites
were measured in cells cultured in the presence o f nicotine, however, functional non-a7
nAChR responses assessed by Ca

9+

^

fluorimetry and [ H]NA release appeared to be

partially downregulated. In addition, the decreased responses could be replicated to a
similar extent by a chronic exposure to the APL galantamine, which does not per se
generate macroscopic currents but can trigger single channel activation. Also, chronic
galantamine exposure did not alter levels o f high affinity nAChR binding sites.
Together these results indicate a possible dissociation between increased in nAChR
numbers and functional alterations. Responses elicited by K+ depolarisation were also
diminished, pointing to downregulation o f common downstream effectors in response to
both depolarisation and nAChR stimulation following chronic drug treatment.

5.2 nAChR & post-dopaminergic signalling
% cent studies in striatal slices have indicated that stimulation o f presynaptic
nAChR modulated the phosphorylation status o f DARPP-32, a key integrator o f the
dopaminergic signalling (Hamada et al., 2004, 2005). Under our chronic nicotine
exposure paradigm that led to a functional increase o f al nAChR, we found a persistent
increase

o f DARPP-32

striatal

immunoreactivity

and

short-lasting

effects

on
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downstream effectors (Elk-1, FosB) (Chapter III, Part II). The extent to which
presynaptic nAChR contribute to this effect is difficult to determine as prolonged
nicotine was administered in vivo over 14 days. As described in this thesis introduction
(1.3.2.3), the firing o f the dopaminergic neurons is primarily driven by a complex

crosstalk between heterogeneous populations o f both somatodendritic and presynaptic
midbrain nAChR, some o f which can undergo desensitisation in the presence o f low
nicotine concentrations. Based on findings o f Mansvelder and McGehee (2000, 2002),
midbrain presynaptic al nAChR residing on glutamatergic terminals are less prone to
desensitisation and could therefore be a plausible candidate to contribute to long term
neuroadaptations. However, we cannot rule out a possible contribution o f presynaptic
striatal al nAChR.
Additionally, the mode o f nicotine administration (acute, repeated and chronic)
appeared to be a determining factor for the regional regulation o f the three proteins
examined. With the exception o f Elk-1 and P~Elkl, which were selectively induced in
the NAc core, both P-DARPP-32 and FosB respond differently to prolonged nicotine
administration. Repeated nicotine injections increased FosB within the NAc core,
whereas chronic nicotine via minipumps modified it within the CPu and NAc shell.
P~DARPP-32 was increased following chronic nicotine treatment but not repeated
injections. Do these observations reflect responses o f different populations o f nAChR
that may exhibit different sensitivity to desensitisation? Preliminary studies using KO
animals may help clarifying this issue. Also, what would be the outcome o f contingent
nicotine administration on these proteins levels and their phosphorylation status?

5.3 Future perspectives
it is undeniable that progress has been made in identifying the subunit
composition o f nAChR. Nature has been generous in providing both selective agonists
(e.g. cytisine from Leguminosae sp.) and antagonists (e.g. a-conotoxins from the Conus
marine snails) to do so. However, the level o f selectivity obtained with such
pharmacological tools is not sufficient to clearly discriminate between the large
diversity o f nAChR and the possibility that 4 different subunits can assemble to form a
functional nAChR. The generation o f genetically modified mice targeting specific
nAChR subunit deletions improved our understanding o f nAChR composition and their
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role in various CNS functions (Champtiaux and Changeux, 2004). Although this
transgenic approach overcomes some o f the limitations o f pharmacological tools, it also
has some weaknesses. The null mutation o f a specific nAChR subunit cannot prevent
compensatory mechanisms, and levels o f other subunits can be found increased
(Champtiaux et al., 2003). Also, there is growing evidence that nAChR participate in
the morphological organisation o f the CNS during development, hence suppressing a
gene during these stages may engender abnormal adult phenotypes that may not truly
reflect the role o f this specific subunit in the adult brain. A possible alternative would be
the use o f the antisense knockdown strategy, which targets a specific nicotinic mRNA.
So far, this technique has been successfully employed to target a6 (Le Novere et al.,
1999), a4 (Bitner et al., 2000) and a3 (Adams et al., 2004) nAChR mRNA. Although,
design o f selective antisense mRNA is challenging, and several tens o f antisense mRNA
often require further testing, this methodology can regionally target a given subunit.
However, a main disadvantage is the limited duration o f the effect. Recently, targeted
retroviral re-expression o f the |32 subunit in p2 nAChR KO mice has been successful
(Maskos et al., 2005). Thus, it is conceivable that a combined approach using permanent
viral delivery o f a specific antisense mRNA would greatly enhance our knowledge o f
nAChR. Furthermore, a neuron specific promoter to target for example dopaminergic or
GABAergic neurons would indicate the importance o f a given subunit in a selected type
o f neurons. If technically possible, would such an approach confirm the important role
o f p2* nAChR in the mesoaccumbens pathway?
'Tfhat is the precise localisation o f a given nAChR subtype with respect to the
endogenous cholinergic inputs, and also with respect to the exocytotic machinery on
nerve terminals? Electron microscopic studies have been o f great importance in
addressing this issue, but further work is still required to determine whether several
populations o f nAChR coexist on nerve terminals or whether they are segregated. A
gold conjugate o f the selective toxin aBgt has been successfully employed to address
the distribution o f a7 nAChR in the VTA (Jones et al., 2003; Jones and Wonnacott,
2004). Can this approach be further extended to other toxins such aCnTxMII for
example? These labelling studies would ascertain the presence o f a specific nAChR, but
additional investigations will need to examine the functionality o f this particular
subtype.
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©espite the evidence that presynaptic nAChR modulate various neurotransmitter
release in vitro, what is their function in vivo? The concept o f volume transmission is
increasingly gaining interest and implicates that cholinergic transmission can influence
multiple nerve terminals expressing nAChR and hence could possibly modulate the
release o f more than one neurotransmitter. Identifying the exact role o f nAChR, and
establishing whether one particular subtype is associated with a given cellular aspect
will certainly help developing selective therapeutic nicotinic compounds
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Selectivity o f the pharmacologicaltools employedin
this thesis

nicotinic compounds
<*&nAChR agonists
Nicotine

broad spectrum nAChR agonist

AnTx

broad spectrum nAChR agonist

Choline

a7 nAChR agonist

nAChR antagonists
Mecamylamine

broad spectrum nAChR antagonist

aCnTxMII

a3*/a6*p2 nAChR antagonist

aCnTxIml

a7 nAChR antagonist

DH PE

p2* nAChR antagonist

MLA

a7 and a3*/a6*p2p3 antagonist

GABAergic compounds
GABA.R agonists
GABA

broad spectrum GABA.R agonist

Muscimol

GABA a.R agonist

Baclofen

GABA b.R agonist

GABA.R antagonists
Bicuculline

GABA a-R antagonist

CGP54626

GABA b.R antagonist
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Glutamatergic compounds
GluR agonists
Glutamate

broad spectrum GluR agonist

AMPA

AMPA receptor agonist

Kainate

Kainate receptor agonist

NMDA

NMDA receptor agonist

GluR agonists
Kynurenic acid

broad spectrum GluR antagonist

M K801

NMDA receptor antagonist

DNQX

AMPA/Kainate receptor antagonist

Uptake inhibitors
<*&Dopamine transporter inhibitor
GBR12909

dopamine transporter inhibitor

Nisoxetine

noradrenaline transporter inhibitor

Nomifensine

noradrenaline and dopamine transporter inhibitor
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