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ABSTRACT

Nuutinen, Saara 2007. The effects of nicotine on the regulation of neuronal 7 nicotinic
                                      acetylcholine receptors and intracellular signalling pathways.

Nicotine, the addictive compound of tobacco products, exerts its effects in the brain by
binding to neuronal acetylcholine nicotinic receptors (nAChRs). The nAChR is a ligand-
gated ion channel responsible for forming the cation-selective pathway across the cell
membrane. Physiologically neuronal nAChRs are thought to serve a more modulatory role
than mediation of synaptic transmission. However, nicotine administered to experimental
animals, is able to induce a range of changes in the brain which can be observed both at
the behavioural and  cellular signalling level. The aim of the present study was to increase
the knowledge of nicotine’s complex effects, the focus being on homomeric 7-nAChRs
that are widely expressed in the brain. We were also interested in examining how nicotine
affects differential signalling molecules including transcriptional regulators, in particular
those that are regulated by other drugs of abuse, such as amphetamine and cocaine.

Firstly, the regulation of 7-nAChRs by chronic oral nicotine in the mice brain was
examined. We found that the number of 7-nAChRs is increased in specific brain regions in
a time-dependent manner after nicotine administration for 4 or 7 weeks. These results
suggest that in addition to 4 2-nAChRs, the other major nAChR subtype expressed in the
brain, the number of 7-nAChRs is affected by chronic presence of nicotine. When studying
the long-term effects of nicotine, the administration regime is of great importance. Based on
our findings, chronic oral nicotine administration is a suitable method for such purpose.

Next, we wanted to clarify the roles of different intracellular molecules modulating
the number of 7-nAChRs in cell lines expressing nAChRs. Nicotine exposure was found to
induce accumulation of cAMP in cell cultures. Furthermore, nicotine-induced 7-nAChR
upregulation was potentiated by treatments enhancing cAMP-signalling, suggesting a role
for cAMP in the upregulation process. Protein kinase C (PKC) was found essential for the
regulation of 7-nAChR number. The nicotine-evoked 7-nAChR upregulation could be
further increased by PKC overexpression. These results show that cAMP and PKC are
important intracellular signalling molecules in the regulation of 7-nAChR number. Further
studies are needed to find the targets of these molecules.

Thirdly, the effects of nicotine on dopamine and cAMP regulated phosphoprotein
(DARPP-32, MW 32 kDa) were characterised in rat brain ex vivo using acute and chronic
treatments with varying nicotine doses and ways of administration. DARPP-32 is a striatal
signalling molecule which mediates the effects of dopamine, the neurotransmitter released
by drugs of abuse, including nicotine. The results of the present study show that DARPP-32
is regulated by both acute and long-term nicotine in the striatal subdivisions. The effect of
acute nicotine is dose-dependent and the three striatal regions display differential
sensitivities to nicotine. Chronic nicotine is also able to regulate DARPP-32 signalling with
prominent effect seen in the nucleus accumbens suggesting a role for DARPP-32 in the
mediation of long-term effects of nicotine.

In parallel with the DARPP-32 studies, the regulation of transcription factors Elk-1
and FosB/ FosB by nicotine was investigated. These transcription factors have been
demonstrated to be induced by cocaine and amphetamine, but the regulation by the milder
psychostimulant nicotine has not been studied extensively. The results show that Elk-1 is
activated by acute nicotine selectively in the nucleus accumbens core and hippocampal
area CA1 whereas acute nicotine does not affect FosB/ FosB. Long-term nicotine
increases the level of total protein of Elk-1 in the same brain regions as acute nicotine but
no longer affects the activity of this transcription factor. Also FosB/ FosB is regulated by
chronic nicotine treatment but in contrast to Elk-1, the intermittent and continuous
administration of nicotine differently affect the FosB/ FosB levels. In conclusion, similarly to
other drugs of abuse, nicotine regulates gene transcription through modulation of the
transcriptional regulators Elk-1 and FosB/ FosB. These results bring further support for a
common mechanism underlying the development of addiction. Nicotine’s other effects such
as the improvement of learning and memory might involve the transcription factor Elk-1
based on the changes seen in the hippocampus, the key area in cognitive functions.
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ABSTRAKTI

Nuutinen, Saara 2007. Nikotiinin vaikutukset neuronaalisiin asetyylikoliinin
7-nikotiinireseptoreihin ja solunsisäisiin signaalivälitysteihin.

Nikotiini on tupakkatuotteiden riippuvuutta aiheuttava aine, jonka vaikutukset
keskushermostossa välittyvät neuronaalisten nikotiinireseptorien (nAChR) kautta.
Nikotiinireseptorit ovat solukalvon ligandivälitteisiä kationikanavareseptoreita, joiden
fysiologinen tehtävä on nykykäsityksen mukaan modulatorinen eli ne säätelevät
hermosolujen toimintaa. Koe-eläimille annosteltuna nikotiinin on havaittu aiheuttavan
muutoksia sekä käyttäytymis- että solusignaalinvälitystasolla. Tämän väitöskirjatyön
tarkoituksena oli lisätä tietämystä nikotiinin monimuotoisista keskushermostovaikutuksista.
Työssä keskityttiin tutkimaan 7-reseptorialatyyppiä, jota esiintyy laajalti
keskushermostossa. Tutkimuksessa selvitettiin myös nikotiinin vaikutuksia erilaisiin
signaalinvälitysmolekyyleihin, kuten geenien ilmentymistä sääteleviin transkriptiotekijöihin.
Tutkimuskohteena oli erityisesti sellaiset transkriptiotekijät, joihin muilla riippuvuutta
aiheuttavilla aineilla, kuten amfetamiinilla ja kokaiinilla, on havaittu olevan vaikutusta.

Tutkimuksen ensimmäisen osassa tutkittiin kroonisen oraalisen nikotiiniannostelun
vaikutuksia hiiren 7-nikotiinireseptorimäärään. Havaitsimme, että 4 tai 7 viikon
nikotiinijuotto lisäsi 7-reseptorien määrää tietyillä aivoalueilla. Eripituisten
annostelujaksojen vaikutukset havaittiin eri aivoalueilla. Tulokset antavat viitteitä siitä, että
aivojen toisen nikotiinireseptoripäätyypin, 4 2-reseptorien lisäksi, myös 7-reseptorien
määrä muuttuu nikotiinille altistuttaessa. Tuloksien perusteella uskomme että nikotiinin
annostelujakson pituudella on suuri merkitys selvitettäessä nikotiinin pitkäaikaisvaikutuksia.
Krooninen nikotiinijuotto hiirille on mielestämme sopiva menetelmä selvitettäessä tälläisia
vaikutuksia.

Seuraavaksi selvitimme erilaisten signaalinvälitysmolekyylien merkitystä nikotiinin
aiheuttamaan 7-reseptorimäärän kasvuun nikotiinireseptorialatyyppejä ilmentävillä
solulinjoilla. Tulokset antavat viitteitä siitä että solunsisäisellä cAMP:lla ja proteiinikinaasi
C:llä (PKC) on tärkeä rooli 7-reseptorimäärän säätelyssä. Nikotiinin havaittiin lisäävän
cAMP:n kumulaatiota solujen sisällä pitkäaikaisaltistuksen seurauksena. Lisäksi
solunsisäistä cAMP:n määrää lisäävien yhdisteiden havaittiin potentoivan nikotiinin
aiheuttamaa 7-reseptorimäärän kasvua. Solunsisäistä PKC:n määrää vähentävät
yhdisteet estivät nikotiinin aiheuttamaa 7-reseptorimäärän kasvua. PKC:n määrää
lisäävällä geenimanipulaatiolla (yliekspressio) oli päinvastainen vaikutus. Sen seurauksena
nikotiinin aiheuttama 7-reseptorimäärän kasvu lisääntyi entisestään.

Tutkimuksen kolmannessa osassa selvitetttin nikotiinin vaikutuksia dopamiinin ja
cAMP:n säätelemään fosfoproteiini DARPP-32:een rotan aivoissa. Hermovälittäjäaine
dopamiinin vaikukset välittyvät DARPP-32:n kautta striatum-aivoalueella. Havaitsimme, että
nikotiinilla on vaikutuksia DARPP-32:een sekä lyhyt- että pitkäaikaisannostelun
seurauksena. Akuutin nikotiiniannon aikaansaamat muutokset ovat annosriippuvaisia ja
striatumin eri osat poikkeavat toisistaan herkkyydessään näille vaikutuksille. DARPP-32:lla
näyttäisi olevan merkitystä myös nikotiinin pitkäaikaisvaikutusten välittymisessä. Kroonisen
nikotiiniannon havaittiin vaikuttavan DARPP-32-säätelyyn, erityisesti accumbens-
tumakkeessa.

Selvitimme myös nikotiinin vaikutuksia Elk-1 ja FosB/ FosB transkriptiotekijöihin,
joita mm. amfetamiinin ja kokaiinin on havaittu aktivoivan. Akuutti nikotiinianto sai aikaan
Elk-1-aktivaation selektiivisesti accumbens-tumakkeen kuoriosassa ja hippokampuksen
CA1-alueella. Akuutti nikotiini ei vaikuttanut FosB/ FosB-säätelyyn. Pitkäaikainen
nikotiinianto lisäsi Elk-1 kokonaisproteiinimäärää, mutta ei enää vaikuttanut Elk-1
aktiviteettiin. Myös FosB/ FosB-säätelyssä havaittiin muutoksia pitkäkestoisen
nikotiinikäsittelyn seurauksena. Tulosten perusteella voidaan päätellä, että nikotiinilla on
muiden riippuvuutta aiheuttavien tapaan vaikutuksia Elk-1 ja FosB/ FosB
transkriptiotekijöihin. Väitöskirjatyön tulokset vahvistavat käsitystä, jonka mukaan
riippuvuuden taustalla ovat samat syntymekanismit huolimatta käytetystä aineesta. Aivojen
muistikeskus hippokampuksen alueella havaitut muutokset Elk-1-transkriptiotekijässä
saattavat liittyä nikotiinin muistia ja oppimista parantavien vaikutusten syntyyn.
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1 INTRODUCTION

Cigarette smoking causes premature death to millions of people every year. Cigarette
smoke contains more than 4000 different chemicals. Of these, nicotine, first identified in the
early 1800’s, is the primary reinforcing component. In addition to its dependence-producing
effect, nicotine has some positive properties. It is able to improve cognitive functions such
as attention, learning and memory in experimental animals as well as in humans (Levin et
al., 2006). Nicotine has also been shown to have a neuroprotective effect (Jonnala and
Buccafusco, 2001). The effects of nicotine in the central nervous system (CNS) are
mediated through neuronal nicotinic acetylcholine receptors (nAChRs). Neuronal nicotinic
receptors belong to the family of ligand-gated ion channels. Several different subtypes of
nAChRs occur in the mammalian brain, including the two major subtypes of homomeric 7-
and heteromeric 4 2-nAChRs (Lukas et al., 1999). Neuronal nAChRs are located at
somatodendritic and presynaptic locations in neurons and they have been shown to
regulate the release of several neurotransmitters such as dopamine, gamma-amino butyric
acid (GABA) and glutamate (Picciotto et al., 2000; Pietila and Ahtee, 2000; Wonnacott,
1997; 2000). A common feature of drugs of abuse including nicotine is their ability to
stimulate dopamine release in the nucleus accumbens (NAc; Di Chiara and Imperato, 1988;
Balfour, 2004). Recent studies have shown that glutamate also plays an important role in
the mediation of the effects of abused drugs, such as cocaine and amphetamine (Valjent et
al., 2005). Exposure to nicotine is thought to produce long lasting neuroadaptations within
the brain that are critical for withdrawal and relapse. Those changes are likely to involve
modifications in protein phosphorylation and gene transcription as a result of alterations in
neurotransmitter release, especially dopamine and glutamate signalling (Nestler, 2001;
2004).
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2 REVIEW OF THE LITERATURE

2. 1 Receptors for acetylcholine

Neurotransmitter acetylcholine (ACh) exerts its effects through muscarinic and nicotinic
ACh receptors. Muscarinic receptors (m1-m5) belong to the family of G-protein-coupled
receptors and they mediate slow metabotropic responses to ACh. Nicotinic receptors
(nAChR) mediate the effects of ACh in muscle, autonomic ganglia, the CNS and some
sensory organs (Jensen et al., 2005). In addition, growing evidence indicates that cells
other than neurons throughout the body including lymphocytes, macrophages, dendritic
cells, adipocytes, keratinocytes, endothelial cells, and epithelial cells of the intestine and
lung express nAChRs (Sharma and Vijayaraghavan, 2002). Differing from muscarinic
receptors, neuronal nAChRs are ligand-gated ion channels and they mediate fast synaptic
transmission of ACh, especially in the peripheral nervous system (PNS) (Jensen et al.,
2005). In addition to rapid changes in membrane potential, activation of nAChRs, mainly in
the CNS, can lead to longer-lasting effects on the receptive neuron (Dajas-Bailador and
Wonnacott, 2004).

2.1.1 Structure and classification of nicotinic receptors

Neuronal and muscle type nAChRs share similar properties with other members of the
family of ligand-gated ion channels, such as GABAA receptors, 5-hydroxytryptamine
receptors (5-HT3), and glycine receptors (Le Novere and Changeux, 1995). The best-
characterised ligand-gated ion channel is the muscle type nAChR, as this receptor type is
expressed in high concentrations in Torpedo marmorata marine ray where large quantities
of nAChRs can be purified. Thus, the muscle type nAChR has been a model for
understanding the structure-function relationship of all the ligand-gated ion channels
(Picciotto et al., 2001).

The nAChRs are pentameric transmembrane proteins that are composed of highly
homologous subunits (Figure 1b) (Arias, 2000). To date, 17 different nAChR subunits have
been cloned: five of the nAChR subunits are expressed in muscle ( 1, 1, ,  and ) and
12 nAChR subunits ( 2- 10, 2- 4) are found in nervous tissue (Jensen et al., 2005). In
neurons there are two distinct classes of nAChRs, heteromeric and homomeric nAChRs
that differ from each other by their pharmacological and physiological properties. The
heteromeric nAChRs are composed of - and -  subunits  ( 2- 6, 2- 4), and the
homomeric nAChRs are composed of  subunits only (Figure 1c).

Each nAChR subunit has a structure consisting of a large extracellular N-terminal
domain, four hydrophobic transmembrane domains (M1-M4), a large cytoplasmic loop
between the M3-M4, and a short extracellular C-terminus (Figure 1a) (Claudio et al., 1983;
Karlin and Akabas, 1995). The N-terminus of the receptors contributes to the agonist
binding and the transmembrane domain M2 is thought to be responsible of forming a
cation-selective (Ca2+, Na+, K+) pore of the nAChR channel (Karlin and Akabas, 1995). The
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 subunits carry the principal components for the agonist/competitive antagonist binding
sites and the  (or non- ) subunits bear the complementary component (Arias, 2000).

Figure 1 Structure and organisation of nAChRs. A: Schematic representation of the membrane
topology of the nAChR subunit. Each nAChR subunit contains a large extracellular domain and four
transmembrane domains (M1-M4). The second transmembrane (M2) domain of each subunit
contributes to the formation of the hydrophilic pore. In between the M3 and M4 domains there is a large
intracellular loop. B: Structural overview of the nAChR consisting of five subunits. Shown are the
binding sites for acetylcholine as well as to other agonists and competitive antagonists. C: The
arrangement of subunits in the heteromeric 4 2- and 7-nAChRs, and the localisation of
agonist/competitive antagonist binding site. Modified from Hogg and Bertrand (2004a); Nicke et al.
(2004); Gotti et al. (2006a).
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2.1.2 Distribution and localisation of nAChRs in the brain

Neuronal nAChRs are located at presynaptic, preterminal and postsynaptic densities in
neurons in the brain (Figure 2). These differently located nAChRs are thought to serve
different functions (Dajas-Bailador and Wonnacott, 2004). Furthermore, nAChRs in the
brain are located on different types of neurons such as cholinergic, dopaminergic,
glutamatergic and GABAergic neurons. Therefore, the outcome of nAChR stimulation
depends on both the location of the nAChR on a neuron and the type of neuron on which it
is expressed.

Figure 2 Locations of neuronal nicotinic acetylcholine receptors. Modified from Wonnacott (1997).

In addition, the result of nAChR activation relies on the subtype of nAChR
stimulated. The predominant subunits of nAChRs in mammalian brain are 4, 2 and 7
(Wada et al., 1989; Wada et  al., 1990; Seguela et al., 1993; Charpantier et  al., 1998).
Characterized by high-affinity ACh binding, the majority of nAChRs in the CNS are 4 2
receptors, whereas the low-affinity binding 7-nAChR is the other main CNS subtype
(Clarke and Pert, 1985; Schoepfer et al., 1990). Heterologous expression systems have
shown that there are several possible combinations of nAChR subunits capable of forming
an active ion channel (Patrick et al., 1993; Dani, 2001). Recent studies have demonstrated
that various subunit combinations of nAChRs exist in vivo. For instance, four populations of
nAChRs have been defined on dopaminergic terminals of rodent striatum: 4 2, 4 5 2,

6 2 3 and 4 6 2 3 (Zoli et al., 2002; Champtiaux et al., 2003; Salminen et al., 2004).
Interestingly, evidence has been provided on the assembly of 7 subunits with other
subunits to form a heteromeric receptor (Palma et  al., 1999; Khiroug et al., 2002). The
expression of different nAChR subtypes in the rat brain is presented in Figure 3. The 2
subunit is expressed in almost all areas of the CNS and 4, although expressed less
broadly, is colocalized with 2 in most regions (Wada et  al., 1989; Sargent, 1993). Brain
areas expressing the highest levels of 4 and 2 subunits are cortex, hippocampus and
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thalamus. The 7 subunit is also widely expressed in the brain with the highest expression
levels found in the cortex and hippocampus and low or no expression in the thalamus
(Sargent, 1993; Picciotto et al., 2001).

Figure 3 Distribution of nAChR subtypes in the rat brain. The mesolimbic dopamine pathway
originating from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) and nigrostriatal
pathway originating from the substantia nigra (SN) to the dorsal striatum are illustrated. LC, locus
coeruleus. Asterisk (*) stands for the nAChR subtypes of uncertain subunit coassembly. Modified from
Picciotto et al. (2001); Jensen et al. (2005); Wonnacott et al. (2005); Gotti et al. (2006b).

2.1.3  Functional properties of nicotinic receptors

When the functional properties of nAChRs are studied using electrophysiological
recordings, two characteristic properties arise. Firstly, nAChRs show a strong inward
rectifying current, which leads to activity at hyperpolarised or resting membrane potentials
and attenuation of the current at strongly depolarised potentials (Albuquerque et al., 1995).
Thus, opening of the nAChR channel does not require postsynaptic membrane to be
depolarised. Based on this property, nAChRs are thought to play a significant role in a
variety of downstream signalling events (Berg and Conroy, 2002). Secondly, nAChRs have
a high relative permeability to Ca2+ which is considered to be particularly important for the
presynaptic function of nAChRs. However, there is a wide variability of Ca2+ permeability
among different nAChR subtypes. Two main classes of neuronal nAChRs may be identified
according to their Ca2+ permeability. Homopentameric 7- 9 subunits containing nAChRs
that bind -Bgt exhibit the highest Ca2+ permeability values (Seguela et al., 1993; Castro
and Albuquerque, 1995; Katz et al., 2000; Fucile et al., 2003). Heteropentameric non- -Bgt-
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sensitive nAChRs display lower measured Ca2+ permeability (Sands and Barish, 1991;
Vernino et al., 1994; Lax et al., 2002).

Nicotinic receptors can exist functionally in four distinct conformations: resting (R),
active (A) and two closed channel states (I and D) (Changeux et al., 1984). In Figure 4,
these four states are shown in a cyclical model which presents transitions between the
conformations. Ligands that bind and stabilise the active state are agonists whereas the
closed state is stabilised by antagonists. The R conformation has a relatively low affinity
and requires high concentrations of agonist for the channel to open. Desensitisation is
described as a decrease or loss of function following prolonged or repetitive stimulation
(Ochoa et  al., 1989). Desensitisation of nAChRs represents a typical form of allosteric
protein behaviour. Desensitised nAChRs can be subdivided into fast-occuring intermediate
(I) and slow-occuring desensitised states (D). The intermediate state has low affinity for
agonist and the desensitised conformation binds agonist with a high affinity (Gotti et al.,
2006b). Depending on the affinities of different conformations, agonists are able to stabilise
one or more of the states (Lena and Changeux, 1998; Quick and Lester, 2002).

Figure 4 The four functional states of nAChRs. R stands for resting, A for active state, I for
intermediate and D for desensitised state of the receptor. This model was created by Changeux et al.
(1984) based on the classical cyclical scheme of desensitisation created by Katz and Thessleff (1957)
for the desensitisation of the muscle nAChR.

The kinetic characteristics of the different nAChR states depend upon the subunit
composition. Indeed, the two major subtypes of nAChRs in the brain show remarkably
different profiles (Lena and Changeux, 1998; Quick and Lester, 2002). The activation of
homomeric 7-nAChRs is quick but the receptors undergo desensitisation rapidly and the
channel is closed (Figure 5; Castro and Albuquerque, 1995; Gray et al., 1996). However,
recovery from desensitisation is very fast (Dani et  al., 2000), even following a prolonged
exposure to nicotine (Kawai and Berg, 2001). Despite their presumed uniform arrangement
as 7-homopentamers, recent study showed that 7-nAChRs can adopt multiple
conductance states and thus a greater functional heterogeneity than was previously
reported (Nai et al., 2003). The kinetic profile of 4 2-nAChRs is very different from that of

7-nAChRs. They are desensitised more slowly which results in a longer opening time for
the channel compared to homomeric nAChRs (Bertrand et al., 1990; Buisson et al., 1996).
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However, it is important to note that there are various different subtype combinations of
nAChRs in the brain and each of these subtypes displays a different kinetic profile
depending on the subcellular localization and the brain region in which they are expressed
(Leonard and Bertrand, 2001).

Figure 5 Fractional Ca2+ current through 7-nAChRs in response to 100 M (left panel) and 1 mM
acetylcholine (right panel). Note the characteristic fast desensitisation of the 7-nAChR current.
Measurements were carried out in GH4C1 cells transiently transfected with human 7 gene.
Superimposed trace in the left panel shows the blockade of ACh current by MLA (Fucile et al., 2003).
Reprinted with permission from the copyright holder.

2.1.4 Physiological role of nAChRs in the brain

In contrast to their role in the mediation of synaptic transmission at muscle end plates and
in autonomic ganglia, nAChRs in the CNS are thought to have a more modulatory influence
(Dajas-Bailador and Wonnacott, 2004). The most widely studied synaptic role of nAChRs in
the CNS is the ability of presynaptic or preterminal nAChRs to facilitate the Ca2+-dependent
release of ACh and dopamine, and modulation of dopamine release by regulating the
release of glutamate and GABA (Mansvelder et al., 2002). In addition to these, many other
transmitters can be released from the presynaptic terminal as a result of nAChR activation.
Neurotransmitter release is regulated by two mechanisms: (1) Ca2+ influx through nAChR
directly enhances the fusion of neurotransmitter containing vesicles with the presynaptic
membrane and (2) Ca2+ influx through the nAChRs is able to activate voltage-operated Ca2+

channels (VOCCs) by membrane depolarization, thereby leading to indirect initiation of
neurotransmitter release. A summary of the involvement of nAChR subtypes in the release
of different neurotransmitters is presented in Table 1. Nicotine-induced neurotransmitter
release with regard to the behavioural effects is discussed in Chapter 2.3.2.

In addition to their role in the regulation of neurotransmitter release, there is
evidence that nAChRs have a role in fast synaptic transmission (Futami et al., 1995; Zhou
and Galligan, 1998; Hefft et  al., 1999). Data also exists suggesting that activation of
preterminally located nAChRs can lead to interruption of action potential propagation in
GABAergic neurons (Lena et al., 1993).
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Table 1 Summary of the present knowledge of nAChR subtypes involved in the release of different
neurotransmitters in selected brain areas. The receptors are somatodendritic unless stated otherwise.
ACh, acetylcholine; DA, dopamine; GABA, gamma-aminobutyric acid; Glu, glutamate; NA,
noradrenaline; presyn., presynaptic; VTA, ventral tegmental area. Modified from Buccafusco et  al.
(2005); Jensen et al. (2005); Wonnacott et al. (2005).

DA GABA Glu ACh NA

VTA 4 6 5 3 2
4 5 2

7

4 2
7

7 presyn.)

Striatum 4 2
4 5 2
6 2 3

4 6 2 3

7 presyn.)

Hippocampus 4 2
3 2

7

7 (presyn.) 4 2 presyn.) 3 2
6 2 3

Studies on genetically altered mice have significantly advanced the understanding
of the functional role of neuronal nAChRs. Data from knockout mouse studies combined
with neurotransmitter release studies and electrophysiological experiments have confirmed
that nAChRs have a predominantly modulatory role in the brain, although functional forms
of some subunits or subunit combinations are vital for survival (Picciotto et al., 2001; Drago
et al., 2003). Neuronal nAChRs have been shown to modulate a number of processes such
as learning and memory, locomotor behaviour, anxiety, nociception, dopaminergic
neurotransmission, seizure threshold, development of the visual system and autonomic
function. More importantly generation of transgenic mice have revealed that different
subtypes of nAChRs mediate differential effects and that depending on the nAChR type
activated, the effects on behaviour may vary (Picciotto et  al., 2001). The role of different
nAChR subtypes in the mediation of the effects of nicotine will be discussed more in detail
in the Chapter 2.3.
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2.2 Nicotine and other ligands in neuronal nAChR research

In the following chapters some of the key ligands in nAChR research are presented. More
information on the other nicotinic compounds available and under development with
implications to clinical use can be found from the reviews by Cassels et al. (2005), Daly
(2005) and Jensen et al. (2005).

2.2.1 Agonists

(-)-Nicotine is the psychoactive compound of Nicotiana tabacum and is a classic agonist for
nAChR. Nicotine, as well as other nicotinic agonists, binds to the same binding site as ACh.
It has a high affinity for the 4 2-nAChR (Ki= 1-11 nM) whereas for the 7-nAChR,
nicotine’s affinity is 1000 times lower (Gotti et al., 1997). Markedly higher nicotine
concentrations are required for the activation of nAChRs than what the binding affinities
indicate. Thus, nicotine activates 4 2-nAChRs with an EC50 of  1 M (Gerzanich et al.,
1995; Marks et  al., 1996; Kem et al., 1997). For the activation of 7-nAChRs, higher
concentration of nicotine is needed (EC50= 500 M) (Gotti et al., 1994; Peng et al., 1994b).
Nicotine is widely used in experimental animals because it can readily cross the blood brain
barrier. The pharmacokinetic profile and metabolism of nicotine are also well-documented
(Benowitz and Hatsukami, 1998). Nicotine’s main metabolite, cotinine, lacks a significant
binding affinity for the nAChR (Anderson and Arneric, 1994).

In addition to nicotine, there are also other compounds in nature that are potent
ligands to nAChR. These include the alkaloids (-)-cytisine, (+)-epibatidine and (+)-anatoxin
A. (-)-Cytisine is a very toxic plant alkaloid which can be found in many plants of the
Leguminosae family (Daly, 2005). It acts as a partial agonist at the nAChR. The binding
affinity of (-)-cytisine to the 4 2-nAChR is similar to that of nicotine (Ki  1 nM). However, (-
)-cytisine differs from nicotine as it can fully activate nAChRs containing 4 subunits, but it
displays a reduced efficacy at 2-containing nAChRs (Luetje and Patrick, 1991). Epibatidine
was first isolated from the skin of the Amazonian frog Epipedobates tricolor. It is the most
potent nAChR ligand yet known. The binding affinity of epibatidine at 4 2-nAChR is
extremely high (Ki=19 pM). The affinity of epibatidine for the other heteromeric nAChRs is
also in picomolar range (Gerzanich et al., 1995). Epibatidine has been extensively used in
the characterization of heteromeric nAChRs. (+)-Anatoxin A is an alkaloid originally isolated
from the cyanobacteria Anabaena flos aqua. It binds to 4 2-nAChRs with higher affinity
(Ki=3.5 nM) than nicotine (Wonnacott et al., 1991).

The above-mentioned and most of the other nicotinic agonists available show
limited selectivity to different nAChR subtypes. Therefore, a great effort has been put on the
development of new ligands, both for the possible use as therapeutic agents but also as
tools for the nAChR research. Several 4 2- and 7-selective agonists have been
synthetized and some of them developed for the treatment of addiction or cognitive
disorders have already entered clinical studies (Cassels et al., 2005).
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2.2.2 Antagonists

As compared with the agonists, the nicotinic antagonists are a more heterogenic group with
no apparent structural similarity between the compounds. Also the number of potent,
competitive antagonists is limited (Daly, 2005; Gotti et  al., 2006a). Similar to the agonists
currently available, one of the major problems is the lack of subtype specific antagonists
(Dwoskin and Crooks, 2001). Some of the classical antagonists used in the nicotinic
research are described in the following chapter.

Mecamylamine is a non-competitive synthetic antagonist which blocks the effects
of (-)-nicotine. Mecamylamine inhibits the ion flow through the nAChR by binding to a site
within the channel, distinct from the agonist and competitive antagonist binding site
(Holladay et al. 1997). Therefore, mecamylamine does not block the binding of [3H]ACh or
[3H]nicotine to rat brain but it inhibits the nicotine-evoked release of [3H]DA from rat striatal
synaptosomes (Rapier et al., 1990). Mecamylamine is a rather nonselective antagonist with
a slight preference for /  heteromers. The 7-nAChRs are somewhat less sensitive for
mecamylamine (Chavez-Noriega et al. 1997). In addition, NMDA receptors are transiently
blocked by mecamylamine at high concentrations (Papke et al. 2001). Mecamylamine
widely used in behavioral studies to establish an nAChR-mediated mechanism of action in
vivo (Daly, 2005).

Dihydro- -erythroidine (DH E) is an alkaloid isolated from Erythrina seeds. It  is a
competitive antagonist which binds preferentially to nAChRs containing 2 subunits (Marks
et al., 1999). To the 4 2-nAChRs DH E binds with sub-micromolar affinity. For the 3 4-
and 7-nAChRs its affinity is 10-50 times lower. DH E has been largely used to
discriminate native nAChRs and to study whether the effects of nicotine are mediated
through 2-containing receptors (Gotti et al., 2006a).

-Bungarotoxin ( -Bgt) is a major component of Bungarus multicinctus snake’s
venom. It binds with high affinity for 7, 8, 9 containing homomeric receptors (Clarke,
1992). Iodinated -Bgt has been widely used as a radioligand for 7-nAChRs (Daly, 2005).

Methyllylaconitine (MLA) is an alkaloid isolated from the seeds of Delphinium
brownii. It was initially shown to inhibit specifically and potently the binding of [125I] -Bgt to
brain membrane preparations (Macallan et  al., 1988). Thus, MLA is another 7-nAChR
selective compound available. MLA acts as a competitive antagonist with nanomolar range.
The advantage of MLA as compared to -Bgt  is  its  lack  of  effect  on  the muscle  nAChR.
However, recent data suggest that in addition to 7-nAChRs, MLA is able to bind to
receptors containing 3 or 6 subunits (Mogg et al., 2002), reducing its usefulness as a tool
for the study of 7-nAChRs.
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2.3 The effects of nicotine

Although the physiological role of nAChRs in the brain remains somewhat unclear, the
effects of nicotine on behaviour both after acute and chronic administration have been
known for decades. Nicotine has been shown to have significant effects on behaviour,
including being reinforcing, cognition enhancing and analgesic (Picciotto et al., 2001). It is
important to note that in addition to the effects mediated by the nAChRs in the CNS,
nicotine is able to activate nAChRs in the autonomic nervous system leading to many
unwanted effects. The main positive and negative pharmacological effects of nicotine are
summarised in Table 2.

Table 2 The major pharmacological effects of nicotine. Modified from Daly (2005).

Positive effects Negative effects
Analgesia Addiction

Antipsychotic effect Emesis

Anxiolysis Hypertension

Cognitive enhancement Hypothermia

Dilatation of cerebral vessels Respiratory failure

Neuroprotection Seizures

Studies at cellular and molecular level have been able to reveal some of the
mechanisms underlying the behavioural changes evoked by nicotine. The most significant
change resulting from chronic presence of nicotine both in the brain of smokers or in
experimental animals is the paradoxical increase of nAChR number which is referred to as
receptor upregulation. The upregulation among other nicotine-induced changes from
behavioural to transcriptional level will be discussed in the following chapters.

2.3.1 Behavioural changes

Experimental animals self-administer nicotine, providing evidence for reinforcing properties
of nicotine (for a review, see Perkins, 1999). The 2 containing nAChRs seem to be
required for this reinforcing effect because nicotine self-administration can be blocked by
DH E, an antagonist selective for 2 subunits containing nAChRs (Grottick et  al., 2000).
Furthermore, 2 knockout mice do not self-administer nicotine and nicotine does not induce
the release of dopamine in the striatum of these mice (Picciotto et  al., 1998). The
stimulation of mesolimbic dopamine neurons is essential for the conditioned response to
nicotine in self-administration (Corrigall et al., 1992). The 7-nAChRs seem also to play an
important role in nicotine’s stimulatory effect in mesolimbic dopaminergic function and
consequently in its reinforcing effects. A selective 7-nAChR antagonist MLA reduces
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nicotine-induced dopamine release in the NAc (Schilstrom et al., 1998b) and is able to elicit
withdrawal reaction in rats chronically treated with nicotine (Nomikos et al., 1999).

In addition to its reinforcing properties, the effect of nicotine on cognitive functions
has been known for a long time. Nicotine delivered via cigarette smoke, nicotine injections,
or transdermal nicotine patches has been shown to improve learning, memory and attention
in humans, as well as in experimental animals (Decker et al., 1995; Brioni et  al., 1997;
Levin, 2002). However, there are also studies showing no improvement in cognition by
nicotine (Heishman et al., 1993; Heishman and Henningfield, 2000). The clearest evidence
of nicotine improving cognitive function in humans is with attentional processes. Nicotine
improves attentional function in adult non-smokers, as well as in people with Alzheimer’s
disease, schizophrenics, and adults with attention deficit hyperactivity disorder (ADHD;
Jones et al., 1992; Le Houezec et al., 1994; Levin et al., 1996a; Levin et  al., 1996c).
Interestingly, there is a high prevalence of smoking among schizophrenic patients (Poirier et
al., 2002) which may be a form of self-administration for the attention deficit in these
patients. Furthermore, the 7-nAChR subunit level has been detected to be decreased in
the frontal cortex of schizophrenics (Guan et  al., 1999). Based on these findings and
several in vitro studies, the 7-nAChRs have been suggested to mediate the nicotine’s
effect on attention and other cognitive functions (Levin et al., 2006). Studies with
Alzheimer’s disease patients have also given support for nicotine’s positive effect on
learning and memory. Newhouse and colleagues have demonstrated that nicotine improves
memory performance in Alzheimer’s disease patients (Newhouse et  al., 1988). The
attentional improvement has been difficult to demonstrate in animal experiments, whereas
there are several studies showing memory improvement by nicotine in rodents and
monkeys (Levin et al., 2006). Both 4 2- and 7-nAChRs appear to be critical for memory
function (Levin et al., 2006). Nicotinic agonists of 4 2-nAChRs such as RJR 2403 improve
memory function (Lippiello et  al., 1996). Also the 7-agonist ARR 17779 significantly
improves learning and memory in rats (Levin et al., 1999).

The ability of nicotine to act as an analgesic agent was noticed already in 1932,
but its therapeutic use was limited because of the side-effects (Davis, 1932). In the 1990’s,
Daly and colleagues discovered a novel nAChR agonist epibatidine, an alkaloid isolated
from the skin of Ecuadorian frog, Epipedobates tricolor (Badio and Daly, 1994), which was
shown to be a 200-times more potent analgesic than morphine. Since the discovery of
epibatidine, structural analogues with fewer side-effects have been under development and
the role of nAChRs in the mediation of antinociception has attracted attention. A study by
Marubio et al. (1999) showed that mice lacking the 4 subunit have reduced
antinociception.

Furthermore, nicotine has been shown to act as an anxiolytic in different animal
tests for anxiety (Costall et  al., 1989; Brioni et al., 1993; Cao et al., 1993). Studies on
knockout and knockin animals have shown that 4 subunits are important in the mediation
of the anxiolytic activity of nicotine. For instance, knock-in mice with a hypersensitive 4-
nAChR display increased anxiety in the elevated pluz-maze test (Labarca et al., 2001).
Another effect of nicotine only seen in experimental animals, is the ability of nicotine to
increase locomotor activity in a familiar environment via activation of dopaminergic
pathways (Clarke et al., 1988). Conversely, in a novel environment nicotine has been
shown to decrease locomotion (Marks et al., 1989).
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2.3.2 Nicotine-induced neurotransmitter release

Nicotinic receptors at presynaptic locations modulate the release of many neurotransmitters
in a Ca2+-dependent way (Dajas-Bailador and Wonnacott, 2004) (Chapter 2.1.4). Some of
the behavioural effects of nicotine such as the modulation of locomotor activity,
reinforcement, and addiction are mediated mainly through mesostriatal dopamine pathway.
Direct application of nicotine into the ventral tegmental area (VTA) of the midbrain or NAc
induce dopamine overflow in the NAc as measured by microdialysis (Di Chiara, 2000).
Systemic nicotine injection induces also dopamine release in the NAc and this release is
attenuated by the local administration of selective nicotinic antagonists into the VTA
(Corrigall et al., 1994; Nisell et al., 1994). These data support the conclusion that nicotine
exerts its effects on dopamine overflow in the NAc, predominantly at least, by stimulating
somatodendritic receptors, with prominent effect seen in the shell of NAc (Balfour, 2002).
However, the firing pattern of mesolimbic dopaminergic neurons is modulated by the
glutamatergic outputs from cortical areas projecting to the VTA and NAc. Nicotine, by acting
at presynaptic nAChRs on these neurons, has been shown to increase the release of
glutamate in the VTA (Schilstrom et al., 2000), as well as in the NAc (Reid et al., 2000), and
antagonism of NMDA receptors in the VTA diminishes nicotine-induced dopamine overflow
in the NAc (Schilstrom et al., 1998a).

Nicotine, as a drug of abuse and as a therapeutic agent, is administered
repeatedly. Repeated daily injections of nicotine cause increased overflow of dopamine in
the NAc of rats compared with drug naïve animals (Benwell and Balfour, 1992). This
sensitised response to nicotine is regionally dependent, being observed in the core, but not
in the shell of NAc (Cadoni and Di Chiara, 2000). Additionally, other addictive drugs induce
similar sensitisation of dopamine overflow during chronic exposure, suggesting a common
mechanism for the drugs of abuse in development of addiction (Robinson and Berridge,
2000).

Cognitive effects of nicotine are less clearly connected to dopamine than the
reinforcing effects. In schizophrenic patients, nicotine can counteract the memory deficits
caused by dopamine antagonist haloperidol (Levin et al., 1996c). In rats, the memory deficit
caused by mecamylamine, antagonist at nAChRs, can be potentiated by dopamine
antagonists (McGurk et al., 1989). However, some studies suggest that dopamine activation
is not necessary for nicotine-induced memory improvement (Levin et  al., 1996b; Levin,
1997). In contrast to dopamine, neurotransmitter glutamate has an essential role in the
mediation of cognition. The blockade of NMDA receptors causes severe memory
impairments (Levin et al., 2006). As described in the earlier chapters, nicotine stimulates
glutamate release. Furthermore, nicotine is able to attenuate the memory deficit induced by
the NMDA antagonists (Levin et al., 1998; Ciamei et al., 2001). In addition to glutamate, the
effects of nicotine on cognition are associated with other neurotransmitter systems. For
instance, nicotine was found to interact with serotonergic and noradrenergic
neurotransmission with regard to memory (Grigoryan et al., 1994; Riekkinen et al., 1994).
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2.3.3 Nicotine-induced receptor upregulation

One of the basic concepts in pharmacology is that chronic exposure to an agonist results in
a downregulation of the target receptor, whereas the chronic antagonist treatment produces
an upregulation of receptors. However, almost three decades ago it was shown that this
does not apply to nicotine. Chronic exposure to nicotine was found to result in a paradoxical
increase in the number of nAChRs, which was opposite from what was expected
(Wonnacott, 1990). This phenomenon is referred to as nAChR upregulation.

Since the initial findings in the early 1980’s, (Marks et  al., 1983; Schwartz and
Kellar, 1983; Morrow et al., 1985) various studies have demonstrated that chronic nicotine
exposure increases the number of ragioligand binding sites for nAChRs in several brain
areas of smokers, in rodent brain and in cell lines in culture (Gentry and Lukas, 2002). This
upregulation results from an increase in receptor density (Bmax), with no change in affinity
(Kd) (Wonnacott, 1990). Most of the different subtypes of nAChRs are increased by chronic
nicotine exposure, but the magnitude of upregulation varies among different nAChRs. As
compared with the heteromeric 4 2-nAChR,s the upregulation of 7-nAChRs is usually
less robust and requires higher concentration of nicotine to develop (Marks et al., 1986a;
Pauly et  al., 1991; Pietilä et al., 1998; Sparks and Pauly, 1999). Examples of the
upregulation studies in human smokers and in rodents are shown in Table 3.

One of the problems of the upregulation studies and nicotine studies in general, is
the various different doses and routes of nicotine administration used, which makes the
comparison of the studies problematic and poses the question what is the best way to
mimic smoking in experimental animals? Most of the upregulation studies done in 1980’s
were carried out using relatively high doses of nicotine (up to 7 mg/kg) via daily injections
(Marks and Collins, 1985). In addition, the chronic treatments lasted usually only up to two
weeks (Marks et al., 1986b). The upregulation of the high affinity binding sites, mainly

4 2-nAChRs, seems to occur in smokers, as well as in rodent brain with several different
doses and regimen of nicotine. However, based on the high doses and short treatment
periods used in the earlier studies, regulation of 7-nAChR-number by nicotine doses
related to smoking has been unclear. In some of the human studies, higher magnitude
changes have been reported in the number of nAChRs as compared to studies in rodents.
This difference has been suggested to be due to a longer exposure to nicotine in humans
than in rodent studies (Gentry and Lukas, 2002). Therefore, in this study the aim was to
examine whether 7-nAChRs are upregulated when a nicotine administration comparable
to smoking is used.

For a long period it was thought that sustained exposure to nicotine inactivates
nAChRs which then leads to an increase in the receptor number as a compensatory
mechanism (Dani and Heinemann, 1996). This theory was based on few studies showing
losses of functional responses to acute nicotinic agonist challenge after the end of chronic
nicotine exposure (Peng et al., 1994a; Fenster et al., 1999). However, these studies have
received criticism and it is uncertain whether the functional state of nAChRs is affected by
long-term nicotine exposure. Observations of functionally upregulated nAChRs (Kawai and
Berg, 2001; Nguyen et  al., 2004; Sallette et al., 2005) as well as studies showing
inactivation of nAChRs (Vann et  al., 2006) by chronic nicotine have been published.
Nevertheless, recent studies on the mechanisms of upregulation and the finding that
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nicotinic antagonists can induce receptor upregulation strongly indicate that upregulation
and functional state of the nAChR are not causally or mechanistically linked (Buisson and
Bertrand, 2002; Gentry and Lukas, 2002).

Table 3 Selection of studies examining the effects of chronic nicotine treatment in vivo on the number
of nAChR binding sites. -BGT, -bungarotoxin; Epi, epibatidine; Hip, hippocampus; Nic, nicotine.

Subtype
of
nAChR

Species Ligand/Antibody
and
Brain Area

Increase
(%)

Exposure Reference

Human
postmortem

[3H]Epi, Cortex 150-200 > 20
cigarettes/day

Perry et al.
(1999)

Human
postmortem

[3H]Nic, Cortex 115 7-20
cigarettes/day

Benwell et al.
(1988)

Human
postmortem

anti- 7, Hip 50 not reported Teaktong et
al. (2004)

Rat (male) [3H]Nic, Cortex 50 0.45 mg/kg
(s.c.)
18 days

Zhang et al.
(1994)

Rat (female) [3H]Epi
Hemi-brain
homogenate

20-40 0.02-0.09
mg/kg
lever press
infusion
18-26 days

Donny et al.
(2000)

Rat  (male) [125I] -BGT ± 0 4 mg/kg/day
14 days

Sanderson et
al. (1993)

Rat (male) [3H]MLA,
Cortex, Midbrain

25, 40 3 mg/kg/day
15 days

Mugnaini et al.
(2002)

Rat (male) [125I] -conotoxin
MII
NAc,Thalamus

65, 170 1.5 mg/kg/day
self-
administration
18 days

Parker et al.
(2004)

Mouse
(female)

[3H]Nic, Cortex 100 2-6 mg/kg/hr
10 days

Marks et al.
(1986a)

Mouse (male) [3H]Nic, Cortex 120 50-500 g/ml in
drinking water
7 weeks

Pietilä et al.
(1998)

Mouse
(female)

[125I] -BGT
several regions

10 200 g/ml in
drinking water
30 days

Sparks and
Pauly (1999)
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The mechanism leading to upregulation of heteromeric nAChRs has been
examined extensively in recent years. Table 4 summarizes the findings from these studies.
The majority of the studies suggest that upregulation of heteromeric nAChRs results from
the increased assembly and maturation of the nAChRs. However, there is a discrepancy of
nicotine’s site of action. Recent studies from the laboratory of Jean-Pierre Changeux
strongly suggest that the intracellular immature 4/ 2 oligomers are the direct
pharmacological target of nicotine (Sallette et al., 2005). In a previous study, Sallette et al.
(2004) identified a binding site for upregulation which corresponds to the low affinity
conformation of the classical binding site. The authors suggest that nicotine, by binding to
this site at the /  interface within pools of nAChR precursors, promotes the subunit-subunit
interaction leading to enhanced maturation of 4 2-nAChRs. In contrast, Darsow et al.
(2005) suggest that although nicotine is membrane-permeant and binds to intracellular
sites, ligand interaction with surface receptors alone is sufficient to induce upregulation. The
authors based their statement on the finding that exposure to a membrane-impermeant
agonist tetramethylammonium is able to induce up-regulation. Furthermore, Darsow et al.
(2005) suggest that upregulation is unlikely to be dependent on nAChR channel activity,
since chronic treatment of cells with competitive antagonists or the combination of nicotine
and channel blocking antagonist, both of which inhibit the ion channel activity of surface
receptors, is sufficient to drive upregulation independent of function. However, as
mentioned earlier, consensus exists that upregulation of 4 2-nAChRs does not result from
the change in the affinity of the receptors and neither does it seem to require transcriptional
changes.

Table 4 Summary of the studies examining the mechanisms of nicotine-evoked upregulation of
heteromeric nAChRs. = increase; = decrease; 0= no change;  = not studied.

nAChR
subtype

mRNA/
Protein

synthesis

Assembly/
Maturation

in ER

Internalization/
Lysosomal
degradation

Affinity
state of
nAChR

Reference

4 2 ±0 / ±0 ±0 Peng et al. (1994a)

4 2 ±0 / ±0 ±0 Bencherif et al. (1995)

4 2  / Rothhut et al. (1996)

4 2  / ±0 Gopalakrishnan et al.
(1997)

4 2  / ±0 Harkness and Millar,
(2002)

4 2  / Nashmi et al. (2003)

4 2  / ±0 Darsow et al. (2005)

4 2  / Sallette et al. (2005)

4 2  / Kuryatov et al. (2005)

3 2  / ±0 Wang et al. (1998)
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The 7-nAChR regulation by nicotine has not been studied to a similar extent as
that of heteromeric nAChRs. Mugnaini et al. (2002) showed that, similar to heteromeric
nAChRs, upregulation of 7-nAChRs occurs without changes in the mRNA levels in rat
brain. A study in rat cortical neurons demonstrated that, in contrast to heteromeric nAChRs,
nicotine-evoked upregulation of 7-nAChRs is dependent on newly synthesized receptors
(Kawai and Berg, 2001). Ridley et al. (2001) found that differing from upregulation of 3
containing nAChRs, the nicotine-evoked 7-upregulation does not require Ca2+/calmodulin-
dependent protein kinase II (CaMK II) activity. Recently, Cho et al. (2005) found that
tyrosine kinase inhibition upregulates both the function and the expression of 7-nAChRs in
Xenopus oocytes. Another study showed a similar effect of tyrosine kinase inhibition on the

7-nAChR mediated responses, but the amount of surface 7-nAChRs was not affected
(Charpantier et al., 2005). Furthermore, long-term treatment of neuronal cells with receptor
protein tyrosine kinase (PTK) ligands (neuregulins, brain-derived neurotrophic factor)
enhances the function and number of 7-nAChRs suggesting that PTK activation increases
the expression of functional 7-receptors possibly through enhanced gene transcription (Liu
et al., 2001; Kawai et al., 2002; Zhou et al., 2004).

Due to the limited number of studies regarding this subject, the mechanisms
underlying 7-nAChR upregulation remain unclear. Therefore, in the second part of this
study, the phenomenon was studied in order to clarify which signalling molecules affect the
process of nicotine-induced 7-nAChR upregulation.

2.3.4 Nicotine’s effects on signal transduction

Nicotine-evoked changes in the postsynaptic neurons can occur directly through the
increase in cytoplasmic Ca2+ concentrations in response to nAChR stimulation (Dajas-
Bailador and Wonnacott, 2004). In addition, nicotine’s effects are mediated indirectly via the
release of neurotransmitters from presynaptic terminals. The released neurotransmitters
bind to their receptors at the postsynaptic sites and induce activation of signalling
cascades. The signalling molecules shown to be activated by nicotine either directly or
indirectly will be reviewed in this chapter.

The nicotine-evoked rise in intracellular Ca2+ results from a permeation of Ca2+

through the nAChR channel and by a recruitment of voltage-operated calcium channels
(VOCCs) (Figure 6). In turn, this rise in intracellular Ca2+ is able to activate ryanodine and
inositol 1,4,5 trisphosphate (IP3) receptors leading to a release of Ca2+ from internal stores.
The rise  in  Ca2+ suggests that different Ca2+-dependent enzymes might be activated and
mediate the effects of nicotine (Dajas-Bailador and Wonnacott, 2004). However, the effects
that nAChRs have on Ca2+-dependent processes depend on receptor location and the
cellular machinery accessible from those sites (Berg and Conroy, 2002).

Studies in chromaffin and pheochromocytoma cell cultures have demonstrated
that nicotine treatment leads to both acute and chronic activation of protein kinase C (PKC)
(TerBush and Holz, 1986; Messing et al., 1989; Tuominen et al., 1992; Cox and Parsons,
1997). It has also been shown that nicotine induces a rapid and transient accumulation of
IP3 in chromaffin cells (Sasakawa et al., 1991). Moreover, chronic nicotine treatment
increases the expression of phospholipase C 1 (PLC- 1), an enzyme regulating the
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activity of PKC via generation of IP3 and diacylglycerol, in rat brain (Pandey, 1996). Nicotine
treatment can also activate CaMK II in adrenal medullary cells and in chick ciliary ganglion
neurons (Tsutsui et  al., 1994; Liu and Berg, 1999; Ridley et al., 2002). Furthermore,
nicotine has been shown to induce accumulation of cAMP (Gueorguiev et  al., 1999) and
activate its main downstream target PKA (Dajas-Bailador et al., 2002). In contrast, a study
by Oshikawa and collaborators (2003) demonstrated that in PC12 cells, nicotine exposure
decreases the activity of type 6 adenylyl cyclase (AC6), enzyme responsible for production
of cAMP. In addition, recent studies have shown that nicotine activates the extracellular
signal regulated kinase (ERK1/2) pathway both in vitro and in vivo (Valjent et al., 2000;
Dajas-Bailador et  al., 2002; Brunzell et al., 2003; Valjent et  al., 2004; Nakayama et al.,
2006). The effects of nicotine on different intracellular signalling molecules are summarised
in Figure 6.

Figure 6 Generation of nAChR-dependent Ca2+ signals and signalling molecules activated by
nicotine. Note that for clarity some intermediate steps are not shown. The increase in intracellular Ca2+

arises from nAChR activation which in turn activates voltage-operated Ca2+ channels (VOCC) through
membrane depolarization ( V, change in voltage). This rise in intracellular Ca2+ is  able  to  activate
ryanodine receptors (RyR) and inositol 1,4,5 trisphosphate receptors (IP3R) leading to a release of Ca2+

from endoplasmic reticulum. Signalling molecules shown to be activated by nicotine are illustrated with
the exception of adenylyl cyclase (AC) of which direct evidence of activation by nicotine does not exist.
CaMK, Ca2+/calmodulin-dependent kinase; CREB; cAMP-response element-binding protein; ERK1/2,
extracellular signal-regulated kinase; PKA, protein kinase A; PKC, protein kinase C; PLC,
phospholipase C; RSK, ribosomal S6 kinase. Modified from Dajas-Bailador et al. (2002); Dajas-
Bailador and Wonnacott (2004).
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Dopamine is a transmitter which has a major role in the development of addiction.
Nicotine, as well as other drugs of abuse shares the ability to increase dopaminergic
transmission in the dorsal and ventral striatum (Hyman and Malenka, 2001). Once released,
dopamine binds to its receptors (D1,  D2) at the postsynaptic membrane and activates a
complex signalling cascade. Depending on the receptor type stimulated, different effector
molecules are activated. Dopamine- and cAMP-regulated phosphoprotein (DARPP-32,
molecular weight 32 kDa) is an important signalling molecule mediating the downstream
effects of dopamine (Nairn et  al., 2004; Svenningsson et al., 2005). Since its initial
characterization in 1984 by the group of Paul Greengard (Ouimet et al., 1984), DARPP-32
has gained enormous attention and almost 550 articles have been published so far relating
to the function of DARPP-32 (Searched on the internet 02/07, www.pubmed.gov).

DARPP-32 is enriched in neurons containing dopamine receptors. It has been
found to be expressed in very high concentrations in all medium spiny neurons both in
striatonigral and striatopallidal projection pathways (Ouimet et al., 1998). DARPP-32 was
initially defined as a major target for dopamine-activated AC and PKA in the striatum
(Walaas and Greengard, 1984). PKA-mediated phosphorylation of DARPP-32 at Threonine
(Thr34) converts it to a high-affinity inhibitor of the multifunctional serine-threonine protein
phosphatase PP-1 (Figure 7) (Hemmings et al., 1984). Once phosphorylated at Thr75

DARPP-32 acts as an inhibitor of PKA. In addition, DARPP-32 can be phosphorylated at
Ser97 and Ser130 by casein kinase 1 and 2 (CK1, CK2). Phosphorylation of DARPP-32 at
these two amino acid residues has been found to regulate the phosphorylation state of
Thr34 (Girault et al., 1989; Desdouits et al., 1995b).

Dopamine, acting through D1 type receptors leads to activation of AC via G-protein
Gs/Golf. In turn, followed by cAMP production, this results in a PKA-mediated
phosphorylation of DARPP-32 at Thr34 (Nishi et al., 1997). Activation of D1 receptors also
decreases the phosphorylation of DARPP-32 at Thr75 (Nishi et al.,  2000). By contrast, D2-
type activation leads to inhibition of AC and Ca2+-dependent activation of Ca2+/calmodulin-
dependent protein phosphatase, calcineurin, which acts as an important mediator of
dephosphorylation of DARPP-32 at Thr34 (Nishi et al., 1997). Thus, as a consequence of the
actions of different types of DA receptors, dopamine regulates DARPP-32 phosphorylation
in a bidirectional manner.

Several studies have shown that DARPP-32 is a mediator of the actions of multiple
drugs of abuse. Increased phosphorylation of DARPP-32 at Thr34 and decreased
phosphorylation of Thr75 is induced by cocaine, amphetamine, opioids, ethanol,
hallucinogens, as well as nicotine and caffeine (Svenningsson et al., 2005). Depending on
the drug used, the phosphorylation of DARPP-32 at Thr34 is regulated by dopamine,
glutamate, serotonin or adenosine.
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Figure 7 Diagram of DARPP-32 signalling. AC, adenylyl cyclase; CREB, cAMP-response element-
binding protein; ERK1/2, extracellular signal regulated kinase; PKA, protein kinase A; PP-1, protein
phosphate 1; RSK, ribosomal S6 kinase; STEP, striatal enriched phosphatase; NMDA, NMDA
glutamate receptors. Modified from Gould and Manji (2005); Girault et al. (2006).

The effect of nicotine on DARPP-32 regulation has not been extensively studied.
Zhu et al. (2005) demonstrated that a high dose of nicotine (0.8 mg/kg) is able to increase
the phosphorylation of DARPP-32 at Thr34 in mouse striatum. Furthermore, an in vitro study
by Hamada et al. (2004) showed that acute application of nicotine in mouse striatal slices
produces dose-dependent responses, with a low concentration causing a decrease in
phosphorylation of DARPP-32 at Thr34 and a high concentration causing a transient
increase in Thr34 phosphorylation. The low concentration of nicotine (1 M)  activated  D2

receptor signalling likely by activating 4 2-nAChRs at dopaminergic terminals. The
released dopamine via activation of 4 2-nAChRs selectively activates high affinity
dopamine D2 receptors, leading to a reduction in phosphorylation of DARPP-32 at Thr34.
Conversely, high concentration of nicotine (100 M) activated D1 receptor signalling. This is
likely to occur by activation of both 4 2-nAChRs at dopaminergic terminals and 7-
nAChRs at glutamatergic terminals. The stimulation of 7-nAChRs results in release of
glutamate and activation of AMPA/NMDA receptors. Co-activation of 4 2-nAChRs by
nicotine and AMPA/NMDA receptors by glutamate synergistically induce robust dopamine
release which is able to activate D1 receptors which have low affinity for dopamine. In the
present study (IV), the role of DARPP-32 in the mediation of nicotine’s effects in rat ex vivo
was characterised.



31

Glutamate is another transmitter consistently associated with addiction. The
glutamatergic projections from prefrontal cortex (PFC) to the NAc and dorsal striatum have
been suggested to play an essential role in conditioned learning, an important aspect in the
development of addiction (Kalivas et al., 2005). Behavioural studies have demonstrated that
the blockade of AMPA/kainate glutamate receptors in the NAc prevents the reinstatement of
drug seeking (Cornish and Kalivas, 2000; Di Ciano and Everitt, 2001). In addition,
increased release of glutamate from the PFC-NAc pathway is associated with drug seeking,
especially from the prelimbic region of cortex to the NAc core (McFarland et al., 2003).

Furthermore, nicotine modulates glutamatergic signalling by increasing release of
glutamate in the NAc and in the VTA (Toth et al., 1993; Reid et al., 2000; Schilstrom et al.,
2000). The stimulation of glutamatergic neurotransmission by nicotine increases the release
of dopamine in the NAc (Schilstrom et al., 1998a; Kosowski et al., 2004). In addition to this
modulation of dopamine neurons, the effects of glutamate can also be mediated through
activation of signalling cascades within postsynaptic neurons. One of the major pathways
mediating the effects of glutamate with an implication in addiction, is the mitogen-activated
protein kinase (MAPK) /ERK cascade activated by NMDA glutamate receptors (Haddad,
2005). This modulation of ERK pathway by glutamate is illustrated in Figure 7. It is notable
that the ERK pathway is a downstream target of DARPP-32. Thus, the activation of striatal
enriched phosphatase (STEP) leads to dephosphorylation and inactivation of ERK1/2
(Valjent et al., 2005). Conversely, glutamate promotes the dephosphorylation of DARPP-32
via activation of calcineurin (Greengard et al., 1999). A study by Valjent et al. (2005)
provided evidence that both DARPP-32 and glutamate are able to modulate the ERK
pathway. The authors showed that administration of d-amphetamine to mice increases the
phosphorylation of ERK selectively in medium spiny neurons of the dorsal striatum and NAc
and that this activation of ERK could be blocked by both dopamine D1 and glutamate NMDA
receptor antagonists. Moreover, using DARPP-32 knockin mice where the phosphorylation
site Thr34 was replaced by alanine, authors showed that the ERK-activation was prevented
after administration of d-amphetamine or cocaine. Thus, the regulation of DARPP-32 is
bidirectional and it demonstrates how closely dopaminergic and glutamatergic signalling are
connected and further supports the theory that both dopamine and glutamate are essential
transmitters in the mediation of the effects of drugs of abuse.

In summary, nicotine is able to activate intracellular signalling molecules in two
ways. Directly, through opening of the nAChR channel which leads to activation of many
Ca2+-dependent molecules. And indirectly, via modulation of protein phosphatase/kinase
cascades as a result from neurotransmitter release evoked by nicotine. The activation of
these cascades finally leads to regulation of gene transcription in the nucleus. In the
following chapter, the transcription factors that have been shown to be regulated by nicotine
and possible candidates mediating the actions of nicotine will be reviewed.
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2.3.5 Transcriptional changes evoked by nicotine

A common feature of addictive drugs is their ability to regulate brain gene expression
(Nestler, 2004). The induction of gene expression results from the activation of different
signal transduction pathways by drugs of abuse. In response to drug-related signals, single
genes can be expressed in specific brain regions which may then contribute either directly
or indirectly to the development or maintenance of addiction (Torres and Horowitz, 1999).
Other forms of neuronal plasticity changes, such as learning and memory, evoked by
abused drugs are also thought to result from transcriptional changes (Buccafusco et al.,
2005). The regulation of gene expression is modulated by the presence of certain
transcription factors: proteins that increase the specificity and stability of DNA-protein
interactions (Torres and Horowitz, 1999). There are hundreds of different transcription
factors that function by binding DNA sequences within their target genes.

Immediate early genes (IEGs) are transcription factors that are induced rapidly and
transiently in specific brain regions after administration of a drug of abuse as well as in
response to various other extracellular signals (Morgan and Curran, 1995). One of the best-
studied IEG with an implication to addiction is the family of Fos proteins. The Fos family
consists of c-Fos, FosB, Fra-1 and Fra-2 proteins. Fos proteins form heterodimers with Jun
family proteins (c-Jun, JunB, or JunD) and, in turn, the heterodimer binds to AP-1 (activator
protein-1) sites of certain genes to regulate their transcription. The induction of Fos
proteins, particularly c-Fos, was first demonstrated with acute cocaine and amphetamine
administration (Graybiel et al., 1990; Young et al., 1991). Later, nicotine was also found to
induce c-Fos in rodent brain (Ren and Sagar, 1992; Salminen et al., 1996) with a prominent
change seen in the NAc and dorsal striatum (Pich et  al., 1997). The induction of c-Fos
returned to basal levels within hours of drug administration. Furthermore, striatal induction
of c-Fos by nicotine was found to be dependent on dopamine D1-receptors (Kiba and
Jayaraman, 1994). Soon after the c-Fos studies, a broad band of Fos-like proteins, was
identified by immunoblotting as proteins induced specifically by more chronic treatments
(Hope et al., 1994): these proteins were termed chronic FRAs, Fos-related antigens. Later
studies revealed that chronic FRAs were actually isoforms of FosB (35-37 kDa), a
truncated splice variant of FosB (Chen et al., 1997). FosB isoforms are unique among the
other members of the Fos family in that they are relatively stable and have extraordinary
long half-lives. It has been suggested that chronic administration of drugs of abuse induce
accumulation of FosB in the NAc and dorsal striatum and that FosB could serve as a
mediator of transition to addiction (Nestler et  al., 2001). However, strong evidence to
support this theory exists only for cocaine (Kelz et al., 1999) and morphine (Muller and
Unterwald, 2005), whereas investigation of the effects of nicotine has only recently been
initiated. In a study by Marttila et al. (2006), an induction of FosB/ FosB was observed in
response to 7-week oral nicotine administration in the mice NAc core and after a 5-day
treatment with daily nicotine injections in the rat NAc core (Marttila et  al., 2006). In the
present study (IV) we studied regulation of Fos/ FosB proteins in response to varying
nicotine treatments in rat brain.

The transcription of Fos proteins, similar to many transcription factors, is modified
by other transcription factors and phosphorylation events. One well-characterized example
of this type of modification is the phosphorylation of cAMP-response element-binding
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protein (CREB) by PKA (Figure 7). CREB is a transcription factor that regulates the
expression of cAMP-inducible genes, such as c-fos, transcriptional repressors, intracellular
messengers, neurotransmitter receptor subunits and synthetic enzymes of
neurotransmitters (Figure 8; Shaywitz and Greenberg, 1999).

CREB has been characterized to play a key role in learning and memory. In
addition, emerging evidence suggests that CREB has a major role in the rewarding
properties of many drugs of abuse (Nestler, 2004; Pandey, 2004; Carlezon et al., 2005).
The first findings came from studying the effects of morphine in the locus coeruleus, the
major noradrenergic nucleus in brain (Guitart et al., 1992). However, locus coeruleus is not
essential for the effects of addictive drugs on reward and motivation, it instead has a role in
physical dependence and withdrawal of opiates. Later studies showed that in addition to
locus coeruleus, activation of CREB occurs in limbic structures not only in response to
chronic opiate exposure, but also in response to chronic administration to amphetamine
and cocaine (Cole et al., 1995; Carlezon et al., 1998).

The effect of nicotine on CREB has also been examined. In PC12 cells nicotine
was found to activate CREB via CaMK and MAPK/ERK pathways (Nakayama et al., 2001).
CREB activation was found to be mediated through non- 7 nAChRs. In contrast, using
hippocampal neuronal cultures, Hu et al. (2002) showed that nicotinic stimulation activates
CREB and induces transcriptional changes through activation of 7 nAChRs. The nicotine-
induced long-term activation of CREB required CaMK, MAPK and release of Ca2+ from
intracellular stores. Part of the effect of nicotine was mediated via glutamatergic
transmission. The effect of acute and chronic nicotine on CREB was studied in several
brain regions of mice after oral administration of nicotine (Brunzell et al., 2003). The authors
observed a complex pattern of changes in total and phosphorylated levels of CREB
(pCREB) following chronic but not acute nicotine exposure. In the NAc, chronic nicotine
induced a decrease in pCREB suggesting that a reduction of accumbal CREB activity
contributes to drug reinforcement. Nevertheless, in rat brain chronic nicotine did not induce
changes in the regulation of CREB in the NAc, whereas 18 h withdrawal after nicotine
produced significant reductions in total and pCREB levels in the shell but not in the core of
NAc (Pluzarev and Pandey, 2004).

The Ets-like (E twenty six) transcription factor Elk-1 is another transcription factor
implicated in addiction. Elk-1 is directly regulated by ERK1/2 (Figure 7) and once
phosphorylated, it forms a ternary complex with the serum response factor that binds to
serum response element within the promoter of many IEGs such as c-fos and zif268
triggering their transcription (Figure 8; Sharrocks, 2002). Elk-1 has been proposed to have a
role in synaptic function based on its expression in various adult rat brain structures.
Interestingly, in addition to the nucleus, Elk-1 is expressed in the soma, dendrites and axon
terminals of neurons (Sgambato et  al., 1998b). Elk-1 has been shown to be activated by
cocaine and amphetamine in parallel with ERK1/2 and c-Fos in the NAc, dorsal striatum
and prefrontal cortex in mice (Valjent et al., 2000; Valjent et al., 2005). These effects were
found to be mediated through combined action of glutamate NMDA and dopamine D1

receptors. However, Elk-1 regulation by nicotine has not been studied and therefore in the
present study (III, IV) we wanted to examine whether nicotine could affect Elk-1 similarly to
other psychostimulants.



34

Figure 8 Regulation of transcription factors CREB and Elk-1 by phopshorylation. Activation of CREB
and Elk-1 leads to the induction of the transcription factor immediate early genes (IEGs) c-fos and
zif268. ERK, extracellular signal-regulated kinase; MSK1, mitogen- and stress-activated protein kinase
1; RSK, ribosomal protein kinase S6. Modified from Lu et al. (2006).

In summary, nicotine and other addictive drugs are able to modulate the activity of
different types of transcription factors, of which Fos proteins and CREB are the best-
characterised. However, it is possible that future studies will introduce new transcription
factors induced by drugs of abuse. Induction of these transcription factors activates a
number of late-response genes resulting in behavioural manifestations of addiction as well
as other effects of nicotine (Torres and Horowitz, 1999). Thus, the picture of nicotine’s
effects is becoming more complex. The role of many pieces of the puzzle is yet to be
elucidated, since no effective treatment aimed at common mechanisms of addiction, has
been developed. However, the knowledge of the mechanisms underlying the effects of
nicotine and other drugs of abuse has improved to a great extent, as compared to the times
of dopamine hypothesis less than two decades ago (Hogg and Bertrand, 2004b; Hyman,
2005; Nestler, 2005).
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3 AIMS OF THE STUDY

The purpose of the present study was to investigate the effects of nicotine on the
expression of nicotinic receptors and examine the possible second messengers and
transcription factors mediating the effects of nicotine.

Specifically, the following themes were examined:

1. The effect of chronic oral nicotine administration and withdrawal on the
number of low affinity nAChRs in mice (I).

2. The role of different second messengers affecting the nicotine-induced
upregulation of 7 nAChRs (II).

3. Characterization of nicotine’s effects on the levels of activated and total
DARPP-32 in the rat striatum (III).

4. The effects of nicotine on the regulation of transcription factors Elk-1 and
FosB/ FosB in the rat striatum and hippocampal areas (III, IV).

Roman numbers I-IV refer to the original publications published and in preparation based
on the studies.
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4 MATERIALS AND METHODS

In this chapter the materials and methods used in the present study are described. A more
detailed description is given in the respective original publications I-IV.

4.1 Animals

Male mice (I) developed at the National Marine Research Institute (NMRI) (Bethesda, MD,
USA) and male Sprague-Dawley rats (III, IV) were used. Mice were bred locally in the
Laboratory Animal Centre of University of Helsinki. Rats were obtained from the University
of Bath Animal House breeding colony. Mice were housed in groups of five and rats in
groups of two at an ambient temperature of 20-22ºC. The animals had ad libitum access to
standard diet and tap water. The experimental protocols were approved by the Committee
for Animal Experiments of the University of Helsinki or the University of Bath.

4.2 Cell cultures

4.2.1 Transfected human epithelial SH-EP1-h 7 cell line

The human neuroepithelial cell line SH-EP1-h 7 stably expressing human 7-nAChRs was
a kind gift from Dr. Ronald Lukas, Barrow Neurological Institute, Phoenix, Arizona, USA.
The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% horse serum, 5% fetal bovine serum (FBS), 100 U/ml penicillin, 100 g/ml
streptomycin and 130 g/ml hygromycin B (selection antibiotic). SH-EP1-h 7 cells were
used to study the mechanisms of nicotine-induced upregulation of homomeric 7 nAChRs
(II). All the experiments were carried out in a serum-free medium.

4.2.2 Human neuroblastoma SH-SY5Y cell line

The human SH-SY5Y cell line is a subline of the neuroblastoma cell line SK-N-SH which
was established in 1970 from a bone tumour metastatis (Ross et al., 1983). SH-SY5Y cells
were maintained in DMEM/Ham's F12 (1:1), supplemented with 15% foetal bovine serum, 2
mM L-glutamine, 1% nonessential aminoacids and 200 U/ml of penicillin and 0.2 mg/ml of
streptomycin. SH-SY5Y cells were used to examine the mechanisms of nicotine-induced
upregulation of heteromeric nAChRs (II). The drug treatments were done in a medium
supplemented with 0.1% of foetal bovine serum in order to prevent the detachment of the
cells from the culture flasks.
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4.3 Brain slice preparations

Slices prepared from the rat hippocampus were used to study the nicotinic regulation of Elk-
1 in vitro. Male Sprague-Dawley rats were sacrificed, brain hippocampi were dissected, and
the tissue was chopped three times (two rotations at 60°) using a McIlwain tissue chopper
to give prism-shaped slices (Barik and Wonnacott, 2006). Slices were maintained and the
experiments were carried out in warm Krebs-bicarbonate buffer at 37 C in a shaking
incubator. The treatment of slices was stopped by a short centrifugation of the sample. The
supernatant was discarded and the pellet was rapidly frozen in liquid nitrogen.

4.4 Drugs

(-)-Nicotine for nicotine drinking solutions was from Fluka BioChemika (Buchs, Switzerland),
(-)-nicotine hydrogen tartrate for nicotine injections and treatments on cell cultures was from
Sigma-Aldrich Finland or Sigma-Aldrich UK. [3H]-methyllycaconitine was from Tocris
Cookson (Bristol, UK) and [3H]epibatidine was from DuPont NEN (Boston, MA, USA).

4.5 Nicotine administration

4.5.1  Methodological point of view of nicotine administration

In order to harmonise the study designs and to facilitate comparison between the nicotine
studies, guidelines for the selection of nicotine dose and routes of administration for in vivo
studies were recently published (Matta et al., 2006). The general principles that should be
taken into account when selecting a nicotine administration are the concentration of nicotine
in the plasma resulting from the treatment and the rate of nicotine metabolism in the animal
species. When nicotine is administered by injection to experimental animals, peak brain
nicotine levels are observed within 15 minutes and they are significantly lower than those
achieved by smoking a similar dose (Turner, 1975). The metabolism of nicotine in rodents is
rapid, leading to a shorter half-life of nicotine, as compared to humans. Plasma nicotine t1/2

in humans is approximately 2 h whereas in mice it is only 6-7 min and 45 min in rats (Matta
et al., 2006). Therefore, the experimental nicotine doses frequently used are relatively large
compared to those inhaled by the smokers. Based on the difference in the rate of
metabolism, mice are less sensitive to nicotine than rats and require higher dose to achieve
similar response.

4.5.2 Chronic nicotine administration to mice

Chronic oral nicotine administration to mice was used to study the effects of long-term
nicotine treatment on the regulation of nAChR binding sites (I). Nicotine was administered in
the drinking water (the sole source of fluid) as described by (Pekonen et al., 1993). The
concentration of nicotine was gradually increased from 50 g/ml at 3-4 day intervals to 300



38

g/ml over 3 weeks and after this at 7-day intervals to 500 g/ml over 4 weeks to coax the
mice to drink as steadily as possible. In the shorter 4-week treatment period, the nicotine
concentration was gradually increased to 350 g/ml and during the last week the
concentration was 350 g/ml. The control mice drank tap water during the entire treatment.
Body weights and fluid intake were recorded once a week. The observed plasma
concentrations of nicotine (54 ng/ml) in mice after 7-week oral nicotine exposure are about
similar to the nicotine concentrations (10-50 ng/ml) reported in the afternoon in smokers
(Russell et al., 1975; Benowitz et al., 1982; Pekonen et al., 1993).

4.5.3 Acute drug administrations to rats

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. On the experiment day,
rats received a single injection of nicotine (0.4, 0.6 or 0.8 mg/kg, s.c.) or saline.
Mecamylamine (1 mg/kg, s.c.) was injected 30 min prior to nicotine (0.4 mg/kg) or saline.
Administration of mecamylamine was without observable behavioural effect, whereas acute
administration of nicotine (0.8 mg/kg) induced ataxia 2 min post-injection and this effect
lasted for 8 min. Thirty minutes after the drug administration the rats were deeply
anesthetized and perfused (Chapter 4.10.1).

4.5.4 Chronic nicotine administrations to rats

In the intermittent nicotine regimen, rats received a single daily injection of nicotine (0.4
mg/kg, s.c.) for 14 consecutive days. Animals were perfused 30 min after the last injection.
To study the effect of withdrawal, animals were perfused 1 or 3 days after the last injection.

For continuous nicotine treatment, rats were anaesthetized with isofluorane and
Alzet Osmotic minipumps (model 2002) were implanted subcutaneously. The 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 µl/h for 14 days as
previously described (Barik and Wonnacott, 2006). Nicotine administration was without
effect on weight gain. 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.

4.6 PKC  overexpression

Recombinant human PKC  was cloned as described by Tammela et al. (2004). The PKC
gene sequence was inserted into a mammalian expression vector pcDNA3.1(+) (Invitrogen,
Carlsbad, CA, USA) using EcoRI and NotI restriction sites. Plasmid DNA was purified using
a commercial kit from Promega (Madison, WI, USA) followed by ethanol precipitation.
Cultured SH-EP1-h 7 cells were grown to 90% confluency prior to transfection. Transient
transfection was performed using Lipofectamine 2000 (Invitrogen) according to the
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manufacturer’s instructions. A day after transfection, cells were treated with nicotine (10
M) for 48 h and receptor binding was performed using 5 nM [3H]-MLA as described below.

4.7 Receptor binding assays

Receptor binding experiments were done to measure changes in the levels of nAChRs
following treatment with nicotine and drugs affecting different cell signalling molecules.
Studies were done in mice and in SH-EP1-h 7 and SH-SH5Y cell cultures. The
radioligands used were [3H]methyllycaconitine for homomeric 7-nAChRs and
[3H]epibatidine for heteromeric nAChRs containing 3 or 4 subunits.

4.7.1  Preparation of membrane samples

For the receptor binding experiments of mice brain samples, the tissues were thawed on ice
and homogenised in 10-fold volume of ice-cold sucrose (0.32 M sucrose, 1 mM EDTA, 0.1
mM phenylmethyl sulfonyl fluoride, pH 7.4) and centrifuged at 1000 g, for 10 min at 4°C.
For striatal and hippocampal preparations, samples from two mice were pooled. Midbrain
and cortical samples were prepared from a single mouse. After the centrifugation, the
supernatant (S1) was collected and the remaining pellet (P1) was resuspended in 5-fold
volume of ice-cold sucrose and centrifuged at 1000 g for 10 min at +4°C. The pellet (P2)
was discarded and the supernatant (S2) was combined with the supernatant S1 and
centrifuged at 12 000 g for 30 min at 4°C. The pellet was washed twice by resuspension in
2.5-fold volume of phosphate buffer (50 mM potassium phosphate, 1 mM EDTA, 0.1 mM
phenylmethyl sulfonyl fluoride, pH 7.4) and centrifugation (12 000 g, 30 min, 4°C). The final
pellet was resuspended in 5-fold volume of phosphate buffer and kept frozen at –20°C until
the binding experiments were performed. Before the receptor binding assay, the samples
were thawed and their protein concentrations were measured by commercial BCA-protein
assay kit (Pierce Biotechnology, Rockford, IL, USA).

The preparation of membrane samples of SH-EP1-h 7 and SH-SY5Y cells were
carried out as follows: The drug treatments were terminated by aspiration of the medium,
followed by three washes with ice-cold phosphate-buffered saline (PBS). Cells were then
mechanically harvested into ice-cold phosphate buffer (50 mM potassium phosphate, 1 mM
EDTA, 0.1 mM phenylmethyl sulfonyl fluoride, pH 7.4) and centrifuged at 1500 g, for 5 min
at 4°C. The supernatant was discarded and the pellet was resuspended in phosphate buffer
and homogenized using an ultrasonic homogenizer (75% amplitude, 2×15 s) on ice. The
homogenate was centrifuged at 45 000 g for 30 min at 4°C and the final pellet was
resuspended in 250 l of ice-cold phosphate buffer. Protein concentration of the membrane
homogenates was measured by a commercial protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA) based on the Bradford method (Bradford, 1976).
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4.7.2 [3H]Methyllycaconitine binding

Receptor binding studies using [3H]methyllycaconitine ([3H]MLA) as a ligand for 7-nAChRs
were done for mouse brain and SH-EP1-h 7 membrane preparations. The receptor binding
assay was optimized for a 96-well plate system before the experiments. In the initial trials,
the incubation of membrane preparation with the radioligand was done in the wells of a
Multiscreen glass-fibre 96-well plate as these plates are designed so that the whole assay
can be carried out in them. However, this led to an extensive non-specific binding of
[3H]MLA which could not be prevented by increasing the concentration of polyethylene
imine for the pre-soaking of the filters or increasing the concentration of BSA. An increase
in the number of final washes did not prevent this non-specific binding either. Therefore, the
incubation was carried out in a 96-well polystyrene plate and the binding was terminated by
pipetting the samples to the wells of a Multiscreen plate followed by aspiration of the
samples through glass-fibre filters using a vacuum manifold. In addition, a saturation
binding for [3H]MLA in mouse brain membrane preparation was performed to find a single
concentration of the radioligand to be used in the final experiments. Binding reactions using
different amounts of protein per well were also done in order to find an adequate amount of
protein needed to get reproducible data. Based on the findings from the optimization
studies, the [3H]MLA binding was carried out as follows:

Thirty to forty five micrograms of membrane proteins of mice brain or of SH-EP1-
h 7 cells homogenate was incubated with 5 nM of [3H]MLA for 2 h at room temperature.
Bovine serum albumin (0.1% w/v) was used to reduce non-specific binding and nicotine (1
mM) to determine non-specific binding. Samples were then filtered through glass-fibre filters
on a 96-well plate followed by 6 consecutive washes with ice-cold assay buffer. The wells of
the Multiscreen plate were pre-soaked with 0.5% polyethylene imine (v/v) over night at 4 C
after which the wells were aspirated on the vacuum manifold and washed 6 times with the
assay buffer. Scintillation cocktail was added to each well and the plate was left to
equilibrate at least for 6 h before counting in a beta counter (MicroBeta  TriLux, Wallac,
Turku, Finland). The IC50 value for GF 109203X from competition binding assay was
determined by nonlinear regression analysis with GraphPad Prism 3.0 software (GraphPad,
USA).

4.7.3 [3H]Epibatidine binding

Receptor binding using [3H]epibatidine as the radioligand for heteromeric nAChRs were
done for mice brain and SH-SY5Y cell membrane samples. Membrane samples (containing
45 µg of protein) were incubated in the wells of Multiscreen 96-well glass-fibre plates with 1
nM [3H]epibatidine for 2.5 h. Nicotine (1 mM) was used to determine non-specific binding.
BSA was not used because the non-specific binding of [3H]epibatidine was rather low. After
the incubation period, the filter plate was subsequently aspirated on the vacuum manifold
and washed four times of ice-cold assay buffer and the plate was prepared for the counting
as presented in [3H]MLA binding. All the samples from different treatment groups of one
brain area were measured in the same experiment.
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4.8 Assay for cAMP

The intracellular cAMP levels were measured in SH-EP1-h 7 cells after nicotine treatment
using a time-resolved fluorescence based enzyme immunoassay (DELFIA  cAMP Kit,
Perkin Elmer Finland, Turku, Finland). SH-EP1-h 7 cells were seeded into 96-well plates
(20 000 cells/well) 24 h before the nicotine treatment. After treatment, the medium was
removed and cells were incubated with medium containing 0.1 mM 3-isobutyl-1-
methylxanthine (IBMX) for 30 min at 37°C, in order to inhibit the breakdown of cAMP.
Preparation of cell lysates and quantification of intracellular cAMP were performed
according to the protocol (acetylated samples) provided with the cAMP detection kit.
Fluorescence was detected with Victor2 multilabel counter (Wallac-Perkin Elmer Finland,
Turku, Finland). Values for cAMP as the percent bound were calculated by dividing each
sample or standard count (per second) with zero standard count and multiplied by 100
(%B/B0). The amount of cAMP per well was calculated using nonlinear regression analysis
with GraphPad Prism 3.0 software (GraphPad, USA). The final values were expressed as
% of untreated controls.

4.9 Immunoblotting

Western blotting experiments were done from SH-EP1-h 7 cell samples and rat brain
hippocampal slice preparations. The SH-EP1-h 7-cells were washed three times with ice-
cold PBS and scraped into lysis buffer (Tris 20 mM pH 7.4, Triton-X-100 0.1%, EDTA 2 mM,
EGTA 2 mM, phenylmethylsulfonylfluoride 1 mM, leupeptin 250 g/ml) and incubated on ice
for 30 min. The cell homogenate was then centrifuged at 15 700 g for 15 min at 4°C and the
supernatant was collected and the protein content was measured using a commercial assay
based on the Bradford method (Bradford, 1976). The rat brain slice samples were prepared
for immunoblotting as follows: Frozen slices were rapidly thawed and homogenised in
boiling 1% sodium dodecyl sulphate (SDS) containing 50 mM sodium fluoride and heated
for 5 min at 95ºC. The aim of this procedure is to prevent the dephoshorylation of the
proteins. The protocol used was modified from Svenningson et al. (2000) who tested the
effectiveness of this method for the stabilisation of the phosphoproteins. After the
homogenisation, the samples were cooled down and centrifuged at 15 700 g for 5 min. The
supernatant was collected and the protein concentration was determined by a commercial
protein assay kit based on the bicinchoninic acid method (BCA) (Pierce, Rockford, IL, USA).

Samples containing equal amount of protein were separated in a 10% (cell culture
samples) or 7.5% (brain slices) SDS-polyacrylamide gel and transferred to a nitrocellulose
membrane (Schleicher and Schuell, Keene, NH, USA). For the detection of PKC  12.5-20
g of protein per well was loaded to the gel and following the transfer the membrane was

blocked with 5% non-fat milk in Tris-buffered saline containing 0.1% of Tween 20 (TTBS). A
primary antibody for PKC  was used at a dilution of 1:3000. For the pElk-1 assay 60-100
g of protein per well was needed for the immunodetection to succed. Monoclonal anti-

pElk-1 raised against the Elk-1 peptide phosphorylated at Ser383, was used at a dilution of
1:1000. Horseradish peroxidase-labelled secondary antibody (anti-mouse IgG) was used at
a dilution of 1:2000. Immunoreactive bands were detected with ECL immunoblotting



42

detection kit (Amersham Biosciences Europe GmbH, Freiburg, Germany) and quantified by
Scion Image software (http://www.scioncorp.com). Samples from individual experiments
were run in the same gel and blotted together and the values for treated slices were
obtained by comparing them to corresponding control value.

4.10 Immunohistochemistry

4.10.1 Tissue preparation

Rats were deeply anesthetized with pentobarbital (200 mg/kg, intraperitoneal, i.p.) and
perfused transcardiacally with 90 ml of cold sucrose (10%) in dH2O, followed by 90 ml of
cold 0.1 M phosphate buffer (PB) containing 4% paraformaldehyde (PFA) at a decreasing
pressure of 300 mmHg. Both sucrose and PFA solutions included 100 M of sodium
fluoride (NaF). Rats were then decapitated, brains removed and stored at 4°C overnight in
4% PFA dissolved in 0.1 M PB. Striatal or hippocampal coronal sections (50 µm) were
obtained using a vibrating microtome (Ted Pella, Redding, CA, USA).

4.10.2 Immunolabelling

Striatal or hippocampal sections were washed 3 times for 10 min each in phosphate-
buffered saline (PBS). Non-specific binding sites were blocked by incubation in PBS-TB
(PBS + 0.5% Triton-X-100 and 0.5% bovine serum albumin) containing 10% normal goat
serum (NGS). Sections were rinsed 3 times in PBS and incubated with one of the following
antibodies: anti-DARPP-32 (1:5000), anti-pThr34-DARPP-32 (1:1000), anti-FosB (1:500),
anti-Elk-1 (1:3000) or anti-pSer383-Elk-1 (1:2000), overnight at 4°C in PBS-TB
supplemented with 1% NGS. Following to? incubation with the primary antibody, sections
were washed 3 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 3 washes in PBS, the sections were processed with avidin-biotin method
(Vectastain Kit, Vector Laboratories, Peterborough, UK) with diaminobenzidine (DAB;
Vector Laboratories) as the chromagen. The DAB-reaction was monitored for 1-3 min and
stopped with consecutive washes with cold Tris buffer (50 mM, pH 7.4). The sections were
mounted on glass slides, air dried, dehydrated through ethanol series (50%, 70%, 90%,
100%) and cleared in xylene before mounting in diethylphenylxanthine (DPX).

4.10.3 Quantification of immunoreactivity

Immunoreactive images were collected with an Olympus BX51 light microscope connected
to Olympus DP12 digital camera. For each animal, a total of 6-8 images per brain area (20
x magnification) were collected (2 images from 3-4 coronal sections per brain area). To
measure possible changes in cellular content, a semi-quantitative optical density analysis of
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labelling was done using MCID image analysis software (InterFocus Imaging Ltd, Linton,
United Kingdom).

4.11 Data analysis

The results are expressed as mean ± SEM, Student’s t-test (I), one-way ANOVA/Tukey’s
test (II) and ANOVA/Dunnett’s multiple comparison test (III, IV) were used to assess
significance between controls and treatments. P 0.05 was considered to be significant.
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5 RESULTS

In this chapter, the results of the present study are summarised. Citations to the figures in
the original publications are illustrated with the Roman numerals of the publications (I-IV).
Citations without the Roman numeral refer to the summary table or figure within this
chapter.

5.1 Nicotinic receptor binding sites after chronic oral nicotine administration (I)

The objective of this study was to examine whether the number of low affinity nicotinic
binding sites can be regulated by chronic nicotine treatment via drinking water. NMRI mice
were used, and the low affinity nicotine binding sites detected by using
[3H]methyllycaconitine ([3H]MLA). [3H]Epibatidine binding studies were carried out in parallel
with [3H]MLA binding (7-week nicotine treatment) to compare the regulation of low and high
affinity nicotine binding.

The results are summarised in Table 5. Chronic nicotine administration for 4
weeks resulted in a significant increase (by 83%) in the [3H]MLA binding, mostly 7-
nAChRs, in the mouse striatum after 24 h nicotine withdrawal in NMRI mice (I, Figure 1). An
increase in the [3H]MLA binding was found also after 48 h of withdrawal but it was not
statistically significant. The 4-week nicotine treatment upregulated also the [3H]MLA binding
sites in cortical areas and the upregulation could be detected both after 24 and 48 h of
withdrawal (67% and 55% respectively; I, Figure 1). The midbrain and hippocampal areas
remained unaffected by the 4-week nicotine administration and withdrawal.

After the longer 7-week period of nicotine administration, the [3H]MLA binding was
different from the corresponding control (water drinking mice) only in the hippocampus (I,
Figure 2). A significant increase in [3H]MLA binding was detected  after both 24 and 48 h
withdrawal period (64% and 56% respectively).

The high affinity nicotine binding sites as labelled with [3H]epibatidine were
upregulated in midbrain (by 40%), hippocampus (by 66%) and cortex (by 64%) as a result
from the 7-week chronic oral nicotine regimen (Table 5; I, Figure 2). To our surprise, the
increase in the [3H]epibatidine binding was significant only after 48 h of withdrawal although
tendency towards an increase was detected in the midbrain and hippocampus. The 7-week
nicotine treatment was without effect on striatal [3H]epibatidine binding.
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Table 5 The effects of chronic oral nicotine treatment on the low and high affinity nicotinic receptor
binding sites in different areas of mouse brain as measured by [3H]methyllycaconitine ([3H]MLA) and
[3H]-epibatidine binding. Mice were withdrawn from the nicotine treatment for 24 or 48 h. Nic, nicotine;

= increase;  = no change; NS, not significant.

[3H]MLA binding Striatum Midbrain Hippocampu
s Cortex

4-week Nic + 24 h

4-week Nic + 48 h (  ) NS

7-week Nic + 24 h

7-week Nic + 48 h

[3H]Epibatidine binding

7-week Nic + 24 h (  ) NS (  ) NS

7-week Nic + 48 h

5.2 Regulation of nicotine-induced upregulation of 7-nAChRs by different
signalling molecules (II)

As described in the previous chapter, the chronic nicotine administration was able to induce
an upregulation of [3H]MLA binding sites in various areas in mouse brain. The [3H]MLA
binding corresponds mainly to homomeric 7-nAChRs. Thus, the aim of this study was to
examine the role of different signalling molecules in the regulation of nicotine-evoked
upregulation of 7-nAChRs in SH-EP1-h 7 cells stably expressing human 7-nAChRs. SH-
SY5Y cells endogenously expressing various nAChR subtypes were used as a comparison.
Receptor binding in SH-SY5Y cells was carried out using 1 nM [3H]epibatidine: this
concentration of radioligand is predicted to measure both 2 and 4 subunits containing
nicotinic receptors, hence all the heteromeric nicotinic receptors expressed in this cell line
(Wang et al., 1996). The cells were exposed to nicotine (10 µM) for 48 h: this resulted in an
80% increase in [3H]MLA binding in SH-EP1-h 7 cell membrane homogenates (II: Figure
2A) and 110% upregulation of [3H]epibatidine binding in SH-SY5Y cell membranes (II:
Figure 7A). The effect of compounds affecting cellular cAMP levels and the activity of
different kinases were examined in combination with nicotine. The effect of nicotine on
cAMP production in SH-EP1-h 7 cells was also studied.

5.2.1 Long-term nicotine induces accumulation of cAMP

The levels of cAMP were measured both after an acute (1 and 3 h) and a long-term (24 and
48 h) nicotine (10 M) exposure in SH-EP1-h 7 cells. Acute treatment did not induce
significant changes in cAMP levels (II, Figure 1). However, long-term nicotine was found to
induce a significant increase in the intracellular cAMP concentration after 24 h treatment (a
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23% increase) (II, Figure 1). The longer 48 h nicotine exposure resulted also in an
accumulation of cAMP within these cells (a 13% increase).

5.2.2 An enhanced cAMP signalling modulates nicotine-induced
7-upregulation

Based on the finding that nicotine is able to induce accumulation of cAMP in SH-EP1-h
cells (Chapter 5.2.1), we wanted to study whether the enhancement of cAMP affects the
regulation of 7-nAChR number. Three different ways to increase cAMP signalling were
used: (1) a cAMP analogue dibutyryl-cAMP, (2) a phosphodiesterase inhibitor IBMX to
inhibit the breakdown of endogenous cAMP and (3) an AC activator forskolin to induce the
production of cAMP. The SH-EP1-h 7 cells were exposed to nicotine and to one of the
above mentioned compounds for 48 h. All the different treatments were found to increase
the nicotine-induced upregulation of 7-nAChRs (II, Figure 2A, B, C). The compounds
themselves did not elicit changes in the number of 7-nAChRs as compared to the
untreated control cells. Next, we studied the effect of protein kinase A (PKA) inhibitor
KT5720 as PKA is the main target of cAMP. Our hypothesis was that inhibition of PKA
could result to an opposite effect as observed with the drugs inducing cAMP signalling.
However, co-treatment of KT5720 with nicotine did not alter the upregulation by nicotine (II,
Figure 2C).

5.2.3 Modulation of protein kinase C affects the nicotine-induced
7-upregulation

Protein kinase C (PKC) is a ubiquitously expressed family of enzymes able to activate
various intracellular cascades by phosphorylation at serine and threonine residues of the
substrate proteins. PKC has an essential role in many processes such as cellular
differentiation, growth control and tumour genesis (Liu and Heckman, 1998). Nicotine has
been shown to activate PKC in cultured cells (Tuominen et al., 1992). Therefore, we
examined whether the modulation of PKC could affect the regulation of 7-nAChR number
especially concerning the nicotine-induced receptor upregulation.

One way to study the role of PKC is to induce a down-regulation of PKC with a
long-term phorbol ester treatment. We used 4 -phorbol-12,13–didecanoate (4 -PDD) as a
cotreatment with nicotine and found that the PKC down-regulation abolished the nicotine-
induced upregulation of 7-nAChRs  (II,  Figure  3).  Also  the  4 -PDD itself reduced the
number 7-nAChRs in SH-EP1-h 7 cells as measured by [3H]MLA binding. When the cells
were exposed to PKC inhibitor GF 109203X at concentrations efficient to inactivate PKC
(nanomolar range), no change in nicotine-evoked 7-upregulation was detected (II, Figure
4A). Instead, when higher concentrations of GF 109203X were used together with nicotine,
an interesting finding was observed: the co-treatment led to a potentiation of the nicotine-
induced 7-upregulation by 80-180%. Treatment with a high GF 109203X concentration
alone resulted also in an increase in the number of 7-nAChRs. Furthermore, when the
cells were treated with nicotine, 4 -PDD and a high concentration of GF 109203X, an
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increase in the [3H]MLA binding was detected (II, Figure 4B). Thus, the GF 109203X
treatment had overcome the robust effect of 4 -PDD on the receptor levels observed
earlier. In order to clarify the mechanism underlying the GF 109203X-induced upregulation,
we examined the possibility of GF 109203X to bind to nAChRs. Indeed, GF 109203X was
found to replace the binding of [3H]MLA with an approximate IC50 value of 1.9 M (II, Figure
4C).

To further study the role of PKC in 7-nAChR regulation we overexpressed PKC
in SH-EP1-h 7 cells in order to generate an opposite situation to 4 -PDD-induced down-
regulation of PKC. PKC -overexpression itself did not change the levels of 7-nAChR in
SH-EP1-h 7 cells, but the nicotine-evoked 7-upregulation was found to be greater in the
cells over-expressing PKC  than in the cells lacking the PKC  gene manipulation (II, Figure
5).

5.2.4 Inhibition of CaMK II and ERK1/2 does not affect 7-upregulation

Nicotine is able to activate CaMK II (Tsutsui et al., 1994; Liu and Berg, 1999; Ridley et al.,
2002) and extracellular signal regulated kinase ½ (ERK1/2) (Valjent et al., 2000; Dajas-
Bailador et al., 2002; Valjent et al., 2004). In order to examine whether CaMK II or ERK1/2
could be involved in the 7-upregulation, specific inhibitors of these kinases were used in a
combination with nicotine. The CaMK II inhibitor KN-62 did not elicit any changes in the
nicotine-evoked upregulation of 7-nAChRs in SH-EP1-h 7 cells (II, Figure 6). PD98059
and U-0126 are inhibitors of the activity of MAP kinase kinase (MEK or MAPKK), the
enzyme responsible for the phosphorylation of ERK1/2. Neither of these MEK inhibitors
affected the nicotine-evoked 7-upregulation (II, Figure 6).

5.3 Heteromeric nicotinic receptors do not respond to cAMP and PKC
modulation (II)

The role of cAMP and PKC mediated mechanisms were found to play an important role in
the regulation of homomeric 7-nAChRs, particularly during the nicotine-induced receptor
upregulation (Chapter 5.2). Next, we were interested in studying whether heteromeric
nAChRs are regulated in a similar manner. SH-SY5Y cells expressing various nicotinic
subunits were treated with nicotine (10 M) and a modulator of cAMP or PKC for 48 h. The
number of heteromeric nAChRs were detected by [3H]epibatidine binding. The analogue of
cAMP, db-cAMP and AC activator forskolin did not significantly affect the upregulation of
nAChRs in SH-SY5Y cells although a tendency towards a potentiation of upregulation was
observed (II, Figure 7A and B). The cAMP modulators themselves seemed also increase,
although not significantly, the number of heteromeric nAChRs in these cells. PKC-
downregulation by 4 -PDD did not significantly affect the upregulation of [3H]epibatidine
binding (II, Figure 7C).
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5.4 The effect of nicotine on DARPP-32 (IV)

Drugs of abuse share the ability to enhance dopaminergic neurotransmission in the dorsal
and ventral striatum. Dopamine- and cAMP regulated phosphoprotein (DARPP-32, MW 32
kDa) is a key mediator of the effects of dopamine and there is considerable evidence that
supports the role of DARPP-32 in mediating the actions of several drugs of abuse (Nairn et
al., 2004; Svenningsson et al., 2005). The aim of this study was to examine the regulation
of DARPP-32 by nicotine using different acute and long-term treatments in rats. We were
interested in detecting possible changes in the levels of DARPP-32 phosphorylated at
Thr34, a critical residue to be phosphorylated for the DARPP-32 to act as a protein
phosphatase 1 (PP-1) inhibitor (Desdouits et  al., 1995a). The summary of the findings is
shown in Figure 9.

In the first part of this study, we examined the effect of a single nicotine dose on
DARPP-32 at three different time points: 30 min, 2 h and 4 h. The nicotine dose used was
0.4 mg/kg because this dose has been shown to induce maximal elevation of extracellular
dopamine both in the NAc and dorsal striatum (Benwell and Balfour, 1997). Nicotine 0.4
mg/kg led to a selective decrease in the level of pDARPP-32 in the NAc shell at 30 min and
2 h and this decrease was back to the level of control at 4 h (IV, Figure 1). No significant
changes were observed in the NAc core and dorsal striatum. The levels of total DARPP-32
protein remained unaffected by 0.4 mg/kg nicotine. The decrease in pDARPP-32 was
greatest at 30 min, and this time point was therefore selected for the following studies
where the different doses of nicotine were tested.

Next, we were interested in studying the effects of different doses of acute nicotine
injections on DARPP-32 signalling. When rats received an acute nicotine injection (0.4, 0.6,
0.8 mg/kg), an increase in the levels of pDARPP-32-Thr34 was observed with the highest
dose (0.8 mg/kg) in the NAc core and shell (IV, Figure 2). The lower doses did not elicit
increase in the levels of pDARPP-32 whereas a significant decrease in the NAc shell with
the 0.4 mg/kg nicotine was detected in line with the time-point study described above. The
0.8 mg/kg acute nicotine increased the immunoreactivity of total DARPP-32 in the dorsal
striatum and the 0.6 mg/kg dose resulted in an increase in total DARPP-32 levels in the
NAc shell.

When the animals were treated with daily nicotine injections (0.4 mg/kg) for 14
days, no changes were detected in pDARPP-32 immunoreactivity in the ventral or dorsal
striatum whereas the total DARPP-32 protein levels were increased in the dorsal striatum
and NAc core (IV, Figure 8). The observed elevations were back to the control levels within
24 h (Table 6A). When the rats received nicotine continuously via minipumps for 14 days,
increases in the levels of pDARPP-32 and total DARPP-32 were detected in both NAc
subdivisions and in the dorsal striatum (IV, Figure 5). These increases in pDARPP-32/total
DARPP-32 after continuous nicotine administration were more persistent than those
observed after daily nicotine injections. The levels of pDARPP-32/total DARPP-32 were
back to the conrol levels after one week of withdrawal (Table 6B).
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NAc Core

Acute nicotine
pDARPP-32 (0.8 mg/kg)

pElk-1 (0.4, 0.6, 0.8 mg/kg)

Chronic intermittent nicotine
DARPP-32

Elk-1
FosB/ FosB

Chronic continuous nicotine
pDARPP-32/DARPP-32

Elk-1
FosB/ FosB

NAc Shell

Acute nicotine
pDARPP-32 (0.4 mg/kg)
pDARPP-32 (0.8 mg/kg)
DARPP-32 (0.6 mg/kg)

Chronic intermittent nicotine

Chronic continuous nicotine
pDARPP-32/DARPP-32

Hippocampus CA1

Acute nicotine
pElk-1 (0.4 mg/kg)

Chronic intermittent or
continuous nicotine

Elk-1

Dorsal striatum/CPu

Acute nicotine
pElk-1 (0.4  mg/kg)

pDARPP-32/DARPP-32 (0.8 mg/kg)

Chronic intermittent nicotine
DARPP-32

Chronic continuous nicotine
pDARPP-32/DARPP-32

FosB/ FosB

Figure 9 Summary of the effects of acute and chronic nicotine on the levels of dopamine- and cAMP
regulated phosphoprotein (DARPP-32) and transcription factors Elk-1 and FosB/ FosB. =increase in
cellular immunoreactivity; =decrease in cellular immunoreactivity; CA1, CA1 area of the hippocampus;
CPu, caudate putamen; pDARPP-32, DARPP-32 phosphorylated at Threonine 34; pElk-1, Elk-1
phosphorylated at Serine 383; NAc, nucleus accumbens. Detailed description of the treatment regimes
and immunohistochemical detection can be found from the original publications III and IV.

5.5 The effects of nicotine on transcription factor Elk-1 (III and IV)

The extracellular signal regulated kinase (ERK1/2) pathway is activated by nicotine and
other drugs of abuse (Valjent et al., 2000; Dajas-Bailador et al., 2002; Valjent et al., 2004)
By translocation to nucleus ERK1/2 regulates the activity of various transcription factors
including the Ets-like transcription factor Elk-1. In the present study, we examined whether
nicotine affects Elk-1; our focus was the striatal subdivisions, but we were also interested in
examining possible changes in the hippocampus because nicotine has been shown to
activate ERK in this region. In addition, hippocampal nAChRs have been implicated to
regulate learning and memory and to have a role in the pathophysiology of Alzheimer’s
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disease (Bell et al., 2004). In vitro measurements of Elk-1 regulation by nicotine were also
carried out in hippocampal slice preparations.

We found that acute nicotine in vivo as  well  as in vitro is able to activate Elk-1,
thus the level of Elk-1 phosphorylated at Ser383 is increased. Ex vivo nicotine induced
activation of Elk-1 in the NAc core (IV, Figure 3), dorsal striatum (IV, Figure 3) and CA1
area of the hippocampus (III, Figure 2). The increase in pElk-1 by nicotine (0.4 mg/kg) was
blocked by mecamylamine (1 mg/kg). Total Elk-1 was similar following acute saline or
nicotine injections. In the NAc core each of the doses tested (0.4, 0.6 and 0.8 mg/kg)
increased the level of pElk1 whereas in the dorsal striatum and CA1 area the Elk-1
activation occurred only at the lowest nicotine dose (0.4 mg/kg). In hippocampal slices an
acute stimulation with a low nicotine concentration (1 M) resulted in a transient Elk-1
activation, whereas 100 M nicotine failed to produce any changes to pElk-1 (III, Figure 1).

To detect any changes in Elk-1 in response to long-term nicotine, rats received
nicotine via minipumps (4 mg/kg/day) or repeated daily injections (0.4 mg/kg). Chronic
nicotine did not affect the phosphorylation state of Elk-1 in any areas examined whereas
total Elk-1 was increased selectively in the NAc core (IV, Figures 6, 9) and in the CA1 area
of hippocampus (III, Figure 3) in response to both nicotine regimen. The increase in total
Elk-1 returned to control levels after withdrawal for 1-3 days (Tables 6A and B). The
summary of the changes observed in Elk-1 regulation by nicotine is illustrated in Figure 9.

5.6 The regulation of FosB by acute and chronic nicotine (IV)

FosB and particularly its truncated splice variant FosB are transcription factors that are
implicated in mediating adaptations to drugs of abuse (Nestler, 2004). In this study, we
examined the effects of nicotine on the FosB/ FosB in parallel with the studies of nicotine’s
effect on DARPP-32 and transcription factor Elk-1 (Chapters 5.3, 5.4). We detected
changes in the FosB/ FosB immunoreactivity in the NAc core and shell and in the dorsal
striatum after an acute or long-term nicotine treatment.

Acute nicotine injection did not induce changes in the levels of FosB/ FosB in any
of the areas studied (IV, Figure 4). Daily injections of nicotine (0.4 mg/kg) resulted in an
increase in FosB/ FosB immunoreactivity only in the NAc core which was back to levels of
control in 24 h (Table 6; IV, Figure 10). Continuous nicotine administration via minipump
induced an upregulation of FosB/ FosB in the dorsal striatum and NAc core: the
FosB/ FosB levels remained elevated albeit not significantly, at 3 and 7 days of withdrawal
(Table 6B; IV, Figure 7). No significant increase in FosB/ FosB was found in the NAc shell
after the continuous nicotine regimen but interestingly, there was a transient increase in
FosB/ FosB immunoreactivity in the NAc shell following the 3-day withdrawal; this effect
was abolished after 7-day nicotine withdrawal (Table 6B; IV, Figure 7). Summary of the
observed changes in FosB/ FosB are illustrated in Figure 9.
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Table 6 Summary of the effects of chronic nicotine via A: repeated daily injections of nicotine (0.4
mg/kg, 14 days) or B: osmotic minipumps (4 mg/kg/day, 14 days) and withdrawal (1-7 days) on
dopamine- and cAMP regulated phosphoprotein (DARPP-32), and transcription factors Elk-1 and
FosB/ FosB in the rat brain. CA1, CA1 area of the hippocampus; =increase in cellular
immunoreactivity; =decrease in cellular immunoreactivity;  =no change; NS, not significant.

A WITHDRAWAL (days)CHRONIC INTERMITTENT
NICOTINE

0 1 3

pDARPP-32/DARPP-32
Dorsal striatum  /  /  /

NAc core  /  /  /
NAc shell  / ( ) NS  /  /

pElk-1/Elk-1
Dorsal striatum  /  /  /

NAc core  /  /  /

NAc shell  /  /  /
CA1  /  /  /

Dentate gyrus  /  / ( ) NS  /

FosB/ FosB
Dorsal striatum

NAc core

NAc shell

B WITHDRAWAL (days)CHRONIC CONTINUOUS
NICOTINE

0 3 7

pDARPP-32/DARPP-32
Dorsal striatum  /  /  /

NAc core  /  /  /

NAc shell  /  /  /

pElk-1/Elk-1
Dorsal striatum  /  /  /

NAc core  /  /  /
NAc shell  /  /  /

CA1  /  /  /
Dentate gyrus  /( ) NS  / ( ) NS  /

FosB/ FosB
Dorsal striatum      ( ) NS      ( ) NS

NAc core      ( ) NS
NAc shell
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6 DISCUSSION

In this chapter, the results of the present study are discussed. A more detailed discussion is
presented in the original publications.

6.1 The effect of chronic oral nicotine on low affinity nicotinic binding sites in
mouse brain

This study was based on the unclarity of the regulation of homomeric 7-nAChR number by
chronic nicotine. Earlier studies on this subject were somewhat contradictory and many of
them suggested that the 7-nAChRs are only upregulated at relatively high nicotine
concentrations (Marks et al., 1985; Marks et al., 1986b). However, most of the studies on
the 7-nAChRs were carried out using short periods of nicotine administration and it can be
questioned whether a treatment shorter than two weeks is comparable to smoking in
humans. Thus, we wanted to use a genuine model of chronic nicotine administration to
mimic the situation in the smoker’s brain and examine the regulation of 7-nAChR number
by this regimen. We were also interested in using tritiated MLA which had recently become
commercially available as an alternative ligand for the detection of 7-nAChRs.

After the challenging setup of the [3H]MLA binding assay in a 96-well plate format,
the studies on mice chronically treated with nicotine were carried out. The specific binding
values of [3H]MLA in the different brain areas of the water-drinking control mice were similar
to those reported earlier (Whiteaker et al., 1999) suggesting that the receptor binding
method was reliable. As expected, the highest values of [3H]MLA (5 nM) binding were
detected in the hippocampus ( 70 fmol/mg protein) and the lowest values in the striatum
( 30 fmol/mg protein).

The major finding in the present study is that chronic oral nicotine treatment is able
to induce a significant upregulation of low affinity binding sites, mainly 7-nAChRs, in the
mouse brain. The upregulation is region specific and dependent on the period of nicotine
exposure. The low affinity binding sites in the cortical and striatal areas increased as a
response to a 4-week nicotine whereas a 7-week nicotine administration induced
upregulation only in the hippocampus. Thus, these areas seem to differ in their sensitivities
to nicotine. In line with our data, Marks et al. (1985, 1986a, 1986b) found an upregulation of
[125I] -Bgt binding in the cortex and hippocampus of the mice treated with a constant
infusion (i.v., up to 7 mg/kg/hour) of nicotine for 8-12 days. The method of chronic oral
nicotine administration has been earlier characterised in our laboratory and it has been
shown to result in similar plasma concentrations of nicotine as observed in smokers
(Pekonen et al., 1993). Therefore, we suggest that the low affinity nicotinic binding sites can
be upregulated, not only at high doses of nicotine, but also at concentrations relevant to
smoking, when the exposure period is long enough.

The number of studies on the effects of smoking on human brain 7-nAChRs is
very limited. Court et al. (1998) did not observe any significant changes in the number of
[125I] -Bgt binding sites in the cerebellum or hippocampus of post-mortem human smokers.
Neither did a study by Martin-Ruiz et al. (1999) reveal differences between smokers and
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non-smokers in the 7-immunoreactivity in the cortical samples, though it should be
mentioned that the number of smokers in the study was only four. However, in agreement
with our results in mice, Teaktong et al. (2004) observed an increase in 7-
immunoreactivity in the dentate gyrus of hippocampus of human smokers. Also in the study
by Court et al. (1998), an increase in the dentate gyrus of human smokers was observed,
but it was not significant. Thus, our data may suggest that in mice the hippocampal 7-
nAChRs are more resistant to the upregulating effect of nicotine, but after a long-term
exposure to nicotine the number of 7-nAChRs is increased similarly to the effect of
smoking on the human brain. The method of chronic oral nicotine administration for 7
weeks to mice seems to mimic at least some of the biochemical aspects of smoking and
can thus be considered as a method of choice for this type of nicotine studies. However, it
is important to note that in this model of nicotine administration, the mice have no choice for
the source of drinking. When studying the reinforcing properties of nicotine at the
behavioural level a self-administration protocol should be used instead of a forced
administration.

In contrast to our observation, previous studies have not observed any
upregulation of low affinity binding sites in the mouse striatum as measured by [125I] -Bgt
binding (Marks et al., 1985; Marks et al., 1986b). Upregulation observed in the striatum in
the present study may result from the use of different radioligand than in the previous
studies. Even though the binding population of [3H]MLA is typical of [125I] -Bgt binding
nAChRs in mouse brain, an -Bgt-resistant binding component has been observed for
[3H]MLA (Whiteaker et al., 1999). In the striatum this -Bgt-resistant component is highest,
28% of the specific binding of [3H]MLA, and it has been suggested to correspond to binding
of MLA to 3/ 6 2 3* nAChRs (Mogg et al., 2002). Thus, it is likely that the upregulation of
[3H]MLA observed in the striatum in the present work represents upregulation of
heteromeric 3/ 6 2 3* nAChRs. This is in agreement with the study of Nguyen et al.
(2003) demonstrating a 260% increase in 6/ 3 2 -like binding in the NAc of rats treated
with nicotine for two weeks (Nguyen et al., 2004).

Another important finding in the present work is that the magnitude of nicotine-
induced upregulation is similar for the low and high affinity binding sites. This is in contrast
with the previous studies in rodents, showing typically minor changes in the low affinity
binding versus high affinity binding (Pauly et al., 1991; Sparks and Pauly, 1999; Mugnaini et
al., 2002). The long period of nicotine exposure in our study may underlie this difference
and we hypothesize that the duration of nicotine administration is a critical point to be
considered in nicotine research. In support of our hypothesis, the magnitude of nAChR
upregulation in some of the human post-mortem studies has been much greater than in
rodent studies, which has been suggested to be due to a longer exposure to nicotine in
humans than in rodents (Gentry and Lukas, 2002).

To compare the regulation of low affinity binding to the high affinity binding,
[3H]epibatidine binding studies were carried out in mice treated with nicotine for 7 weeks.
We found a significant increase in [3H]epibatidine binding in the hippocampus, midbrain and
cortex. No significant increase in the [3H]epibatidine binding was detected in the striatum.
These data are in line with previous studies in mice (Marks et al., 1985; Collins et al., 1989;
Pauly et al., 1991; Sparks and Pauly, 1999). Furthermore, similarly to studies by Marks et
al. (1983, 1993), the high affinity nicotine binding in the mouse striatum remained
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unchanged in response to chronic nicotine. To our surprise the increase in [3H]epibatidine
binding was only significant after 48-h, but not after 24-h withdrawal. There may be several
explanations to this. Firstly, the concentration of [3H]epibatidine used in the binding
experiments was rather high (1 nM), and it is most likely able to label also other subtypes of
nAChRs than 4 2-nAChRs (Kd  0.01-0.09 nM), such as those containing 3 subunits
(Kd 0.01-4.9 nM). The labelling of 3 subunits containing nAChRs, in addition to 4 2-
nAChRs, might have resulted in a smaller difference between the control and nicotine
treated mice since the 3-containing nAChRs have been shown to be more resistant to
upregulation (Peng et al., 1997). Secondly, the mice were withdrawn from nicotine for 24 or
48 h to ensure that there was no nicotine left in the brains of mice to interfere with binding
assay. This may not be necessary and if the binding experiments were carried out directly
after the nicotine treatment, the [3H]epibatidine binding results could have been more clear.
It must be pointed out that there was a tendency towards upregulation also after 24 h of
withdrawal in the midbrain and hippocampus, and by increasing the number of animals this
difference could have reached statistical significance.

6.2 Nicotine-evoked 7-nAChR upregulation and the role of cAMP and PKC

One of the important aspects concerning the upregulation studies is the uncertainty about
what is actually being measured by nAChR radioligand binding assay. Although recent
studies have examined how internal pools of partially- or fully assembled nAChRs and cell
surface nAChRs are affected by nicotine in vitro, the in vivo data remain very limited
(Gentry and Lukas, 2002). It is also notable, that the studies on nAChR upregulation
mechanisms have concentrated on examining the upregulation of 4 2-nAChRs and the
knowledge of the 7-nAChR upregulation is unclear.

The aim of the present study was to examine the role of different second
messenger systems involved in the nicotine-induced upregulation of human neuronal 7-
nAChRs. Three major findings arise from this study. Firstly, nicotine is able to induce
accumulation of cAMP during long-term treatment (24-48 h) and that the cAMP signalling
affects the upregulation of 7-nAChRs. Secondly, PKC is essential for the basal expression
of 7-nAChRs in the cells used in the present study, but it also seems to be a mediator in
the nicotine-evoked upregulation of 7-nAChRs. Thirdly, the regulation of the number of
homomeric 7-nAChRs may be different than that of heteromeric nAChRs.

The observed accumulation of cAMP by long-term nicotine treatment is in line with
the study by Gueorguiev et al. (1999) where nicotine (200 M) for 24 h was found to
increase cellular cAMP levels in PC12 cells expressing several types of nAChRs, including

7-nAChRs. The mechanism underlying the increased level of cAMP may result from an
increased activity or expression of AC. Another mechanism could be a decrease in the
phosphodiesterase activity or expression. Indeed, nicotine exposure for 2 weeks for young
rats augments the activity of AC in several brain regions (Abreu-Villaca et al., 2004).
Furthermore, a recent study showed that chronic nicotine decreases the mRNA levels of
PDE4 phosphodiesterases (Polesskaya et al., 2007). Thus, changes in both AC and PDE
activity and/or expression may have resulted in nicotine-induced accumulation of cAMP in
SH-EP1-h 7 cells. These changes are likely to occur through indirect regulation of AC or
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PDE, for example through transcriptional changes, since nicotine did not acutely elicit
significant changes in cAMP levels.

Next, we were interested in studying whether cAMP could mediate the increase in
the number of 7-nAChRs by nicotine. We found that the enhancement of cAMP signalling
per se did not affect the 7-nAChR levels in the SH-EP1-h 7 cells. Instead, the nicotine-
induced 7-upregulation was markedly potentiated by enhancing the cAMP signalling within
these cells. This suggests that the potentiation of upregulation by cAMP requires nicotine.
Recent studies on the mechanisms of 4 2-upregulation suggest that intracellular nAChR
precursors in the endoplasmic reticulum are the direct pharmacological targets of nicotine
(Harkness and Millar, 2002; Sallette et al., 2005; Corringer et al., 2006). That upregulation
can be induced by nAChR antagonists (Molinari et  al., 1998) support the theory that the
upregulation does not result from the activation of nAChRs. Furthermore, Rothhut et al.
(1996) showed that both 8-bromo-cAMP and forskolin induce increase in the number of

2-nAChRs through a different mechanism than nicotine. If the 7-nAChRs are
upregulated by a direct action of nicotine on immature 7-nAChRs, it can explain why
cAMP itself did not modulate the number of 7-nAChRs. It would be important to futher
examine where the upregulation of 7-nAChRs takes place and what mechanism underlies
the potentiation of upregulation by enhanced cAMP signalling.

The role of PKC in the regulation of 7-nAChRs was studied using manipulation to
SH-EP1-h 7 cells that lead to a decrease or an increase in the cellular PKC levels. We
found that while PKC down-regulation abolishes the expression of 7-nAChRs in these
cells, overexpression of PKC  leads to a further potentiation of the upregulation caused by
nicotine. Nashmi et al. (2003) showed recently using fluorescence resonance energy
transfer (FRET) technique that activation of PKC  leads to an increased assembly and
transport of 4 2-nAChRs to the cell surface. Yet, the molecular target of PKC  was not
studied. However, as a conclusion from our data and the study by Nashmi et al (2003), it
seems that PKC is an important signalling molecule in the regulation of both heteromeric
and homomeric nAChRs. The roles of different PKC isoforms in the regulation of nAChR
number may vary and it would be interesting to examine whether modulation of PKC
activity would affect the number of 7-nAChRs.

The effects of cAMP and PKC manipulation were also studied in SH-SY5Y cells
expressing heteromeric nAChRs. We found that the heteromeric nAChRs in these cells
responded differently to the treatments than the homomeric 7-nAChRs in SH-EP1-h 7
cells. No significant change was observed after a treatment with drugs enhancing the cAMP
signalling or PKC down-regulation by a phorbol ester. Our data might indicate that the
number of homomeric and heteromeric nAChRs is differentially regulated. In agreement
with this, Gopalakrishnan et al. (1997) reported that chronic treatment with 4 -phorbol 12-
myristate 13-acetate (PMA) increases the nicotine-evoked upregulation of [3H]cytisine
binding in HEK-293 cells expressing 4 2-nAChRs, a finding opposite to what we observed
for the 7-nAChRs following a phorbol ester treatment in the present study.

One way to study the role of different kinases is to use inhibitors of these
enzymes. In the present study, we used PKA and PKC inhibitors in order to examine the
mechanism of 7-nAChR upregulation. However, both kinase inhibitor treatments led to
unexpected results. This might result from the unsuitability of these inhibitors in long-term
treatments. In addition, the non-peptide inhibitors of A and C kinases may not be specific
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enough. For instance, we found that the PKC inhibitor GF 109103X was able to induce
receptor upregulation by binding to 7-nAChRs. Therefore, the use of bisindolylmaleimide
kinase inhibitors warrants caution in nAChR studies.

6.3 DARPP-32 signalling in response to nicotine

In this study, the effects of nicotine on the regulation of DARPP-32 were examined ex vivo
using acute and chronic treatments in rats. A selective decrease in DARPP-32
phosphorylation at Thr34 was observed in the NAc shell at 30 min after acute nicotine
injection (0.4 mg/kg). In contrast, a higher nicotine dose (0.8 mg/kg) increased pDARPP-32
both in the NAc core and shell. This dose-dependent effect is likely to reflect the amount of
dopamine released in response to different nicotine concentrations. Thus, the lower dose
might have evoked a smaller overflow of dopamine than the higher dose, resulting in
activation of low affinity dopamine D2 receptors and a decrease in DARPP-32-Thr34

phosphorylation. In contrast, the 0.8 mg/kg nicotine might have predominantly activated the
D1 receptor signalling and DARPP-32 phosphorylation at Thr34 by inducing a greater
dopamine release than 0.4 mg/kg nicotine. In accordance to our data, Zhu et al. (2005)
found that 0.8 mg/kg nicotine increases the level of pDARPP-32-Thr34 in mice.

The effects of long-term nicotine were studied using daily injections of nicotine (0.4
mg/kg, 14 days) or nicotine delivered via minipumps for 14 days. We observed that the
regulation of DARPP-32 by nicotine depends on the regimen of nicotine. Repeated daily
injections of nicotine had only minor effects on DARPP-32: a small increase in total
DARPP-32 in the dorsal striatum and NAc core was observed; whereas constant delivery of
nicotine resulted in significant increases in pDARPP-32 and total DARPP-32 levels, the
predominant effect occurring in the NAc. Thus, our results suggest that only constant
presence of nicotine is able to induce changes in DARPP-32. There are no previous studies
on the DARPP-32 regulation by chronic nicotine but similarly to our data Zhu et al. (2005)
found that a subchronic 3-day nicotine treatment increases the phosphorylation of DARPP-
32 at Thr34 in the mice striatum. Interestingly, chronic cocaine for 8 days has been shown to
induce a decrease in the levels of pDARPP-32-Thr34 in rat striatum (Bibb et al., 2001). The
opposite finding in the present study might be due to a greater release of dopamine by
cocaine or differences in the treatment period. Moreover, in the present study we were able
to measure differences in the striatal subdivisions whereas in the study by Bibb et al. (2001)
the effects of chronic cocaine were detected from whole striatum by immunoblotting. The
dorsal striatum is a large region as compared to the NAc so it is likely that the data in the
study by Bibb et al. (2001) reflects mostly the effects of cocaine in the dorsal striatum. In the
present study, we observed an increase in pDARPP-32-Thr34 also in the dorsal striatum,
but that was much less robust than the change seen in the NAc.
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6.4 Nicotine-induced transcriptional changes: The role of Elk-1 and FosB/ FosB

Nicotine as well as other psychoactive drugs induce activation of ERK1/2 and its
downstream target CREB (Valjent et  al., 2000; Brunzell et al., 2003; Rubino et  al., 2004;
Valjent et al., 2004). In addition to CREB, the Ets-like transcription factor Elk-1 is a target of
ERK1/2. Recently, cocaine was shown to activate Elk-1 and ERK1/2 in parallel (Valjent et
al., 2005). Furthermore, cocaine failed to induce activation of Elk-1 in animals in which Thr34

was mutated into a non-phosphorylatable alanine residue. In agreement with Valjent et al.
(2005), we found that acute nicotine activates Elk-1. This occurs selectively in the NAc core,
dorsal striatum and CA1 area of hippocampus. The Elk-1 activation in the NAc core was
more robust than in the dorsal striatum and occurred at all the doses of nicotine tested,
whereas in the dorsal striatum nicotine activated Elk-1 only at the lowest dose. The
selective activation of Elk-1 within the NAc core is in good agreement with a previously
reported nicotine-evoked ERK activation in this subdivision (Valjent et al., 2000). In contrast
to the NAc core, increased pElk-1 immunoreactivity in the CA1 area was only induced at the
lowest dose of nicotine (0.4 mg/kg). This differential activation of Elk-1 could reflect the
complex interplay of different nAChR subtypes (notably 2 and 7) that differ in their
sensitivities to nicotine and rates of desensitisation. To support this, Elk-1 activation was
observed in hippocampal slices only at a low nicotine concentration (1 M) but not at a high
concentration (100 M). We did not observe any effect of acute nicotine on Elk-1 in the NAc
shell or in the dentate gyrus, the other hippocampal area examined. Adaptations in nAChR
function or in nAChR-mediated neurotransmitter signalling, such as glutamatergic
neurotransmission may contribute to the regionally selective modulation of Elk-1 levels.
Indeed, the activity of Elk-1 is in close correlation with glutamatergic signalling: Elk-1
phosphorylation occurs rapidly in response to glutamate stimulation in vitro (Vanhoutte et
al., 1999) and in vivo (Sgambato et  al., 1998a). Thus, the observed regionally selective
nicotine-induced Elk-1 activation could result from greater glutamatergic activation in those
areas as compared to the regions where no nicotine-evoked changes were detected.

The chronic nicotine treatments via repeated daily injections (intermittent) or
minipumps (continuous) for two weeks did not elicit any changes to phosphorylation state of
Elk-1. Thus, the neurons in these areas had adapted to the chronic presence of nicotine. In
accordance with our data, chronic oral nicotine failed to activate ERK1/2 in the mouse NAc
or amygdala (Brunzell et  al., 2003). Interestingly, both chronic regimes led to a selective
increase in the levels of total Elk-1 protein in the NAc core and CA1 area. The
transcriptional regulation of Elk-1 is unclear, but the increase in total Elk-1 levels could
reflect transcription or translation of new protein or enhanced protein stability. Recently,
cocaine-induced conditioned place preference was found to be associated with the
activation of ERK1/2, Elk-1 and Fos in the NAc core but not in shell (Miller and Marshall,
2005). Thus, our data is in good agreement with this showing a specific effect of nicotine in
the core of NAc and suggesting a possible role for Elk-1 in the development of addiction.
The effect of chronic nicotine in the levels of total Elk-1 were back to the level of controls
within 1-3 days, suggesting that the neurons adjust rapidly to the absence of nicotine.
Nicotine’s other effects such as the improvement of learning and memory might involve the
transcription factor Elk-1 based on the changes seen in the hippocampus, the key area in
the cognitive functions.
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The expression of FosB/ FosB is induced within hours as a response to an acute
drug exposure (Nestler et al., 2001). Therefore, it was expected that at 30 min time point
studied, FosB/ FosB immunoreactivity would remain unchanged following a single systemic
nicotine injection. However, chronic treatment with drugs of abuse has been proposed to
lead to a persistent expression and accumulation of FosB in the NAc and dorsal striatum.
The strongest evidence of this FosB accumulation comes from cocaine (Kelz et al., 1999)
and morphine studies (Muller and Unterwald, 2005). For further support for the role of

FosB in mediating the long-term effects of abused drugs, a recent study demonstrated a
connection between FosB and reward by using overexpression of FosB in the NAc
(Zachariou et al., 2006). In the present study, we found that sustained nicotine exposure
predominantly activates FosB/ FosB in the dorsal striatum, accompanied by an increase in
the NAc core, while repeated intermittent injections selectively increased FosB/ FosB in the
latter area. These results agree well with a recent study of Marttila (2006), in which Wistar
rats that received nicotine (0.5 mg/kg) once daily for five days exhibited higher levels of
FosB/ FosB in the NAc but not in the dorsal striatum. These data are consistent with a
greater sensitivity to nicotine of the mesoaccumbens pathway, which results in sensitisation
of dopaminergic neurons projecting to the NAc (Benwell and Balfour, 1997). As compared
to Elk-1 the regulation of FosB/ FosB is likely to be more dependent on dopaminergic
signalling since in DARPP-32 knockout mice d-amphetamine-elicited increases in
FosB/ FosB are diminished (Fienberg et al., 1998).
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7 SUMMARY AND CONCLUSIONS

The aim of the present study was to examine the effects of nicotine on the regulation of 7-
nAChRs and intracellular pathways focus being on different second messengers and
transcription factors. The major findings and conclusions are as follows:

 Chronic oral nicotine upregulates the 7-nAChRs in the mice brain in a region and time
dependent manner.

 Nicotine is able to increase the intracellular levels of cAMP in cell cultures.
 The basal regulation of 7-nAChR number is dependent on PKC and the increased

number of 7-nAChRs by nicotine is potentiated by compounds elevating cellular
cAMP signalling. Homomeric and heteromeric nAChRs are differentially affected by
cAMP and PKC.

 Acute nicotine regulates the activity of dopamine and cAMP regulated phosphoprotein
DARPP-32 in the rat striatal areas in a dose-dependent manner. Also chronic nicotine,
particularly when administered continuously, increases the levels of activated DARPP-
32 and its total protein with prominent effect seen in the NAc core. These data suggest
that nicotine shares similar properties with other addictive drugs and further support the
role of DARPP-32 as a key signalling molecule in the mediation of the long-term effects
of drugs of abuse.

 Acute nicotine is able to activate the transcription factor Elk-1 but not FosB/ FosB in
the rat brain. The Elk-1 induction occurs selectively in the NAc core similar to cocaine
but also in the CA1 area of hippocampus. Chronic nicotine elicits an increase in total
Elk-1 protein levels in the same areas as acute nicotine but in contrast to acute
nicotine, chronic nicotine lacks the effect on the activity state of Elk-1. The effects of
chronic nicotine on FosB/ FosB are complex and dependent on the administration
regimen of nicotine. However, long-term exposure to nicotine induces an increase in
FosB/ FosB levels in the striatal subdivisions is in agreement with previous studies
with other drugs of abuse.

In conclusion, these studies provide new data of the 7-nAChR regulation by nicotine
at the cellular and molecular level. Studies on distinct functions of nAChR subtypes are of
great importance in order to design selective ligands for the treatment of addiction and
other diseases where nAChRs play a role. The 7-nAChR is an important subject for the
nicotinic studies since it is widely expressed in the brain and has an implication in addiction
and a number of other neuropathological conditions. The findings of the present study also
provide evidence that nicotine’s downstream effects are mediated through similar
intracellular pathways as other addictive drugs. However, the effects of nicotine on cell
signalling molecules and transcriptional events are multifactorial in time, level and brain
region making it very difficult to predict what are the critical changes for the nicotine’s
behavioural effects to occur. Thus, further studies are needed to trace nicotine’s path from
genes to behaviour.
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