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Abstract Rationale: Nicotine affects many aspects of
human cognition, including attention and memory. Acti-
vation of nicotinic acetylcholine receptors (nAChRs) in
neuronal networks modulates activity and information
processing during cognitive tasks, which can be observed
in electroencephalograms (EEGs) and functional magnetic
resonance imaging studies. Objectives: In this review, we
will address aspects of nAChR functioning as well as
synaptic and cellular modulation important for nicotinic
impact on neuronal networks that ultimately underlie its
effects on cognition. Although we will focus on general
mechanisms, an emphasis will be put on attention behavior
and nicotinic modulation of prefrontal cortex. In addition,
we will discuss how nicotinic effects at the neuronal level
could be related to its effects on the cognitive level
through the study of electrical oscillations as observed in
EEGs and brain slices. Results/Conclusions: Very little is
known about mechanisms of how nAChR activation leads
to a modification of electrical oscillation frequencies in
EEGs. The results of studies using pharmacological inter-
ventions and transgenic animals implicate some nAChR
types in aspects of cognition, but neuronal mechanisms are
only poorly understood. We are only beginning to under-
stand how nAChR distribution in neuronal networks
impacts network functioning. Unveiling receptor and neu-
ronal mechanisms important for nicotinic modulation of
cognition will be instrumental for treatments of human
disorders in which cholinergic signaling have been impli-
cated, such as schizophrenia, attention deficit/hyperactiv-
ity disorder, and addiction.
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Introduction

Nicotine has been shown to improve cognitive function in
humans and other primates as well as in rodents (Levin and
Simon 1998; Rezvani and Levin 2001; Stein et al. 1998;
Stolerman et al. 1995). Particularly, performance on atten-
tion and working memory tasks is improved by nicotine.
Most likely, this results from nicotinic effects on multiple
brain areas, such as hippocampus, amygdala, and prefron-
tal cortex (PFC). One of the brain areas that has been
implicated to be involved in attention and working memory
is a collection of brain areas in the frontal lobe that covers
about 30% of the entire human cortex (Groenewegen and
Uylings 2000): the PFC. The PFC is also involved in
executive control over behavior, and it has been argued
that these PFC functions combine to temporally orga-
nize goal-directed behavior (Everitt et al. 2001; Fuster
2000a,b; Goldman-Rakic 1995; Miller 2000). By acting
on nicotinic acetylcholine receptors (nAChRs) in the PFC,
nicotine activates the PFC neuronal network (Gil et al.
1997; Gioanni et al. 1999; Lambe et al. 2003; Vidal and
Changeux 1993).

In an electroencephalogram (EEG) from human or ro-
dent brain, oscillatory electrical activity at different fre-
quencies can be distinguished. These oscillations are the
result of synchronized activity in the cortical neuronal
network in which interneurons play an instrumental role
(Buhl et al. 1998; Cobb et al. 1995; Fisahn et al. 1998;
Whittington et al. 1995). The different frequencies corre-
spond to different behavioral states and cognitive process-
ing. Nicotine has been shown to increase EEG frequencies
associated with arousal and reduce those associated with
relaxed wakefulness (Kadoya et al. 1994; Lindgren et al.
1999). In addition, functional magnetic resonance imaging
(fMRI) studies have shown increased activation of frontal
networks by nicotine administration during attention tasks



(Lawrence et al. 2002). These data together suggest that
nicotine’s effects on cognition result from a subtle mod-
ulation of the cortical network whereby synchronized ac-
tivity at higher frequencies is facilitated. Here we will
review recent neurophysiological studies on nicotinic mod-
ulation of neuronal networks, with a particular focus on the
PFC. This literature survey shows that, depending on the
brain area, nicotine modulates multiple neuron types within
a given network, often by activating cellular- and subcel-
lular-specific nAChR subtypes, each with their own acti-
vation and desensitization properties. We argue that this
type of complex neuronal network modulation by nicotine
is a general phenomenon in the brain, and we will discuss
how this may underlie the effects of nicotine on EEG
signals and cognition. Given the limited amount of data
available in the literature on nicotinic mechanisms at the
cellular and network level in the PFC, we will present a
putative model of nicotinic modulation of the PFC circuit-
ry partly based on data obtained from other brain areas
involved in cognitive effects of nicotine, such as hippo-
campus, amygdala, and ventral tegmental area (VTA).

Nicotine enhances PFC-dependent cognition

Tobacco and nicotine have complex effects on human per-
formance, determined in part by whether human subjects
are in a state of tobacco deprivation. In nicotine-deprived
individuals, an impaired attention and cognitive ability
may become apparent within 12 h of smoking cessation,
whereas nicotine administration (either via smoking or via
transdermal deposition) may reverse such deficits to pre-
abstinence levels (Ernst et al. 2001). In a variety of human
disorders, such as attention deficit/hyperactivity disorder
(ADHD) and schizophrenia, nicotinic drugs may act ben-
eficial on attention and sensory gating (Newhouse et al.
2004; Potter and Newhouse 2004). A significantly higher
percentage of adults and adolescents that have been di-
agnosed with ADHD smoke compared with unaffected
human subjects and have a lower chance of quitting smok-
ing (Lambert and Hartsough 1998). Also, among schizo-
phrenic patients, smoking rates are much higher (90%)
compared to the general population (20-30%) (Lohr and
Flynn 1992; Picciotto et al. 2000), and nicotine may ame-
liorate some of the major cognitive deficits associated with
this disease (Martin et al. 2004; Newhouse et al. 2004).
Although this review focuses on nicotinic mechanisms, it
should be pointed out that tobacco smoke actually contains
many more substances than nicotine alone, which could
have effects on cognition as well.

Nicotine, the addictive substance in tobacco, may exert
its cognitive effects by modulating activity in one or more
cortical regions associated with mechanisms of sustained
attention (Coull 1998; Sarter et al. 2001), including the
prefrontal, parietal, and occipital cortex (Cabeza and
Nyberg 2000; Rueckert and Grafman 1996, 1998), but the
amygdala and hippocampus also play a role (Levin 2002;
Newhouse et al. 2004). This is in line with the idea that
sustained attention is crucially dependent on the ascending
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cholinergic (ACh) system originating in the basal fore-
brain and projecting to most of the cortex (Everitt and
Robbins 1997; Muir et al. 1995). fMRI studies have
shown that nicotine improves attention in smokers by
extra activation of the cortical areas traditionally associat-
ed with visual attention, arousal, and motor activation
(Lawrence et al. 2002). This is particularly true for schizo-
phrenic patients who smoke (Jacobsen et al. 2004). Also,
in nonsmokers, nicotine appears to produce an increased
fMRI signal in the anterior cingulate, superior frontal cor-
tex, and superior parietal cortex, which suggests that nic-
otine may alter neuronal activity in a distributed neural
network associated with online task monitoring and atten-
tion and arousal (Kumari et al. 2003).

The putative effects of nicotine on cognition has also
been observed in smokers as well as nonsmokers in a series
of other cognitive performance tests, including those for
visual attention (two-letter search task) and working mem-
ory (N-back tasks) (Ernst et al. 2001). It is interesting to
note that working memory performance appeared to be
related to smoking history (i.e., smokers performed most
poorly and never-smokers best). Thus, trait-like differences
in some cognitive domains, such as working memory, may
exist in smokers vs. nonsmokers, which in turn may be
long-term effects or etiological factors related to smoking
(Ernst et al. 2001).

It is debated whether improved performance associated
with relief from nicotine in abstinent smokers should be
considered as cognitive enhancement (Newhouse et al.
2004). Indeed, many studies show performance impair-
ment by nicotine in nonsmokers (Newhouse et al. 2004). In
line with this, chronic cigarette smoking generally does
not improve cognitive processing (Ascioglu et al. 2004),
whereas nicotine deprivation tends to affect cognitive
performance (Havermans et al. 2003). It is likely that tran-
sient exposure and long-term exposure to nicotine affect
neuronal circuits in the brain very differently.

To understand how nicotine exerts these effects on cog-
nitive performance, its short-term and long-term impacts on
neuronal circuitries involved have to be assessed. However,
we are only beginning to understand some of the processes
involved. Several factors can be distinguished in how nic-
otine can alter neuronal network properties and information
processing, and these factors press for an analysis at mul-
tiple levels of organization. First, how a neuronal network
will be affected by nAChR activation depends on which
neurons in the network express nAChRs: interneurons,
pyramidal neurons, or other types of neurons (Alkondon
and Albuquerque 2004; Ji et al. 2001; Mansvelder and
McGehee 2002). Second, the subcellular location where
these receptors are expressed will strongly impact neu-
ronal and synaptic modulation (MacDermott et al. 1999;
McGehee and Role 1996; Wonnacott et al. 2005). The
receptors can be located on the cell body, presynaptic ter-
minals, or at postsynaptic sites on dendrites. Third, the type
or types of nAChRs that are expressed will determine how
the network is affected by nicotinic modulation: activation
and desensitization kinetics, agonist sensitivity, and single
channel conductance (Gotti and Clementi 2004; Hogg et al.
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2003; Klink et al. 2001; Wooltorton et al. 2003). Fourth,
whether cholinergic signaling in the network occurs
through direct synaptic or indirect nonsynaptic transmis-
sion will also impact nicotinic modulation. These factors
will all combine to alter neuronal network properties.

Nicotinic acetylcholine receptors

nAChRs are cation-selective, ligand-gated channels whose
endogenous agonist is acetylcholine (ACh). Neuronal
nAChRs are pentameric combinations of 12 genetically
distinct homologous subunits (x2—x10 and (32—34), each
combination potentially having a distinct single channel
conductance, agonist sensitivity, and activation/desensiti-
zation kinetics (McGehee and Role 1995). Most nAChRs
are assumed to be heterooligomeric (i.e., composed from
various combinations of « and (3 subunits), and there is
evidence that some « subunits also form homooligomeric
proteins (Drisdel and Green 2000; McGehee and Role
1995). An open nicotinic receptor channel allows the
movement of Na*, K', and Ca?" across the cell membrane,
and at resting membrane potential of a typical cortical cell,
this manifests as a depolarizing current. The calcium
permeability of nAChRs is generally thought to play a
crucial role in the central effects of nicotine (Dajas-
Bailador and Wonnacott 2004), and it has been long es-
tablished that the subunit composition of the nAChRs
influences their intrinsic calcium permeability (McGehee
and Role 1995). Indeed, a significant proportion of the
total charge passing through nAChRs is carried by cal-
cium; in heteromeric nAChRs composed of « and 3 sub-
units, the fractional calcium current is 2—-5%. Homomeric
o7 nAChRs exhibit a much larger fractional calcium cur-
rent (6—-12%) that appears similar to NMDA receptors
(Burnashev 1998; Burnashev et al. 1995; Fucile 2004).
Early on, in nicotine-binding studies in the brain, two
distinct nicotine-binding sites in the brain were recog-
nized with very different affinities. The o432-containing
nAChRs were identified as the high-affinity nicotine-
binding site, whereas the neuronal bungarotoxin («BTX)
sensitive «7-containing nAChRs represent the low-affinity
nicotine-binding sites (Couturier et al. 1990; McGehee and
Role 1995; Seguela et al. 1993). Analysis of mRNA con-
tent of neurons showed that neurons in different brain areas
express many more subunits (Charpantier et al. 1998;
Klink et al. 2001; Porter et al. 1999). Recently, in studies
using sub-micromolar concentrations of nicotine, concen-
trations experienced by smokers, it has become clear that
the physiological importance of high- and low-affinity
nicotine-binding sites may not so much be found in
the activation properties of nAChRs but more in desensi-
tization properties (Mansvelder and McGehee 2002;
Wooltorton et al. 2003). At these low nicotine concentra-
tions (100-250 nM), both o432 nAChRs and «7 nAChRs
are activated, but «432 nAChRs desensitize much more.
At 250 nM o432 nAChRs are completely desensitized
within minutes, whereas &7 nAChRs are not and remain

available for activation (Mansvelder and McGehee 2002;
Wooltorton et al. 2003). Thus, both activation and de-
sensitization properties have to be considered when trying
to understand nicotinic modulation of neuronal networks.

Synaptic and nonsynaptic cholinergic transmission

Neurons can communicate via both synaptic and non-
synaptic transmission. The percentage of GABAergic and
glutamatergic axons that terminate on a postsynaptic site
approaches 100% (Seguela et al. 1990; Umbriaco et al.
1994, 1995). In contrast, ultrastructural analyses of mono-
aminergic, including acetylcholinergic, nerve terminals in
the cortex (Audet et al. 1988, 1989) and hippocampus (Vizi
and Kiss 1998) show that most of these nerve terminals do
not make contact with a postsynaptic density. These
terminals are equipped for vesicle release despite not
making direct synaptic contacts (Descarries and Mechawar
2000; Seguela et al. 1989, 1990).

Cholinergic transmission is present in the early devel-
oping rat parietal cortex already at birth (Descarries et al.
1997; Mechawar and Descarries 2001). In the first 2 weeks
after birth, the cholinergic innervation can be seen to
increase greatly both in number of varicosities and number
of branches per axon. However, the association of these
new cholinergic terminals to postsynaptic densities (<15%)
remains constant throughout adulthood (Mechawar et al.
2002). These studies point to a role for cholinergic volume
transmission during development of the cortex. Choliner-
gic innervation has been reported to be almost exclusively
extrasynaptic in several areas of the rat brain including the
parietal cortex (Mechawar et al. 2002; Umbriaco et al.
1994), hippocampus (Umbriaco et al. 1995), neostriatum
(Contant et al. 1996), visual sensory, and parietal cortices
(Avendano et al. 1996; Turrini et al. 2001). Recently, it
was shown that presynaptic nAChRs on glutamatergic ter-
minals are not associated with cholinergic synapses, which
is consistent with the paracrine delivery of ACh (Jones
and Wonnacott 2004). The coexistence of synaptic and
nonsynaptic cholinergic transmission in the central ner-
vous system (CNS) has wide-ranging implications for
our understanding of how nicotinic receptors affect neu-
ronal networks, especially taking differences in activation
and desensitization properties of nAChRs into account
(Mansvelder et al. 2002; Quick and Lester 2002). In non-
synaptic transmission, the ACh concentration will be
much lower and the buildup of these concentrations will
be much slower than in synapses. Therefore, the rate of
activation and desensitization of nAChRs will be very dif-
ferent under these conditions. As a consequence, «7-
containing nAChRs can desensitize much less under these
concentration regimes than, for instance, o432 nAChRs
(Mansvelder et al. 2002; Quick and Lester 2002;
Wooltorton et al. 2003). This is surprising because 7-
containing nAChRs desensitize very rapidly during fast
application of agonists, whereas 432 nAChRs desensitize
much less under those conditions.



Location of nicotinic receptors in hippocampus,
amygdala, and cortex

Nicotinic receptors are ion channels, and as such, their
subcellular localization is critical to understanding their
physiological impact on neuronal activity. nAChRs have
been shown to modulate presynaptic glutamate release
(Gray et al. 1996; MacDermott et al. 1999; McGehee et al.
1995; McGehee and Role 1996). In addition, nAChRs
can modulate GABAergic transmission in multiple brain
areas, such as VTA, thalamus, cortex, and hippocampus
(Alkondon et al. 1997, 2000; Fisher et al. 1998; Lena and
Changeux 1997; Lena et al. 1993; Mansvelder and
McGehee 2002; Radcliffe et al. 1999). Modulation of
y-aminobutyric acid (GABA) neurons by nAChRs has
been most extensively studied in the hippocampus, where
GABAergic interneurons express multiple nAChR sub-
types (Alkondon and Albuquerque 2004; Alkondon et al.
1997, 1999; Frazier et al. 1998; Ji and Dani 2000; Jones
and Yakel 1997; McQuiston and Madison 1999). There is
evidence for nAChR expression both on presynaptic ter-
minals, where they directly modulate GABA release, in-
dependent of action potential firing (Fisher et al. 1998;
Lu et al. 1999; Radcliffe et al. 1999), and away from syn-
aptic terminals, where modulation of GABA release is de-
pendent on action potential firing (Alkondon et al. 1997,
1999; Frazier et al. 1998). The expression of nAChRs is
dependent on the interneuron subtype (Alkondon and
Albuquerque 2004; McQuiston and Madison 1999).

Activation of nAChRs on cortical and hippocampal
interneurons results either in inhibition or disinhibition of
pyramidal neurons (Alkondon et al. 2000; Ji and Dani
2000; Ji et al. 2001). Inhibition is likely to be induced via
nAChR-mediated increase in the GABAergic transmission
directly onto pyramidal cells. Disinhibition of pyramidal
neurons results from an increase of inhibitory GABAergic
transmission to GABAergic interneurons by activation of
nAChRs. Consequently, pyramidal neurons may receive
less GABAergic input and are disinhibited.

In the amygdala, both GABAergic and glutamatergic
transmission are enhanced by nicotine (Barazangi and Role
2001). nAChRs were found to be present on presynaptic
locations in both glutamatergic and GABAergic synapses.
Immunostaining with antibodies against different types of
nAChRs showed that in these projections, a4, «7, and 32
subunits are expressed (Barazangi and Role 2001). Most
likely, the presynaptic nAChRs on the projections from the
olfactory bulb play a role in the working memory im-
pairments observed when o432 and «7 antagonists are
locally infused into the amygdala (Levin 2002).

There are significantly less data on nicotinic modulation
of different types of neurons in the PFC. As in other parts
of the neocortex, the PFC has a layered structure in which
most of the cells are pyramidal. In rodents, several pyra-
midal and interneuron cell types have been identified
physiologically, morphologically, as well as immunocyto-
chemically (Gabbott et al. 1997, 2003; Kawaguchi 1993;
1995; Kawaguchi and Kondo 2002). In rat, thalamocortical
inputs impinge on pyramidal neurons in layer V as well as
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in more superficial layers in the PFC. These inputs have
been shown to be modulated by o4 32-containing nAChRs
(Gil et al. 1997; Gioanni et al. 1999; Lambe et al. 2003;
Vidal and Changeux 1993). Nicotinic modulation of thal-
amocortical projections by 42-containing nAChRs ap-
pears to be a general phenomenon in the cortex (Metherate
2004). If glutamatergic thalamocortical projections also
terminate on interneurons in the PFC, these may also be
modulated by a4 32-containing nAChRs (Fig. 1a).

An elegant study in the rat motor cortex revealed distinct
interneuron subtypes, which both express nAChR mRNA
for a4, o5, and (32 subunits and showed somatic nicotinic
currents (Porter et al. 1999). Pyramidal cells, as well as
interneurons expressing either parvalbumin or somatostat-
in, showed no effect of agonist application in this study.
Interneurons expressing vasoactive intestinal peptide (VIP)
and cholecystokinin (CCK) did show nicotinic currents,
and pharmacological analysis implicated non-«7 nAChRs.
In human cerebral cortical slices, bipolar and multipolar
interneurons exhibited either «7 or 432 nAChR-me-
diated currents (Alkondon et al. 2000). Rat PFC inter-
neurons have been characterized extensively in medial
and lateral agranular cortex and anterior cingulate cortex
(Kawaguchi and Kubota 1996, 1997), but nicotinic effects
on these neurons have not been tested. With specific
interneuron subtypes and thalamic inputs to pyramidal cells
regulated by nAChRs, as in other cortical areas, nicotinic
modulation of PFC neuronal networks may be similar to
that in other cortical areas and hippocampus (Fig. 1a). In
this way, nicotinic signaling could serve to fine-tune mi-
crocircuit function through inhibitory and disinhibitory
mechanisms. However, this conclusion awaits experimen-
tal testing.

An interesting but seldom addressed aspect of cholin-
ergic signaling in the cortex is the role of cholinergic
interneurons in cortical microcircuit function. Cholinergic
interneurons in the nucleus accumbens (NAc) can affect
GABAergic transmission within the NAc itself via nAChR
activation (de Rover et al. 2002). In addition, these cho-
linergic interneurons could be important in lasting changes
in microcircuitries that affect animal behavior, because
their intrinsic firing properties are altered during behavioral
sensitization to amphetamine (de Rover et al. 2004). Fur-
thermore, it is known from immunohistochemical data that
a small fraction of bipolar interneurons in layer II/I1I of the
sensory and motor cortices are cholinergic (Houser et al.
1985). A more recent study using single cell reverse tran-
scriptase polymerase chain reaction (RT-PCR) found a
subgroup of cortical interneurons that were positive for
vasoactive intestinal protein and calretinin, and were also
positive for choline acetyltransferase (ChAT) transcripts
(Cauli et al. 1997). These same VIP-positive cells were
shown to be the main interneuron subtype also expressing
nicotinic currents and nAChR mRNA (Porter et al. 1999).
In addition, the NINDS GENSAT BAC Transgenics Proj-
ect found ChAT-positive staining in almost every part
of the cortex, including the PFC (http://www.gensat.org/
makeconnection.jsp). The putative presence of choliner-
gic interneurons in the PFC introduces the possibility of
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Fig. 1 Putative prefrontal cortex (PFC) neuronal network model
and electrophysiological properties. a Cells are designated by
electrophysiological profile on the soma as (PYR) pyramidal, reg-
ular-spiking nonpyramidal (RSNP), irregular spiking (/R), or fast
spiking (FS). Putative connections of thalamic inputs (7) and
interneurons to layer V pyramidal neurons are indicated by “?”. In
other cortical areas, FS cells make axoaxonic synapses whereas
RSNP tend to contact dendrites. Expression of mRNA is denoted in
text next to soma as vasoactive intestinal protein (VIP), somatostatin
(8S), calretinin (CR), calbindin (CB), parvalbumin (PV), glutamic
acid decarboxylase (GAD), nAChRs, and ChAT (choline acetyl
transferase). Cells or connections with known nAChR expression
are denoted by arrows and appropriate text. b Example traces of

nicotine-induced ACh release independent of release from
cholinergic terminals that originate from lower brain areas.
Because the PFC is implicated in behavioral sensitization
(see below), intrinsic properties of cholinergic interneurons
and ACh release in the PFC could also be modified during
behavioral sensitization, as we found in the NAc (de Rover
et al. 2004).

Figure la shows a putative rodent PFC circuitry and
locations of nAChRs as found in the PFC (Alkondon et al.
2000; Lambe et al. 2003; Metherate 2004) and other cor-
tical areas. Note that functional connections and projection
areas of interneurons are currently unknown, as well as
whether interneurons express nAChRs or not. Also, which
PFC layers, let alone which neurons, in rodents express «7
nAChRs is not known.

Nicotinic ACh receptors and synaptic plasticity in VTA

In recent years, several studies in different brain areas have
revealed that effects of nicotine or ACh on synaptic con-
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extracellular field recordings in deep layers of rat mPFC. From 3-
week-old Wistar rat, coronal slices (450-um thickness) of mPFC
(infralimbic and prelimbic PFC) were prepared and extracellular
recordings started after 1 h of incubation at room temperature (0x-
ygenated ACSF containing 2 mM CaCl, and 2 mM MgCl,). In
control solution, no rhythmic activity was seen. Both application of
the cholinergic agonist carbachol (25 uM) induced oscillatory
activity, which was abolished when nicotine (10 uM) was applied in
the presence of carbachol (n=8). After washout of nicotine, car-
bachol partially restored oscillatory activity. ¢ Power spectra of
carbachol-induced oscillations and after nicotine application. Note
the peaks at 6-13 Hz in carbachol, which were absent in the
presence of nicotine

nections within neuronal networks can outlast nAChR stim-
ulation and desensitization (Dani et al. 2001; Ji et al. 2001;
Mansvelder et al. 2002; Mansvelder and McGehee 2000).
Long-term modulation of glutamatergic and GABAergic
synaptic connections adds another level of complexity to
nicotinic modulation of neuronal networks. This will be
shortly illustrated with results obtained on nicotinic mod-
ulation of reward areas. More extensive reviews on nico-
tinic modulation of VTA circuitry have appeared elsewhere
(Fagen et al. 2003; Mansvelder et al. 2003; Mansvelder and
McGehee 2002).

During initial phases of exposure to drugs of abuse and
the acquisition of addiction, neuronal networks in brain
areas involved in reward, such as the VTA, NAc, and
PFC, undergo strong adaptations that lead to behavioral
sensitization (Vanderschuren and Kalivas 2000). Lesioning
dorsomedial PFC prevented the expression of cocaine
sensitization in rats (Pierce et al. 1998; Yoshikawa et al.
1993), and blocking dopamine receptors, specifically in
medial PFC (mPFC), prevented behavioral as well as
neurochemical sensitization to cocaine (Beyer and Steketee



2002). Recently, it has become clear that drugs of abuse
have lasting effects on VTA and NAc glutamatergic syn-
apses (Mansvelder et al. 2002; Mansvelder and McGehee
2000; Saal et al. 2003; Thomas et al. 2001; Ungless et al.
2001). Given the executive functions the PFC has in
behavior, which play an important role in the development
of'addiction (Everitt et al. 2001; Robbins and Everitt 1999),
studies need to be performed that address lasting changes
in PFC neuronal network that could underlie nicotine
addiction.

In the VTA, nAChRs are expressed on dopamine
neurons, GABA neurons, and glutamatergic terminals
(Champtiaux et al. 2002; Charpantier et al. 1998; Klink et
al. 2001; Mansvelder et al. 2002; Mansvelder and McGehee
2000; Pidoplichko et al. 1997, 2004). VTA dopamine neu-
rons express three pharmacologically identifiable nAChRs,
one that is likely a homomeric «7 nAChR and two that
do not contain the &7 subunit. A majority of DA neurons
express nAChRs that can be blocked by mecamylamine
(MEC), whereas less than half of the DA neurons express
«7 nAChRs (Klink et al. 2001; Pidoplichko et al. 1997,
2004; Wooltorton et al. 2003). GABA neurons in the VTA
express a similar variety of nAChR subunits. As with do-
pamine neurons, only a minority of GABA neurons ex-
press o7 nAChRs (Wooltorton et al. 2003). Most of the
VTA GABA neurons express nAChRs that most likely
contain o4 and (32 subunits, which are blocked by di-
hydro-3-erythroidine (DHRE) (Mansvelder et al. 2002).

Glutamatergic transmission onto DA neurons is en-
hanced by activation of presynaptic nAChRs (Jones and
Wonnacott 2004; Mansvelder and McGehee 2000). Inter-
estingly, cholinergic synaptic terminals were not in close
vicinity to glutamatergic terminals expressing o7-contain-
ing nAChR, consistent with a “volume” mode of cholin-
ergic signaling (Descarries et al. 1997; Jones and
Wonnacott 2004; Zoli et al. 1999). When nicotine arrives
in the VTA, it stimulates glutamatergic terminals as well as
dopamine neurons, thereby favoring conditions of pre- and
postsynaptic paired activation and a Hebbian type of
synaptic plasticity. Nicotine-induced pairing resulted in
long-term potentiation (LTP) of glutamatergic inputs
(Mansvelder and McGehee 2000). Nicotine also induced
LTP in vivo measured as an increase in AMPA/NMDA
receptor ratio (Saal et al. 2003). Together, these findings
suggest that synaptic plasticity in the VTA may be induced
after smoking a single cigarette and most likely underlies
the persistent effects of the drug on dopamine release in
the NAc and PFC.

The «7-containing nAChRs involved in this mechanism
are not desensitized significantly by low nicotine concen-
trations associated with tobacco smoking (Mansvelder et
al. 2002; Wooltorton et al. 2003). However, the non-o7
nAChRs on GABA neurons undergo rapid desensitization
within minutes after the start of nicotine exposure, and as a
consequence, reduced the inhibitory input to the dopamine
neurons (Mansvelder et al. 2002; Wooltorton et al. 2003).
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Desensitization GABA neuron nAChRs not only prevents
further activation by nicotine, it also precludes the con-
tribution of these receptors to endogenous cholinergic
transmission (Mansvelder et al. 2002). Thereby, VTA do-
pamine neurons are disinhibited by desensitization of
non-x7 type nAChRs (Mansvelder et al. 2002). Despite
their rapid desensitization properties, it was shown by using
genetically engineered mice lacking (32 subunits (Picciotto
et al. 1998) or expressing 4 subunits hypersensitive to
nicotine (Tapper et al. 2004) that these subunits are very
important for nicotine addiction.

Nicotinic ACh receptors and synaptic plasticity
in other brain areas

Currently, it is unknown whether long-term modulation of
synaptic connections by nicotine occurs within the PFC. As
a matter of fact, data on long-term modulation of synaptic
contacts by nicotine anywhere in the neocortex are lacking.
However, nicotine does modulate synaptic plasticity in
brain areas other than the VTA. In rat spinal cord, the o7
subunit containing nAChR affects the induction of synaptic
plasticity (Genzen and McGehee 2003). In the absence of
nicotine, pairing of pre- and postsynaptic activity in dorsal
horn neurons induces LTP in some of the neurons. With
nicotine, the prevalence of LTP induction was enhanced.
In the hippocampus, in a minority of the glutamatergic
synapses, nicotine induces LTP by itself, but in most of
the glutamatergic synapses, nicotine modulates the induc-
tion of synaptic plasticity (Fujii et al. 1999; Ji et al. 2001;
Mann and Greenfield 2003). Activation of postsynaptic
nAChRs on CA1 pyramidal neurons can boost short-term
plasticity into LTP in Schaffer collateral synapses (Ji et al.
2001). Activating nAChRs on interneurons that synapse
on pyramidal neurons can prevent LTP in glutamatergic
synapses (Ji et al. 2001). Thus, timing and localization of
nAChR activity in the hippocampus can determine whether
LTP will occur or not. These types of nicotinic mechanisms
on LTP induction may contribute to the well-known effects
of nicotine on learning and memory. Because CA1 pyr-
amidal neurons in the ventral hippocampus project to the
PFC (Jay and Witter 1991), modulation of synaptic plas-
ticity in the CA1 area by nicotine may participate in the
effects of nicotine on attention performance.

In developing immature hippocampus, nicotinic recep-
tors containing 7 subunits can activate “silent” synapses
that show a low probability of being active and turn them
into high probability synapses (Maggi et al. 2003). Schaffer
collateral to CA1 synapses that have a high probability of
being active during development can be down-regulated
by «7- and (2-containing nAChRs (Maggi et al. 2004).
These findings suggest that nicotinic receptors also can
play a role during postnatal development of excitatory
glutamatergic connections and can contribute to shaping
the hippocampal neuronal circuitry.
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Effect of nicotine on neuronal networks: brain slices

Alterations in neuronal network properties by nicotinic
modulation of excitatory and inhibitory neurons will result
in changes in overall network activity, which ultimately
underlies the alterations in cognitive performance observed
with nicotine. Neuronal network activity can be studied in
brain slices in vitro but can also be measured in EEG
recordings in vivo. In both cases, a summation of excit-
atory and inhibitory currents following synaptic transmis-
sion in cortical or hippocampal networks is monitored.
When both excitatory and inhibitory activities occur in an
alternate synchronized fashion, electrical oscillations are
observed (Buhl et al. 1998; Cobb et al. 1995; Fisahn et al.
1998; Traub et al. 1999; Whittington et al. 1995). In the
hippocampus, fast network oscillations can result from
recurrent synaptic feedback loops between pyramidal neu-
rons and fast-spiking interneurons that target perisomatic
regions of pyramidal neurons (Mann and Paulsen 2005;
Mann et al. 2005). These GABAergic interneurons can
provide rhythmic inhibition in pyramidal neurons, and they
are synchronized by recurrent excitation. Pyramidal neu-
rons and interneurons will fire action potentials phase-
locked to the field oscillations, but at different phases of the
oscillation. As a result, inhibitory and excitatory synaptic
potentials will also occur time-locked to the field oscil-
lation (Fisahn et al. 1998). Therefore, the location of
nAChRs in these synaptically connected loops of neurons
is going to determine how network oscillations are affected
by nicotine. For instance, activation of nAChRs on fast-
spiking interneurons could increase the excitability of these
neurons such that they start to fire with shorter intervals.
This may increase the frequency of field oscillations or
increase the likelihood that the network starts to oscillate
due to postinhibitory rebound activity in pyramidal neu-
rons. However, the opposite outcome could also be imag-
ined. If increased excitability of GABAergic interneurons
occurs to the extent that pyramidal neurons can no longer
escape synaptic inhibition, oscillatory network activity
might be suppressed.

A human EEG can show synchronous network activity
of multiple frequencies and different duration, both short
bursts of synchronous activity such as high-voltage spin-
dles (HVSs), as well as stable baseline oscillations. Various
behavioral states such as arousal and cognitive activity are
correlated with specific frequency bands in EEGs. In
awake cats, for instance, 3545 Hz (gamma-band) activity
occurs during focused attention (Bouyer et al. 1987).

Electrical oscillations in field potential recordings are
also observed in brain slices. From in vitro experiments, it
became apparent that synchronized activity by networks of
interneurons as well as by networks of pyramidal neurons
drives oscillations (Beierlein et al. 2000; Blatow et al.
2003; Fisahn et al. 1998; Traub et al. 1999; Whittington
et al. 1995). In vitro experiments enable the study of neu-
ronal and synaptic mechanisms that underlie nicotinic
modulation of network synchronization and oscillations
that potentially correspond to cognitive states in vivo. Os-
cillations can be induced in brain slices by metabotropic

glutamate receptor (mGluR) agonists, such as DHPG, and
muscarinic agonists (Buhl et al. 1998; Fisahn et al. 1998;
Whittington et al. 1995). Current studies in our laboratory
indicate that this also applies to rat mPFC slices (Fig. 1Db, c).
Interestingly, during visual attention tasks, ACh release in
the mPFC increases (Passetti et al. 2000), suggesting that
cholinergic signaling, network oscillations, and attention
are correlated.

Whether nicotine induces network oscillations by itself
is not settled. One study reported that nicotine did not in-
duce hippocampal oscillations (Williams and Kauer 1997),
but recently, it was suggested that nicotine may be able to
induce oscillations in the hippocampus (Murray et al.
2003). Part of these oscillations could be blocked by the
muscarinic antagonist atropine, but slow rhythmic activity
was atropine insensitive. In a preliminary set of experi-
ments, we find that 300 nM nicotine suppresses carbachol-
induced oscillations (6—13 Hz) in brain slices of rat mPFC
(n=5; Fig. 1b, ¢), in line with nicotinic effects on rodent
EEG (see below). It will be interesting to find out what
mechanisms underlie this reduction of network oscillations
and to investigate whether network oscillations induced by
mGlIuR agonists instead of carbachol could be affected
differently by nicotine.

Effect of nicotine on neuronal networks: EEG

Analysis of EEG data shows that specific frequency bands
are correlated with different behavioral states. Delta and
theta oscillations are prominent during slow-wave sleep
(delta<4 Hz, theta 4—7 Hz), alpha oscillations are asso-
ciated with relaxed wakefulness often recorded with the
subject’s eyes closed (alpha 8—14 Hz), and beta and gamma
oscillations are seen during intense mental activity (beta
14-30 Hz, gamma 30-90 Hz). Administration of nicotine
through cigarettes or dermal patches modulates cortical
activity in EEG recordings. In both naive subjects (Foulds
et al. 1994) and smoking subjects that abstained from
smoking for several hours (Kadoya et al. 1994; Lindgren
et al. 1999; Roth and Battig 1991), nicotine induced an
acceleration of synchronized cortical activity with an in-
crease of the dominant frequency in the alpha band. The
power of lower frequency bands decreased (Kadoya et al.
1994; Lindgren et al. 1999). In rat EEG studies, moderate
to high doses of nicotine (0.2-0.4 mg/kg s.c.) decreased not
only the power of lower frequency bands theta and delta,
but also beta frequencies (Ferger and Kuschinsky 1997).
This is partly consistent with human EEG data (Kadoya
et al. 1994; Lindgren et al. 1999), but changes in alpha
frequencies were not addressed. Possibly, concentration
profiles of nicotine reached in the brain when adminis-
tered by patch or smoking in humans are different from
subcutaneous injection in rats. However, in rat mPFC
slices, oscillations are also reduced by low concentrations
of nicotine (Fig. 1b, c).

It is also clear now that the effects of quitting smoking on
EEG activation and attention may last for several weeks
and are likely to be more severe with, for instance, stress



(Gilbert et al. 2004). Thus, whereas nicotine abstinence
was shown to be associated with decreases in cognitive
performance, and EEG activation, these effects of quitting
did not show any tendency to resolve across 31 days of
abstinence. Moreover, EEG deactivation and heart rate
slowing were greater during a math task (high stress) than
during relaxation (low stress). Finally, individuals high in
traits for depression or nicotine dependence experienced
greater EEG deactivation following abstinence, especially
in the right hemisphere during the stressful task. The latter
alludes to the fact that individual differences may exist in
humans, and that a prior history of smoking may clearly
affect future therapeutic perspectives when it comes to
considering nicotinic treatment of human pathologies
(Harris et al. 2004; Newhouse et al. 2004).

In addition to its effects on sustained oscillations in
EEG, nicotine also affects HVSs observed in both rat and
human frontal cortex, which are believed to be important
for information storage (Contreras et al. 1997; Jakala et al.
1997). HVSs are bursts of 6-12 Hz oscillations lasting for
approximately 0.5-3 s. They occur most often during slow-
wave sleep, low arousal, and low vigilant states (drowsi-
ness) and are virtually absent in awake states (Buzsaki et al.
1990; Contreras et al. 1997; Gais et al. 2002). Injection of
nicotine suppresses the duration and frequency of HVS
occurrence in rodents (Radek 1993; Riekkinen et al. 1993).
Lesioning of cholinergic inputs to the cortex from the basal
nucleus increases HVS (Bringmann 1996; Riekkinen et al.
1992) as occurs during natural cholinergic cell loss during
aging (Riekkinen et al. 1992). In humans, declarative
learning tasks lead to an increase in HVS in frontal cortex
during slow-wave sleep, believed to be important for con-
solidation of declarative memories. Interestingly, human
subjects injected with a cholinesterase inhibitor before sleep
showed no consolidation of declarative memories (Gais and
Born 2004; Gais et al. 2002), suggesting that ACh levels
need to be low for memory consolidation. Thus, elevated
levels of nicotine in a smoker’s blood stream during sleep
may be unfavorable for memory consolidation. Because
spindle-like oscillations can also be recorded in brain slices
(Jacobsen et al. 2001; Tancredi et al. 2000), this preparation
could serve to investigate the neuronal mechanisms under-
lying nicotine’s effect on HVS and memory consolidation.

Nicotinic receptor subtypes underlying nicotinic
modulation of cognition in rodents

Endogenous cholinergic signaling in the PFC is impor-
tant to cognitive processing. When «7-selective antag-
onist aBTX (McGehee and Role 1995; Seguela et al.
1993) or [32-selective antagonist DHRE (Alkondon and
Albuquerque 1993; Luetje et al. 1990; McGehee and Role
1995) are injected into the prelimbic area of rat PFC,
delayed response tasks requiring effortful processing for
response selection are hampered, whereas general working
memory and memory processes are unimpaired (Granon
et al. 1995). Thus, although nAChR activation in sensory
cortical brain areas may contribute to improved behavioral
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performance in sensory-cognitive tasks by enhancing sen-
sory responsiveness (Metherate 2004), the endogenous
nAChR activation in the PFC of rats appears to distinctly
control executive functions. This was confirmed in studies
where cholinergic transmission in the mPFC was reduced
by injection of the cholinergic immunotoxin 192 IgG-
saporin (SAP) (McGaughy et al. 2002). In the five-choice
serial reaction time task (5-CSRTT), a behavioral para-
digm that tests for attention performance, rats injected
with SAP and reduced ACh efflux in the medial frontal
cortex showed impaired attentional function (McGaughy
et al. 2002).

As rats, mice may also show complex behaviors geared
toward far-removed goals, which depend primarily on PFC
function. The effects of endogenous activation of nicotinic
transmission in this species have been assessed by means
of genetic deletion of 32-containing nAChR (Granon et al.
2003). It was found that PFC-based cognitive functions in
these mutant mice, such as spatiotemporal organization of
locomotor behavior, together with conflict resolution and
social interactions, were clearly affected and dissociated
from unimpaired memory and anxiety. Because the be-
havior of 32-mutant mice resembled that exhibited by rats
with lesions of the prefrontal (and cingulate) cortex, it
seems that endogenous activation of nAChR in the PFC in
rodents is involved in supervisory planning of locomotor
and conflict resolution behavior.

In contrast to endogenous activation of nAChRs in the
PFC, the behavioral effects of exogenous activation of
nAChRs in PFC have been more difficult to assess. After
intracranial microinfusion of nicotine in the mPFC, rats
showed an improved performance via an increase in ac-
curacy in the 5-CSRTT. Moreover, this effect appeared
to be PFC specific because injections in hippocampus
showed no effect (Hahn et al. 2003). However, in another
study, intraperitoneal injections of nicotine decreased re-
action time and increased anticipatory responses in the 5-
CSRTT, but showed no effect on accuracy (Blondel et al.
1999). These differences could result from subtle variations
in the behavioral paradigm such as stimulus duration. The
effects of nicotine in the 5S-CSRTT were antagonized by the
nonselective nAChR antagonist MEC and {32-selective
DHJ]E, but not by methyllycaconitine (MLA, more selec-
tive for o7-containing nAChRs) (Blondel et al. 2000),
which may suggest that &7-containing nAChRs are less
likely to mediate these behavioral effects of exogenous
nicotine (but see below). Although effects of nicotine on
other cognitive tasks have been reported, nicotine im-
provement of tasks assessing attentional performance are
most consistently seen (Blondel et al. 1999, 2000). Also, in
mice tested in a modified version of the 5-CSRTT with
graded levels of difficulty, it was found that nicotine pro-
duced a consistent reduction in the level of omissions
and thus a demonstrable improvement in attention behavior
(Young et al. 2004). Thus, sustained attention behavior
in rodents, which includes proper target detection, time-
related performance, and appropriate reaction time of high-
er order cognitive processing, is likely to improve both in
acute as well as in chronic nicotine treatment paradigms.
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One problem faced when identifying nAChR subtypes
underlying the beneficial effects of nicotine on sustained
attention is the current lack of truly selective compounds
and difficulties of producing more nAChR subtype-
specific drugs. Hence, various laboratories have recently
taken a transgenic approach to delineate the nAChR recep-
tor subtypes involved in PFC-based cognition (Cordero-
Erausquin et al. 2000). In a hallmark study in this respect,
Young et al. (2004) examined the performance of o7
nAChR knockout mice in the 5-SCRTT and found that
these mutants not only acquired the task more slowly than
their wild-type littermates, but on attained asymptotic per-
formance, they also exhibited a higher level of omissions.
Even in a simpler version of 5-SCRTT, the «7 knockout
mice performed less well (Young et al. 2004). Importantly,
these mice were previously shown to behave normally in a
number of other behavioral tests, including contextual and
fear conditioning, spatial memory, and anxiety tests (Paylor
et al. 1998).

Several studies have previously indicated that o7
nAChRs may be crucial in attention performance, and
more specifically, in sensory gating (Martin et al. 2004).
Schizophrenic patients and their unaffected relatives show
reduced auditory gating. Genetic analysis shows that this
was linked to chromosome 15q14, in a region proximal to
the 7 locus. However, studies on o7 nAChR-mediated
improvement of sensory gating in animal models for
schizophrenia clearly show that this aspect of the attention
phenotype is not located in the PFC but rather in the
hippocampus (Martin et al. 2004). DBA/2 inbred mice,
which display a reduced o7 nAChR density in CA3, show
sensory gating deficits that can be ameliorated with partial
o7 agonists (Stevens et al. 1996, 1998). Surprisingly, o7
nAChR knockout mice did not show any sensory gating
deficits in a prepulse inhibition model (Paylor et al. 1998).
Although the test used by Paylor et al. (1998) is different
from that used in Stevens’ studies, to date, there is no
satisfying explanation for the discrepancy in outcome.
Possibly, compensatory mechanisms, such as alterations in
nAChR density, distribution, and/or subtype, may account
for different results between pharmacological studies and
genetic mutant mice studies (Young et al. 2004).

Nicotinic receptor subtypes underlying nicotinic
modulation of cognition in primates and humans

The distribution of nicotine binding in monkeys corre-
sponds broadly to the patterns observed in rodents, but the
distribution of the binding sites for xBTX appears larger in
the brains of rhesus monkeys than in rodent brains, sug-
gesting a more important role of &7 receptors in primates
(Han et al. 2003). xBTX binding was dense in layer I of
most cortical areas, and a moderate labeling was found in
layers V and VI of the prefrontal and other frontal cortices
(Han et al. 2003). Also, in monkeys, nicotine and other
agonists of nAChRs improve cognitive performance, in
particular, visual recognition memory (Katner et al. 2004).

In rhesus monkeys trained to perform a battery of six be-
havioral tasks, nicotine improved performance on tests that
assay visual recognition memory, spatial working mem-
ory, and visuospatial associative memory. MEC impaired
visuospatial associative memory (Katner et al. 2004).
Further, ballistic and fine motor performance was not
significantly improved by nicotine, although fine motor
performance appeared impaired by MEC. It was not inves-
tigated further to which extent nAChR activation in PFC
was specifically involved in this study, but visual recog-
nition is likely to involve frontal cortices.

Monkeys that have previously received a chronic low
dose of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
may develop attentional deficits, and it has been reported
that SIB-1553A, a novel agonist with selectivity for 34-
containing nAChRs, may counteract this type of cognitive
deficit (Schneider et al. 2003). It is of particular interest that
at lower doses, SIB-1553A appeared more effective in
improving attentional deficits in monkeys associated with
chronic MPTP exposure, whereas at higher doses, SIB-
1553A appeared to effectively improve both attentional
and memory performances (Schneider et al. 2003). As
in rodents, various types of cognitive brain functions
appear to also be under control of nAChRs in the primate
PFC. However, although some attention functions were
tested, albeit under extreme circumstances (Schneider et al.
2003), it is less clear to what extent sustained attention
behavior is affected by nAChR activation in this species.
Moreover, the putative predominant involvement of one
particular o-subunit nAChR subtype at present cannot be
confirmed.

A major challenge in mechanistically understanding
nicotinic actions on cognition is to pinpoint nAChR loca-
tion in neuronal networks. At present, it is unknown where
in the PFC the «7-containing nAChRs that facilitate
sustained attention behavior may be localized. Many op-
tions are open. The effects could be mediated by «7-con-
taining nAChRs on interneurons in the PFC, as has been
shown in other cortical areas both in rodents and hu-
man ortex (Alkondon and Albuquerque 2004; Alkondon
et al. 2000). Interestingly, «7 nAChR immunoreactivity in
the PFC of patients with schizophrenia may be reduced,
whereas a4, «3, or «2 immunoreactivity or 7 mRNA
expression appeared comparable to those observed in un-
affected subjects (Martin-Ruiz et al. 2003). Alternatively,
«7 nAChR involved in sustained attention could be located
on corticocortical efferent terminals in the PFC. Then
again, the effects could be less direct. For instance, o7-
containing nAChRs are abundantly present in the VTA, as
described above (Jones and Wonnacott 2004; Klink et al.
2001; Mansvelder and McGehee 2000; Pidoplichko et al.
1997). Activation of these receptors increases firing rates of
dopamine and GABA neurons, some of which project to
the PFC, thereby potentially altering PFC function. Further
research will have to target these types of questions.

Non-a7 nAChRs may be involved in nicotinic effects
on attention. In a recent mutational analysis study of the
nAChR o4 subunit gene in a cohort of human subjects with



ADHD, a significant association was found for a 5’ intron 2
single nucleotide polymorphism of the &4 gene and severe
attention problems. The location of the polymorphism was
compatible with pre-mRNA instability or splicing (Todd
et al. 2003). The latter may imply that genetically distinct
subtypes of ADHD may exist and that attention problems
in these patients in the future may be treated with o4-
selective agonists.

Conclusion and future directions

The primary focus of this review was to address neuronal
network mechanisms underlying nicotinic modulation of
PFC function. An understanding of the role of nAChRs in
PFC function requires the integration of information on
different subtypes of nAChRs, their location, and how their
activation affects neuronal circuitries. Much fundamental
data on the PFC neuronal circuitry and nicotinic modu-
lation thereof are currently lacking. For instance, what
interneuron types present and what physiological char-
acteristics they have are only extensively studied in certain
areas of the rodent frontal cortex (Gabbott et al. 1997,
2003; Kawaguchi and Kondo 2002). Very little is known
about how the circuitry is synaptically wired (Gabbott et al.
2003). This is of major importance for understanding the
impact of nAChR location on the network. Very few stud-
ies have reported on the short-term or long-term con-
sequences of nAChR activation on PFC function, and in
particular, its neuronal network circuitry processing. This is
surprising because in our view, this will be essential for
understanding the role of nAChR in cognitive behavior in
rodents, primates, and humans.

The involvement of specific nAChR subtypes in cogni-
tion is important and receives much attention because of
the potential benefits of nicotine in treating human pa-
thology (Levin 2002). In brain areas other than the PFC,
such as hippocampus and VTA, much progress has been
made in recent years to pinpoint the location of nAChRs
and to tease out the acute and longer lasting effects of
nicotine on the microcircuitry. For nicotinic effects on
sustained attention behavior, synaptic mechanisms in the
PFC are likely to be crucial. Also here, novel transgenic
animal models, especially inducible and cell-type-specific
knockouts are currently necessary to facilitate addressing
these questions in the future. Little data are available
linking cellular and synaptic effects of nicotine to neuronal
network functioning and synchronized activity, which
ultimately underlies cognition. We believe that under-
standing mechanisms underlying synchronized neuronal
network activity and understanding cellular and synaptic
mechanisms responsible for nicotinic modulation of this
network activity will be instrumental for understanding
nicotine’s effect on cognition. Studying neuronal network
oscillations and cellular mechanisms in brain slices may
contribute to start bridging the knowledge gap between
nAChR activation and nicotinic effects on EEG signals.
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