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Abstract

The addictive component of tobacco, nicotine, acts via nicotinic acetylcholine receptors (nAChRs). The B2 subunit-
containing nAChRs (B82-nAChRs) play a crucial role in the rewarding properties of nicotine and are particularly
densely expressed in the mesolimbic dopamine (DA) system. Specifically, NnAChRs directly and indirectly affect DA
neurons in the ventral tegmental area (VTA). The understanding of ACh and nicotinic regulation of DA neuron activity
is incomplete. By computational modeling, we provide mechanisms for several apparently contradictory experimental
results. First, systemic knockout of B2-containing nAChRs drastically reduces DA neurons bursting, although the
major glutamatergic (Glu) afferents that have been shown to evoke this bursting stay intact. Second, the most intui-
tive way to rescue this bursting—by re-expressing the nAChRs on VTA DA neurons—fails. Third, nAChR re-expression
on VTA GABA neurons rescues bursting in DA neurons and increases their firing rate under the influence of ACh
input, whereas nicotinic application results in the opposite changes in firing. Our model shows that, first, without ACh
receptors, Glu excitation of VTA DA and GABA neurons remains balanced and GABA inhibition cancels the direct ex-
citation. Second, re-expression of ACh receptors on DA neurons provides an input that impedes membrane repolari-
zation and is ineffective in restoring firing of DA neurons. Third, the distinct responses to ACh and nicotine occur
because of distinct temporal patterns of these inputs: pulsatile versus continuous. Altogether, this study highlights
how B2-nAChRs influence coactivation of the VTA DA and GABA neurons required for motivation and saliency sig-
nals carried by DA neuron activity.
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Tobacco use remains the worldwide leading cause of preventable mortality. Nicotine, the addictive compo-
nent of tobacco, exerts its effects through nicotinic acetylcholine receptors. The central dopamine (DA) sys-
tem, and particularly DA release by neurons contained in ventral tegmental area, is shown to play a central
role in developing addictions. Understanding of ACh and nicotinic regulation of DA neuron activity is incom-
plete, and here we resolve several apparently contradictory experimental results. In particular, we show that
distinct responses to ACh and nicotine observed in certain experiments occur because of distinct temporal
patterns of these inputs: pulsatile versus continuous. This distinction highlights how motivation and saliency
\signals carried by DA signaling are hijacked by nicotine and other addictive drugs. /
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Introduction

As more than 5 million smokers die every year from
the consequences of tobacco use, it remains the worldwide
leading cause of preventable mortality (Centers for
Disease Control and Prevention, 2017). Underlying neu-
robiological mechanisms of tobacco dependence have
been extensively explored (Taly et al., 2009; Benowitz,
2009, 2010; Changeux, 2010), but remain far from being
understood at the neural circuit level. Nicotine, the addictive
component of tobacco (Marti et al., 2011), acts via nicotinic
acetylcholine receptors (NAChRs; Role and Kandel, 2008).
Among the different nAChRs, the g2-containing nAChRs
(B2-nAChRs) play a crucial role in positive rewarding proper-
ties of nicotine (Picciotto et al., 1998; Durand-de Cuttoli et al.,
2018) and is particularly densely expressed in the mesolimbic
reward system (Klink et al., 2001).

The mesolimbic reward system, and specifically re-
ward-related dopamine (DA) release throughout the brain,
plays a major role in addictive and drug-seeking behav-
iors (Koob et al., 1998; Everitt and Robbins, 2005; Keiflin
and Janak, 2015). DA-releasing neurons have the follow-
ing two major modes of activity: nearly tonic background
firing and bursting. Background firing is responsible for
the basal DA levels in the projection areas and is altered in
psychiatric disorders from depression to schizophrenia
(Grace, 1991; Nestler and Carlezon, 2006). Phasic DA
changes, caused by DA neuron burst firing follow external
stimuli and are suggested to serve as motivational, sali-
ency, and unexpected reward signals (Schultz, 2002;
Redgrave and Gurney, 2006). The bursting mode of the
DA neuron is associated with an increase in the occur-
rence of the behavior that preceded the burst by the
mechanism called reinforcement learning (Bayer and
Glimcher, 2005; Keiflin and Janak, 2015). DA neurons are
contained in the VTA together with GABA neurons. Most
drugs of abuse alter DA levels either directly though re-
ceptor binding (Lischer and Ungless, 2006) or indirectly
by acting on VTA GABA neurons (Steffensen et al., 2011;
Bocklisch et al., 2013). Nicotine influence is very complex
to analyze since it enhances DA release by acting on mul-
tiple targets on both VTA DA and GABA neurons (Tolu et
al., 2013; Faure et al., 2014). Mechanisms of nicotinic in-
fluence proposed in previous studies (Mansvelder et al.,
2002; Mao et al., 2011) could not explain why, for exam-
ple, repeated nicotine injections cause excitation of the
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GABA neurons and yet increase DA release. Therefore, there
is a gap in understanding the complex interaction of VTA DA
and GABA neurons, which we address through data-based
computational modeling.

B2-nAChRs are expressed on both VTA DA and GABA
neurons. Systemic deletion of the receptors eliminates the
bursting mode of DA neurons (Mameli-Engvall et al., 2006;
Fig. 1A). Such DA neuron bursting is in turn implicated in re-
inforcement (Bayer and Glimcher, 2005; Keiflin and Janak,
2015). The role of B2-nAChRs on DA or GABA neurons in
nicotine reinforcement (i.e., an increase in nicotine con-
sumption) was addressed in previous articles using re-ex-
pression of the B2-nAChRs in specific cell populations of
the VTA. It has been shown that a global re-expression of
the B2-nAChRs in all the VTA (Mameli-Engvall et al., 2006;
Naudé et al., 2016) augmented DA neuron firing rate and
burstiness compared with 82 knock-out (KO) mice (Fig. 1B,
C, purple vs red). Activation of 82-nAChRs by ACh specifi-
cally on the VTA GABA neurons results in increased firing
and, importantly, augmented burstiness of DA neurons (Fig.
1D, blue vs red). By contrast, the activation of these recep-
tors expressed only on DA neurons by ACh does not pro-
duce this effect (Fig. 1D, green).

Adding to the complexity, exposing 82-nAChRs to nic-
otine produces different effects (Fig. 2, data summarized).
When the receptors are re-expressed on the GABA neu-
rons, nicotine increases GABA neuron firing rates and,
consecutively, decreases the DA neuron firing rate and
bursting (Fig. 2, blue), in contrast to baseline conditions
with endogenous ACh input. Nicotine acting through
nNAChRs expressed only on DA neurons significantly in-
creases DA neuron firing rate, but not bursting (Fig. 2,
green; Tolu et al., 2013). Finally, if the receptors are ex-
pressed on all VTA neurons (Mameli-Engvall et al., 2006;
Tolu et al., 2013; Naudé et al., 2016), nicotine robustly in-
creased the firing rate and bursting of DA neurons (Fig. 2,
purple; Naudé et al., 2016). Attempts to explain this bidir-
ectional modulation heuristically, for example by receptor
desensitization, have not been successful. We turn to
computational modeling to clarify this apparent conun-
drum. In this article, we analyze the role of local interac-
tions between DA and GABA neurons that mediate the
influence of B2-nAChR on the key properties of the DA
neuron activity.

By computational modeling, we (1) reconcile the in-
crease of VTA DA cell activity under endogenous ACh
with its nicotine-evoked suppression when B2-nAChRs
are re-expressed only on the VTA GABA neurons; and (2)
show why receptor re-expression restricted to the DA or
GABA neurons does not restore nicotine impact on the
DA firing to levels seen in wild-type (WT) animals, while re-
expression in all VTA neurons does.

Materials and Methods

VTA network

The model network consists of a DA neuron innervated
by a population of GABA neurons (Fig. 3A). The DA neu-
ron received Glu excitatory input, and both DA and GABA
neurons receive cholinergic input via nACh receptors.
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Figure 1. Quantification of firing rate and pattern of the VTA DA neurons in WT mice (black) after systemic deletion of 32-containing
nAChRs (red) and their subsequent re-expression on VTA DA (green), on VTA GABA (blue), and on both neurons (purple). A, Mean firing
frequency (in Hz) against %SWB for n=38 and n =39 individual cells in WT and g2 KO mice. Systemic deletion of 82-containing NnAChR
decreases both the DA neuron firing rate and bursting compared with WT (see also C and D). B, Various KO and re-expression cases
that have been used to analyze the role of B2-containing nAChRs in the VTA (see Materials and Methods and C, D). C, Lentiviral re-ex-
pression of B2 subunit in the VTA of 82 KO mice using a ubiquitous mouse phosphoglycerate kinase (PGK) promoter (32-Vec) restores
firing rate and bursting (data modified from Naudé et al., 2016). D, Comparison of firing rate and bursting in WT (black), 82 KO mice
(8277, red), and mice with re-expression of 82 in a specific neuronal population. Cre recombinase-activated lentiviral expression vector
was used to drive specific B2+-nAChR re-expression in DA or GABAergic neurons of the VTA of DAT Cre mice (82 DA, green) and
GADG67 Cre mice (B2 Gb, red; Data from Tolu et al., 2013). n.s., *#p < 0.05; *xp < 0.01; **xp < 0.001 as compared to chance level.

There are other inputs to this circuit, for example from the dvpa
nucleus accumbens, but experiments show that re-ex- mTat
pression only in the VTA (on all VTA cells) restores all the

differences observed in 327/~ knockout (Naudé et al.,

2016). Therefore, these afferents are unlikely to be re-

sponsible for the observed differences. Thus, other inputs Cm at
are omitted in the model. The biophysical models of the

DA and GABA neurons are conductance-based one-com- For complete description of the model, see Morozova et
partment models modified from the study by Morozova et al. (2016a,b). Briefly, The first eight currents in the DA
al. (2016a) by adding the following nAChR currents: neuron equation are intrinsic: calcium, calcium-dependent

=lca +Ikca + Ik T Ior + Ina + lsna T lieak + I

+ Ixvpa + lavea + loaga + Iachoa

dveasa

= Ix + Ina + lieak T Iachcaea-
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Figure 2. Comparison of the nicotine-elicited modifications of the firing rate (left) and %SWB (right) in VTA DA neurons in in two
sets of experiments. A, 32 DA vector (green) and 82 Gb vector (blue) compared with wild-type (black) and B82~/~ (red) mice (data
modified from Tolu et al., 2013). B, B2-Vec (purple) compared with wild-type (black) and B2~/ (red) mice (data modified from
Naudé et al., 2016). Vertical dashed line indicates the nicotine injection.

potassium (SK), subthreshold potassium, spike-
producing potassium-delayed rectifier and sodium,
subthreshold sodium, leak, and hyperpolarization-ac-
tivated cationic current (h). The rest of the currents
are synaptic: NMDA, AMPA, GABA4, and nACh recep-
tors. The GABA neuron includes only spike-producing
sodium and potassium, the leak intrinsic currents,
and the nACh receptor current. Gating variables
for all currents are modeled in the standard form

%:W, where X denotes a specific gating vari-

able, Xi,(V) is the function of its steady-state activa-
tion, and 7y is its time constant. The model has been
calibrated using in vitro and in vivo data in previous
publications (Morozova et al., 2016a,b). We list the
values for all parameters in Extended Data Table 1-1
and refer the reader to the above publications for de-
tailed explanations.

A

Cholinergic currents

We modeled only the nAChR currents on VTA neurons
because other currents affected by cholinergic inputs are
not changed in the KO conditions, and, thus, cannot
cause the observed differences. The nAChR currents on
DA and GABA neurons are given by the following expres-
sions respectively: Inchoa = gAChDA(EACh — VDA) and
Incharea = 9achaasa(Each — Vaasa). Here, Each = 0. The
model of nAChR activation and desensitization was
adapted from the study by Graupner et al. (2013). Note
that the approach has been also validated and used to
partially explain data in the study by Tolu et al. (2013). The
model for the nAChR-mediated currents has four different
states of the nAChR: deactivated/sensitized (also resting
or responsive state); activated/sensitized; activated/de-
sensitized; and deactivated/desensitized state (Graupner
et al., 2013). The mean total activation level of NAChRs is
a product of the fraction of receptors in the activated
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Figure 3. Schematic of the model. A, Afferent inputs and microcircuitry of the VTA. B, Time course of the nicotine concentration
and subsequent activation and desensitization of nAChRs. C, Temporal profile of ACh input and subsequent activation of nAChRs.

D, State transitions of the nAChRs.
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Table 1: Model parameters (see Extended Data Table 1-1 for full list)

Parameter Description DA neuron GABA neuron

Ainpach Amplitude of Ach input 5 uM 10 uM

Ainpyic Amplitude of Nic input 0.5 uM 0.5 uM

w Potency of Nic to evoke response 3 3

JGABA GABAR conductance 2.5 mS/cm?

INMDA NMDAR conductance 4 mS/cm? 0 mS/cm?

9 Leak conductance 0.03 mS/cm? 0.05 + 0.05(rnd-0.5) mS/cm?

state Ach,ct and the fraction of receptors in the sensitized
state (1 — AChges); thus, conductance of the cholinergic
current is given by gach = Gach - AChact - (1 — Achges). The
time course of the activation and desensitization variables

iS given by dAChgct — AChaety —AChgct and dAChges — AChgesy —AChges
dt TAChget dt TAChges

respectively. Tach,, = 5ms is an activation time constant,
TAChs, = 500+6-10° - ﬁ ms is a nicotine concentra-

NP 2
Kr

tion-dependent desensitization time constant. Steady states
Achgctoo @and Achgesoo are given by Hills equations of the form

Achyt = ——a——— and Achges = —a——~. Here
1.05 es ICs 05" ]
O+ (o)) (T png) )

ECso and ICso values are the half-maximal concentra-
tions of nAChR activation and desensitization respec-
tively. w is the potency of nicotine to evoke a response.
The parameters for the cholinergic currents were cali-
brated in previous publications (Graupner et al., 2013;
Tolu et al., 2013). We refer the reader to these publica-
tions for detailed explanations and list the values in
Extended Data Table 1-1, except for the parameters re-
calibrated in this study that are listed in Tables 1 and 2.
Nicotine has relatively slow pharmacodynamics in the
brain; hence, the application of nicotine was modeled as a
slow increase in inp,, causing slow activation of the
nAChRs followed by yet slower desensitization. On the
other hand, endogenous cholinergic input to the VTA was
temporally structured as a spike train with a bimodal dis-
tribution to achieve a bursty firing pattern. The majority of
neurons in laterodorsal tegmental nucleus (LTDg) and pe-
dunculopontine tegmental nucleus are generally slow,
maintaining individual firing rate averages between 2 and
5Hz (Kayama et al., 1992; Sakai, 2012). Putative choliner-
gic neurons transiently increase their firing rate, reaching
10Hz in response to sensory stimuli (Koyama et al.,
1994). It has been shown that LTDg neurons are essential
for DA neuron burst firing. However, microiontophoreti-
cally applied acetylcholine onto identified DA neurons,
while inactivating the LDTg failed to induce burst firing in
DA neurons (Lodge and Grace, 2006). This likely suggests
that the temporal structure of cholinergic input onto VTA
neurons is crucial for DA neuron burst firing. The number
of these afferent neurons converging on each VTA neuron
is not known. We assume this number to be in the range
of 20-60, which has been suggested for other subcortical
afferents. Multiplying the number of afferent neurons by

the rate, under the assumption that the projecting neurons
are asynchronous, gives us the average ACh afferent
input frequencies of 60-180Hz. If ACh afferents are
synchronized, these rates will be lower, whereas the am-
plitude of this input will be greater. Thus, we position the
peaks of the frequency distributions for ACh input at 3.3
and 30 Hz (i.e., interspike intervals of 300 and 30 ms). The
ACh input spike train was generated by drawing the inter-
spike intervals from the two normal distributions with SD
of 7Hz and their relative contributions of 0.7 and 0.3 for
30 and 3.3 Hz, respectively (Fig. 3B).

Assuming that the intravenous nicotine concentration
slowly builds up at the site of the receptor, it increases
and then decays exponentially in the model with a rise
time constant of 0.5min and a decay time constant of
3 min (Fig. 3C), as follows:

i H —t —_t
NPy = AlnpNiC(e Trise — @ ’decay)‘

The amplitude of the nicotinic input Ainp,,; is assumed to
be lower by a factor of 10 than that of ACh (Table 1) because,
by contrast to nicotine, ACh is released locally at the synapse.
The concentrations match those projected from experiments
(Garzon et al., 1999). The model is coded in MATLAB/c+ +,
and the code is available on ModeDB database (https://
senselab.med.yale.edu/modeldb/ShowModel?model=
266419&file=/modelDB_NicandACh/mainNicandAChDA
model.m#tabs-1).

DA neuron firing pattern quantification

According to the classical definition (Grace and Bunney,
1984), bursts were identified as discrete events consisting
of a sequence of spikes with burst onset defined by two
consecutive spikes within an interval of <80 ms, and burst
termination defined by an interspike interval of >160 ms. To
quantify bursting, we used the percentage of spikes within
burst (%SWB), calculated as the number of spikes within
bursts divided by the total number of spikes. In our simula-
tions, the majority of bursts was composed of doublets; this
is consistent with data (Grace and Bunney, 1984; Mameli-
Engvall et al., 2006; Exley et al., 2011). In experiments
(Mameli-Engvall et al., 2006), the mean number of spikes in
WT mice in a burst was 3.1 = 0.52. In our simulations, the av-
erage length was 2.7 = 0.25 spikes/burst, which is within the
range observed in the experiments.

Table 2: ACh receptor maximal conductance used to reproduce different KO re-expression cases

Parameter KO Re-expression on DA Re-expression on GABA Re-expression on both, WT case
9AachDA 0 5 mS/cm? 10 mS/cm?
G AChGABA 0 0 4 mS/cm? 1.5 mS/cm?
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Figure 4. The rate and regularity of the DA neuron firing receiving asynchronous synaptic Glu and GABA inputs. A, Glu raster. B,
GABA raster. C, Activation of the GABAR on the DA neuron. D, Activation of the NMDAR on the DA neuron. E, The voltage of the

DA neuron. Note the high regularity of DA neuron firing.

Results

With our model, we give an account in silico for the
ACh-induced and nicotine-induced modulations ob-
served in the experiments. We explain and provide
mechanisms for several apparently contradictory ex-
perimental results. First, systemic KO of g2-containing
nAChRs drastically reduces DA neuron bursting,
although the major Glu afferents that have been shown
to evoke this bursting stay intact. Second, the most in-
tuitive way to rescue this bursting by re-expressing the
NnAChRs on VTA DA neurons fails. Third, nAChR re-ex-
pression on VTA GABA neurons rescues DA neuron
bursting under the influence of ACh input, but nicotinic
application results in the opposite changes in VTA DA
neuron firing.

Balanced excitatory and inhibitory inputs to DA
neurons support their tonic firing in the f2-nAChR
knock-out conditions

In animals lacking B2-containing nAChRs, VTA DA
neurons were shown to fire at lower frequencies than
the controls and to display practically no bursting in
vivo (Figs. 1, 2). Burst firing of VTA DA neurons has
been previously, which, at least in part, is attributed to
the activation of their Glu synaptic inputs (Morikawa et

July/August 2020, 7(4) ENEURO.0418-19.2020

al., 2003; Blythe et al., 2007; Deister et al., 2009). This
leads to a question about why the knockout of 82-con-
taining nAChRs abolished bursting in DA neurons if
their Glu inputs remain intact. Considering that some
excitatory inputs to the VTA DA neurons are tonically
active (e.g., STN; Wilson et al., 2004), we modeled the
Glu inputs as Poisson-distributed spike trains, which
together produce near-tonic activation of NMDA recep-
tors on DA neurons. Simultaneously, the DA neurons re-
ceive inhibitory inputs (Paladini and Tepper, 1999;
Kaufling et al., 2010), which in the model are provided
by population activity of VTA GABA neurons. While Glu
inputs alone through NMDA receptor activation can
cause increases in DA neuron firing and bursting, coac-
tivation of GABA receptors can balance the excitation
and re-establish low-frequency near-tonic firing (Lobb
et al., 2010). This behavior has been reproduced in pre-
vious modeling studies (Morozova et al., 2016a).
Accounting for the low-rate tonic firing activity of the
DA neuron required the GABA receptor (GABAR) and
NMDA receptor (NMDAR) conductances in the model to
be set to produce a balance in the GABA and Glu inputs
to the DA neuron (Fig. 4). Thus, the model implies that in
the B2-nAChR KO conditions the excitatory and inhibi-
tory inputs to VTA DA neurons remain balanced and
preserve tonic activity of the neurons.

eNeuro.org
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Figure 5. Quantification of the spontaneous firing of simulated DA neurons. A, Bar plot representation of the mean basal firing rate,
represented as the mean = SEM, WT case (black), KO (red), B2-containing nAChRs on DA neurons (green), the nAChRs on GABA
neurons (blue), and the nAChRs on DA and GABA neurons (purple). B, and mean %SWB. B, Bar plot representation of the mean %
SWB, represented as the mean = SEM, KO (red), the nAChRs on DA neurons (green), the nAChRs on GABA neurons (blue), and the
nAChRs on DA and GABA neurons (purple). C, Example voltage traces of simulated DA neurons under four different conditions, in-
dicated in A and B. Colors of the voltage traces match the colors of the bars. Inclusion of nAChR-mediated ACh current to GABA
neurons significantly increased DA neuron firing and bursting in a manner similar to the experiment (Tolu et al., 2013). See Extended

Data Figure 6-1 for parametric analysis.

Intrinsic excitability properties of the DA neuron limit
effects of direct excitation via f2-containing nAChRs

The most intuitive explanation of the bursting of low-DA
neurons in B2-nAChR KO mice would be the lack of direct
excitation through these receptors on DA neurons.
However, targeted re-expression of the receptors on DA
neurons (b 2DA-VEC) does not alleviate low bursting (Fig.
1, green). The firing rate also remains much lower than in
the WT conditions. The main effect of this re-expression is
that nicotine application produces a robust increase in the
firing rate of DA neurons (Fig. 2, green), similar to that in
WT conditions. However, bursting is not increased during
the influence of nicotine (Fig. 2, green), by contrast to that
in the WT mice.

Conductance of the nAChR current was set to a low
value (Gachpa = 5mS/cm?) to reproduce the lack of signif-
icant change in the firing rate of the B2DA-VEC (experi-
ment: Fig. 1, green; model: Fig. 5, green) compared
with the KO case (experiment: Fig. 1, red; model: Fig. 5,
red). For these low conductance values, bursting was
also not altered by the direct ACh inputs on the DA
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neurons. The choice of the conductance value was
based on our parametric analysis of its influence on the
DA neuron firing rate and bursting included in Extended
Data Fig. 5-1. Thus, the model reproduces experimen-
tally observed invariance of the VTA DA cell activity
under the direct nAChR-mediated cholinergic input to
the DA neurons.

In addition to the cholinergic input, we were able to ac-
count for the effects of the nicotine application. As in the
experiments, the firing rate, but not the bursting of the DA
neuron, substantially increases with activation of the 82
receptors for ~300 s by elevated nicotine concentration
(Fig. 6, green). The increase is significant, by contrast to
that produced by ACh alone. This simply reflects a greater
increase in the nAChR-mediated current by the combina-
tion of nicotine and ACh. Desensitization of the receptors
will eventually decrease their current, but at a much longer
time scale of 1 min.

The explanation for the lack of increase in burstiness
during nicotine exposure is that bursting in DA neurons
strongly relies on the activation of the NMDA receptor
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Figure 6. Nicotine-elicited changes in firing rate and burstiness of simulated DA neuron. A, Raster plots of DA neuron firing in re-
sponse to nicotine, KO (red), B2-containing nAChRs on DA neurons (green), the nAChRs on GABA neurons (blue), the nAChRs on
DA and GABA neurons (purple), and WT case (black). B, C, Nicotine-elicited changes in firing rate (B) and %SWB (C) of simulated
DA neurons in response to nicotine. The vertical black line shows the onset of the nicotinic input. There is no change in DA neurons
firing or bursting in response to nicotine if both DA and GABA neurons lack the receptors (red). Nicotine increases DA neuron firing
if B2-nAChR is added only to the DA neuron (green). Oppositely, it decreases DA neuron firing and bursting if 82-nAChR is added
only to GABA neurons (blue). Interestingly, nicotine increases DA neuron firing and bursting if 82-nAChRs are added to both neu-
rons (purple). Nicotine elicits an even greater response in the WT-like case, because of the nicotine-elicited increase in the fre-

quency of Glu inputs to the DA neurons (black). See Extended Data Figure 6-1 for parametric analysis.

(Overton and Clark, 1992; Chergui et al., 1993; Deister et al.,
2009) because of its voltage dependence (magnesium
block; Deister et al., 2009; Ha and Kuznetsov, 2013). By
contrast, tonic activation of linear current mediated by the
nicotinic receptors is not effective in eliciting bursting in DA
neurons. In fact, we can think about the nAChR-mediated
current as being similar to a slow-varying AMPA input, since
both are not voltage dependent, as opposed to the voltage-
rectifying NMDA-synaptic currents. Therefore, even strong
continuous increase in the NnAChR-mediated current on the
VTA DA neuron does not increase its bursting.

Distinct temporal profiles of AChR activation explains
opposite effects of endogenous ACh and nicotine on
VTA DA neuron firing

Counterintuitively, when B2-containing nAChRs are re-
expressed only on VTA GABA neurons, endogenous ACh
input and exogenous nicotinic application results in oppo-
site changes in firing of VTA DA neurons. In particular, the
firing rate and especially the bursting of VTA DA neurons
are sharply increased after the re-expression of B2-
nAChRs on VTA GABA neurons compared with the KO
conditions (experiment: Fig. 1; model: Fig. 5, blue vs red).
By contrast, the additional agonist effect on these recep-
tors by nicotine causes a decrease in the firing and burst-
ing of the DA neuron (experiment: Fig. 2, blue; model: Fig.
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6, blue). While the decrease in the firing caused by nico-
tine can be intuitively explained by a greater activation of
the GABA neurons, which in turn inhibits the DA neurons,
the boost in activity of DA neurons produced by ACh is
harder to understand. We show that our model is capable
of accounting for these effects in a mechanistic manner.
As before, cholinergic input arrving at the GABA neurons
was modeled by a spike train reproducing the burstiness of
the afferents (see Materials and Methods). Following the af-
ferent convergence principle, we assumed that a subpopu-
lation of VTA GABA neurons receives common endogenous
cholinergic input that activates the 82-nAChRs on these
neurons. Previously, we have shown that such common
input can synchronize the GABA neurons and functionally
invert their inhibitory influence on DA neurons (Morozova et
al., 2016a). We showed that a synchronous pulsatile GABA
input is able to significantly increase the firing rate and burst-
iness of the DA neurons via dynamic reduction of the Ca?*-
dependent K* current. This mechanism works here for the
influence of ACh inputs through the GABA neurons onto the
DA neurons: because of fast, transient activation of
nAChRs, cholinergic pulses act as synchronizing inputs to
GABA neurons (Fig. 7). The synchronized GABA synaptic
input onto the DA neuron acts in turn to increase its firing
rate and burstiness. Thus, experimentally observed in-
creases in firing and bursting of the DA neurons that follow
nAChRs re-expression on VTA GABA neurons could be
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Figure 7. Bursty pulsatile cholinergic input transiently synchronizes GABA neurons. Synchronous GABA input evokes additional DA
spikes and increases DA neuron burstiness. A, Raster of Glu neurons. B, ACh input. C, Raster of VTA GABA neurons. D, E, The cu-
mulative activation variable of the GABAR current on DA neurons without (red) and with (blue) ACh input. F, The activation variable
of the NMDAR current on the DA neuron. Note the lack of significant variations. G, H, Voltages of the DA neurons in the cases
where they receive GABAR activation from D or E, respectively. Note that there is a greater number of spikes grouped in bursts

when the nAChR is added to the GABA neurons (blue).

mechanistically explained by changing the level of synchro-
nization in the population of the GABA neurons (Morozova
etal.,, 2016a).

By contrast to the pulsatile activation of nAChRs by
ACh afferents, nicotine activates nAChR on GABA neu-
rons tonically and then desensitizes them. This produces
an increase in GABA neuron firing rate without synchro-
nizing the neurons (data not shown). This in turn leads to
an increase in the tonic component of GABA synaptic ac-
tivation on DA neurons. Tonic GABA activation on DA
neurons leads to a decrease in their firing, which allows us
to reproduce the inhibitory influence of nicotine through
GABA neurons (Fig. 6, blue, Extended Data Fig. 6-1, pa-
rameter dependence).

Coactivation of f2-nAChRs on VTA DA and GABA
neurons is required for both ACh and nicotine to boost
DA neuron bursting

Under the ACh input, re-expression of f2-containing
nAChRs on all VTA neurons elevated the firing rate and
burstiness of DA neurons to the levels displayed in the

July/August 2020, 7(4) ENEURO.0418-19.2020

WT animals (Fig. 1B). We have reproduced this modula-
tion in the model (Fig. 5, purple). However, this required
a modification of the nAChR conductances compared
with the above re-expression cases (Table 2). The
model shows that the ACh-induced and nicotine-in-
duced modulations strongly depend on the balance be-
tween the expression of these receptors on DA and
GABA neurons. For example, if we combine the con-
ductances at the values used in the two single re-ex-
pression cases, both firing rate and bursting will be very
high under the ACh input, but will decrease with nico-
tinic application, which is opposite to experiments.
Therefore, nAChR conductance was reduced by a fac-
tor of 2.6 on the GABA neurons and increased by a fac-
tor of 2 on the DA neuron. Thus, model calibration
predicts that the elevated firing rate and burstiness
caused by coexpression of NAChRs on both the GABA
and the DA neurons, although attaining very similar val-
ues, rely in a very different mechanism: the firing rate is
increased because of a direct ACh-mediated excitation
of DA neurons, whereas GABA neurons influence aug-
ments bursting.
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Nicotine application after re-expression of B2-contain-
ing NAChRs on both VTA DA and GABA neurons pro-
duced increases in both the firing rate and bursting of DA
neurons in experiments (Fig. 2, purple). To model this
case, nicotinic input was applied to both DA and GABA
neurons. The resulting DA neuron firing rate is produced
by a competition between nicotine-evoked direct excita-
tion and GABA-mediated inhibition. We used the same
parameters as in the case of ACh influence on both neu-
rons above. The overall increase in DA neuron firing rate
was achieved because of a stronger direct excitation of
DA neurons than their inhibition through GABA neurons
by nicotine (Fig. 6, purple). However, as it follows from the
case of NAChRs re-expression only on DA neurons, this
pathway cannot be implicated in increasing bursting of
the DA neurons. The mechanism for increasing bursting
combines the increase in direct excitation and GABA neu-
ron-mediated inhibition of DA neurons. We have shown
that this combination effectively increases DA neuron
bursting as spikes within bursts are more resistant to inhi-
bition than those without (Morozova et al., 2016a; Di Volo
et al., 2019). Thus, increased firing rate and bursting of DA
neurons induced by nicotine application through g2-con-
taining nAChRs suggests the convergence of both direct
excitation and GABA-mediated inhibition, with the latter
having a weaker influence.

A combination of nicotinic activation of f2-containing
nAChRs on VTA neurons and Glu projections
underlies modulation of DA neuron firing in wild-type
mice

Re-expression of B2-containing nAChRs on all VTA neu-
rons supposedly restores the influence of ACh and nicotine
within, but not outside of, the VTA. Therefore, some distinc-
tions from firing rates and patterns of DA neurons in WT mice
may remain. In the absence of nicotine, the firing rate and
bursting of DA neurons in WT mice are not statistically differ-
ent from that in the whole VTA re-expression case (Fig. 1,
black). However, nicotine application increases bursting and
firing rate to greater levels in WT mice compared with the
whole VTA re-expression case (Fig. 2, black).

In simulations, we use the same conductances of the
nAChRs on both DA and GABA neurons as in the double
re-expression case above. To account for nicotinic modu-
lation in other brain regions as the nAChRs are preserved
throughout the brain, we increase the average frequency
of Glu afferents from 50 to 60 Hz for the duration of the
nicotine injection. The increase caused greater DA neuron
firing rates and bursting compared with double re-expres-
sion case (Fig. 6, compare black, purple) during nicotinic
excitation of the receptors, matching the experimental re-
sults. Therefore, a combination of modulations produced
by nicotine inside and outside of the VTA allows us to re-
produce the impact of nicotine administration on the firing
properties of the VTA DA neurons.

Discussion
The above results provide essential details of how nico-
tine impacts the drug reinforcement-related circuitry in
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the VTA. The amplified phasic DA output of the circuit re-
quires concerted activation of 82-nAChRs on both DA
and GABA neurons in the VTA (Tolu et al., 2013). Our
modeling suggests that direct excitation of DA neurons by
endogenous ACh via nAChRs is not enough to increase
bursting. In fact, coactivation of GABA neurons via the
same receptor activation does not exert the suggested in-
hibitory influence but is necessary for bursting. The mech-
anism that allows us to reproduce the experimental
results is the modulation of synchrony levels in the VTA
GABA neural population. Synchronization among GABA
neurons produces pulsatile hyperpolarizing input to the
DA neurons that increases their firing and bursting
(Morozova et al., 2016a). A pulsatile GABA input dynami-
cally reduces long-lasting intrinsic inhibition (Ca®"-de-
pendent K™ currents), and the pulsatile pattern of the
external inhibition allows the DA neurons to escape it and
fire spikes between the pulses. This promotes the occur-
rence of extra DA neuron spikes via phasic disinhibition.
On the contrary, a desynchronized GABA population pro-
vides a nearly constant level of inhibition to DA neurons,
which suppresses their firing. The difference in synchrony
can be produced by ACh input versus nicotinic injection.
Because of fast transient activation of 82-nAChRs, ACh
pulses can act as synchronizing inputs to these GABA
neurons. By contrast, nicotine persistently activates
nAChRs, causing an increase in the frequency without
synchronizing the GABA population. This study highlights
the role of GABA interneurons and, in particular, the tem-
poral pattern of their activity in the regulation of the burst-
ing of DA neurons.

Our modeling has reconciled apparent controversies of
complex cholinergic and nicotinic modulation of the VTA
DA neuron firing rate and pattern. First, systemic KO of
B2-nAChRs drastically reduces bursting of DA neurons.
DA neuron bursting have been shown to depend on the
Glu inputs (Morikawa et al., 2003; Blythe et al., 2007;
Deister et al., 2009) and has a major behavioral function
as an unexpected reward signal (Schultz, 2002; Tobler et
al., 2005). However, Glu inputs to VTA in the 82-nAChRs
KO mice likely remain intact and experience only minor
changes in their activity as they are mostly modulated by
the a7-containing nAChRs (Koukouli and Maskos, 2015).
Further, re-expression of nAChRs within VTA restores
high bursting levels. What is the mechanism that allows
ACh to modulate bursting of the DA neurons? Our model-
ing shows that without 82-nAChRs, Glu excitation of VTA
DA neurons remains in balance with inhibition mediated
by neighboring VTA GABA neurons. Both neural groups
receive partly overlapping Glu projections (Beier et al.,
2015), and this may help to preserve the balance through-
out different behavioral states. ACh inputs to VTA break
the inhibition-excitation balance and, consequently, in-
crease VTA DA neuron bursting. This makes the motiva-
tion and saliency signals carried by DA bursting
vulnerable to the influence of nicotine and other substan-
ces affecting B2-nAChRs.

Second, a straightforward way to restore DA neuron ac-
tivity does not work: re-expression of NnAChRs on the DA
neuron does not elevate its bursting and increases its
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firing rate only under the influence of nicotine. Why does
direct excitation through B2-nAChRs not restore DA neu-
ron activity? The answer may be in the similarity of the
B2-nAChRs to other types of excitatory receptors that do
not have voltage dependence: when driven by Glu inputs,
DA neurons are most responsive to activation of their
NMDA receptors (Overton and Clark, 1992; Chergui et al.,
1993; Deister et al., 2009). By contrast, AMPA receptors
are much less effective in eliciting bursts. The receptor
difference that has been shown to be critical is the voltage
dependence of the NMDA receptor: it is blocked by mag-
nesium ions at lower voltages (Deister et al., 2009). This
blockade allows the cell to repolarize and go into the next
oscillation, whereas activation of the AMPA receptor does
not allow for the repolarization and block oscillations alto-
gether. Similar to AMPA receptors and distinct from
NMDA receptors, B82-nAChRs do not have voltage de-
pendence. Therefore, ACh input to DA neurons by itself is
not effective in driving their bursting. This direct excitation
can, however, significantly increase the DA neuron firing
rate, which occurs under the influence of nicotine.

Third, ACh input and nicotinic application result in op-
posite changes in VTA DA neuron firing when 82-nAChRs
are re-expressed only on VTA GABA neurons. In particu-
lar, the firing rate and especially the bursting of VTA DA
neurons are sharply increased after the re-expression
compared with the KO conditions. The application of nic-
otine, by contrast, decreases their firing rate and bursting.
How can these modulations be reconciled? Our model
uses the difference in the temporal pattern of receptor ac-
tivation under the influence of ACh input versus nicotine:
while ACh input produces pulsatile activation of the re-
ceptor, nicotine-induced activation is continuous and
long lasting. A pulsatile input to the VTA GABA population
can synchronize its firing and make its output to the DA
neurons pulsatile as well. Again, such pulsatile inhibition
of DA neurons may boost their bursting (Morozova et al.,
2016a). Therefore, we predict that the opposite influence
of ACh and nicotine through 82-nAChRs on GABA neu-
rons is caused by the distinct temporal structure of the
stimulation: pulsatile versus continuous.

In the experiments, the modulations of DA neuron firing
introduced with the re-expression of 82-nAChRs on both
DA and VTA GABA neurons closely reproduce that in WT
mice under endogenous ACh inputs. However, these dou-
ble re-expression experiments do not completely repro-
duce those in the WT mice during nicotine application. In
particular, both firing rate and bursting evoked by nicotine
are higher in the WT case (Figs. 2, 6). One possibility is
that this difference is because of the altered expression of
the receptors inside the VTA. It is plausible that the re-ex-
pression levels could be different in these conditions.
However, the difference between the case of re-express-
ing the receptors in all VTA neurons and the WT occurs
only during nicotine application. Therefore, we assume
that this difference is because of the expression of B2-
nAChRs outside of the VTA, which is not rescued by the
re-expression. We assume that nicotine increases cortical
activity in the WT mice more than in the 82 KO mice con-
sistent with nicotine-induced activation of B2-nAChRs
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receptors on deep layer pyramidal neurons (Toyoda,
2018) and on the disinhibitory interneurons in the superfi-
cial cortical layers (Koukouli et al., 2017). We reproduced
the elevated firing rate and bursting of DA neurons during
nicotine application in the WT model with a modest in-
crease in the average firing rate of Glu afferents to the
VTA for the duration of nicotine application.

Note that we did not have to assume that the Glu input
to the VTA changes its temporal structure under the ma-
nipulations performed experimentally. We propose a local
VTA circuit mechanism for the changes in the DA cell ac-
tivity. Previous modeling work has shown that the Glu af-
ferent input that has a bursty temporal structure also
increases the burstiness of the DA neuron (Morozova et
al., 2016a). It is known that a7-containing nAChRs modu-
late Glu inputs to the VTA (Schilstrédm et al., 1998, 2000,
2003) and impact DA neuron bursting in a subtle manner
(Mameli-Engvall et al., 2006): B2-nAChRs appeared to
exert an overwhelming control over all bursting under
ACh and nicotine, while the a«7-nAChRs manipulations in
B2 intact animals affected bursting in a subpopulation of
DA neurons with relatively low mean firing rates. These
previous results suggest that «7-nAChRs have an impact
on bursting, but in a manner that is strongly controlled by
the B2-nAChRs. Previous data suggest that the deletion
of a4 or a6 subunits does not cause significant changes
in the firing and bursting of DA neurons (Exley et al.,
2011). Therefore, different subtypes of nAChRs may
control different sources of DA neuron bursting and,
therefore, motivational and saliency signals associated
with this bursting. However, in the experiments consid-
ered in the present study, the a7-nAChRs were not
modulated. Hence, we must conclude that the changes
we see in DA cell activity are because of g2-nAChR
effects.

Previous results suggested that the coactivation of
VTA DA and GABA neurons is required for the habit-
forming effects of nicotine. How does the mechanism
revealed in this article explain the requirement of GABA
neuron activation? The coexcitation of DA and GABA
neurons constitutes the conditions in which DA neuron
bursting is maximized in the model. Indeed, excitation
of DA neurons only can elevate their firing rate but does
not group spikes into bursts. We predict that the addi-
tional excitation of the GABA neurons increases burst-
ing in two ways. First, the tonic component of the
inhibition mostly cancels the spikes without bursts
rather than within bursts. This mechanism contributes
most during nicotine application. Second, the excitation
of GABA neurons by common inputs may also syn-
chronize their firing and further promote bursting by
providing pulsatile inhibition to DA neurons. This is a
mechanism that provides background ACh-driven but
not nicotine-driven DA neuron bursting because nico-
tine blunts the temporal profile of 32-nAChR activation
and, thus, destroys synchronous pulses of GABA inhibi-
tion. Therefore, coactivation of DA and GABA neurons
is required for DA neuron bursting and, thus, the moti-
vation and saliency signals carried by these bursts,
which are hijacked by nicotine and other addictive
drugs.
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