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ABSTRACT
The dopaminergic (DA) neurons in the ventral tegmental
area (VTA) project to the amygdyla, prefrontal cortex,
and the ventral striatum, and are thought to signal reward
prediction error. Numerous studies have focused on the
tonic and phasic activity of the VTA DAergic neurons as
encoding reward related signals. However, recent studies
(e.g., [1]) suggest that bursting behavior specifically
conveys reward-related information. Moreover, dopamine
release during burst firing events is substantially greater
than during regular spiking [2]. In addition, DAergic neu-
ronal bursting is influenced by the nicotinic acetycholine
receptors (nAChRs) [3, 4]. Thus, understanding burst
firing is essential when considering VTA neuronal dy-
namics. Here we introduce a single compartmental model
of a VTA DA neuron. We demonstrate that this model
captures the essential qualitative behavior of DAergic
neuronal dynamics, yet is simple compared to existing,
detailed, multi-compartmental models. Moreover, this
model could be extended to include the detailed dynamics
of two prevalent nAChR subtypes (α4β2 andα7), which
is critical to elucidate the role that these receptors play in
nicotine addiction.
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1 Introduction

The neurotransmitter dopamine (DA) has been implicated
in many neural and cognitive processes: motivation, sleep,
mood, attention, working memory, learning, punishment
and reward. DAergic neurons are predominantly located
within the ventral tegmental area (VTA) and the substantia
nigra pars compacta of the midbrain. Dopaminergic neu-
rons send numerous projections to cortical and sub-cortical
areas and diffusely release dopamine to their targets when
the DA neuron fires.

DAergic neurons display a wealth of dynamic behav-
ior: pacemaker-like firing (seen in slice preparations), pe-

riods of burst activity, quiescence, and also sporadic ac-
tivity in vivo (see e.g. [5, 6, 7]). Given this rich behav-
ior and due to their biological importance, much work has
been done on modeling DAergic neurons. Certain exist-
ing models only consider the subthreshold behavior of the
DA cells [8, 9] and argue by analogy the expected behav-
ior of the DA cells. Other models depend on the inter-
action between the activity at the soma and the dendrites
[10, 11, 9] in order to produce bursting dynamics (with this
approach certain parameters may be unobservable). How-
ever, recent experimental findings [12, 13] indicate that
burst firing can be generated somatically with the dendrites
silenced. These somatically induced bursts had character-
istics consistent with normal bursting, suggesting that a
single-compartmental model should be sufficient for gen-
erating the observed DA neuronal dynamics. In this work,
we introduce such a model for DA neuronal dynamics.

2 Biological Background

The DA cells within the VTA are thought to transmit re-
ward prediction error [14]. Such a reward prediction error
signal would be of critical importance in the the action-
selection process that ultimately fashions animal behavior.

The acute affect of nicotine is associated with an im-
mediate increase in DA outflow. Studies of the reinforc-
ing effects of self-administered intravenous nicotine on ro-
dents have focused on the activation of nicotinic acetyl-
choline receptors (nAChRs) within the mesocorticocolim-
bic dopaminergic system, which projects from the VTA
to the nucleus accumbens (NA) and the prefontal cortex
(PFC) [15, 16, 17, 18]. Anatomical studies suggest that
VTA DA cells have high levels of nAChRs [19]. Nico-
tine affects the dopaminergic system through binding to the
nAChR complexes [20], which activates then desensitizes
these receptors. The nAChRs are present both on the DAer-
gic cells as well as GABAergic neurons within the VTA.
The expression level of the nAChRs, that is, their density
and subreceptor compositions, likely differs between the
DAergic and GABAergic populations. Nicotine activation



of the nAChRs leads to increased averaged activity of the
DAergic cells, that is, exposure to nicotine induces a pha-
sic response in the DA cell activity. The pathway for this
phasic response, may be through direct excitation of the
DAergic neurons or via nicotine affecting the GABA cells
causing a disinhibition of the DA neuronal population.

The phasic response of the DA cells is not only an
increase in the irregular pacemaker firing, but is also as-
sociated with an increase in burst firing [4] (bursts being
typically 2-6 spikes in quick succession). Recent work by
Graupner and Gutkin [21] suggested a simplified neural ar-
chitecture for the VTA network, seen below in Figure 1,
can account for the phasic increased response of the VTA
circuit using an averaged activity model. We will adopt a
similar network architecture as a backdrop to our construc-
tion of a DA neuronal model; however, in this work we will
not be directly considering the effects nicotine on DA cell
behavior.
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Figure 1.Simplified model of the DA/GABA VTA circuit. The neural driveto
the system from the pedunculopontine and laterodorsal tegmental areas (PPT/LDT)
innervates both the DA and GABA neuronal populations.

3 DA Cell Model

We introduce a single compartmental conductance based
model for the dynamics of a DA neuron that combines con-
ductance mechanisms previously included in [11, 8]. The
dynamics of the membrane potential are taken to be

Cm

dV

dt
= Iapplied − ILCa(V )− χAPAI

SK
K (V, u)

−IK(V )− Ileak − IGABA

−χTTX

[

INa(V, h) + IdrK (V, n)

+INMDA(V )]

whereIapplied is a generic input to the cell that represents
an applied current in vitro or the tonic input to the area
in vivo. The GABA neuronal population inhibits the DA
neuronal population. The drive to both the GABA and DA
circuits is a combination of cholinergic and glutamatergic
inputs and are sensitive to nicotine. In this work, we will
not explicitly track the dynamics for the GABA circuit, but

lump the inhibitive effects into the averaged applied cur-
rent, that is, we takeIGABA = 0. We include a general leak
current,Ileak = 0.02(Eleak − V ) with Eleak = −50mV.
Additionally, the potassium current is given by

IK(V ) = ḡK

(

1

1 + exp −(V −k1)
k2

)

(EK − V ). (1)

with EK = −90mV (other parameters listed in appendix).
The L-type calcium current,ILCa, is counterbalanced

with the apamine sensitive SK-type potassium current,
ISK
K . The SK current is dependent on both the voltage and

calcium level, with calcium concentration denoted byu.
The L-type calcium current is of the form

ILCa(V ) = GL
Ca(V ) (ECa − V ) (2)

with GL
Ca given in the appendix andECa = 100mV.

Whereas the SK potassium current is given by

ISK
K (V, u) = GSK(u)(EK − V ) (3)

whereGSK(u) = ḡSK

(

u4

u4 +K4
1

)

.

Calcium enters the cell predominantly via the L-type
calcium channel (with a minor contribution due to the
NMDA channel). The Ca2+ is then ejected via a pump.
Thus, calcium,u, varies as

du

dt
=

2fCa

r

(

ILCa + ICa
NMDA

H
− Ipump

)

(4)

where the cytosolic buffering constant is given byfCa =
0.01, H is a lumped term involving the valence of calcium
and Faraday’s number, the radius,r, of the neuron is taken
to ber = 20µm, and the pump dynamics are taken to be
(akin to [9]):

Ipump(u) =
Mpump u

(u+Kpump)
(5)

with Mpump = 350 andKpump = 700.

3.1 Subthreshold Behavior: Modeling Phar-
macology

Tetrodotoxin (TTX) blocks the sodium current. Without
the sodium dynamics, no spikes occur and several other
processes requiring spikes(referred to as active processes)
are rendered redundant; the delayed rectifying current (IdrK )
and NMDA (INMDA) current are both taken to be silenced.
Under TTX application (χTTX = 0), our model captures
the qualitative subthreshold activity. As seen in Figure 2a,
the system exhibits a slowly oscillating potential (SOP)
[22] that is hypothesized to play a role in providing the un-
derlying structure for regular firing (e.g., [8]).

With the further addition of apamine, the SK-channels
are silenced and the L-type calcium signal dominates the



subthreshold behavior [23]. The parameterχAPA is associ-
ated with the strength of the SK channels, settingχAPA =
1 signifies no apamine applied whereasχAPA = 0 would
signify the complete blockage of SK channels due to a high
concentration of apamine. In Figure 2b, the produced volt-
age trace exhibits a square-wave-like behavior with long
plateaus of depolarization (similar to experimental find-
ings, e.g., [23]). It is hypothesized that upon these plateaus
of depolarization burst firing is initiated, suggesting that
burst generation critically depends upon the calcium dy-
namics [5].
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Figure 2. The subthreshold behavior of a DA neuron. In (a), note the slowly
oscillating potential (SOP), whereas, in (b) there are plateaus of depolarization where
burst events are hypothesized to occur. The values forχAPA are 1 and 0.025 in (a)
and (b), respectively.

3.2 Active and Synaptic Processes

Earlier works examine only the subthreshold, silenced be-
havior and then by analogy suggest what the active behav-
ior should be (e.g., [8]). We explicitly model the fast pro-
cesses associated with spike generation; these depend crit-
ically on sodium. The sodium dynamics are taken to be
Morris-Lecar-like with fast activation and slower inactiva-
tion, that is,

INa = ḡNam
3
∞
(V )h[V − ENa] (6)

with the conductancēgNa = 150 and the reversal potential
given asENa = 55mV. The fast activation is taken to be of
the form

m∞(V ) =
1

2

[

1− tanh

(

p2 − V

p3

)]

(7)

with p2 = −11mV andp3 = 19. The slower inactivation
evolves according to

dh

dt
= αh(v)(1 − h)− βh(v) (8)

whereαh(V ) =
ha1

2

[

1 + tanh

(

ha2 − V

ha3

)]

andβh(V ) =
hb1

2

[

1− tanh

(

hb2 − V

hb3

)]

.

In addition, we include a delayed-rectifier potassium
current of the form

IdrK (V ) = ḡKn4(V )[V − EK ], (9)

where the conductance is given byḡK = 4 and the reversal
potentialEK = −90mV. The associated gating variable
evolves according to

dn

dt
= αn(V )(1 − n)− βn(V )n (10)

with αn(V ) =
na1

2

[

1− tanh

(

na2 − V

na3

)]

andβn(V ) =
nb1

2

[

1 + tanh

(

nb2 − V

nb3

)]

.

Beyond fast sodium and potassium, the NMDA cur-
rents are also of import

INMDA = GNMDA(V )[V − ENMDA] (11)

and

GNMDA(V ) =

(

ḡstimNMDA + ḡcNMDA

1 + 0.28(Mg)e−me∗(V+20)

)

(12)

whereMg denotes the amount of magnesium, 0.5µM. Here
ENMDA = 0, ḡstimNMDA = 0.1, ḡcNMDA = 0.01, andme =
0.08. The parameter̄gstimNMDA is zero, except during periods
corresponding with NMDA activation.

3.3 Quiescence and Tonic Behavior

For sufficiently smallIapplied, the model can display qui-
escence (not shown). AsIapplied increases, the system can
undergo a change in behavior and firing would occur (The
critical value ofIapplied for the bifurcation will depend
upon the parameters chosen). The dynamics produced de-
pend critically on the parameterχapa, which represents the
relative strength of the SK-current (and its value can also
be associated with the administration of apamine). Below
in Figure 3, we demonstrate that the DA neuron can display
slow pacemaker-like tonic firing given sufficient input.
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Figure 3.The DA neuron can display tonic firing with an background input of
Iapplied = 0.4. No apamine is applied, soχAPA = 1. Here the activation of
the sodium current variablep2 is slightly modified to -8mV, whereas otherwise it is
-11mV.



3.4 Bursting Dynamics

3.4.1 Defining bursting

The seminal work of Grace and Bunney [5] examined the
properties of the in vivo bursts and introduced criteria for
identifying the bursts. Burst onset was associated with a
tight doublet of two successive spikes. In particular, burst
onset was defined as “the concurrence of two spikes with
an interspike interval (ISI) of less than 80ms. Burst termi-
nation was defined as an interspike interval of over 160ms.”
This is a straightforward, algorithmic definition of a burst
and still commonly practiced today. With this definition,
one often employs a measure of the degree of burst firing,
that is, percentage of spikes occurring within bursts. This
measure of bursting behavior breaks down with increased
activity as it treats fast, tonic firing to be equivalent to a
burst of extremely long duration. This can be contrasted
with a recently developed measure for degree of bursting
[24]:

B =
2var(ti+1 − ti)− var(ti+2 − ti)

2E2(ti+1 − ti)
(13)

whereti denotes the time of theith spike,E andvar de-
note the expected value and variance of the spike times,
respectively. One virtue of this measure, is that it varies
continuously with time so one has an online representation
of the degree of bursting within a spike train. Using this
measure,B above a threshold value,BΘ, would constitute
bursting. For example, in [24], a neuron with a measure
B > BΘ = 0.15 was considered to be bursting.

3.4.2 Endogenous bursting

Experimentally Ping and Sheperd [23] have observed that
application of apamine induces burst firing by acting upon
the SK-channels, reducing the flow of K+. Here we simu-
late the application of apamine by reducing the parameter
χAPA. Under these conditions, the model exhibits endoge-
nous or “natural” bursting.
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Figure 4. A DA neuron exhibiting burst firing with an background input of
Iapplied = 0.4 and with an application of apamine, so thatχAPA = 0.025.

The bursts shown in Figure 4 have the property that
within a burst, the second spike shortly follows the initial
spike, that is, the bursting displays the characteristic initial
tight spike doublet at burst onset. The burst measure given
in Equation 13 isB0.4 ≈ 0.23. HereIapplied = 0.4. For
slightly larger applied currentIapplied = 0.5, the average
activity of the neuron increases and the interburst duration
decreases, with the number of spikes per burst decreasing
(simulation not shown). Using the burst measure (Equation
13), this would signify a decrease in amount of bursting
(or “burstiness”). For even largerIapplied (e.g.,Iapplied =
1.5), the DAergic neuron displays fast tonic firing, shown in
Figure 5. This suggests a phase diagram can be produced
(a cartoon of which is pictured in Figure 6) outlining the
different dynamical behaviors during apamine application
as one varies the applied current.
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Figure 5. A transition from bursting to tonic behavior occurs with increased
applied current (apamine is applied in this preparation). HereχAPA = 0.025
with Iapplied = 0.4 initially and then increases att = 2.5s toIapplied = 1.5.
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Figure 6. Schematic of the transitions from quiescence to bursting tofast
tonic behavior asIapplied increases in the case of a weak SK-current (χAPA =
0.025). Here the bursting measure is shown on the vertical axis.

3.4.3 Stimulus induced bursting

Thus far, we have examined the emergence of an en-
dogenous bursting behavior by altering the strength of
the SK-potassium channel through application of the drug
apamine. However, there is another pathway to obtain
bursting, that is, stimulus induced bursting. A transient
increase in NMDA conductance results in an increase
in the firing rate. This bursting event does not display



burst/interburst periods, but rather an increase in activity
for the duration of the stimulus, as shown in Figure 7,
where at time 2.2sgNMDA is increased to 0.1 for a du-
ration of 1.5s.
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Figure 7. A DA neuron exhibiting burst firing with an background input of
Iapplied = 0.3 andχAPA = 0.025. At time t = 2.2s, NMDA is applied
(manifested by the NMDA conductance immediately being raised to a value of 0.1),
which elicits a sustained bursting event for the duration ofthe NMDA application.
Note that although the neuron is initially bursting, it is not a necessary condition for
stimulus-induced bursting.

4 Conclusions

As burst firing is associated with high levels of dopamine
release (compared to regular spikes train), the understand-
ing of the mechanisms by which DA neurons enter (or fall
out of) burst firing regimes may play a role in pinpointing
therapies for disorders involving dopamine (e.g., Parkin-
sons, Alzheimers, and addiction). Our model captures
many of the observable patterns of DAergic neuronal activ-
ity: quiescence, slow pacemaker-like tonic firing, endoge-
nous bursts, fast regular spiking, and an NMDA-dependent
stimulus-induced “burst” firing. The “burst” firing due to
an increase in NMDA would necessarily strongly correlate
with concerted synaptic drive necessary to create the ele-
vated levels of NMDA.

The necessary conditions to induce endogenous burst-
ing are a suppression of the SK potassium current and a suf-
ficiently strong input tone to the DA neuron. SK channel
decreases are of potential physiological significance since
such slow K-channels are the primary target for down-
modulation by Ach through muscarinic AChRs (mAChRs),
hence Ach action through mAChRs may prime the DA
neurons for bursting (e.g., [25]), while the increases in
the drive, either synaptic or through nicotinic mechanisms
would then result in burst. The strength of this drive would
depend upon the level of excitation compared to the amount
of inhibition received from the GABAergic neuronal pop-
ulation. Additionally, some DA neurons may intrinsically
have a lower density of SK channels; recent work has un-
covered at least two distinct DA neural populations inter-
spersed within the VTA[26]. Our model provides a frame-
work for future study to determine the dominant pathway
to burst firing. Our most immediate future direction is to in-
clude the nAChR dynamics in order to examine the effects

of nicotine on burst firing. The model results and predic-
tions are to be contrasted with the past and recent findings
by Mameli-Engvall et al. [4].
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6 Appendix

The L-type Ca2+ terms:

GL
Ca(V ) = ḡLCa

(

αC(V )

αC(V ) + βC(V )

)4

with

αC(V ) = −0.0032
(V + 50)

exp(−(V + 50)/5)− 1

and

βC(V ) = exp

(

−(V + 55)

40

)

.

Simulation Parameters
variable

αh ha1 = 0.01 ha2 = −60 ha3 = 18
βh hb1 = 0.5 hb2 = 10 hb3 = 5
αn na1 = 1 na2 = 100 na3 = 70
βn nb1 = 2 nb2 = −30 nb3 = 15
ISK ḡSK = 8 K1 = 1
IK ḡK = 0.4 k1 = −15 k2 = 7

ILCa ḡLCa = 8
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