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Abstract

In this work we investigate the influence that nicotine exerts on attention
focusing, modeling the coupling of reward and thalamocortical circuits. Each
neuron in the neural networks that replicate such circuits is described by a
carefully designed coupled system of nonlinear differential equations that
details essential neurophysiological properties.

Computer simulations of the reward-attention circuit reflects the spiking
behavior of each individual neuron in the network, under the presence or ab-
sence of nicotine. It becomes clear that changes in the dopaminergic levels in
the reward circuit due to nicotine strongly influences the nigral dopaminergic
activity, that modulates the thalamocortical filtering mechanism.

Our results indicate that nicotine strengthens the attentional focus on
a particular stimulus, decreasing the smoker’s mental flexibility. Also, the
simulations highlight aspects of clinical inattention symptoms, particularly in
the attention deficit hyperactivity disorder. They show why patients suffering
from attentional lability might improve the attentional focus when exposed
to nicotine.
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1. Introduction

While substance dependence is the outcome of highly complex interac-
tions, changes in the amount of dopamine in the reward circuit has proved
to be an important addictive culprit of substance abuse. Associated with the
pleasures triggered by natural rewards, this neural circuit is the natural basis
for the phenomena related to the addiction. In fact, dopamine is a neuro-
transmitter that plays a crucial role in the motivational control. The main
sources of dopamine in the cerebral cortex and subcortical regions are the
ventral midbrain dopaminergic neurons located in the pars compacta region
of the substantia nigra (SN) (see Table 1 for a complete listing of acronyms)
and in the ventral tegmental area (VTA) [1, 2].

Tobacco addiction is a multistage process involving persistent cycles of
chronic smoking. It is associated with long-lasting effects of nicotine — the
main addictive substance in the tobacco — on the reward circuit [3]. How-
ever, despite its perverse effects, the use of nicotine can be therapeutic [4].
Clinical trials have shown that nicotine may improve the cognitive perfor-
mance in a variety of groups, including non-smoking healthy adults. The
improvement is perceived throughout a series of cognitive tasks, in particu-
lar, attention focusing [4, 5]. Moreover, several evidences suggest that the
use of nicotine diminishes inattention symptoms in patients with attention
deficit hyperactivity disorder (ADHD) [6]. Because of its potential thera-
peutic value in states characterized by attentional dysfunction [7], neuronal
mechanisms underlying the attentional functions affected by nicotine are of
increasing interest. However, the neural mechanisms through which nicotine
acts to modulate the attention focusing are not yet fully elucidated.

Here, we propose a neurocomputational model to investigate the nico-
tine’s influence on attention, through its action on the reward and thalamo-
cortical circuits. Our approach highlights the importance of subcortical sys-
tems in attentional mechanisms — in particular, the dopaminergic role in the
thalamocortical circuit. The association between nicotine and dopaminergic
rewarding mechanisms has already been addressed before through computa-
tional models [8, 9, 10, 11]. Our work, however, follows a particular direction
since it considers the coupling of the rewarding and thalamocortical circuits
as an essential site for exploring how nicotine affects the attentional focus.

Thalamocortical circuits are known to select environmental stimuli. By a
negative feedback mechanism involving cortical, thalamic and reticular tha-
lamic neurons, they play an essential role in the focusing of attention [12, 13].



Indeed, pathological variations in this circuit’s dopaminergic level can pro-
mote attentional deficits in patients with Parkinson’s disease and ADHD, due
to the modulation of thalamic areas, by neural projections from the SN [14].
Accordingly, decreases in the level of mesothalamic dopamine exaggerates
the focusing, diminishing thus the cognitive flexibility.

Justified by synaptic projections the nucleus accumbens (NAcc) sends
to the SN [15], our neurocomputational model investigates the influence of
nicotine on attention through the interaction between the reward and tha-
lamocortical circuits. More specifically, computational simulations of the
reward-attention circuit model provide numerical results that describe the
neurons’ spikes in the neural network. Each neuron is modeled by a sys-
tem of differential equations that incorporates these cells’ electrophysiological
characteristics both in the presence or absence of nicotine.

Now, we outline the contents of this article. Sections 2 and 3 describe the
neurophysiology of the reward-attention circuit model, and then its modeling.
Section 4 explains the design of the computational simulations. The results
of the simulations are presented in Section 5, followed by a discussion in
Section 6. Finally, the Appendix contains tables describing the acronyms
and a glossary of the parameters

2. The Reward Attention Circuit model

Based on neurophysiological and neurochemical aspects, the reward-attention
circuit model addresses the interaction between the reward and thalamo-
cortical circuits, to explore the focusing of attention under the influence of
nicotine. The corresponding architecture is shown in Figure 1.

Here, the reward circuit is represented by the prefrontal cortex (PFC), and
the VTA and NAcc regions. The thalamocortical circuit includes the PFC,
thalamus and the thalamic reticular nucleus (TRN). The communication
between these circuits is established through the SN that inhibits the TRN
and receives inhibitory projections from the NAcc. The pedunculopontine
nucleus (PPN) |, in turn, excites the SN.

Intrinsic membrane properties regulate the activity of dopaminergic neu-
rons in the VTA. The tonic firing is driven by a pacemaker current, which
induces the neuron to fire spontaneously and independently of external stim-
uli, and such spontaneous spiking mode provides the postsynaptic neurons
in the NAcc with a stable level of dopamine.
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Figure 1: Reward Attention Circuit architecture: excitatory synapses (continuous lines),
inhibitory synapses (dotted lines).

Both electrical activity increase and dopamine release of the VTA dopamin-
ergic neurons are heavily regulated by the activation of NMDA receptors,
and such mechanisms are crucial for the induction of long term potentiation
(LTP) of these neurons. In particular, NMDA receptors are involved in me-
diating phasic spikes [16, 17], that are associated with a greater release of
dopamine into the NAcc, compared with the outflow due to the tonic spiking
mode [18, 19, 20].

In our model, nicotine is responsible for activating the reward circuit. The
psychopharmacological mechanism involved is the direct action of nicotine
on the nicotinic acetylcholine receptors (nAChR). There are two types of
nicotinic receptors in the reward circuitry, the a; and the a4, which, for
simplicity, we denote by a and ;. The nicotine acts on the axonic terminals
of PFC neurons and, as a result, glutamate is released into the VTA.

In the VTA, nicotinic and glutamatergic receptors are activated by nico-
tine and glutamate, respectively, stimulating thus the GABAergic interneu-
rons and the dopaminergic neurons. The GABAergic interneurons activity
lasts only a few minutes, due to the a; receptors. The a; becomes inac-
tive faster than the a;L ones. Dopaminergic neurons, in turn, continue to
receive excitatory inputs from cortical glutamatergic neurons, even when the



inhibitory GABAergic interneuron stimuli ceases to exist.

The glutamatergic action on NMDA receptors lasts considerably longer
than on the AMPA receptors. However, under normal physiological condi-
tions, the NMDA receptor is partially blocked by magnesium ions (Mg*t).
As both the presynaptic and the postsynaptic cells must be active for the
NMDA current to flow, the presence of these receptors is supposed to be
necessary for many types of long-term changes in synapses that presumably
encode memories. The glutamatergic action enhanced by nicotine activates
NMDA receptors in the VTA dopaminergic neurons [21]. One of the ions car-
ried by the NMDA current is calcium, which is a major player in long-term
neural changes. This current is also thought to play a role in maintaining
persistent activity required for short-term memory [22].

The influx and subsequent increase in the concentration of intracellular
Ca ™1 amplifies the hyperpolarization phase of the action potential, which
is essential for the occurrence of the burst spike mode [23, 24]. Thus, the
interaction between the membrane’s ionic currents and the afferent synaptic
inputs contributes to accelerate or decelerate the dopaminergic neuron firing
activity, depending on the need to optimize the dopamine release. VTA
dopaminergic neurons project on the NAcc GABAergic neurons — the final
site currently associated with the pleasure sensation triggered by nicotine.

From there, the NAcc and SN connects the reward and the thalamocor-
tical circuits, and also inhibit the dopaminergic neurons in the SN. Since the
NAcc projections are inhibitory, the SN and NAcc behaviors are inversely
proportional, i.e. the SN becomes more (less) active as the NAcc becomes
more (less) inhibited.

On the other hand, assume that two external stimuli x and y reach the
neighboring thalamic regions T, and T, through glutamatergic excitatory
pathways. Once stimulated, T, activates the NRT through an ascending
glutamatergic projection, with the PFC as the final destination. Since we
do not explicitly model the cortical region related to the thalamocortical
circuit, such excitatory projection ends up in the TRN. Also, through an
excitatory glutamatergic descending pathway, the cortical region increases
the activation of T, and also sends collateral axons to the TRN.

Once activated, the TRN, through its GABAergic projection, inhibits
the thalamic region T} in the neighborhood of T,. Our model addresses the
TRN area stimulated by the thalamic region 7). and the PFC. Therefore, the
thalamocortical circuit activation by an external stimulus x excites a central
thalamic region T, and inhibits its neighborhood, represented by the region



T,. Such a mechanism permeates the formation of an attentional focus (for
further details see [14]).

Furthermore, the TRN receives dopaminergic inhibitory projections from
the SN. Accordingly, a rise in the nigral dopamine release contributes for
the TRN deactivation, thus leading to a more active thalamic region T,
and to a more flexible attentional focus. Conversely, a reduction in the SN
dopaminergic level makes the TRN more excited, and increases the inhibition
on 7.

Overall, our working hypothesis is that the NAcc activity influences the
SN behavior, which modulates the focusing of attention, and that the pres-
ence of nicotine is powerful enough to bias the NAcc activation.

3. Mathematical formulation

From a mathematical point of view, we model the neurons using Integrate
and Fire equations [25]. Such modeling is suitable for network simulations,
and can be adapted to simulate a broad class of neuronal behavior. We
consider one-compartment neurons with electric potential V. [14, 26, 27, 28]
As usual, the membrane of the neuron is modeled by electric capacitors in
parallel with a series of resistors, which represent ions channels and synaptic
connections. In general, the membrane equation is described by

dV; Ji
Ci—l: IJ-+[eX, t e O,T
= Ll e, te.7) "
Vi(0) =V
where ¢ = 1,...,n refers to each of the n neurons in the network, C; denotes

their capacitances, and J; is the number of ionic currents being modeled in
the 7th neuron, while I.; model external currents. The currents are defined
as I/ = g;(Vi)(E; — V;), where g; is the conductance and Ej is the Nernst
potential corresponding to the jth ion. The physiological characteristics of
each neuron is modeled by the conductance g;, which might not only depend
on t explicitly, but also on previous values of V; itself, through, for instance,
differential equations.

We assume that spikes are due to voltage-dependent currents — the
sodium current, which depolarizes the neuron, and the potassium current
Ik, which restores the cellular membrane potential — and synaptic currents



that contribute to the excitation or inhibition of the cell, according to the be-
havior of the presynaptic neurons. Also, we consider the leak current, which
lumps other currents not explicitly modeled.

As an exception, the sodium current is not represented as described above.
It is activated by the action of the Heaviside function © : R — {0, 1}, defined

by
1 ifz>
ow =1 7
0 ifxr<O,

applied to (V; — Ox.), where Oy, is a fixed constant.

After a spike, the conductance g, of the restoring current I increases
rapidly, bringing the neuron back to a resting potential. This process is
described in general by

% _ ﬁK@(V - 9Na) — Ok
dt Tx

for t € (0,T],  gu(0) = ¢°

where the constants g2, B« and 7 are the initial state of gy, the variation
rate of g, and the time constant associated with the potassium channel. The
above equation actually holds for all neurons, with V' being replaced V;, gi
replaced by gy, etc.

The synaptic conductances gg, reflect the level of a neurotransmitter
released by the presynaptic neuron. It is described by

ginlt) = dn 0 - ) xp( 5 Yot 1),

P

J

where the times t;, with j = 1,..., N, are the spiking times of a presynaptic
cell, while the constant g, is the maximal conductance. We denote by ¢,
the peak time for the alpha function, and it assumes the values t,. and t,;
for excitatory and inhibitory synapses, respectively.

All the neurons in the network, therefore, present sodium and potassium
ionic currents, and synaptic currents. However, each neuron receives distinct
neurotransmitters according to their specific afferents. Besides the currents
involved in the action potential, there are those associated with particular
properties of each neuron. Next, we describe them.

The nicotine acts on the cortical neuron through the a; receptors. The
variation in the number of activated o receptors is given by the solution of



the equation

das
dt

where o’ a7, k; and ky are constants, and n,. : (0,7] — R is solution for

the following differential equation

= kla;nic - k‘zOé;_ for ¢t € (07 T]? O‘;_(O) = O‘%hoa

dnic
dt

where M e n), € R.

The NMDA current in the VTA dopaminergic neurons is triggered by the
conductance gyups = Gnupa R(t) B(V3), where V3 is the voltage of the VTA
dopaminergic neuron, and h(t) denotes the fraction of open channels and
satisfies

= —Mn;. fort e (0,T), ni(0) = nj) (2)

icy

dh

i a.(1 —h)T(Vy) —ash forte (0,7T], h(0) = h°.

The parameters a, = 0,072 mM 'ms~! and a, = 0,0066 ms~! characterize
the rate of increase and decay of the conductance, respectively. The function
T depends on the cortical neuron as follows

Tinax

1+ e—(Vi—Vr)/kp’

T(Vh) =

where Thax € R is the maximum concentration of neurotransmitters in the
synaptic cleft, V; is the voltage of the cortical neuron, k, = —5mV is the
decay of neurotransmitters and V- = —10mV represents the value at which
the function is activated.

The term B(V3) models the blocking of the ion channel by magnesium [29],

1
B(V3) = 1 + e—(V3—V1)/16.13°

where Vi = 16.131n Méf’;;] is the half activation.

As the NMDA receptors open, calcium ions enter the cell. The calcium
conductance g. = ¢.[Cal is proportional to the intracellular calcium, with
the constant rate g.. The equation describing the concentration of calcium
in the cell is given by

d[Ca] _ fieq ©(Vs — bxa) — [Cd]

= o~ for ¢t € (0,77, [Ca)(0) = [Ca]’, (3)




where [C’a]o is the initial condition, and the constants S, and 7., represent
the rate of the calcium concentration variation and a time constant. The
function ©(V3 — O)n,)) raises the calcium concentration whenever there is a
neural spike.

When the intracellular calcium concentration reaches a threshold value
0jca), the K ionic channels of the hyperpolarizing current I,u, opens up,
and the conductance g, increases at the rate B,up. This is represented by
the equation,

dgahp Bahp @([CCZ] - H[Ca]) — Gahp

0
i = Tate for t € (07 T], gahp(()) = Yahp>

where T,pp it is a time constant.

The pacemaker current is described by Ipm = gpm(Vs — Epm), where gpm
and E,, are constants.

Dopamine inhibits the TRN neuron, and we assume that the final target of
the dopaminergic action is the calcium-dependent potassium channel [30]. Its
conductance gi. = g. Dj S([Cal) suffers the dopaminergic influence through
the receptor D} and depends on the intracellular calcium concentration. In
the above formula, g. is a proportionality constant and the sigmoid function
S([Ca]) describes the increase in intracellular calcium concentration by virtue
of the neural spike,

1
S(Ca) = em—aical

where the constant a controls the slope of S.

The calcium concentration is described as in (3), with V3 being replaced
by Vig. Note that g increases and inhibits the cell, if the cell is excited
beyond a threshold. The dopaminergic action on the D} receptor represents
the ups and downs of the dopaminergic level according to the equation

Di(6) = dur (¢~ ) exn 2 Yot - 1),

pd

J

where t,q stands for the peak time and gq4 is the conductance constant of
the dopaminergic projection.

The differential equations are discretized in time using the Euler’s method.
In the Appendix A, Table 2 presents a glossary with all necessary parameter
values.



4. Simulation methods

Besides conducting experiments to address the network behavior, we cal-
ibrate each neuron separately, according to their specific neurophysiological
properties [31], before they are included in the network.

4.1. Baseline case

We start our simulations considering a “healthy” brain, and set the phys-
iological parameters in the “normal” range [13, 14, 23, 24, 31] — such step is
important to establish benchmark results. By healthy, we mean an individual
with no pathology, whose brain has not been exposed to nicotine and with
a normal capacity of attentional focusing. For a normal attentional focus
on stimulus x to occur, the thalamic area T, must be more activated than
its neighboring area 7T,. However, it is also necessary that the amount of
activation in 7}, is not much lower than the one occurring in 7, — otherwise,
there will appear an hyper attention focusing on z. Besides, the activation of
T, cannot be similar to T, — otherwise, there will be no attention focusing
at all [14].

In this paper we consider that at the baseline case the reward system
remains almost inactive, in the absence of nicotine. Therefore, the cortical
neuron — in the reward circuit — and the VTA GABAergic neurons present
no spikes. On the contrary, the VTA dopaminergic neuron runs a pacemaker
activity, delivering to the NAcc a basal level of dopamine. The mesothalamic
dopamine from the SN modulates the degree by which the TRN inhibits
T,. Since the projection from the NAcc to the SN is GABAergic, and the
SN receives excitatory inputs from the PPN, we indirectly model the PPN
behavior, by setting, for the baseline case, a frequency of one spike for every
10 milliseconds. During a 500 milliseconds simulation, the excitatory inputs
x, y and the PFC projection in the thalamocortical circuit are represented
by periodic in time sequences of 1 spike per millisecond. And, after 100 ms,
the TRN neuron receives inhibitory dopaminergic modulation from the SN,
and the influence of the nigral dopamine becomes apparent.

4.2. Ezposure to nicotine

Next, we designed an experiment addressing the case involving exposition
to nicotine. Starting from the baseline case, nicotine is added to the system
through the term n;.(0) in (2). All other parameters are the same as in the
baseline case.
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Accordingly, both the cortical and the VTA GABAergic neurons become
active due to the consumption of nicotine. It is important to remark that, in
our model, the influence of nicotine on the VTA GABAergic neuron occurs
because of the increased cortical excitatory stimulation triggered by nicotine.

4.8. Implications in ADHD

Our last set of simulations involves the use of nicotine by ADHD pa-
tients. To understand the inattention symptoms in ADHD, we consider two
antagonistic explanations for their causes: the high attention focusing and
the no attention focusing [14]. The first considers the attentional deficits as
resulting from a difficulty, or inability, to shift the attentional focus. There-
fore, a mental rigidity makes the attention to focus in only one internal or
external stimulus, and the patient is not be able to pay attention in, nor
distinguish other stimuli. Conversely, the no attention focusing explanation
interprets the ADHD inattention symptoms as an excessive displacement of
the attentional focus. In this case, attention would be continuously directed
to different stimuli, without actually concentrating on anything.

Concerning the SN firing rate in the baseline experiment, it is impor-
tant to note that low SN spiking rates are associated with the mesothala-
mic dopaminergic hypoactivity, whereas the opposite case is associated with
mesothalamic dopaminergic hyperactivity. Furthermore, the dopaminergic
hypoactivity is associated with the mental rigidity observed in both Parkin-
son’s disease and ADHD, while the dopaminergic hyperactivity underlies the
defocusing symptoms in ADHD [14].

There are increasing evidences indicating that the PPN is involved in
mechanisms enhancing attention [32], reward, and learning [33]. Moreover,
the PPN suffers degeneration in human neurodegenerative disorders also
characterized by attentional and/or mnemonic deficits, including Parkinson’s
disease [34, 35]. It has been proposed that PPN has a role in the SN degen-
eration due to an excitotoxic effect of the glutamatergic synaptic contacts
from the PPN into the SN dopaminergic neurons [35, 36].

Thus, variations in the SN spiking frequencies are simulated through
changes in the PPN’s firing rates. All other parameters are the same as in
the baseline case. Departing from the simulation of an ADHD pathological
state, nicotine is added to the system.
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5. Numerical results

5.1. Baseline case

Our first results refer to the normal attention focusing without nicotine.
In Figures 2a—d, we observe the membrane’s voltage of the VTA dopaminer-
gic, TRN, T, and T, neurons.

The pacemaker current acting on the ATV dopaminergic neuron induces
a tonic spiking mode, thus sending a basal level of dopamine to the NAcc, see
Figure 2a. During the first 100ms, we prevented the SN neuron from firing,
to observe more clearly the influence of dopamine on the TRN after 100ms.
Without the influx of dopamine from the SN neurons, the TRN neuron be-
comes so excited that completely inhibits the neighboring thalamic area T,,.
As a consequence, the attentional focus becomes centered on the stimulus
x. After 100 ms, however, the activation of the dopaminergic neurons of the
SN, and the consequent inhibition on the TRN, enables the activation of
T,, which starts competing with 7, for cortical processing. The balance of
such competition is healthy for allowing attentional shifting. Indeed, this is
necessary for the cognitive process to occur efficiently.

This experiment provides a baseline reference for our further simulations
concerning nicotine and ADHD. Figure 3 presents the spiking frequencies of
both T, and T,, relative to this baseline case.

5.2. Ezxposure to nicotine

In the sequel, our results concerns an individual whose brain is exposed
to nicotine. So, starting from the baseline case, nicotine is added to the sys-
tem. Consequently, the VTA dopaminergic neuron starts to receive cortical
glutamatergic and VTA GABAergic stimuli. In comparison with the baseline
case, shown in Figure 2a, they become more excited, thus increasing the level
of dopamine that is released into the NAcc, as we can observe in Figure 4a.
It is important to note that such mechanism results in a reward sensation.

With the cessation of the GABAergic inhibition, and the altogether conti-
nuity of cortical excitatory glutamatergic stimulation on the VTA dopamin-
ergic neuron, there plausibly occurs a long term potentiation [9]. As a con-
sequence, there occurs a change in the spiking mode of such VTA neurons,
who start to fire in bursts. It happens due to the activation of the NMDA
receptors, the calcium current and the hyperpolarizing current. Figures 4b—d
depict the behavior of the SN, T, and T, neurons.

12
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Figure 2: Attention focusing in a healthy individual, without nicotine: (a) VTA dopamin-
ergic neuron under a pacemaker activity; (b) TRN presents inhibition due to dopaminergic
action after 100 ms; (c) Behavior of T,; (d) Behavior of T),.
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Figure 3: Baseline case. Spiking frequencies of T, and T,.
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Note that there is no noticeable change in the behavior of T, relative
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to the baseline situation shown in Figure 2c. The comparison between T
and 7, — shown in Figure 5 —, indicates a marked focusing of attention
on z. This implies that the shift of attention becomes more difficult. This
phenomenon is caused by the strong inhibition suffered by the SN — see
Figure 4b —, coming from the NAcc projection. The subsequent low level
of dopamine released by the SN excites the TRN and, consequently, inhibits
T,,. Therefore, the use of nicotine is able to promote an hyper-attentional
focusing, thus diminishing the mental flexibility.

We observe that, at 250ms, T}, becomes active again. However, its spiking
frequency is lower than in the baseline case. It suggests that the attention
keeps highly centered on z, even after a period of hyper focusing.
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Figure 4: Attention focusing when an individual is exposed to nicotine: (a) VTA dopamin-
ergic neuron spikes in bursts; (b) SN neuron suffers strong inhibition from NAcc; (c)
Behavior of T,; (d) Behavior of T,.
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Figure 5: Exposure to nicotine. Spiking frequencies of T, and T,.

5.8. Implications in ADHD

Regarding the ADHD, the mesothalamic dopaminergic hypoactivity hin-
ders the attentional shift, enhancing attentional high focusing and mental
rigidity [14]. Accordingly, Figure 6a presents the T, spikes relative to the
ADHD high focusing condition, with no exposure to nicotine. We may ob-
serve that, here, the T}, spiking frequency is much lower than in the baseline
condition, shown in Figure 2d. Looking at Figure 6b, we see that up to
around 275ms, approximately, the exposure to nicotine aggravates the cog-
nitive impairment.

On the other hand, under the mesothalamic dopaminergic hyperactivity,
T, and T, show identical neural activity. Consequently, there is a no-winner
competition between stimuli x and y, which may lead to distraction or lack
of attentional focus. From Figures 7a-b, observe that the T}, spikes under the
ADHD no focusing condition, without and with nicotine, respectively. This
result suggests that the use of nicotine improves the inattention symptom,
eliminating the mental lability. It indicates an attentional hyper focusing,
followed by a high focusing concentration on stimulus z. Interestingly, the
presence of nicotine changes the kind of inattention symptom: from a marked
no focusing to a highly centered attentional focus.

6. Discussion

This article presents a neurocomputational model that couples the reward
and thalamocortical circuits to investigate how the action of nicotine on
the reward circuit influences and modulates the attentional focus. Also,

15
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Figure 6: Attention focusing under the ADHD high focusing condition: (a) Behavior of
T, with no brain exposure to nicotine; (b) Behavior of T}, under the brain exposure to
nicotine.
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Figure 7: No attention focusing under the ADHD no focusing condition: (a) Behavior of
T, with no brain exposure to nicotine; (b) Behavior of T} under the brain exposure to
nicotine.

it addresses possible effects of nicotine in inattention symptoms of ADHD
patients.

The high prevalence of smoking among adolescents and adults with ADHD
can be interpreted as self-medication for a cognitive dysfunction — inatten-
tion — associated with the disorder, since it has been shown that nicotine
improves attention in these patients [38]. Several evidences that support this
idea include reports from ADHD patients, whereby the acute use of nicotine
improves the performance of attention [39], and clinical studies with nicotine
patches [6]. Despite experimental evidences, the role of nicotine in improving
the focusing of attention is not yet fully elucidated [4, 5, 6].
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Our computational simulations suggest that variations in dopamine levels
in the reward circuit due to nicotine leads to changes in the nigral dopamin-
ergic activity. As a result, the thalamocortical filtering mechanism is altered,
thus hampering the attentional shift.

Starting from a circuit with a dynamics that provides a predefined normal
attentional focus, we simulate the influence of nicotine in the reward-thalamo-
cortical system. Our results indicate that nicotine strengthens the focusing
of attention on a particular stimulus, and decreases the mental flexibility of
smokers. Therefore, they corroborate a number of clinical trials that highlight
the role of nicotine in the enhancement of attention [4, 5, 37].

As the thalamocortical circuit involves brain areas related to inattention
symptoms observed in ADHD [14], our simulations explicit a mechanism
possibly involved in the improvement of attention, triggered by the use of
nicotine, in this disorder.

According to simulations presented in [14], decreases in the level of mesotha-
lamic dopamine, in ADHD, lead to an exaggeration in the attention focusing
consolidation and a consequent lack of cognitive flexibility. Starting from
this point, we simulated the high focusing condition and added nicotine to
the system. Our results show that, in this particular case, nicotine does not
improve such inattention symptom. It even worsens the patient’s inability
to shift the attentional focus, since promotes attentional hyper focusing.

Finally, we investigated if the presence of nicotine affects the attentional
mechanism under the ADHD no focusing condition. In this case, the inatten-
tion symptom is due to a incapacity of selecting stimuli, caused by a increase
in the mesothalamic dopaminergic activity [14]. Our results indicate that
ADHD patients which suffer from attentional instability are capable of fo-
cusing the attention when exposed to nicotine.

Summarizing, by exploring the interaction between the reward and thala-
mocortical circuits via SN, we addressed the nicotine’s interference on subcor-
tical attentional mechanisms, through its action on the reward system. Our
conclusions are in line with the ideas exposed in [8, 10], since the exacer-
bated attentional focus enhanced by nicotine contributes to the consolidation
of habits underlying the act of smoking. Overall, this work highlights how
the joint action of cognitive and emotion brain areas permeates the human
behavior.
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7. Appendix A

Here, in Table 1 we present a list of acronyms used in the text, and in
Table 2 we present a glossary of the parameters used in the reward-attention
circuit model.

Acronym Description Page first described
ADHD attention deficit hyperactivity disorder 2
LTP long term potentiation 4
NAcc nucleus accumbens 3
nAChR nicotinic acetylcholine receptors 4
PFC prefrontal cortex 3
PPN pedunculopontine nucleus 3
SN substantia nigra 2
TRN thalamic reticular nucleus 3
VTA ventral tegmental area 2

Table 1: Acronyms
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Parameter Description Value/Unit

C; Membrane’s capacitance 1 puF.cm™2

Ex Reversal potential of KT -80 mV

B, Reversal potential of Iy, 0mV

Bx Increase rate of gk 150

TK Time constant of gk 1,5 ms

gL Conductance of I, 10 m.mhos.cn ™2
0 Threshold for sodium channel’s opening 1 mV

M Nicotine decay rate 0,001

k1 Coefficient of receivers a; 0,5

ko Coefficient of receivers Oé;_ 4

o Amount of receptors not—oz}|r activated 100

Tnaz Maximum concentration of neurotransmitters in the synaptic cleft 1 mM

Exapa Reversal potential of Inypa 0mV

E, Reversal potential of Ca®™+ 70 mV

Je Increase rate g, 1

Bica) Variation rate of calcium concentration 100

T(Ca) Time constant of calcium’s pump 500 ms

O1ca) Threshold to activate L, 0.4 mV

Banp Increase rate of gan, 100

Tahp Time constant of gan, 2 ms

Jpm Conductance of pacemaker current 0.29 m.mhos.cm™2
Eom Reversal potential of 40 mV

ES, Reversal potential of excitatory synapses 40 mV

EL. Reversal potential of inhibitory synapses -40 mV

goBvta Maximal conductance of the synaptic projection cortex-gtva 0.18 m.mhos.cm ™2
Q;‘r‘f"ta Maximal conductance of the synaptic projection cortex-dtva 1.3 m.mhos.cm ™2
Afi\r'lta'dwa Maximal conductance of the synaptic projection gtva-dtva 0.3 m.mhos.cm 2
gdvta-nace Maximal conductance of the synaptic projection dtva-nacc 0.5 m.mhos.cm™2
gaaeesne Maximal conductance of the synaptic projection nacc-snc 0,3 m.mhos.cm 2
Grpt-sne Maximal conductance of the synaptic projection ppn-snc 0,2 m.mhos.cm ™2
giet Maximal conductance of the synaptic projection cortex-thalamus 0,1 m.mhos.cm ™2
glort Maximal conductance of the synaptic projection thalamus-trn 1,3 m.mhos.cm 2
ghenrt Maximal conductance of the synaptic projection cortex-trn 1,3 m.mhos.cm ™2
goret Maximal conductance of the synaptic projection trn-thalamus 0,3 m.mhos.cm 2
gegt Maximal conductance of the synaptic projection stimulus-thalamus 0,1 m.mhos.cm™2
tpe Peak time of excitatory synaptic alpha function 1.5 ms

tpi Peak time of excitatory synaptic alpha function 1.5 ms

Je Constant regulating increase gi_. 0.4

« Constant regulating the sigmoid inclination 1

[ Proportion constant of dopaminergic projection 1 m.mhos.cm 2
tpd Peak time of D4 receptor’s 2 ms

Table 2: Glossary of parameters
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